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Plant-derived exosome-like nanoparticles (PDENs), emerging as novel bioactive agents, 
exhibit significant potential in food science and nutritional health. These nanoparticles, 
enriched with plant-specific biomolecules such as proteins, lipids, nucleic acids, and 
secondary metabolites, demonstrate unique cross-species regulatory capabilities, 
enabling interactions with mammalian cells and gut microbiota. PDENs enhance 
nutrient bioavailability by protecting sensitive compounds during digestion, modulate 
metabolic pathways through miRNA-mediated gene regulation, and exhibit anti-
inflammatory and antioxidant properties. For instance, grape-derived PDENs reduce 
plasma triglycerides in high-fat diets, while ginger-derived nanoparticles alleviate 
colitis by downregulating pro-inflammatory cytokines. Additionally, PDENs serve as 
natural drug carriers, with applications in delivering therapeutic agents like doxorubicin 
and paclitaxel. Despite these advancements, challenges remain in standardizing 
extraction methods (ultracentrifugation, immunoaffinity), ensuring stability during 
food processing and storage, and evaluating long-term safety. Current research 
highlights the need for optimizing lyophilization techniques and understanding 
interactions between PDENs and food matrices. Furthermore, while PDENs show 
promise in functional food development—such as fortified beverages and probiotic 
formulations—their clinical translation requires rigorous pharmacokinetic studies and 
regulatory clarity. This review synthesizes existing knowledge on PDENs’ composition, 
biological activities, and applications, while identifying gaps in scalability, stability, 
and safety assessments. Future directions emphasize interdisciplinary collaboration 
to harness PDENs’ potential in combating metabolic disorders, enhancing food 
functionality, and advancing personalized nutrition strategies.
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1 Introduction

Exosomes, a class of nano-sized extracellular vesicles central to cellular biology, are 
released into extracellular space from intracellular multivesicular bodies (MVBs) with a 
refined diameter of 40 ~ 100 nm (1). These intricate vesicles, encapsulated by a lipid bilayer 
membrane and containing crucial biomolecules such as proteins, RNA, and DNA, play not 
only a vital role in intercellular communication but also an indispensable part in modulating 
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immune responses and participating in disease processes (2). As our 
understanding of exosome functions deepens, their potential 
applications in food science, particularly in the field of nutritional 
health, are increasingly being explored and valued.

Plant-derived exosome-like nanoparticles (PDENs) unlike 
exosomes derived from animal or other biological sources, PDENs are 
characterized by their unique molecular composition, which includes 
plant-specific bioactive metabolites, proteins, lipids, and nucleic acids 
(3). These components not only facilitate intercellular communication 
within plants and enhance their defense mechanisms against pathogens 
but also enable PDENs to regulate metabolic phenotypes in recipient 
cells. PDENs mainly originate from vacuoles, endoplasmic reticulum, 
and Golgi apparatus in plant cells, and are generated through the 
classical endosome pathway. Their components are rich in plant 
specific secondary metabolites (such as polyphenols and flavonoids), 
which play an important role in regulating plant environment 
interactions, mediating stress responses, and plant microbe interactions 
(4). They also have significant immune regulation and tissue repair 
functions in the human body. In contrast, animal derived exosomes are 
mainly generated through endocytic pathways, consisting mainly of 
lipids, proteins, and nucleic acids, with functions focused on 
intercellular signaling, tissue repair, and disease regulation. Scientific 
interest in exosomes has been growing, especially given their immense 
potential in mediating intercellular communication across different 
species. For example, studies have found that exosomes extracted from 
grapes can be taken up by intestinal cells in mice (5). After entering 
mouse intestinal cells, these PDENs contain specific miRNAs that can 
regulate the expression of related genes in mouse intestinal cells, 
affecting the metabolic activity of intestinal cells. This process 
demonstrates that plant derived PDENs cross species boundaries and 
achieve communication with animal cells. In addition, in a study on 
cross species communication between plants and microorganisms, it 
was found that PDENs secreted by plant roots can be  received by 
beneficial microorganisms in the rhizosphere soil. The signaling 

molecules carried by PDENs alter the metabolic pathways of 
microorganisms, causing them to produce more metabolites that 
contribute to plant growth, thereby promoting plant growth and 
health. These specific examples fully demonstrate the enormous 
potential of PDENs in mediating cell communication between 
different species.

In the realm of food nutrition and health, the application potential 
of PDENs is prominently demonstrated in three key dimensions: (1) as 
carriers of bioactive components, PDENs can protect sensitive 
nutritional elements from degradation by the digestive system, thereby 
improving their bioavailability (6), (2) PDENs demonstrate significant 
biological effects in regulating gut microbiota (7), enhancing immune 
function (8), and exhibiting anti-inflammatory and antioxidant 
properties (9), and (3) the nanoscale size and surface characteristics of 
PDENs make them an ideal drug delivery platform, providing new 
strategies for developing novel functional foods and 
nutritional supplements.

Despite the enormous potential of PDENs in food nutrition and 
health, many unknowns remain regarding their applications in food 
and mechanisms of action. For instance, issues such as extraction and 
purification techniques for PDENs, their stability and processing 
conditions, as well as their bioavailability and safety in the human body 
require further investigation. Moreover, the functionality and 
synergistic effects of PDENs in different food matrices, and how they 
interact with other food components, are important directions for 
future research.

This review will comprehensively analyze the extraction methods, 
structural composition, and biological activities of PDENs, as well as 
their potential applications in food nutrition and health. By examining 
specific case studies of PDENs in food applications, we will provide 
readers with a comprehensive perspective to understand how these 
nanoparticles function as “dark nutrients” in regulating human 
physiological and pathological processes, and their future development 
trends in the field of food science (see Figure 1).
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2 Isolation and characterization of 
plant-derived exosomes

The isolation and characterization of plant-derived exosomes have 
become research hotspots in recent years. Plant exosomes play crucial 
roles in regulating intercellular communication (10) and metabolic 
processes (11). Multiple isolation and characterization techniques 
need to be combined to identify plant-derived exosomes, ensuring the 
acquisition of high-purity, intact exosome samples, thereby laying the 
foundation for research in molecular regulation and clinical 
applications. Establishing standard operating procedures is also a 
direction worthy of attention.

2.1 Isolation of plant-derived exosomes

Appropriate extraction methods are crucial for subsequent 
analysis of exosomes. Methods for isolating Plant-Derived Exosome-
like Nanoparticles (PDENs) include ultracentrifugation (12), size-
based isolation (13), immunoaffinity (14) and precipitation (15). 
These four methods are detailed below.

2.1.1 Ultracentrifugation
This method separates exosomes through multiple high-speed 

centrifugation steps. Ultracentrifugation is the most commonly used 

(16) technique due to its simplicity, ease of use, long-term affordability, 
moderate time consumption, and lack of complex sample preparation. 
First, differential centrifugation is used to remove cells and cellular 
debris, followed by density gradient centrifugation to further purify 
the exosomes (17). This method can separate particles based on their 
density, size, and shape, making it currently the most widely used 
exosome isolation technique in laboratories.

2.1.2 Size-based isolation
This method utilizes the specific size range of exosomes to 

separate them using physical barriers (such as filtration membranes) 
(18). Ultrafiltration is a commonly used technique that employs 
membranes with different pore sizes to separate various components 
in the sample (17). Size exclusion chromatography (SEC) uses a 
porous stationary phase to separate molecules based on their 
size (19).

2.1.3 Immunoaffinity
This method uses specific antibodies to recognize and capture 

unique antigen proteins on the exosome surface (20). By 
immobilizing antibodies on magnetic beads or other carriers, 
exosomes containing the target antigens can be  specifically 
adsorbed (21). The advantage of this method is its high specificity, 
but its application may be  limited due to the heterogeneity of 
surface markers on exosomes.

FIGURE 1

Formation and secretion of PDENs. Created with Figdraw.com.
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2.1.4 Precipitation
This method uses chemical precipitants (such as polyethylene 

glycol PEG6000) to promote the aggregation and precipitation of 
exosomes (22). This method is cost-effective and easy to operate, but 
may capture non-specific proteins and other particles, thus affecting 
purity (see Figure 2).

2.2 Characterization methods for PDENs

In the process of in-depth research on PDENs, scientists have 
employed various characterization techniques to reveal their physical 
and chemical properties. These techniques can be  broadly 
categorized into optical analysis, microscopic imaging, and 
molecular detection.

2.2.1 Optical analysis techniques
Optical analysis techniques, such as Dynamic Light Scattering 

(DLS) (23) and Nanoparticle Tracking Analysis (NTA) (24), primarily 
focus on particle size distribution and Brownian motion, suitable for 
evaluating the size and concentration of PDENs (25). These methods 
are quick and convenient but have certain requirements for sample 
monodispersity. For example, in a study on exosomes isolated from 
Arabidopsis thaliana leaves (26), DLS was used to determine the 
particle size distribution by measuring the change in scattered light 
intensity over time (27). This method is suitable for analyzing 
nanoparticle sizes but requires samples to have a certain level of 
monodispersity. NTA measures the size and concentration of 
nanoparticles by directly tracking the Brownian motion of individual 
particles (28). In the characterization of exosomes from tomato plants 
(29), NTA provided detailed information about particle size and 
concentration but has higher requirements for sample purity.

2.2.2 Microscopic imaging techniques
Microscopic imaging techniques, including Transmission 

Electron Microscopy (TEM) (30), Scanning Electron Microscopy 
(SEM) (30), and Atomic Force Microscopy (AFM) (31), provide 
intuitive images of PDENs’ morphology and size. These techniques 
require special sample treatment, such as staining and drying, but can 
provide high-resolution surface topography information. In the study 
of exosomes from rice (32), TEM and SEM provided intuitive images 
of exosome morphology and size (33). AFM uses the interaction force 
between a probe and the sample surface to obtain surface topography 
information. AFM was applied to analyze exosomes from wheat (34), 
providing high-resolution surface images and analyzing particles 
under near-physiological conditions (35). However, it should be noted 
that SEM sample preparation may alter exosome morphology, and the 
electron beams used in these techniques may damage the exosomes.

2.2.3 Molecular detection techniques
Molecular detection techniques, such as Polymerase Chain 

Reaction (PCR) (36), Western Blot (37), Mass Spectrometry (38), and 
Enzyme-Linked Immunosorbent Assay (ELISA) (39), focus on the 
detection and quantification of specific molecules in PDENs. These 
methods are crucial for revealing the bioactive components of PDENs. 
PCR was used to detect and quantify the presence of DNA or RNA 
molecules in PDENs isolated from maize, detecting specific nucleic 
acid sequences (40). For example, microRNAs (miRNAs) are typically 
detected in PDENs using PCR based methods. These miRNAs play an 
important role in regulating gene expression in receptor cells. Western 
Blot detects the presence and size of proteins using specific antibodies 
(41). In the analysis of exosomes from soybean, Western Blot was 
used to identify and quantify specific protein markers. Heat shock 
proteins (HSPs), such as HSP70 and HSP90, are common protein 
markers in PDENs. Specific antibodies against these heat shock 

FIGURE 2

PDENs separation methods. Created with Figdraw.com.
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proteins were used for Western blot experiments. These heat shock 
proteins are involved in maintaining the stability of proteins in 
PDENs and may also play a role in the interaction between PDENs 
and receptor cells. Mass spectrometry is used to identify and quantify 
protein and lipid molecules (42). Mass spectrometric analysis of 
PDENs from tobacco provided detailed information about the protein 
and lipid composition. Phospholipids, such as phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), and phosphatidylglycerol 
(PG), are important lipid components in PDEN. In addition, proteins 
with unique amino acid sequences can be  identified by mass 
spectrometry. ELISA, a technique based on antigen–antibody 
reactions used to detect and quantify specific proteins (43). For 
example, proteins such as lectins can mediate the binding of PDEN to 
target cells, which can be  detected using ELISA with anti lectin 
antibodies. One of the most important components, which is 
produced by phospholipase D (PLD) and PLC/DGK using PC, PE, 
and PG as substrates.

2.2.4 Emerging technologies
In addition, Tunable Resistive Pulse Sensing (tRPS), as an 

emerging technology, analyzes particle size and charge by measuring 
the resistance changes caused by particles passing through micropores 
(44). tRPS is a high-precision technique that can provide detailed 
information on particle size and charge. In a recent study on exosomes 
from cucumber, tRPS was successfully applied to analyze the particle 
size and charge, showing its great potential in plant-related PDENs 
research (45).

By comprehensively applying these characterization techniques, 
researchers can gain a thorough understanding of the physical 
properties, chemical composition, and biological activity of PDENs. 
However, each detection technique has certain limitations in detecting 
exosome purity, necessitating further challenges in characterizing 
exosome purity. As research on PDENs progresses, the demand for 
achieving clinical treatment purity levels is becoming 
increasingly stringent.

3 Composition of PDENs

PDENs primarily consist of biomolecules including lipids, 
proteins, nucleic acids, and bioactive compounds (46). Each 
component of exosomes has its function in terms of biological activity; 
for instance, the protein spectrum determines the uptake mechanism 
(47), lipids are essential for effective cellular absorption (48), and 
miRNAs alter gene expression in cells that absorb PDENs (49). 
However, no study has yet reported the differences and similarities in 
miRNA content of PDENs derived from the same fruit or vegetable 
but of different varieties.

3.1 Lipids

PDENs contain various lipid components, which are crucial for 
maintaining the structure and function of exosomes. The lipid 
components mainly include phospholipids, triglycerides, and 
cholesterol, which form the membrane structure of exosomes (50). 
These lipid components play important roles in the biogenesis, release, 
targeting, and cellular uptake processes of exosomes (51).

