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Abstract: Exosomes are small extracellular vesicles, ranging in size from 30—150nm, which can be derived from various types of
cells. In recent years, mammalian-derived exosomes have been extensively studied and found to play a crucial role in regulating
intercellular communication, thereby influencing the development and progression of numerous diseases. Traditional Chinese medicine
has employed plant-based remedies for thousands of years, and an increasing body of evidence suggests that plant-derived exosome-
like nanovesicles (PELNs) share similarities with mammalian-derived exosomes in terms of their structure and function. In this review,
we provide an overview of recent advances in the study of PELNs and their potential implications for human health. Specifically, we
summarize the roles of PELNs in respiratory, digestive, circulatory, and other diseases. Furthermore, we have extensively investigated
the potential shortcomings and challenges in current research regarding the mechanism of action, safety, administration routes,
isolation and extraction methods, characterization and identification techniques, as well as drug-loading capabilities. Based on these
considerations, we propose recommendations for future research directions. Overall, our review highlights the potential of PELNs as
a promising area of research, with broad implications for the treatment of human diseases. We anticipate continued interest in this area
and hope that our summary of recent findings will stimulate further exploration into the implications of PELNs for human health.
Keywords: exosomes, nanocarriers, nanotherapeutics, plants, vesicles

Introduction

Exosomes have been a subject of research since 1983, when Johnstone and Pan et al discovered their release from ovine
reticulocytes during in vitro culture.! These tiny extracellular vesicles, ranging in size between 30—150nm,” are formed
by extracellular vesicles via processes such as endocytosis - fusion - exocytosis, and contain proteins, lipids, DNA, and
non-coding RNA, among other substances. Subsequent studies have revealed that exosomes can be obtained from cells,
tissues, or body fluids of almost all mammalian species. These sources include stem cells,” > cancer cells,® immune

cells,’ lung tissue, tumor tissue,8 blood, urine,g’lo

and others. They have demonstrated excellent molecular transport
properties and biocompatibility, making them promising for intercellular and interspecies communication.'" "> For
example, exosomes can directly activate receptors on target cells’ surfaces, alter characteristics of targeted cells, be
used as carriers to transport proteins, miRNAs, DNA, and various drugs that increase therapeutic efficacy or detection of
certain diseases, like the large number of exosomes secreted by tumor cells, which can be used as a more specific
indicator of early tumor screening and recurrence monitoring.

However, exosomes have limitations, including containing both immune activators and immunosuppressive factors
that may reduce host resistance to pathogens, and high extraction difficulty and low purity, which significantly increase

exosome production cost. Overcoming these limitations by improving the extraction process and expanding available
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sources is necessary, and this has led to the discovery of plant-derived exosome-like nanovesicles (PELNs). According to
current research, there are three possible pathways for the biogenesis of plant extracellular vesicles: the exocyst-positive
organelle (EXPO) pathway, the multivesicular bodies (MVBs) pathway, and the vacuolar pathway.'®'” Among these, the
MVBs pathway is considered the main pathway for the formation of PELNs.'®!'? The basic process involves inward
budding of the plasma membrane to form early endosomes, which mature and communicate with the trans-Golgi
network, forming MVBs. The intraluminal vesicles (ILVs) within MVBs can incorporate various substances such as
RNA, DNA, lipids, etc. Upon fusion of MVBs with the plasma membrane, ILVs can be released into the extracellular
space, forming PELNs.??!' This pathway shares a high resemblance to the known biogenesis pathway of mammalian-
derived exosomes (MDEs).*?>?* The EXPO pathway involves the formation of double-membraned structures similar to
autophagosomes, which can fuse with the plasma membrane to release a single-membraned vesicle towards the cell
wall.?® The vacuolar pathway primarily occurs during plant defense against fungal pathogens. Upon infection, vacuoles
fuse with the plasma membrane and release their content of hydrolytic enzymes and defense proteins to counteract the
invasion of pathogens.?” It has been found that ELNs extracted from plants, such as ginger, ginseng, wheat, rhodiola,
licorice, etc., not only have similar anti-fibrosis, anti-virus, anti-tumor effects as MDEs but also compensate for their
deficiencies, like partial immunogenicity and limited source. Thus, PELNs hold great research value.

This review collates and summarizes current research on PELNSs, analyzing the isolation, purification, identification,
and functions of PELNs. The primary emphasis lies in their therapeutic potential for clinical diseases, categorized based
on the human anatomical system. The objective is to furnish a comprehensive resource for future utilization of PELNs in
the treatment of clinical diseases, while also proposing novel concepts and research methodologies to facilitate further
investigation into PELNSs.