The lipid composition of plant exosomes shows similarities to that 
of animal-derived exosomes, primarily containing various 
phospholipids, triglycerides, and cholesterol (52). These lipids not 
only provide a critical structural foundation for exosomes but also 
play important roles in various biological functions of exosomes. 
Notably, another major class of lipids-glycolipids-exists in plant cell 
membranes (53). The most common among these include 
digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol 
(MGDG), and monogalactosylmonoacylglycerol (MGMG) (54). 
Research has found that ginger contains high levels of DGDG and 
MGDG (55). DGDG and MGDG may be one of the important factors 
for the stability of plant exosome-like nanoparticles. Furthermore, 
studies have found that DGDG derived from oat plant exosome-like 
nanoparticles can affect the exosome pathway of dectin-1 through the 
hippocalcin (HPAC)-β-glucan pathway (56). It is worth mentioning 
that dectin-1, as a β-glucan pattern recognition receptor, plays a key 
role in antifungal immune responses (57). These findings not only 
deepen our understanding of the lipid components of plant exosomes 
but also provide important clues for further exploration of their 
potential applications in immune regulation and disease prevention 
and treatment.

Lipid components play important roles in intercellular 
communication, not only helping to maintain cellular homeostasis but 
also potentially playing important roles in disease prevention and 
treatment. Plant exosomes have shown great potential in the field of 
drug delivery due to their higher bioavailability and lower 
immunogenicity (58). Notably, the lipid components in plant 
exosomes may be closely related to their various functions such as 
anti-inflammatory, antioxidant, and anti-tumor effects. These 
functions not only enrich our understanding of plant exosomes but 
also open up new possibilities for future medical applications and 
functional foods. However, although the lipid components of plant 
exosomes are of significant importance in biology and applications, 
our understanding of their detailed composition and functional 
mechanisms remains limited. This field requires more in-depth and 
comprehensive research to fully reveal the potential of plant exosome 
lipid components and lay a solid foundation for future functional foods.

3.2 Proteins

PDENs are rich in various proteins that may participate in the 
biosynthesis, transportation, and intercellular communication of 
exosomes. Protein components include cytoplasmic proteins, 
transmembrane proteins, and membrane proteins that may serve as 
channels or transport proteins (59). These protein components are 
essential parts of plant exosome functions, participating in various 
biological processes, including intercellular communication and 
signal transduction.

Proteomic analysis is a widely employed technique that offers dual 
benefits: it can unveil identifiable markers and elucidate the functions 
of a specific sample. Consequently, numerous studies have conducted 
thorough examinations of the proteome within PDENs. The proteome 
of nanovesicles derived from citrus fruit sacs demonstrated the 
presence of proteins involved in various processes, including glycolysis 
(e.g., glyceraldehyde-3-phosphate dehydrogenase), gluconeogenesis 
(e.g., fructose-bisphosphate aldolase 6), protein folding and transport 
(e.g., HSP 70, HSP 80, and PTL 39), and cell growth and division (e.g., 
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PTL 3 and clathrin-3). Additionally, enzymes such as hydrolases (e.g., 
ATPase, pectinesterase, phospholipase, amylase, β-galactosidase, and 
S-adenosylhomocysteine hydrolase) and antioxidants (e.g., SOD, CAT, 
POD, and GPX) were identified (60).

The presence of these diverse proteins in PDENs suggests their 
potential involvement in various cellular processes and their ability to 
influence recipient cells upon uptake. This rich protein composition 
contributes to the multifaceted functions of PDENs, including their 
roles in cell–cell communication, metabolic regulation, and potential 
therapeutic applications. The proteomic analysis of PDENs provides 
valuable insights into their functional capabilities and potential 
biological roles. However, further research is needed to fully elucidate 
the specific functions of individual proteins within PDENs and their 
interactions with recipient cells. This knowledge will be crucial for 
understanding the mechanisms by which PDENs exert their biological 
effects and for developing potential applications in fields such as 
nutrition, medicine, and biotechnology.

3.3 Nucleic acids

MicroRNAs (miRNAs) are part of a class of small RNAs, 
approximately 22 nucleotides in length, lacking coding characteristics. 
Their primary function is to regulate gene expression by either 
facilitating miRNA cleavage or inhibiting miRNA translation, thereby 
inducing the expression of specific target genes (61, 62). miRNAs can 
be detected in various bodily fluids through passive leakage and active 
secretion via membrane vesicles such as exosomes or protein-miRNA 
complexes (63).

Numerous natural compounds, including curcumin, genistein, 
EGCG, resveratrol, and quercetin, have been reported to modulate the 
expression of human miRNAs and confer various health benefits 
(64–68). For instance, MIR168a from rice, commonly detected in the 
serum of Chinese subjects, reduces the expression of low-density 
lipoprotein receptor adapter protein 1 in mouse liver, consequently 
decreasing the clearance of LDL from mouse plasma (69).

Ginger-derived exosome-like nanoparticles (GELNs) have been 
shown to be  effective in modulating gut microbiota composition. 
Compared to PBS-treated mice, GELN-treated mice exhibited an 
increase in Lactobacillaceae and Bacteroidales S24-7, and a decrease 
in Clostridiaceae. Advanced sequencing techniques applied to GELN 
RNA have unveiled the presence of at least 109 mature miRNAs within 
these structures, each possessing the potential to target a wide array 
of bacterial miRNAs. A noteworthy finding emerged from a mouse 
model of inflammatory bowel disease, specifically DSS-induced 
colitis. In this model, researchers identified ath-miR167a, which 
demonstrated the ability to bind to the mRNA encoding the pilin 
protein SpaC in Lactobacillus rhamnosus. This binding interaction led 
to the downregulation of SpaC expression, resulting in two significant 
outcomes: a decrease in the bacterium’s translocation to peripheral 
blood and a concurrent enhancement of its persistence on the mucosal 
surface (70).

In addition to miRNAs, PDENs may also contain other types of 
non-coding RNAs, such as long non-coding RNAs (lncRNAs) and 
circular RNAs (circRNAs), which play equally important roles in 
regulating gene expression and cellular functions (71).

Long non-coding RNAs (lncRNAs) are RNA molecules with a 
length exceeding 200 nucleotides and do not encode proteins (72). 

They are involved in a wide range of biological processes, including 
chromatin remodeling, transcriptional regulation, and post-
transcriptional regulation. In plant-derived exosomes, lncRNAs can 
act as molecular scaffolds, bringing together different proteins and 
nucleic acids to form regulatory complexes. For instance, some 
lncRNAs in plant exosomes may interact with transcription factors, 
enhancing or inhibiting the transcription of target genes related to 
plant-host interactions or stress responses. In a study on plant-
pathogen interactions, it was found that certain lncRNAs in plant 
exosomes can be transferred into pathogens, interfering with their 
normal gene expression and reducing their virulence.

Circular RNAs (circRNAs) are a unique class of non-coding RNAs 
formed by the covalent cyclization of exon or intron sequences (73). 
Due to their circular structure, they exhibit high stability, protecting 
them from exonuclease-mediated degradation. In plant-derived 
exosomes, circular RNAs can function as miRNA sponges. They have 
multiple miRNA-binding sites, enabling them to sequester miRNAs 
and prevent their binding to target mRNAs. In this way, circular RNAs 
can indirectly regulate gene expression at the post-transcriptional 
level. For example, a specific circular RNA was discovered in the 
exosomes of a certain plant, which can sponge several miRNAs that 
target genes related to plant growth and development. By sequestering 
these miRNAs, the circular RNA promotes the expression of these 
growth-related genes. When the exosomes are taken up by recipient 
cells, it may affect the overall development of the host organism.

3.4 Bioactive compounds

Depending on their plant origin, PDENs may contain specific 
bioactive compounds such as polyphenols, vitamins, and minerals, 
which offer various health benefits to the human body.

PDENs contain a wide range of naturally occurring metabolites 
that may contribute to their therapeutic effects or health-promoting 
properties in human nutrition: compared to ginger slices, ginger-
derived nanovesicles contain highly enriched 6-gingerol, 8-gingerol, 
10-gingerol, and 6-shogaol. Thin-layer chromatography detected a 
significant reduction in shogaols from nanovesicles derived from 
ginger extract (74).

Broccoli-derived nanovesicles contain sulforaphane. HPLC 
analysis showed that sulforaphane was more enriched in nanoparticles 
than in microparticles, while broccoli extract contained almost no free 
form of sulforaphane (75). Grapefruit-derived nanovesicles contain 
naringin (76). Nanovesicles derived from citrus lemon and strawberry 
contain vitamin C (77, 78). Nanovesicles derived from edible tea tree 
flowers are rich in epigallocatechin gallate, epicatechin gallate, 
epicatechin, vitexin, myricetin-3-O-rhamnoside, kaempferol-3-O-
galactoside, and myricetin (79). Nanovesicles from citrus lemon 
contain citrate and vitamin C (80). Furthermore, oat-derived 
nanovesicles contain a five-fold higher percentage of beneficial fiber 
β-glucan compared to oat flour (81), and lemon-derived nanovesicles 
contain galacturonic acid-rich pectic polysaccharides as active factors 
(82). This suggests that PDENs could be developed as nano-sized 
formulations of prebiotics.

In researching and applying PDENs, understanding their 
composition is crucial for assessing their potential as functional food 
ingredients or drug delivery systems. As research progresses, we may 
discover more unknown bioactive components in PDENs, further 
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expanding their application prospects in food science and 
nutritional health.

4 Biological activities and functions of 
PDENs

PDENs, as emerging bioactive substances, exhibit biological 
activities and functions similar to animal-derived exosomes, 
demonstrating diverse functionalities and broad application 
prospects. They possess unique cross-species gene regulation 
capabilities, which contribute to their remarkable diversity in 
health-related functions. PDENs can be  utilized not only for 
developing functional foods with specific health benefits but also as 
novel food additives and delivery systems for nutritional 
components. We have compiled preliminary mechanistic studies 
and health benefits on the biological functional properties of PDENs 
in recent years (Table 1).

4.1 Anti-inflammatory effects

PDENs have been shown to reduce inflammatory responses. For 
instance, GLEN can maintain intestinal homeostasis by increasing the 
expression of anti-inflammatory cytokines (such as HO-1 and IL-10) 
while reducing the expression of pro-inflammatory cytokines (such as 
IL-6 and TNFα) (83).

Regarding the development of functional foods that help alleviate 
chronic inflammation, plant-derived exosome-like nanovesicles have 
potential value in preventing and improving inflammation-related 
diseases. Since PDENs primarily localize in the gastrointestinal tract 
after oral administration and can exert biological effects on this 
region, their therapeutic effects on colitis have been studied. When 
orally administered, broccoli-derived nanovesicles carrying 
sulforaphane activate adenosine monophosphate-activated protein 
kinase in dendritic cells and prevent dextran sulfate sodium (DSS)-
induced colitis (84). Another study showed that in a DSS-induced 
colitis model, oral administration of ginger-derived nanoparticles 
downregulated pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) 
and upregulated anti-inflammatory cytokines (IL-10 and IL-22) (85).

Furthermore, 6-shogaol found in GELNs was discovered to 
induce Nrf2 nuclear translocation by modulating the TLR4/TRIF 
pathway, leading to dissociation from Keap1 and subsequent 
translocation to the cell nucleus. This results in the formation of 
heterodimers with Maf and further activation of ARE-mediated 
downstream gene expression, ultimately promoting the repair process 
in alcoholic liver injury (86). Research has shown that GELN 
compounds possess the capability to specifically target the NLRP3 
inflammasome, leading to notable improvements in inflammatory 
conditions (87). Comparable mechanisms have been observed in 
shiitake mushrooms, highlighting the potential widespread nature of 
this anti-inflammatory action (88). Furthermore, investigators 
employed a combination of high-throughput sequencing and 
bioinformatics techniques to predict the target genes of three distinct 
miRNAs found in blueberry-derived nanovesicles (89). This analysis 
revealed the potential anti-inflammatory effects of these miRNAs, 
which appear to operate by modulating reactive oxygen species (ROS) 
levels through the TNF-α signaling pathway.

Overall, PDENs demonstrate diverse mechanisms of action and 
broad application prospects in the field of anti-inflammation. From 
regulating cytokine expression to influencing specific inflammatory 
signaling pathways, PDENs provide rich research directions for 
developing novel anti-inflammatory strategies. Future research needs 
to further elucidate the mechanisms of action of PDENs, optimize 
their preparation methods, and explore their clinical application 
potential in various inflammatory diseases, laying a solid foundation 
for the development of anti-inflammatory functional foods.

4.2 Supporting the growth of beneficial 
Gut microbiota

PDENs demonstrate significant effects in modulating the 
composition of gut microbiota. Studies have shown that PDENs from 
various sources have multifaceted impacts on intestinal flora and host 
health: garlic-derived exosomes promote the growth of beneficial 
bacteria by interacting with Lactobacillus rhamnosus in the gut. This 
effect extends beyond microbial regulation, as it also stimulates the 
expression of interleukin-22 (IL-22) by activating the aryl hydrocarbon 
receptor (AHR) signaling pathway, thereby promoting intestinal tissue 
repair and healing (90). This selective promotion may play a crucial 
role in maintaining the balance of gut microbiota. PDENs derived 
from grapes and turmeric have been found to enhance the barrier 
function of intestinal epithelial cells, thus affecting nutrient absorption 
and metabolism (91, 92). This effect is primarily achieved by 
upregulating the expression of tight junction proteins (such as 
claudin-1 and occludin), thereby strengthening intercellular 
connections and improving intestinal barrier integrity. PDENs from 
apples and broccoli may influence the function of intestinal endocrine 
cells, regulating the secretion of gut hormones such as glucagon-like 
peptide-1 (GLP-1) (75). GLP-1, as an important intestinal hormone, 
plays a key role in regulating appetite, promoting insulin secretion, 
and maintaining overall metabolic balance (93).

However, the mechanisms by which PDENs from different plant 
sources affect gut microbiota and host health are complex and still 
under exploration. In general, PDENs can directly interact with bacteria 
in the gut. They may modify the cell membrane permeability of 
pathogenic bacteria, making them more vulnerable to the body’s 
immune defenses. PDENs are known to regulate the functions of 
pathogenic or intestinal bacteria. For example, nanovesicles derived 
from lemons have demonstrated the ability to inhibit pathogens, 
specifically suppressing Clostridioides difficile, a bacterium responsible 
for causing diarrhea and pseudomembranous colitis. This inhibition is 
achieved by enhancing the survival of two probiotic strains: 
Streptococcus thermophilus ST-21 and Lactobacillus rhamnosus GG 
(LGG) are two probiotics that work in synergy with PDENs. At the 
molecular level, PDENs can enhance the adhesion ability of these 
probiotics to the intestinal epithelial cells. They carry bioactive 
molecules like small RNAs and proteins which can be transferred to the 
probiotics. Once inside, these molecules can upregulate the expression 
of genes related to the synthesis of aryl hydrocarbon receptor (AhR) 
ligands in the probiotics. These probiotics work in synergy, resulting in 
increased production of aryl hydrocarbon receptor (AhR) ligands. The 
key AhR ligands produced include indole-3-lactic acid, indole-3-
aldehyde (I3A), and lactic acid, which contribute to the overall 
beneficial effects observed (94). For instance, the upregulated gene 
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expression in the probiotics due to the influence of PDENs promotes 
the metabolic pathways that lead to the synthesis of these AhR ligands. 
Additionally, the interaction between PDENs and probiotics can also 
modulate the intracellular signaling pathways in the probiotics, further 
enhancing the production and release of these beneficial ligands. The 
AhR signaling pathway enhances intestinal IL-22 production and 
maintains mucosal antimicrobial agent levels, thereby maintaining 
intestinal barrier function. Using AhR gene knockout mice, IL-22 gene 
knockout mice, and germ-free mice, it was conclusively demonstrated 
that ginger-derived nanovesicles are absorbed by the probiotic LGG and 
induce I3A, which promotes AhR pathway activation and IL-22 
production (95). Furthermore, Polyphenols from tea promote the 
growth of beneficial intestinal bacteria while inhibiting harmful 
bacteria, thus improving gut health (96). These research findings not 
only deepen our understanding of the role of PDENs in intestinal health 
but also provide a basis for developing novel functional foods based on 
plant exosomes to regulate gut microbiota.

4.3 Metabolic regulation

The regulatory effects of PDENs on host metabolism represent an 
emerging and exciting field of research. These nano-scale structures 
not only facilitate cross-species communication between plants and 
animals but also significantly influence various metabolic processes in 
the host. Below is a detailed exposition of the role of PDENs in 
metabolic regulation.

4.3.1 Lipid metabolism regulation
Multiple studies have demonstrated that PDENs can effectively 

reduce blood triglyceride and cholesterol levels. For instance, 
exosomes derived from grapes have been shown to significantly lower 
plasma triglyceride content in mice fed a high-fat diet (97). The 
mechanism may be  related to the presence of polyphenolic 
compounds such as resveratrol in grape exosomes. Resveratrol can 
activate the AMP-activated protein kinase (AMPK) pathway (98). 

TABLE 1 Biological functional mechanism of action of PDENs.

Plant source Separation 
method

Omics Mechanism of action Health benefits references

Ginger SEC Proteins, lipids, 

miRNA

By regulating the Nf2 signaling pathway, 

significant enhancement of immune function, 

reduction of oxidative and anti-inflammatory 

effects can be achieved. Chronic 

inflammation.

Adjustable proliferation and 

apoptosis related gene table

(138)

Orange UC MiRNA、 lipids It can regulate the expression of genes related 

to proliferation and apoptosis.

Promote digestive health and 

improve the balance of gut 

microbiota.

(139)

Tea SEC Proteins, lipids, 

miRNA

Display the potential to inhibit cancer cell 

migration.

Showing promising application 

prospects in anti-cancer research.

(140)

Broccoli UC Proteins Promote intercellular signal transmission and 

support cell interactions.

It may play a role in assisting the 

treatment of diabetes and 

cardiovascular disease.

(141)

Blueberries UC Proteins, miRNA Enhance intercellular signal transmission, 

promote targeting and delivery efficiency.

Improve intestinal health and 

alleviate symptoms of chronic 

diseases.

(142)

Grape SEC Proteins, lipids By regulating cellular stress response, anti-

inflammatory effects can be achieved.

Helps improve heart health and 

reduce the risk associated with 

cardiovascular disease.

(91)

Balsam pear SEC MiRNA Promote cellular health by activating 

antioxidant signaling pathways.

Improve blood sugar control and 

fight against diabetes and obesity.

(143)

Garlic ATP lipids The antioxidant effect is manifested by 

regulating the NF-κB signaling pathway.

Improve immune function and 

protect cardiovascular health.

(144)

Cucumber SEC Proteins Promote intercellular communication and 

alleviate cellular damage caused by oxidative 

stress.

Improve hydration, contribute to 

skin health, and alleviate skin 

inflammation.

(45)

Ginseng SEC Proteins Plays a role in enhancing immunity by 

regulating inflammatory responses.

May improve fatigue, enhance 

physical and mental state.

(145)

Grapefruit UC Metabolism P13K/AKT and MAPK/ERK, inhibit tumor 

growth

Helps with digestive system 

health, improves skin health and 

beauty effects

(29)

Lemon SEC Proteins Phosphorylation of ACACA-ERK1/2 and 

P38-MAPK-anti-tumor effect

Enhance the body’s immune 

function and fight against tumors

(146)
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Activation of AMPK leads to the phosphorylation and inactivation of 
acetyl-CoA carboxylase (ACC), a key enzyme in fatty acid synthesis. 
This results in decreased fatty acid synthesis and an increase in fatty 
acid oxidation, thereby reducing triglyceride levels. Exosomes from 
fruits and vegetables, in particular, have shown potential in 
ameliorating non-alcoholic fatty liver disease. These exosomes may 
achieve this effect by modulating the expression of genes related to 
hepatic lipid synthesis and oxidation (99). Some PDENs can influence 
the differentiation and function of adipocytes. For example, 
curcumin-enriched exosomes can inhibit adipocyte differentiation, 
potentially impacting weight control (100). Curcumin in these 
exosomes can downregulate the expression of key transcription 
factors such as peroxisome proliferator-activated receptor-γ (PPAR-γ) 
and CCAAT/enhancer-binding protein-α (C/EBP-α), which are 
crucial for adipocyte differentiation (101). Ginger exhibits 
comprehensive and positive effects on metabolic regulation. It can 
effectively lower blood glucose levels and improve insulin sensitivity. 
Ginger can also significantly reduce total cholesterol, low-density 
lipoprotein, and triglyceride levels in the blood, contributing to the 
prevention of fatty liver disease (102). Animal experiments on rats 
with hyperlipidemia have shown that ginger extract can reduce lipid 
levels in the blood. The active components in ginger, such as gingerols 
and shogaols, may play a role in modulating lipid metabolism by 
inhibiting lipid synthesis enzymes and promoting lipid-clearing 
processes (103). Research has found that catechins in tea can 
significantly reduce blood levels of low-density lipoprotein cholesterol 
and total cholesterol (104). Green tea extract can also markedly 
enhance metabolic rate and increase energy expenditure during 
weight maintenance periods (105). Catechins, especially 
epigallocatechin-3-gallate (EGCG), can inhibit 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase, a key enzyme in 
cholesterol synthesis (106). In animal experiments, mice fed a high-fat 
diet supplemented with green tea extract showed lower cholesterol 
levels compared to the control group.

4.3.2 Glucose metabolism regulation
Various plant-derived exosomes can enhance insulin sensitivity. 

This effect may be achieved by regulating the expression of proteins 
related to the insulin signaling pathway. Grapes are rich in polyphenolic 
compounds, such as resveratrol and quercetin, which possess significant 
antioxidant capabilities (107). Studies have shown that grape extract can 
improve insulin sensitivity and lower blood glucose levels (108). 
Resveratrol in grape extract can activate the insulin-like growth factor-1 
(IGF-1) receptor, leading to the activation of downstream signaling 
molecules such as phosphatidylinositol 3-kinase (PI3K) and protein 
kinase B (Akt). This activation promotes glucose uptake into cells, thus 
reducing blood glucose levels. In a study on diabetic rats, grape extract 
supplementation improved glucose tolerance and insulin sensitivity 
(109). Exosomes from yams can significantly reduce fasting blood 
glucose levels in diabetic model mice. Research has found that some 
PDENs can promote glucose uptake in muscle and adipose tissues. This 
action may be achieved by upregulating the expression or activity of the 
glucose transporter GLUT4. Yam exosomes may contain bioactive 
substances that activate the PI3K-Akt-GLUT4 signaling pathway. In a 
mouse model of type 2 diabetes, treatment with yam exosomes 
increased the expression of GLUT4  in muscle and adipose tissues, 
leading to enhanced glucose uptake and reduced blood glucose 
levels (110).

4.3.3 Energy metabolism regulation
Exosomes from certain tropical fruits, in particular, have been 

found to increase host energy expenditure. This may be achieved by 
activating brown adipose tissue or promoting the “browning” of white 
adipose tissue. Certain miRNAs and small molecular compounds 
contained in PDENs can regulate the activity of key metabolic enzymes. 
For example, exosomes from tea leaves can influence the activity of 
fatty acid synthase and acetyl-CoA carboxylase. Animal experiments 
on mice have shown that administration of tea exosomes can increase 
the expression of uncoupling protein 1 (UCP1) in white adipose tissue, 
promoting the conversion of white adipose tissue into brown-like 
adipose tissue and increasing energy expenditure (111). Studies have 
shown that natural compounds of yam polysaccharides and yam 
proteins exhibit therapeutic effects on metabolic syndrome. This 
combination can effectively treat metabolic syndrome characterized by 
obesity, insulin resistance, hypertension, hyperlipidemia, and fatty liver 
(112). The active components of yams not only improve metabolic 
indicators but also provide protective effects for the heart and kidneys 
(113, 114). In a rat model of metabolic syndrome, treatment with yam 
polysaccharides and proteins reduced body weight, improved insulin 
sensitivity, and reduced lipid levels in the blood. The specific 
components in yam polysaccharides and proteins may act on multiple 
metabolic pathways, such as regulating the expression of genes related 
to lipid metabolism and insulin signaling (115).

In summary, these plant-derived substances influence host 
metabolism through various mechanisms, including regulating blood 
glucose levels and improving lipid metabolism. These research 
findings provide a scientific basis for developing functional foods and 
health strategies based on PDENs’ metabolic regulation aspects, 
showing promise in playing an important role in the prevention and 
auxiliary treatment of metabolism-related diseases.

4.4 As drug delivery systems

The nano-scale dimensions and surface characteristics of PDENs 
make them potential drug delivery systems (14). For instance, grape-
derived exosomes can traverse the intestinal mucus barrier in mice via 
oral administration, stimulating the proliferation of intestinal stem 
cells, thereby contributing to the restoration of intestinal structure (116).

Due to their lipid structure being highly similar to that of the 
plasma membrane, PDENs can protect their contents from external 
factors. Consequently, they serve as natural nanocarriers for bioactive 
compounds (117). A significant added value is the high level of 
resistance of the nanovesicle lipid membrane, which has been 
demonstrated using ultrasonic treatment. Some examples include 
ginger-derived nanovesicles, which have been used to deliver 
doxorubicin using electrostatic interactions (118); and grapefruit 
nanovesicles loaded with paclitaxel have been successfully 
administered intranasally in mouse models (119). Both pieces of 
evidence provide proof of concept, supporting the use of plant-derived 
nanovesicles as a novel, highly effective, and side-effect-free approach 
for nanodelivery of therapeutic molecules. There is widespread interest 
in using plant-derived nanovesicles for drug delivery, which have been 
shown not to undergo filtration organ sequestration and exhibit 
limited or no systemic toxicity (29).

The realization of these functions and benefits relies on the 
integrity of PDENs, particularly the integrity of their lipid bilayer 
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membrane, which is crucial for their health-promoting functions. 
However, PDENs are sensitive to storage and processing conditions, 
and their extraction costs are relatively high, factors that limit their 
potential as functional food ingredients. Future research needs to 
address the stability issues of PDENs in functional foods and further 
explore their health benefits and potential clinical applications. This 
includes gaining a deeper understanding of their mechanisms of 
action, optimizing extraction and purification methods, and 
evaluating their stability and efficacy in practical food systems.

5 Stability

The stability of PDENs is a crucial factor for their application as 
functional food ingredients, significantly affecting the accuracy of 
subsequent analyses and product development and utilization. The 
stability of PDENs is particularly important during digestion, food 
processing, and storage, as these factors can influence the integrity of 
their membranes and biological activity. PDENs demonstrate good 
stability during the digestive process and can survive and enter the 
colonic region. This indicates that PDENs have potential bioavailability 
as functional food ingredients in the human body.

5.1 Stability in the digestive environment

Studies have shown that PDENs can maintain their structure in 
the digestive environment. PDENs only exhibit changes in size and 
charge during in vitro digestion, but their overall structure remains 
stable (107). When administered orally, PDENs can pass through the 
digestive process and enter the colonic region (120), indicating that 
their stability in the digestive environment is sufficient to support their 
potential as functional food ingredients.

In terms of stability, grapefruit-derived nanovesicles have shown 
resistance to in vitro digestion by gastric pepsin and pancreatic and bile 
extract solutions (55). The stability of ginger-derived nanovesicles was 
also tested by incubating them in a gastric-like solution (pepsin solution 
at pH 2.0) or first in a gastric-like solution and then in a mouse gastric 
pepsin-like solution (bile extract and pancreatic enzyme solution 
adjusted to pH 6.5). Results showed that ginger-derived nanovesicles 
were stable in these solutions, with a slight decrease in size and 
ζ-potential changes according to the surrounding pH: negatively charged 
in PBS and curcumin-like solutions; slightly positively charged in gastric-
like solutions. Turmeric-derived nanovesicles also maintained nanoscale 
sizes in solutions of different pH, with increased size and experiencing 
ζ-potential changes similar to ginger-derived nanovesicles (121). These 
collectively suggest that PDENs, due to the versatility of their membranes, 
will survive in the harsh environment of the gastrointestinal tract when 
administered orally in food form or purified form.

5.2 Stability in food processing

PDENs need to maintain their membrane integrity during food 
processing to retain their biological activity. Although current research 
on the stability of PDENs during food processing is limited, studies on 
exosomes from other sources provide some reference. For example, 
exosomes in milk have shown high stability under adverse conditions 

such as acidification, boiling, and freeze–thaw cycles (122). However, 
another study showed that miRNA in milk decreased by 63% during 
pasteurization and homogenization, possibly due to damage to the 
exosome membrane during processing (123). These findings suggest 
that exosomes from different sources may exhibit significant 
differences in stability under processing conditions.

PDENs generally show good stability under freezing conditions. 
However, repeated freeze–thaw cycles may affect their integrity. For 
instance, multiple freeze–thaw cycles at −20°Cof human saliva-derived 
exosomes lead to decreased membrane integrity (124). Mechanical 
treatments such as homogenization and stirring may also impact the 
structural integrity of PDENs. However, specific studies on the effects 
of mechanical processing on PDENs stability are currently limited.

5.3 Stability under storage conditions

The stability of PDENs is crucial for their function and application, 
and storage conditions are key factors affecting PDENs stability. 
Temperature is one of the most critical factors influencing PDENs 
stability. Studies have shown that most PDENs exhibit good stability 
under refrigeration at 4°C. For instance, vesicles derived from ginger 
and rehmannia can maintain stability for over two weeks at 4°Cwithout 
significant changes (125). This suggests that 4°C may be  an ideal 
temperature for short-term storage of PDENs. However, the impact of 
freezing at −80°C for long-term storage remains controversial. Some 
studies have found that PDENs can remain stable at −80°C, while 
others indicate that the freezing process may damage the structure and 
function of PDENs. This discrepancy may be related to the different 
lipid compositions and membrane structures of PDENs from 
various sources.

Repeated freeze–thaw cycles have a significant impact on the 
stability of PDENs. This process involves the disruption and 
rearrangement of lipid membranes, which may substantially alter the 
structure and function of PDENs. Therefore, repeated freezing and 
thawing of PDENs should be avoided in practical applications.

Lyophilization technology is considered a potential method to 
improve the long-term storage stability of PDENs. If lyophilized 
PDENs can be stably preserved at room temperature, it would greatly 
expand their range of applications. Currently, there are some 
preliminary comparative studies on PDENs in relation to the impact 
of lyophilization. For example, research on exosomes derived from 
fruits such as grapes and apples has shown that the chemical 
composition and structure of exosomes from these two plant sources 
vary (91, 126). Grapes-derived exosomes, which are rich in polyphenols 
like resveratrol, seem to be more sensitive to the lyophilization process 
in terms of maintaining their integrity. During lyophilization, the loss 
of some bioactive components in grape-exosomes is relatively higher 
compared to apple-exosomes. This may be due to the unique structure 
of grape-exosomes and the interaction between resveratrol and other 
components. On the other hand, apple-exosomes, with a relatively 
higher content of pectin-like substances, show better stability during 
lyophilization, maintaining a relatively higher proportion of their 
original particle size distribution and bioactivity.

However, current research on the stability of lyophilized PDENs 
is still relatively limited, and more experimental data are needed to 
comprehensively verify its effectiveness for exosomes from various 
plant sources, especially in terms of how different plant-derived 
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exosomes respond to lyophilization in relation to their long-term 
storage stability and subsequent functionality.

The stability of PDENs also varies in different pH environments. 
For example, the particle size of grapefruit-derived PDENs is more 
uniform in acidic solutions compared to alkaline solutions (127). 
Ginger-derived vesicles undergo changes in particle size and 
surface charge in simulated gastric fluid (pH 2.0) and simulated 
intestinal fluid (pH 6.5) (128). These findings have important 
implications for understanding the transport and distribution of 
PDENs in vivo.

Although there are few specialized studies on the effects of humidity 
on PDENs stability, research has shown that miRNAs in exosomes can 
remain stable for 48 h under appropriate temperature and humidity 
conditions. This suggests that humidity may be  another important 
factor affecting PDENs stability, warranting further in-depth research.

Direct studies on the effects of light exposure on PDENs stability 
are currently lacking. However, considering the lipid membrane 
structure of PDENs, light exposure may induce photo-oxidation 
reactions, thereby affecting their stability. This aspect requires more 
experimental data for support (see Figure 3).

6 Future research directions

6.1 Research on bioactivity and 
functionality of PDENs

Future research on PDENs should delve deeper into their 
bioactivity and functionality to fully realize their application value in 
food nutrition and health.

Exosomes are rich in various bioactive substances, including 
proteins, lipids, nucleic acids, and secondary metabolites, endowing 
them with multiple therapeutic capabilities (53). Future research 
should concentrate on comprehensively identifying and characterizing 
these active components. For example, grape-derived exosomes might 
contain unique polyphenolic compounds with potent antioxidant 
properties, while ginger-derived exosomes could have specific 
bioactive components with anti-inflammatory effects. In-depth 
studies on the biosynthetic pathways and regulatory mechanisms of 
these active components are needed to enable targeted modification 
and enrichment of specific active substances.

Research on the functionality of PDENs should be  a priority. 
PDENs have been shown to possess functions such as 
hepatoprotection, anti-tumor, antioxidant, anti-inflammatory, and 
tissue regeneration effects (129–132). Further exploration of the 
underlying mechanisms is essential, especially at the molecular and 
cellular levels. For example, grape-derived exosomes may induce 
intestinal stem cell proliferation and alleviate colitis through the 
activation of specific signaling pathways, which requires in-depth 
research (132). The scope of functional research on PDENs should 
also be expanded to explore their potential roles in immune regulation, 
metabolic control, and neuroprotection.

Investigating the in-vivo bioavailability of PDENs is a crucial 
future direction. Although plant exosomes can penetrate the intestinal 
mucus layer and target intestinal stem cells, their absorption, 
distribution, metabolism, and excretion processes in the human body 
remain to be thoroughly studied (133). Systematic pharmacokinetic 
and biodistribution studies should be carried out to clarify the fate of 

plant-derived exosomes in the body, providing a scientific basis for 
their application in functional foods.

Exosomes, with their small size, strong tissue penetration 
capabilities, and good physicochemical stability under different pH 
and temperature conditions, are ideal drug delivery carriers. The focus 
should be on enhancing their targeting ability, such as modifying their 
surface with specific ligands or using genetic engineering to express 
targeting peptides, to increase the precision and efficiency of 
drug delivery.

6.2 Stability studies under storage 
conditions

Research on the stability of PDENs under diverse storage 
conditions remains inadequately explored and demands further 
in-depth investigation. Future studies should zero in on evaluating 
how storage factors impact the structural integrity, biological activity, 
and functionality of plant-derived exosomes.

A systematic examination of the mechanisms by which 
environmental factors like temperature, humidity, and light exposure 
influence exosome stability is essential. For instance, extreme 
temperature fluctuations could potentially disrupt the lipid bilayer of 
exosomes, leading to the leakage of their bioactive contents. Different 
humidity levels might also affect the hydration state of exosomes, 
altering their physical properties.

Exploring the impact of preservation methods such as 
lyophilization and spray drying on exosome physicochemical 
properties is another crucial aspect. Lyophilization, for example, 
might cause shrinkage or aggregation of exosomes if not properly 
optimized, while spray drying could potentially lead to the 
degradation of heat-sensitive bioactive components. Additionally, 
the influence of packaging materials, like plastic polymers or glass 
containers, and packaging methods, such as vacuum-sealed or 
air-permeable packaging, on exosome stability needs to 
be investigated.

Long-term storage experiments are vital for assessing the shelf life 
of plant-derived exosomes, which will offer a scientific basis for their 
application in the food industry. Moreover, establishing rapid and 
accurate quality assessment methods, such as nanoparticle tracking 
analysis (NTA) for size distribution and enzyme-linked 
immunosorbent assay (ELISA) for bioactive component quantification, 
is significant for monitoring stability changes during storage.

Future research should aim to: establish standardized storage 
conditions and evaluation systems for PDENs, taking into account 
factors like optimal temperature, humidity, and packaging materials. 
Conduct in-depth investigations into the stability differences among 
PDENs from various sources under different storage conditions and 
their underlying mechanisms. For example, exosomes from tropical 
fruits might have different stability profiles compared to those from 
temperate-climate plants. Explore novel storage technologies, such as 
the use of cryoprotectants in combination with lyophilization 
techniques for long-term storage of PDENs. Study the effects of 
storage conditions on the biological functions of PDENs, not just 
their physicochemical properties. This could involve assessing the 
ability of stored exosomes to still modulate cellular signaling pathways.

As research advances, we  will gain better understanding and 
control over the stability of PDENs. These studies will not only 
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enhance the application potential of plant-derived exosomes in food 
health and nutrition but also provide a theoretical foundation and 
technical support for the development of novel functional foods.

6.3 Stability studies during food processing

Investigating the stability of PDENs under different food 
processing conditions, especially the impact of thermal and 
mechanical treatments on their membrane integrity and biological 
activity, is of utmost importance.

pH is a significant factor influencing the stability of plant-derived 
exosomes. For example, in acidic pH conditions, the surface charge of 
exosomes might change, leading to aggregation or dissociation of their 
membrane components. In a study on the development of exosome-
containing functional beverages, it was found that exosomes were 
more stable within a pH range of 6–8 (134).

Temperature is another critical factor. High-temperature 
processing, such as pasteurization or sterilization, can cause the 
denaturation of exosomal proteins and the rupture of the lipid 
membrane, resulting in the release of contents. Precise control of 
processing temperature and duration is necessary to retain maximum 
biological activity. For instance, a short-time, high-temperature 
(STHT) treatment might be more effective in preserving exosome 
integrity compared to long-term, low-temperature processing.

Light exposure and oxidation also play crucial roles. Prolonged 
light exposure can lead to the degradation of certain bioactive 
substances in exosomes, such as miRNA, which is essential for their 
regulatory functions (135). The presence of oxygen can accelerate the 
oxidation of exosome membrane structures, reducing their stability. 
Therefore, during food processing, storage, and transportation, 
measures like vacuum packaging or the addition of appropriate 
antioxidants, such as tocopherols, should be considered. Additionally, 
certain food additives like ascorbic acid (VC) may help improve 
exosome stability, but further research and validation are required (136).

Processing techniques also have a notable impact on plant-derived 
exosome stability. High-pressure processing technology can maintain 
exosome structural integrity better than traditional thermal treatment 
in some cases (137). Microencapsulation technology is a promising 
method to enhance exosome stability. By encapsulating exosomes in 
a protective matrix, such as polysaccharides or proteins, they can 
be shielded from adverse factors during processing and potentially 
improve their stability in the gastrointestinal tract.

Future research directions should focus on developing specific 
protection technologies for plant-derived exosomes, such as 
optimizing microencapsulation methods, exploring novel processing 
techniques like mild non-thermal processing technologies (e.g., 
pulsed electric fields), and establishing rapid and accurate exosome 
quality assessment methods for monitoring stability changes 
during processing.

FIGURE 3

PDENs are ingested by the human body through food or functional foods. Created with Figdraw.com.
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6.4 Safety considerations

Safety is a critical aspect that requires dedicated attention in future 
research on PDENs. There may be risks related to immune responses. 
Since exosomes can carry a variety of biomolecules, there is a 
possibility that the host immune system might recognize them as 
foreign invaders and mount an immune response. For example, the 
presence of certain proteins or nucleic acids in exosomes could 
potentially trigger an immune reaction, leading to inflammation or 
other adverse effects. Additionally, the bioactive components in 
exosomes might interact with the body’s normal physiological 
processes in unexpected ways, such as interfering with normal cellular 
signaling pathways.

Currently, there is a lack of clear and comprehensive regulatory 
frameworks for PDENs in the food and health industries. Different 
countries may have varying regulations regarding the use of exosomes 
in food products, which creates challenges for the development and 
commercialization of PDEN-based products. For example, the 
classification of PDEN-containing foods (as dietary supplements, 
novel foods, or regular food products) is still unclear in many regions. 
This regulatory ambiguity can slow down the progress of research and 
development, as companies are hesitant to invest in a product with 
uncertain regulatory status.

Long-term toxicological studies are essential to fully understand 
the potential health impacts of PDENs. Short-term studies may not 
be  sufficient to detect subtle or cumulative effects over time. For 
example, repeated exposure to PDENs over an extended period might 
lead to the accumulation of certain components in the body, which 
could have unforeseen consequences. These studies should involve 
different animal models and various doses of PDENs to accurately 
assess their safety profile.

6.5 Development of functional foods

PDENs, with their excellent biocompatibility, stability, and 
targeting capabilities, are suitable as delivery systems for functional 
components to enhance their bioavailability. Future applications of 
PDENs in functional foods may include:

Developing PDEN-fortified beverages. For example, adding 
blueberry-derived PDENs rich in anthocyanins, which have 
antioxidant properties, to fruit juices can enhance their antioxidant 
efficacy (75).

Producing PDEN-encapsulated microcapsules for addition to 
yogurt, cereals, and other foods. This can improve the stability and 
absorption rate of functional components. For instance, encapsulating 
curcumin-rich PDENs in a polysaccharide-based matrix and adding 
them to yogurt can protect curcumin from degradation and improve 
its bioavailability. Developing PDEN spray-dried powders that can 
be directly added to various foods or formulated into solid beverages. 
Using PDENs to develop novel probiotic products by delivering 
specific miRNAs to regulate gut microbiota.

During product development, key issues to address include the 
selection of PDEN sources, optimization of isolation and purification 
processes, functional evaluation, and compatibility with food matrices. 
For example, the choice of PDEN source should consider factors such 
as the type of bioactive components, stability, and availability. The 
isolation and purification processes need to be optimized to ensure 

high-quality exosomes with minimal contaminants. Simultaneously, 
safety assessment and standardization of PDENs are also focal points 
for future research.

As research progresses, PDENs are expected to become important 
tools for developing a new generation of functional foods, offering 
novel approaches to enhance the nutritional and health value 
of foods.

Therefore, future research should focus on the stability of 
PDENs during storage, processing, and extraction, while exploring 
methods to improve their stability and bioactivity. These studies, 
along with safety considerations, will provide a solid scientific 
foundation for the application of PDENs in functional foods and 
human health.

7 Conclusion

In summary, after decades of in-depth research and 
development, PDENs, as an emerging natural bioactive ingredient, 
have shown enormous potential for application in the fields of food 
nutrition and health. Its excellent characteristics of low 
immunogenicity, high stability, and ability to penetrate biological 
barriers provide new ideas and possibilities for the development of 
functional foods. These nanoparticles can not only directly promote 
health as bioactive ingredients, but also serve as carrier systems to 
achieve precise delivery and release of various nutrients and 
bioactive compounds.

However, the application of PDENs in the field of functional foods 
still faces many challenges. In terms of extraction technology, there is 
currently a lack of simple and reliable methods for large-scale 
extraction of high-purity PDENs. For example, although traditional 
ultracentrifugation can obtain PDENs of certain purity, it has 
problems such as cumbersome operation, long time consumption, and 
low yield, which are difficult to meet the large-scale production needs 
of the food industry and limit its wide application in the food industry. 
In terms of basic research, there is still insufficient research on the 
surface marker proteins of PDENs, which affects our in-depth 
understanding of their targeting and biological functions. For 
example, there are differences in surface proteins of PDENs from 
different sources, and there is currently a lack of in-depth research on 
how these differences affect their interactions with cells, distribution, 
and function in vivo. In addition, the mechanism by which PDENs 
regulate human physiological and pathological processes is still 
unclear and requires further basic research to clarify. In terms of 
immune regulation, the specific molecular mechanisms by which 
PDENs interact with immune cells, activate or inhibit immune 
responses are still unclear.

Despite these limitations and unresolved issues, the potential 
value of PDENs in the field of functional foods cannot 
be  underestimated. Its unique biological characteristics and 
multifunctionality make it a highly promising direction for current 
and future food science research. Future research should focus on 
the following actionable directions: optimizing extraction 
techniques, developing new extraction methods such as affinity 
chromatography or microfluidic based extraction methods, 
improving extraction efficiency and purity, and reducing 
production costs. In the study of food matrix interactions, 
systematic research is conducted on the interactions between 
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PDENs and different food components (such as proteins, 
polysaccharides, lipids, etc.) under different processing conditions, 
to clarify their effects on the stability, biological activity, and 
function of PDENs, and to provide a basis for the formulation 
design of functional foods. In terms of bioavailability and safety 
assessment, human clinical trials and long-term animal experiments 
will be conducted to comprehensively evaluate the bioavailability 
and safety of PDENs at different doses and intake methods, and 
develop safety usage standards. At the same time, it is necessary to 
strengthen the exploration of the functions of PDENs in immune 
regulation, metabolic control, anti-inflammatory and antioxidant 
aspects. For example, by using gene editing technology or 
proteomic methods, in-depth research can be conducted on the key 
molecules and signaling pathways through which PDENs exert 
these functions, providing scientific basis for the development of 
new functional foods.

Overall, PDENs represent the forefront of innovation in the 
development of functional foods, and their unique advantages provide 
new possibilities for improving the nutritional value of food and 
promoting human health. Although there are still many issues that 
urgently need to be addressed, through interdisciplinary collaboration 
and continuous in-depth research, PDENs are expected to become a 
key factor in promoting the development of the functional food 
industry and making important contributions to improving the 
quality of human life.

Author contributions

KC: Conceptualization, Methodology, Writing – original draft, 
Writing  – review & editing. CW: Formal analysis, Investigation, 
Supervision, Validation, Writing  – review & editing. HC: Formal 
analysis, Funding acquisition, Project administration, Resources, 
Supervision, Validation, Writing – review & editing.

Funding

The author(s) declare financial support was received for the research, 
authorship, and/or publication of this article. This study was supported 
by the Traditional Chinese medicine inheritance innovation research 
project in Anhui Province (2024CCCX256), the Project of Natural 
Science Foundation of Anhui Province (2008085QH395), the Key 
Research and Development Plan projects in Anhui Province 
(202004a07020031), the Major Natural Science Research Projects in 
Anhui Universities (KJ2020ZD011), the Anhui Province University 
Outstanding Young Talent Support Project (Gxyq2021198), and the 
Anhui Province Postdoctoral Research Funding Project (2024C853).

Conflict of interest

HC was employed at Jiuhua Huayuan Pharmaceuticals Co., Ltd.
The remaining authors declare that the research 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) declare that no Gen AI was used in the creation of 
this manuscript.

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
 1. Lin T, Yang Y, Chen X. A review of the application of mesenchymal stem cells in 

the field of hematopoietic stem cell transplantation. Eur J Med Res. (2023) 28:268. doi: 
10.1186/s40001-023-01244-x

 2. Xu Z, Wang Y, Sun M, Zhou Y, Cao J, Zhang H, et al. Proteomic analysis of 
extracellular vesicles from tick hemolymph and uptake of extracellular vesicles by salivary 
glands and ovary cells. Parasit Vectors. (2023) 16:125. doi: 10.1186/s13071-023-05753-w

 3. Kluszczynska K, Czyz M. Extracellular vesicles-based cell-cell communication in 
melanoma: new perspectives in diagnostics and therapy. Int J Mol Sci. (2023) 24:965. doi: 
10.3390/ijms24020965

 4. Bai C, Liu J, Zhang X, Li Y, Qin Q, Song H, et al. Research status and challenges of 
plant-derived exosome-like nanoparticles. Biomed Pharmacother. (2024) 174:116543. 
doi: 10.1016/j.biopha.2024.116543

 5. Mu J, Zhuang X, Wang Q, Jiang H, Deng ZB, Wang B, et al. Interspecies 
communication between plant and mouse gut host cells through edible plant derived 
exosome-like nanoparticles. Mol Nutr Food Res. (2014) 58:1561–73. doi: 
10.1002/mnfr.201300729

 6. Li DF, Tang Q, Yang MF, Xu HM, Zhu MZ, Zhang Y, et al. Plant-derived exosomal 
nanoparticles: potential therapeutic for inflammatory bowel disease. Nanoscale Adv. 
(2023) 5:3575–88. doi: 10.1039/d3na00093a

 7. Kim J, Zhang S, Zhu Y, Wang R, Wang J. Amelioration of colitis progression by 
ginseng-derived exosome-like nanoparticles through suppression of inflammatory 
cytokines. J Ginseng Res. (2023) 47:627–37. doi: 10.1016/j.jgr.2023.01.004

 8. Kim J, Li S, Zhang S, Wang J. Plant-derived exosome-like nanoparticles and their 
therapeutic activities. Asian J Pharm Sci. (2022) 17:53–69. doi: 10.1016/j.ajps.2021.05.006

 9. Bassolino L, Petroni K, Polito A, Marinelli A, Azzini E, Ferrari M, et al. Does plant 
breeding for antioxidant-rich foods have an impact on human health? Antioxidants 
(Basel). (2022) 11:794. doi: 10.3390/antiox11040794

 10. Deng Z, Rong Y, Teng Y, Zhuang X, Samykutty A, Mu J, et al. Exosomes miR-126a 
released from MDSC induced by DOX treatment promotes lung metastasis. Oncogene. 
(2017) 36:639–51. doi: 10.1038/onc.2016.229

 11. Kantarcıoğlu M, Yıldırım G, Akpınar Oktar P, Yanbakan S, Özer ZB, Yurtsever 
Sarıca D, et al. Coffee-derived exosome-like nanoparticles: are they the secret heroes? 
Turk J Gastroenterol. (2023) 34:161–9. doi: 10.5152/tjg.2022.21895

 12. Lucchetti D, Calapà F, Palmieri V, Fanali C, Carbone F, Papa A, et al. Differentiation 
affects the release of exosomes from Colon Cancer cells and their ability to modulate the 
behavior of recipient cells. Am J Pathol. (2017) 187:1633–47. doi: 
10.1016/j.ajpath.2017.03.015

 13. Yu B, Zhang X, Li X. Exosomes derived from mesenchymal stem cells. Int J Mol 
Sci. (2014) 15:4142–57. doi: 10.3390/ijms15034142

 14. Rajput A, Varshney A, Bajaj R, Pokharkar V. Exosomes as new generation vehicles 
for drug delivery: biomedical applications and future perspectives. Molecules. (2022) 
27:7289. doi: 10.3390/molecules27217289

 15. Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, composition, 
purpose, and methods for exosome isolation and analysis. Cells. (2019) 8:727. doi: 
10.3390/cells8070727

 16. Mansur S, Habib S, Hawkins M, Brown SR, Weinman ST, Bao Y. Preparation of 
nanoparticle-loaded extracellular vesicles using direct flow filtration. Pharmaceutics. 
(2023) 15:1551. doi: 10.3390/pharmaceutics15051551

 17. Deville S, Berckmans P, Van Hoof R, Lambrichts I, Salvati A, Nelissen I. 
Comparison of extracellular vesicle isolation and storage methods using high-sensitivity 
flow cytometry. PLoS One. (2021) 16:e0245835. doi: 10.1371/journal.pone.0245835

 18. Wang Y, Ma H, Zhang X, Xiao X, Yang Z. The increasing diagnostic role of 
exosomes in inflammatory diseases to leverage the therapeutic biomarkers. J Inflamm 
Res. (2024) 17:5005–24. doi: 10.2147/JIR.S475102

https://doi.org/10.3389/fnut.2025.1544746
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1186/s40001-023-01244-x
https://doi.org/10.1186/s13071-023-05753-w
https://doi.org/10.3390/ijms24020965
https://doi.org/10.1016/j.biopha.2024.116543
https://doi.org/10.1002/mnfr.201300729
https://doi.org/10.1039/d3na00093a
https://doi.org/10.1016/j.jgr.2023.01.004
https://doi.org/10.1016/j.ajps.2021.05.006
https://doi.org/10.3390/antiox11040794
https://doi.org/10.1038/onc.2016.229
https://doi.org/10.5152/tjg.2022.21895
https://doi.org/10.1016/j.ajpath.2017.03.015
https://doi.org/10.3390/ijms15034142
https://doi.org/10.3390/molecules27217289
https://doi.org/10.3390/cells8070727
https://doi.org/10.3390/pharmaceutics15051551
https://doi.org/10.1371/journal.pone.0245835
https://doi.org/10.2147/JIR.S475102


Che et al. 10.3389/fnut.2025.1544746

Frontiers in Nutrition 15 frontiersin.org

 19. Saad MG, Beyenal H, Dong WJ. Exosomes as powerful Engines in Cancer: 
isolation, characterization and detection techniques. Biosensors (Basel). (2021) 11:518. 
doi: 10.3390/bios11120518

 20. Mousavi SM, Amin Mahdian SM, Ebrahimi MS, Taghizadieh M, Vosough M, Sadri 
Nahand J, et al. Microfluidics for detection of exosomes and microRNAs in cancer: state 
of the art. Mol Ther Nucleic Acids. (2022) 28:758–91. doi: 10.1016/j.omtn.2022.04.011

 21. Liu J, Jiang F, Jiang Y, Wang Y, Li Z, Shi X, et al. Roles of exosomes in ocular 
diseases. Int J Nanomedicine. (2020) 15:10519–38. doi: 10.2147/IJN.S277190

 22. Saad MH, Badierah R, Redwan EM, El-Fakharany EM. A comprehensive insight 
into the role of exosomes in viral infection: dual faces bearing different functions. 
Pharmaceutics. (2021) 13:1405. doi: 10.3390/pharmaceutics13091405

 23. Kuper TJ, Wang LZ, Prud'homme RK, Datta SS, Ford RM. Chemorepellent-loaded 
Nanocarriers promote localized interference of Escherichia coli transport to inhibit 
biofilm formation. ACS Appl Bio Mater. (2022) 5:5310–20. doi: 10.1021/acsabm.2c00712

 24. Vallhov H, Johansson C, Veerman RE, Scheynius A. Extracellular vesicles released 
from the skin commensal yeast Malassezia sympodialis activate human primary 
keratinocytes. Front Cell Infect Microbiol. (2020) 10:6. doi: 10.3389/fcimb.2020.00006

 25. Graykowski DR, Wang YZ, Upadhyay A, Savas JN. The dichotomous role of 
extracellular vesicles in the central nervous system. iScience. (2020) 23:101456. doi: 
10.1016/j.isci.2020.101456

 26. Jokhio S, Peng I, Peng CA. Extracellular vesicles isolated from Arabidopsis thaliana 
leaves reveal characteristics of mammalian exosomes. Protoplasma. (2024) 261:1025–33. 
doi: 10.1007/s00709-024-01954-x

 27. Aldawsari MF, Foudah AI, Rawat P, Alam A, Salkini MA. Nanogel-based delivery 
system for lemongrass essential oil: a promising approach to overcome antibiotic 
resistance in Pseudomonas aeruginosa infections. Gels. (2023) 9:741. doi: 
10.3390/gels9090741

 28. Kocholata M, Prusova M, Auer Malinska H, Maly J, Janouskova O. Comparison 
of two isolation methods of tobacco-derived extracellular vesicles, their characterization 
and uptake by plant and rat cells. Sci Rep. (2022) 12:19896. doi: 10.1038/s41598- 
022-23961-9

 29. Kilasoniya A, Garaeva L, Shtam T, Spitsyna A, Putevich E, Moreno-Chamba B, 
et al. Potential of plant exosome vesicles from grapefruit (Citrus × paradisi) and tomato 
(Solanum lycopersicum) juices as functional ingredients and targeted drug delivery 
vehicles. Antioxidants (Basel). (2023) 12:943. doi: 10.3390/antiox12040943

 30. Støre G, Olsen I. Scanning and transmission electron microscopy demonstrates 
bacteria in osteoradionecrosis. Int J Oral Maxillofac Surg. (2005) 34:777–81. doi: 
10.1016/j.ijom.2005.07.014

 31. Yuana Y, Oosterkamp TH, Bahatyrova S, Ashcroft B, Garcia Rodriguez P, Bertina 
RM, et al. Atomic force microscopy: a novel approach to the detection of nanosized 
blood microparticles. J Thromb Haemost. (2010) 8:315–23. doi: 10.1111/j.1538- 
7836.2009.03654.x

 32. Sasaki D, Suzuki H, Kusamori K, Itakura S, Todo H, Nishikawa M. Development 
of rice bran-derived nanoparticles with excellent anti-cancer activity and their 
application for peritoneal dissemination. J Nanobiotechnology. (2024) 22:114. doi: 
10.1186/s12951-024-02381-z

 33. Dai Y, Liu Y, Li J, Jin M, Yang H, Huang G. Shikonin inhibited glycolysis and 
sensitized cisplatin treatment in non-small cell lung cancer cells via the exosomal 
pyruvate kinase M2 pathway. Bioengineered. (2022) 13:13906–18. doi: 
10.1080/21655979.2022.2086378

 34. Şahin F, Koçak P, Güneş MY, Özkan İ, Yıldırım E, Kala EY. In vitro wound healing 
activity of wheat-derived Nanovesicles. Appl Biochem Biotechnol. (2019) 188:381–94. 
doi: 10.1007/s12010-018-2913-1

 35. Ladrón P, de Guevara H, Villa-Cruz V, Patakfalvi R, Zelaya-Molina LX, Muñiz-
Diaz R. Contact mode atomic force microscopy as a rapid technique for morphological 
observation and bacterial cell damage analysis. J Vis Exp. (2023) 30:e64823. doi: 
10.3791/64823

 36. Yang JK, Song J, Huo HR, Zhao YL, Zhang GY, Zhao ZM, et al. DNM3, p65 and 
p53 from exosomes represent potential clinical diagnosis markers for glioblastoma 
multiforme. Ther Adv Med Oncol. (2017) 9:741–54. doi: 10.1177/1758834017737471

 37. Shen YF, Huang JH, Wang KY, Zheng J, Cai L, Gao H, et al. PTH derivative 
promotes wound healing via synergistic multicellular stimulating and exosomal 
activities. Cell Commun Signal. (2020) 18:40. doi: 10.1186/s12964-020-00541-w

 38. Mu W, Provaznik J, Hackert T, Zöller M. Tspan8-tumor extracellular vesicle-
induced endothelial cell and fibroblast remodeling relies on the target cell-selective 
response. Cells. (2020) 9:319. doi: 10.3390/cells9020319

 39. Jeong H, Choi BH, Park J, Jung JH, Shin H, Kang KW, et al. GCC2 as a new early 
diagnostic biomarker for non-small cell lung Cancer. Cancers (Basel). (2021) 13:5482. 
doi: 10.3390/cancers13215482

 40. Gut M, Leutenegger CM, Huder JB, Pedersen NC, Lutz H. One-tube fluorogenic 
reverse transcription-polymerase chain reaction for the quantitation of feline 
coronaviruses. J Virol Methods. (1999) 77:37–46. doi: 10.1016/S0166-0934(98)00129-3

 41. Bandyopadhyay D, Basu S, Mukherjee I, Chakrabarti S, Chakrabarti P, Mukherjee 
K, et al. Accelerated export of Dicer1 from lipid-challenged hepatocytes buffers cellular 
miRNA-122 levels and prevents cell death. J Biol Chem. (2023) 299:104999. doi: 
10.1016/j.jbc.2023.104999

 42. Punzalan C, Wang L, Bajrami B, Yao X. Measurement and utilization of the 
proteomic reactivity by mass spectrometry. Mass Spectrom Rev. (2024) 43:166–92. doi: 
10.1002/mas.21837

 43. Ahmann J, Steinhoff-Wagner J, Büscher W. Determining immunoglobulin content 
of bovine colostrum and factors affecting the outcome: a review. Animals (Basel). (2021) 
11:3587. doi: 10.3390/ani11123587

 44. Tolomeo AM, Zuccolotto G, Malvicini R, De Lazzari G, Penna A, Franco C, et al. 
Biodistribution of Intratracheal, intranasal, and intravenous injections of human 
mesenchymal stromal cell-derived extracellular vesicles in a mouse model for drug 
delivery studies. Pharmaceutics. (2023) 15:548. doi: 10.3390/pharmaceutics15020548

 45. Abraham AM, Wiemann S, Ambreen G, Zhou J, Engelhardt K, Brüßler J, et al. 
Cucumber-derived exosome-like vesicles and PlantCrystals for improved dermal drug 
delivery. Pharmaceutics. (2022) 14:476. doi: 10.3390/pharmaceutics14030476

 46. Ye YC, Chang ZH, Wang P, Wang YW, Liang J, Chen C, et al. Infarct-
preconditioning exosomes of umbilical cord mesenchymal stem cells promoted vascular 
remodeling and neurological recovery after stroke in rats. Stem Cell Res Ther. (2022) 
13:378. doi: 10.1186/s13287-022-03083-9

 47. Horibe S, Tanahashi T, Kawauchi S, Murakami Y, Rikitake Y. Mechanism of 
recipient cell-dependent differences in exosome uptake. BMC Cancer. (2018) 18:47. doi: 
10.1186/s12885-017-3958-1

 48. Qin S, Cao J, Ma X. Function and clinical application of exosome-how to improve 
tumor immunotherapy? Front Cell Dev Biol. (2023) 11:1228624. doi: 
10.3389/fcell.2023.1228624

 49. Pan B, Zhang Z, Wu X, Xian G, Hu X, Gu M, et al. Macrophage-derived exosomes 
modulate wear particle-induced osteolysis via miR-3470b targeting TAB3/NF-κB 
signaling. Bioact Mater. (2023) 26:181–93. doi: 10.1016/j.bioactmat.2023.02.028

 50. Choudhery MS, Arif T, Mahmood R, Harris DT. Stem cell-based acellular therapy: 
insight into biogenesis, bioengineering and therapeutic applications of exosomes. Biomol 
Ther. (2024) 14:792. doi: 10.3390/biom14070792

 51. Al-Jipouri A, Eritja À, Bozic M. Unraveling the multifaceted roles of extracellular 
vesicles: insights into biology, pharmacology, and pharmaceutical applications for drug 
delivery. Int J Mol Sci. (2023) 25:485. doi: 10.3390/ijms25010485

 52. Yang C, Merlin D. Lipid-based drug delivery Nanoplatforms for colorectal Cancer 
therapy. Nanomaterials (Basel). (2020) 10:1424. doi: 10.3390/nano10071424

 53. Hirashima T, Jimbo H, Kobayashi K, Wada H. A START domain-containing 
protein is involved in the incorporation of ER-derived fatty acids into chloroplast 
glycolipids in Marchantia polymorpha. Biochem Biophys Res Commun. (2021) 
534:436–41. doi: 10.1016/j.bbrc.2020.11.063

 54. Martić A, Čižmek L, Ul'yanovskii NV, Paradžik T, Perković L, Matijević G, 
et al. Intra-species variations of bioactive compounds of two Dictyota species from 
the Adriatic Sea: antioxidant, antimicrobial, dermatological, dietary, and 
neuroprotective potential. Antioxidants (Basel). (2023) 12:857. doi: 10.3390/ 
antiox12040857

 55. Zhang M, Viennois E, Prasad M, Zhang Y, Wang L, Zhang Z, et al. Edible ginger-
derived nanoparticles: a novel therapeutic approach for the prevention and treatment of 
inflammatory bowel disease and colitis-associated cancer. Biomaterials. (2016) 
101:321–40. doi: 10.1016/j.biomaterials.2016.06.018

 56. Liu Y, Ren C, Zhan R, Cao Y, Ren Y, Zou L, et al. Exploring the potential of plant-
derived exosome-like Nanovesicle as functional food components for human health: a 
review. Food Secur. (2024) 13:712. doi: 10.3390/foods13050712

 57. Patil NP, Le V, Sligar AD, Mei L, Chavarria D, Yang EY, et al. Algal polysaccharides 
as therapeutic agents for atherosclerosis. Front Cardiovasc Med. (2018) 5:153. doi: 
10.3389/fcvm.2018.00153

 58. Shen X, Pan D, Gong Q, Gu Z, Luo K. Enhancing drug penetration in solid tumors 
via nanomedicine: evaluation models, strategies and perspectives. Bioact Mater. (2023) 
32:445–72. doi: 10.1016/j.bioactmat.2023.10.017

 59. Belleannée C, Calvo E, Thimon V, Cyr DG, Légaré C, Garneau L, et al. Role of 
microRNAs in controlling gene expression in different segments of the human 
epididymis. PLoS One. (2012) 7:e34996. doi: 10.1371/journal.pone.0034996

 60. Takakura H, Nakao T, Narita T, Horinaka M, Nakao-Ise Y, Yamamoto T, et al. 
Citrus limonl.-derived Nanovesicles show an inhibitory effect on cell growth in p53-
inactivated colorectal Cancer cells via the macropinocytosis pathway. Biomedicines. 
(2022) 10:1352. doi: 10.3390/biomedicines10061352

 61. Shen J, Gao F, Zhao L, Hao Q, Yang YL. MicroRNA-34c promotes neuronal 
recovery in rats with spinal cord injury through the C-X-C motif ligand 14/Janus kinase 
2/signal transducer and activator of transcription-3 axis. Chin Med J. (2020) 
133:2177–85. doi: 10.1097/CM9.0000000000001022

 62. Shorter E, Sannicandro AJ, Poulet B, Goljanek-Whysall K. Skeletal muscle wasting 
and its relationship with osteoarthritis: a Mini-review of mechanisms and current 
interventions. Curr Rheumatol Rep. (2019) 21:40. doi: 10.1007/s11926-019-0839-4

 63. Reis-Ferreira A, Neto-Mendes J, Brás-Silva C, Lobo L, Fontes-Sousa AP. Emerging 
roles of Micrornas in veterinary cardiology. Vet Sci. (2022) 9:533. doi: 
10.3390/vetsci9100533

 64. Hassan FU, Rehman MS, Khan MS, Ali MA, Javed A, Nawaz A, et al. Curcumin 
as an alternative epigenetic modulator: mechanism of action and potential effects. Front 
Genet. (2019) 10:514. doi: 10.3389/fgene.2019.00514

https://doi.org/10.3389/fnut.2025.1544746
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3390/bios11120518
https://doi.org/10.1016/j.omtn.2022.04.011
https://doi.org/10.2147/IJN.S277190
https://doi.org/10.3390/pharmaceutics13091405
https://doi.org/10.1021/acsabm.2c00712
https://doi.org/10.3389/fcimb.2020.00006
https://doi.org/10.1016/j.isci.2020.101456
https://doi.org/10.1007/s00709-024-01954-x
https://doi.org/10.3390/gels9090741
https://doi.org/10.1038/s41598-022-23961-9
https://doi.org/10.1038/s41598-022-23961-9
https://doi.org/10.3390/antiox12040943
https://doi.org/10.1016/j.ijom.2005.07.014
https://doi.org/10.1111/j.1538-7836.2009.03654.x
https://doi.org/10.1111/j.1538-7836.2009.03654.x
https://doi.org/10.1186/s12951-024-02381-z
https://doi.org/10.1080/21655979.2022.2086378
https://doi.org/10.1007/s12010-018-2913-1
https://doi.org/10.3791/64823
https://doi.org/10.1177/1758834017737471
https://doi.org/10.1186/s12964-020-00541-w
https://doi.org/10.3390/cells9020319
https://doi.org/10.3390/cancers13215482
https://doi.org/10.1016/S0166-0934(98)00129-3
https://doi.org/10.1016/j.jbc.2023.104999
https://doi.org/10.1002/mas.21837
https://doi.org/10.3390/ani11123587
https://doi.org/10.3390/pharmaceutics15020548
https://doi.org/10.3390/pharmaceutics14030476
https://doi.org/10.1186/s13287-022-03083-9
https://doi.org/10.1186/s12885-017-3958-1
https://doi.org/10.3389/fcell.2023.1228624
https://doi.org/10.1016/j.bioactmat.2023.02.028
https://doi.org/10.3390/biom14070792
https://doi.org/10.3390/ijms25010485
https://doi.org/10.3390/nano10071424
https://doi.org/10.1016/j.bbrc.2020.11.063
https://doi.org/10.3390/antiox12040857
https://doi.org/10.3390/antiox12040857
https://doi.org/10.1016/j.biomaterials.2016.06.018
https://doi.org/10.3390/foods13050712
https://doi.org/10.3389/fcvm.2018.00153
https://doi.org/10.1016/j.bioactmat.2023.10.017
https://doi.org/10.1371/journal.pone.0034996
https://doi.org/10.3390/biomedicines10061352
https://doi.org/10.1097/CM9.0000000000001022
https://doi.org/10.1007/s11926-019-0839-4
https://doi.org/10.3390/vetsci9100533
https://doi.org/10.3389/fgene.2019.00514


Che et al. 10.3389/fnut.2025.1544746

Frontiers in Nutrition 16 frontiersin.org

 65. Izzotti A, Cartiglia C, Steele VE, De Flora S. MicroRNAs as targets for dietary and 
pharmacological inhibitors of mutagenesis and carcinogenesis. Mutat Res. (2012) 
751:287–303. doi: 10.1016/j.mrrev.2012.05.004

 66. Sarkar FH, Li Y, Wang Z, Kong D, Ali S. Implication of microRNAs in drug 
resistance for designing novel cancer therapy. Drug Resist Updat. (2010) 13:57–66. doi: 
10.1016/j.drup.2010.02.001

 67. Gomes L, Viana L, Silva JL, Mermelstein C, Atella G, Fialho E. Resveratrol modifies 
lipid composition of two Cancer cell lines. Biomed Res Int. (2020) 2020:5393041. doi: 
10.1155/2020/5393041

 68. Benameur T, Soleti R, Porro C. The potential neuroprotective role of free and 
encapsulated quercetin mediated by miRNA against neurological diseases. Nutrients. 
(2021) 13:1318. doi: 10.3390/nu13041318

 69. Minutolo A, Potestà M, Gismondi A, Pirrò S, Cirilli M, Gattabria F, et al. Olea 
europaea small RNA with functional homology to human miR34a in cross-kingdom 
interaction of anti-tumoral response. Sci Rep. (2018) 8:12413. doi: 
10.1038/s41598-018-30718-w

 70. Sarshar M, Scribano D, Ambrosi C, Palamara AT, Masotti A. Fecal microRNAs as 
innovative biomarkers of intestinal diseases and effective players in host-microbiome 
interactions. Cancers (Basel). (2020) 12:2174. doi: 10.3390/cancers12082174

 71. Chen F, Wang J, Wu Y, Gao Q, Zhang S. Potential biomarkers for liver Cancer 
diagnosis based on multi-omics strategy. Front Oncol. (2022) 12:822449. doi: 
10.3389/fonc.2022.822449

 72. Spanos M, Gokulnath P, Chatterjee E, Li G, Varrias D, Das S. Expanding the 
horizon of EV-RNAs: LncRNAs in EVs as biomarkers for disease pathways. Extracell 
Vesicle. (2023) 2:100025. doi: 10.1016/j.vesic.2023.100025

 73. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular RNAs 
regulate transcription in the nucleus. Nat Struct Mol Biol. (2015) 22:256–64. doi: 
10.1038/nsmb.2959

 74. Zick SM, Turgeon DK, Vareed SK, Ruffin MT, Litzinger AJ, Wright BD, et al. Phase 
II study of the effects of ginger root extract on eicosanoids in colon mucosa in people at 
normal risk for colorectal cancer. Cancer Prev Res (Phila). (2011) 4:1929–37. doi: 
10.1158/1940-6207.CAPR-11-0224

 75. Deng Z, Rong Y, Teng Y, Mu J, Zhuang X, Tseng M, et al. Broccoli-derived 
nanoparticle inhibits mouse colitis by activating dendritic cell AMP-activated protein 
kinase. Mol Ther. (2017) 25:1641–54. doi: 10.1016/j.ymthe.2017.01.025

 76. Castelli G, Logozzi M, Mizzoni D, Di Raimo R, Cerio A, Dolo V, et al. Ex vivo 
anti-leukemic effect of exosome-like grapefruit-derived Nanovesicles from organic 
farming-the potential role of ascorbic acid. Int J Mol Sci. (2023) 24:15663. doi: 
10.3390/ijms242115663

 77. Zhang H, Liu S, Cai Z, Dong W, Ye J, Cai Z, et al. Down-regulation of ACACA 
suppresses the malignant progression of prostate Cancer through inhibiting 
mitochondrial potential. J Cancer. (2021) 12:232–43. doi: 10.7150/jca.49560

 78. Yang LY, Li CQ, Zhang YL, Ma MW, Cheng W, Zhang GJ. Emerging drug delivery 
vectors: engineering of plant-derived Nanovesicles and their applications in biomedicine. 
Int J Nanomedicine. (2024) 19:2591–610. doi: 10.2147/IJN.S454794

 79. Chen Q, Li Q, Liang Y, Zu M, Chen N, Canup BSB, et al. Natural exosome-like 
nanovesicles from edible tea flowers suppress metastatic breast cancer via ROS 
generation and microbiota modulation. Acta Pharm Sin B. (2022) 12:907–23. doi: 
10.1016/j.apsb.2021.08.016

 80. Narauskaitė D, Vydmantaitė G, Rusteikaitė J, Sampath R, Rudaitytė A, Stašytė G, 
et al. Extracellular vesicles in skin wound healing. Pharmaceuticals (Basel). (2021) 
14:811. doi: 10.3390/ph14080811

 81. Xu F, Mu J, Teng Y, Zhang X, Sundaram K, Sriwastva MK, et al. Restoring oat 
nanoparticles mediated brain memory function of mice fed alcohol by sorting 
inflammatory Dectin-1 complex into microglial exosomes. Small. (2022) 18:e2105385. 
doi: 10.1002/smll.202105385

 82. Lei C, Teng Y, He L, Sayed M, Mu J, Xu F, et al. Lemon exosome-like nanoparticles 
enhance stress survival of gut bacteria by RNase P-mediated specific tRNA decay. 
iScience. (2021) 24:102511. doi: 10.1016/j.isci.2021.102511

 83. Di Gioia S, Hossain MN, Conese M. Biological properties and therapeutic effects 
of plant-derived nanovesicles. Open Med (Wars). (2020) 15:1096–122. doi: 
10.1515/med-2020-0160

 84. Froldi G. The use of medicinal plants in blood vessel diseases: the influence of 
gender. Life (Basel). (2023) 13:866. doi: 10.3390/life13040866

 85. Koyande NP, Srivastava R, Padmakumar A, Rengan AK. Advances in 
nanotechnology for Cancer Immunoprevention and immunotherapy: a review. Vaccines 
(Basel). (2022) 10:1727. doi: 10.3390/vaccines10101727

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

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

 88. Liu B, Lu Y, Chen X, Muthuraj PG, Li X, Pattabiraman M, et al. Protective role of 
shiitake mushroom-derived exosome-like nanoparticles in D-Galactosamine and 

lipopolysaccharide-induced acute liver injury in mice. Nutrients. (2020) 12:477. doi: 
10.3390/nu12020477

 89. Song H, Canup BSB, Ngo VL, Denning TL, Garg P, Laroui H. Internalization of 
garlic-derived Nanovesicles on liver cells is triggered by interaction with CD98. ACS 
Omega. (2020) 5:23118–28. doi: 10.1021/acsomega.0c02893

 90. Díez-Sainz E, Lorente-Cebrián S, Aranaz P, Riezu-Boj JI, Martínez JA, Milagro FI. 
Potential mechanisms linking food-derived MicroRNAs, Gut microbiota and intestinal 
barrier functions in the context of nutrition and human health. Front Nutr. (2021) 
8:586564. doi: 10.3389/fnut.2021.586564

 91. Ju S, Mu J, Dokland T, Zhuang X, Wang Q, Jiang H, et al. Grape exosome-like 
nanoparticles induce intestinal stem cells and protect mice from DSS-induced colitis. 
Mol Ther. (2013) 21:1345–57. doi: 10.1038/mt.2013.64

 92. Mao Y, Han M, Chen C, Wang X, Han J, Gao Y, et al. A biomimetic nanocomposite 
made of a ginger-derived exosome and an inorganic framework for high-performance 
delivery of oral antibodies. Nanoscale. (2021) 13:20157–69. doi: 10.1039/D1NR06015E

 93. Mahalingam S, Bellamkonda R, Arumugam MK, Perumal SK, Yoon J, Casey C, 
et al. Glucagon-like peptide 1 receptor agonist, exendin-4, reduces alcohol-associated 
fatty liver disease. Biochem Pharmacol. (2023) 213:115613. doi: 10.1016/j.bcp.2023.115613

 94. Lei C, Mu J, Teng Y, He L, Xu F, Zhang X, et al. Lemon exosome-like nanoparticles-
manipulated probiotics protect mice from C. Diff infection. iScience. (2020) 16:101571. 
doi: 10.1016/j.isci.2020.101571

 95. Teng Y, Ren Y, Sayed M, Hu X, Lei C, Kumar A, et al. Plant-derived Exosomal 
MicroRNAs shape the Gut microbiota. Cell Host Microbe. (2018) 24:637–652.e8. doi: 
10.1016/j.chom.2018.10.001

 96. Chiou YS, Huang Q, Ho CT, Wang YJ, Pan MH. Directly interact with Keap1 and 
LPS is involved in the anti-inflammatory mechanisms of (−)-epicatechin-3-gallate in 
LPS-induced macrophages and endotoxemia. Free Radic Biol Med. (2016) 94:1–16. doi: 
10.1016/j.freeradbiomed.2016.02.010

 97. Guisantes-Batan E, Mazuecos L, Rubio B, Pereira-Caro G, Moreno-Rojas JM, 
Andrés A, et al. Grape seed extract supplementation modulates hepatic lipid metabolism 
in rats. Implication of PPARβ/δ. Food Funct. (2022) 13:11353–68. doi: 
10.1039/D2FO02199D

 98. Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, et al. Resveratrol 
improves health and survival of mice on a high-calorie diet. Nature. (2006) 444:337–42. 
doi: 10.1038/nature05354

 99. Botchlett R, Woo SL, Liu M, Pei Y, Guo X, Li H, et al. Nutritional approaches for 
managing obesity-associated metabolic diseases. J Endocrinol. (2017) 233:R145–71. doi: 
10.1530/JOE-16-0580

 100. Jacob S, Kather FS, Morsy MA, Boddu SHS, Attimarad M, Shah J, et al. Advances 
in Nanocarrier Systems for Overcoming Formulation Challenges of curcumin: current 
insights. Nanomaterials (Basel). (2024) 14:672. doi: 10.3390/nano14080672

 101. Oskouie MN, Aghili Moghaddam NS, Butler AE, Zamani P, Sahebkar A. 
Therapeutic use of curcumin-encapsulated and curcumin-primed exosomes. J Cell 
Physiol. (2019) 234:8182–91. doi: 10.1002/jcp.27615

 102. Li Y, Tran VH, Duke CC, Roufogalis BD. Preventive and protective properties of 
Zingiber officinale (ginger) in diabetes mellitus, diabetic complications, and associated 
lipid and other metabolic disorders: a brief review. Evid Based Complement Alternat 
Med. (2012) 2012:516870. doi: 10.1155/2012/516870

 103. Zhang M, Zhao R, Wang D, Wang L, Zhang Q, Wei S, et al. Ginger (Zingiber 
officinale Rosc.) and its bioactive components are potential resources for health 
beneficial agents. Phytother Res. (2021) 35:711–42. doi: 10.1002/ptr.6858

 104. Khalesi S, Sun J, Buys N, Jamshidi A, Nikbakht-Nasrabadi E, Khosravi-Boroujeni H. 
Green tea catechins and blood pressure: a systematic review and meta-analysis of randomised 
controlled trials. Eur J Nutr. (2014) 53:1299–311. doi: 10.1007/s00394-014-0720-1

 105. Teng Y, Li D, Guruvaiah P, Xu N, Xie Z. Dietary supplement of large yellow tea 
ameliorates metabolic syndrome and attenuates hepatic steatosis in db/db mice. 
Nutrients. (2018) 10:75. doi: 10.3390/nu10010075

 106. Song H, He A, Guan X, Chen Z, Bao Y, Huang K. Fabrication of chitosan-coated 
epigallocatechin-3-gallate (EGCG)-hordein nanoparticles and their transcellular 
permeability in Caco-2/HT29 cocultures. Int J Biol Macromol. (2022) 196:144–50. doi: 
10.1016/j.ijbiomac.2021.12.024

 107. Jo E, Bartosh R, Auslander AT, Directo D, Osmond A, Wong MW. Post-exercise 
recovery following 30-day supplementation of trans-resveratrol and polyphenol-
enriched extracts. Sports (Basel). (2019) 7:226. doi: 10.3390/sports7100226

 108. Messeha SS, Agarwal M, Gendy SG, Mehboob SB, Soliman KFA. The anti-
obesogenic effects of Muscadine grapes through ciliary neurotrophic factor receptor 
(Cntfr) and histamine receptor H1 (Hrh1) genes in 3T3-L1 differentiated mouse cells. 
Nutrients. (2024) 16:1817. doi: 10.3390/nu16121817

 109. Daniel T, Ben-Shachar M, Drori E, Hamad S, Permyakova A, Ben-Cnaan E, et al. 
Grape pomace reduces the severity of non-alcoholic hepatic steatosis and the 
development of steatohepatitis by improving insulin sensitivity and reducing ectopic fat 
deposition in mice. J Nutr Biochem. (2021) 98:108867. doi: 10.1016/j.jnutbio.2021.108867

 110. Houseknecht KL, Zhu AX, Gnudi L, Hamann A, Zierath JR, Tozzo E, et al. 
Overexpression of ha-ras selectively in adipose tissue of transgenic mice. Evidence for 
enhanced sensitivity to insulin. J Biol Chem. (1996) 271:11347–55. doi: 
10.1074/jbc.271.19.11347

https://doi.org/10.3389/fnut.2025.1544746
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.mrrev.2012.05.004
https://doi.org/10.1016/j.drup.2010.02.001
https://doi.org/10.1155/2020/5393041
https://doi.org/10.3390/nu13041318
https://doi.org/10.1038/s41598-018-30718-w
https://doi.org/10.3390/cancers12082174
https://doi.org/10.3389/fonc.2022.822449
https://doi.org/10.1016/j.vesic.2023.100025
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1158/1940-6207.CAPR-11-0224
https://doi.org/10.1016/j.ymthe.2017.01.025
https://doi.org/10.3390/ijms242115663
https://doi.org/10.7150/jca.49560
https://doi.org/10.2147/IJN.S454794
https://doi.org/10.1016/j.apsb.2021.08.016
https://doi.org/10.3390/ph14080811
https://doi.org/10.1002/smll.202105385
https://doi.org/10.1016/j.isci.2021.102511
https://doi.org/10.1515/med-2020-0160
https://doi.org/10.3390/life13040866
https://doi.org/10.3390/vaccines10101727
https://doi.org/10.3402/jev.v4.28713
https://doi.org/10.1021/acs.molpharmaceut.9b00246
https://doi.org/10.3390/nu12020477
https://doi.org/10.1021/acsomega.0c02893
https://doi.org/10.3389/fnut.2021.586564
https://doi.org/10.1038/mt.2013.64
https://doi.org/10.1039/D1NR06015E
https://doi.org/10.1016/j.bcp.2023.115613
https://doi.org/10.1016/j.isci.2020.101571
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1016/j.freeradbiomed.2016.02.010
https://doi.org/10.1039/D2FO02199D
https://doi.org/10.1038/nature05354
https://doi.org/10.1530/JOE-16-0580
https://doi.org/10.3390/nano14080672
https://doi.org/10.1002/jcp.27615
https://doi.org/10.1155/2012/516870
https://doi.org/10.1002/ptr.6858
https://doi.org/10.1007/s00394-014-0720-1
https://doi.org/10.3390/nu10010075
https://doi.org/10.1016/j.ijbiomac.2021.12.024
https://doi.org/10.3390/sports7100226
https://doi.org/10.3390/nu16121817
https://doi.org/10.1016/j.jnutbio.2021.108867
https://doi.org/10.1074/jbc.271.19.11347


Che et al. 10.3389/fnut.2025.1544746

Frontiers in Nutrition 17 frontiersin.org

 111. Gong Q, Sun Y, Liu L, Pu C, Guo Y. Oral administration of tea-derived exosome-
like nanoparticles protects epithelial and immune barrier of intestine from psychological 
stress. Heliyon. (2024) 10:e36812. doi: 10.1016/j.heliyon.2024.e36812

 112. Ashrafizadeh M, Kumar AP, Aref AR, Zarrabi A, Mostafavi E. Exosomes as 
promising nanostructures in diabetes mellitus: from insulin sensitivity to ameliorating 
diabetic complications. Int J Nanomedicine. (2022) 17:1229–53. doi: 10.2147/IJN.S350250

 113. Sun Y, Tao Q, Wu X, Zhang L, Liu Q, Wang L. The utility of exosomes in diagnosis 
and therapy of diabetes mellitus and associated complications. Front Endocrinol 
(Lausanne). (2021) 12:756581. doi: 10.3389/fendo.2021.756581

 114. Yeo J. Food-derived extracellular vesicles as multi-bioactive complex and their 
versatile health effects. Antioxidants (Basel). (2023) 12:1862. doi: 10.3390/antiox12101862

 115. Lu J, Gong Y, Gao Y, Yang Y, Zhang Y, Zhang Z, et al. Wolfberry, yam, and 
Chrysanthemum polysaccharides increased intestinal Akkermansia muciniphila 
abundance and hepatic YAP1 expression to alleviate DILI. FASEB J. (2023) 37:e23286. 
doi: 10.1096/fj.202301388R

 116. Cai Y, Zhang L, Zhang Y, Lu R. Plant-derived exosomes as a drug-delivery 
approach for the treatment of inflammatory bowel disease and colitis-associated Cancer. 
Pharmaceutics. (2022) 14:822. doi: 10.3390/pharmaceutics14040822

 117. Luan X, Sansanaphongpricha K, Myers I, Chen H, Yuan H, Sun D. Engineering 
exosomes as refined biological nanoplatforms for drug delivery. Acta Pharmacol Sin. 
(2017) 38:754–63. doi: 10.1038/aps.2017.12

 118. Hillman T. The application of plant-exosome-like nanovesicles as improved drug 
delivery systems for cancer vaccines. Discov Oncol. (2024) 15:136. doi: 
10.1007/s12672-024-00974-6

 119. Leng Y, Yang L, Zhu H, Li D, Pan S, Yuan F. Stability of blueberry extracellular 
vesicles and their gene regulation effects in intestinal Caco-2 cells. Biomol Ther. (2023) 
13:1412. doi: 10.3390/biom13091412

 120. Wang B, Zhuang X, Deng ZB, Jiang H, Mu J, Wang Q, et al. Targeted drug delivery 
to intestinal macrophages by bioactive nanovesicles released from grapefruit. Mol Ther. 
(2014) 22:522–34. doi: 10.1038/mt.2013.190

 121. Le Guillou S, Leduc A, Laubier J, Barbey S, Rossignol MN, Lefebvre R, et al. 
Characterization of Holstein and Normande whole milk miRNomes highlights breed 
specificities. Sci Rep. (2019) 9:20345. doi: 10.1038/s41598-019-56690-7

 122. Colella AP, Prakash A, Miklavcic JJ. Homogenization and thermal processing 
reduce the concentration of extracellular vesicles in bovine milk. Food Sci Nutr. (2023) 
12:131–40. doi: 10.1002/fsn3.3749

 123. Malenica M, Vukomanović M, Kurtjak M, Masciotti V, Dal Zilio S, Greco S, 
et al. Perspectives of microscopy methods for morphology characterisation of 
extracellular vesicles from human biofluids. Biomedicines. (2021) 9:603. doi: 10.3390/ 
biomedicines9060603

 124. Duan X, Yang Z, Yang J, Liu F, Xu X, Pan S. Structural and emulsifying properties 
of citric acid extracted Satsuma mandarin Peel pectin. Food Secur. (2021) 10:2459. doi: 
10.3390/foods10102459

 125. Ly NP, Han HS, Kim M, Park JH, Choi KY. Plant-derived nanovesicles: current 
understanding and applications for cancer therapy. Bioact Mater. (2022) 22:365–83. doi: 
10.1016/j.bioactmat.2022.10.005

 126. Trentini M, Zanolla I, Zanotti F, Tiengo E, Licastro D, Dal Monego S, et al. Apple 
derived exosomes improve collagen type I production and decrease MMPs during aging 
of the skin through downregulation of the NF-κB pathway as mode of action. Cells. 
(2022) 11:3950. doi: 10.3390/cells11243950

 127. Zuzarte M, Vitorino C, Salgueiro L, Girão H. Plant Nanovesicles for essential oil 
delivery. Pharmaceutics. (2022) 14:2581. doi: 10.3390/pharmaceutics14122581

 128. Berger E, Colosetti P, Jalabert A, Meugnier E, Wiklander OPB, Jouhet J, et al. Use 
of Nanovesicles from Orange juice to reverse diet-induced Gut modifications in diet-
induced obese mice. Mol Ther Methods Clin Dev. (2020) 18:880–92. doi: 
10.1016/j.omtm.2020.08.009

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

 130. Baldini N, Torreggiani E, Roncuzzi L, Perut F, Zini N, Avnet S. Exosome-like 
Nanovesicles isolated from Citrus limon L. Exert Antioxidative Effect. Curr Pharm 
Biotechnol. (2018) 19:877–85. doi: 10.2174/1389201019666181017115755

 131. Zhou LK, Zhou Z, Jiang XM, Zheng Y, Chen X, Fu Z, et al. Absorbed plant 
MIR2911 in honeysuckle decoction inhibits SARS-CoV-2 replication and accelerates 
the negative conversion of infected patients. Cell Discov. (2020) 6:54. doi: 
10.1038/s41421-020-00197-3

 132. Zhuang X, Teng Y, Samykutty A, Mu J, Deng Z, Zhang L, et al. Grapefruit-derived 
Nanovectors delivering therapeutic miR17 through an intranasal route inhibit brain 
tumor progression. Mol Ther. (2016) 24:96–105. doi: 10.1038/mt.2015.188

 133. Zhang T, Tang JZ, Fei X, Li Y, Song Y, Qian Z, et al. Can nanoparticles and nano–
protein interactions bring a bright future for insulin delivery? Acta Pharm Sin B. (2021) 
11:651–67. doi: 10.1016/j.apsb.2020.08.016

 134. Srivastava A, Rathore S, Munshi A, Ramesh R. Organically derived exosomes as 
carriers of anticancer drugs and imaging agents for cancer treatment. Semin Cancer Biol. 
(2022) 86:80–100. doi: 10.1016/j.semcancer.2022.02.020

 135. Suksaeree J, Monton C. Maximizing Curcuminoid extraction from Curcuma 
aromatica Salisb. Rhizomes via environmentally friendly microwave-assisted extraction 
technique using full factorial design. Int. J Food Sci. (2024) 2024:4566123. doi: 
10.1155/2024/4566123

 136. He J, Zhu Q, Dong X, Pan H, Chen J, Zheng ZP. Oxyresveratrol and ascorbic acid 
O/W microemulsion: preparation, characterization, anti-isomerization and potential 
application as antibrowning agent on fresh-cut lotus root slices. Food Chem. (2017) 
214:269–76. doi: 10.1016/j.foodchem.2016.07.095

 137. Wang J, Bai T, Ma Y, Ma H. Effect of high-pressure treatment on catalytic and 
physicochemical properties of pepsin. Molecules. (2017) 22:1659. doi: 
10.3390/molecules22101659

 138. Zhu H, He W. Ginger: a representative material of herb-derived exosome-like 
nanoparticles. Front Nutr. (2023) 10:1223349. doi: 10.3389/fnut.2023.1223349

 139. de Las L, Hazas MC, Tomé-Carneiro J, Del Pozo-Acebo L, Del Saz-Lara A, 
Chapado LA, et al. Therapeutic potential of plant-derived extracellular vesicles as 
nanocarriers for exogenous miRNAs. Pharmacol Res. (2023) 198:106999. doi: 
10.1016/j.phrs.2023.106999

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

 141. Duan T, Wang X, Dong X, Wang C, Wang L, Yang X, et al. Broccoli-derived 
exosome-like nanoparticles alleviate Loperamide-induced constipation, in correlation 
with regulation on Gut microbiota and tryptophan metabolism. J Agric Food Chem. 
(2023) 71:16568–80. doi: 10.1021/acs.jafc.3c04150

 142. Zhao WJ, Bian YP, Wang QH, Yin F, Yin L, Zhang YL, et al. Blueberry-derived 
exosomes-like nanoparticles ameliorate nonalcoholic fatty liver disease by attenuating 
mitochondrial oxidative stress. Acta Pharmacol Sin. (2022) 43:645–58. doi: 
10.1038/s41401-021-00681-w

 143. Cai H, Huang LY, Hong R, Song JX, Guo XJ, Zhou W, et al. Momordica charantia 
exosome-like nanoparticles exert neuroprotective effects against ischemic brain injury 
via inhibiting matrix metalloproteinase 9 and activating the AKT/GSK3β signaling 
pathway. Front Pharmacol. (2022) 13:908830. doi: 10.3389/fphar.2022.908830

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

 145. Kim J, Zhu Y, Chen S, Wang D, Zhang S, Xia J, et al. Anti-glioma effect of 
ginseng-derived exosomes-like nanoparticles by active blood-brain-barrier penetration 
and tumor microenvironment modulation. J Nanobiotechnology. (2023) 21:253. doi: 
10.1186/s12951-023-02006-x

 146. Raimondo S, Naselli F, Fontana S, Monteleone F, Lo Dico A, Saieva L, et al. Citrus 
limon-derived nanovesicles inhibit cancer cell proliferation and suppress CML xenograft 
growth by inducing TRAIL-mediated cell death. Oncotarget. (2015) 6:19514–27. doi: 
10.18632/oncotarget.4004

https://doi.org/10.3389/fnut.2025.1544746
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.heliyon.2024.e36812
https://doi.org/10.2147/IJN.S350250
https://doi.org/10.3389/fendo.2021.756581
https://doi.org/10.3390/antiox12101862
https://doi.org/10.1096/fj.202301388R
https://doi.org/10.3390/pharmaceutics14040822
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1007/s12672-024-00974-6
https://doi.org/10.3390/biom13091412
https://doi.org/10.1038/mt.2013.190
https://doi.org/10.1038/s41598-019-56690-7
https://doi.org/10.1002/fsn3.3749
https://doi.org/10.3390/biomedicines9060603
https://doi.org/10.3390/biomedicines9060603
https://doi.org/10.3390/foods10102459
https://doi.org/10.1016/j.bioactmat.2022.10.005
https://doi.org/10.3390/cells11243950
https://doi.org/10.3390/pharmaceutics14122581
https://doi.org/10.1016/j.omtm.2020.08.009
https://doi.org/10.1038/ncomms2886
https://doi.org/10.2174/1389201019666181017115755
https://doi.org/10.1038/s41421-020-00197-3
https://doi.org/10.1038/mt.2015.188
https://doi.org/10.1016/j.apsb.2020.08.016
https://doi.org/10.1016/j.semcancer.2022.02.020
https://doi.org/10.1155/2024/4566123
https://doi.org/10.1016/j.foodchem.2016.07.095
https://doi.org/10.3390/molecules22101659
https://doi.org/10.3389/fnut.2023.1223349
https://doi.org/10.1016/j.phrs.2023.106999
https://doi.org/10.1186/s12951-022-01755-5
https://doi.org/10.1021/acs.jafc.3c04150
https://doi.org/10.1038/s41401-021-00681-w
https://doi.org/10.3389/fphar.2022.908830
https://doi.org/10.1016/j.phrs.2024.107071
https://doi.org/10.1186/s12951-023-02006-x
https://doi.org/10.18632/oncotarget.4004

	Advancing functional foods: a systematic analysis of plant-derived exosome-like nanoparticles and their health-promoting properties
	1 Introduction
	2 Isolation and characterization of plant-derived exosomes
	2.1 Isolation of plant-derived exosomes
	2.1.1 Ultracentrifugation
	2.1.2 Size-based isolation
	2.1.3 Immunoaffinity
	2.1.4 Precipitation
	2.2 Characterization methods for PDENs
	2.2.1 Optical analysis techniques
	2.2.2 Microscopic imaging techniques
	2.2.3 Molecular detection techniques
	2.2.4 Emerging technologies

	3 Composition of PDENs
	3.1 Lipids
	3.2 Proteins
	3.3 Nucleic acids
	3.4 Bioactive compounds

	4 Biological activities and functions of PDENs
	4.1 Anti-inflammatory effects
	4.2 Supporting the growth of beneficial Gut microbiota
	4.3 Metabolic regulation
	4.3.1 Lipid metabolism regulation
	4.3.2 Glucose metabolism regulation
	4.3.3 Energy metabolism regulation
	4.4 As drug delivery systems

	5 Stability
	5.1 Stability in the digestive environment
	5.2 Stability in food processing
	5.3 Stability under storage conditions

	6 Future research directions
	6.1 Research on bioactivity and functionality of PDENs
	6.2 Stability studies under storage conditions
	6.3 Stability studies during food processing
	6.4 Safety considerations
	6.5 Development of functional foods

	7 Conclusion

	References