Overview of PELNs
Extraction of PELNs

In the field of exosome research, there are five major categories of approaches that have been applied for the isolation and
purification of these nano-sized vesicles. These methodologies comprise ultracentrifugation methods, separation techniques based
on exosome dimensions, precipitation techniques, immunoaffinity capture techniques, in addition to microfluidic techniques.
Here we present a brief summary of the principles, advantages, and disadvantages of these techniques, as outlined in Table 1.
PELNSs possess advantages such as high yield and easy accessibility. However, research on PELN extraction and
purification currently lags considerably behind that of MDEs. The available methods for isolating and purifying PELNs
are relatively limited and primarily based on the established techniques used for MDEs. While MDEs are typically
isolated from biological fluids, PELNs are separated from apoplastic wash fluid, and differential centrifugation remains
the fundamental extraction method for both.”®** However, due to physiological differences between plants and animals,
PELNs obtained through this method are often mixed with proteins, nucleic acid aggregates, and other vesicles.
Therefore, further purification using density gradient ultracentrifugation is necessary to separate contaminants.’® The
presence of high-molecular-weight components, such as cellulose and starch, in plant sap often leads to difficulties in
centrifugation. To improve separation efficiency and address certain limitations of conventional centrifugation techni-
ques, researchers have proposed various combinations of centrifugation methods. One widely used approach combines
the use of differential centrifugation with sucrose density gradient centrifugation.®'~*> This method has gained popularity
due to its ease of use, affordability, and ability to achieve high extraction purity. Following this method, extracellular
vesicles typically reside in the intermediate layer of a 30% - 45% sucrose solution, as illustrated in Figure 1.%

Furthermore, several other separation techniques, such as immunoaffinity capture,***> ultrafiltration®-*° or size-exclusion
chromatography (SEC),>” *° 41

MBDE:s but exhibit divergent progress in PELNs research. For instance, immunoaffinity capture based on the formation of immune

co-precipitation methods, and microfluidic technologies,* have been successfully applied to
complexes targeting surface antigens of extracellular vesicles offers advantages such as rapid separation, simplicity, and high
specificity, making it an ideal method for purifying extracellular vesicles. However, the limited knowledge regarding labeled
proteins and characterized antibodies for PELNs restricts the further development of this technique.*> Woith et al successfully
purified and visualized PELNs by applying freshly isolated and dried PELNs onto an agarose gel. This achievement has made it
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Table | Principles, Advantages and Disadvantages of Different PELNs Extraction Methods

Isolation Technique

Isolation Principle

Advantages

Disadvantages

Ultracentrifugation-based

techniques

Size-based techniques

Polymer Precipitation

Immunoaffinity capture

Microfluidics-based

techniques

Sequential ultracentrifugation: Different
centrifugal forces are used to separate

solutes according to their volume, mass,
and sedimentation coefficient.

Gradient ultracentrifugation: The solute
is separated according to its density

using the same centrifugal force.

Ultrafiltration: The solute is filtered
using a filtration membrane with

a specific pore size

Size-exclusion chromatography:Allow
the solution to pass through the
chromatography column with different
volumes of solute flowing at different
rates

The hydrophilic polymer interacts with
the water molecules surrounding the
exosome, decreasing the solubility of
the exosome and forming a precipitate.
Antigen-antibody immune reaction
occurs between exogenous antibody
and exosome surface antigen, forming
immune complex, and high purity

exosomes can be obtained after elution

Control, manipulate and detect

exosomes at microscopic dimensions

Low cost, large sample size,

large output

Higher purity, able to isolate

exosome subsets

Fast, convenient, portable,
able to isolate exosome

subsets

Higher purity, less impact on
exosome structure and
activity, simple collection, able

to isolate exosome subsets

Simple operation, no need for
high precision equipment,
large sample capacity and high
output

Able to isolate exosomes of
specific origin and can isolate
exosome subsets with
extremely high purity

Automation, high efficiency,
high portability

Heavy workload, time-consuming, low
portability, low purity, may damage

exosome structure

Heavy workload, time consuming, low
portability, may damage exosome
structure, unable to distinguish other
impurities with the same density

The filtration membrane may block and
fail to distinguish other impurities of the
same volume, which may affect the
structure and activity of exosomes
Need professional equipment, unable to
distinguish other impurities of the same
volume

Cumbersome sample preparation, low
purity, difficult to achieve standardized
procedures

Pending to establish better exosomal
tags, exosomes with different surface
proteins cannot be identified, low yield,
small sample volume, high cost, possible
damage to exosomal structure and
activity

Complex equipment, lack of large-scale

clinical sample testing, small sample size

possible to combine high-speed centrifugation with ultrafiltration or SEC to collect purer PELNs.*® Polymer precipitation
methods can separate extracellular vesicles from biological fluids by reducing their solubility. Combining ultracentrifugation
with the ExoQuick system based on polymer precipitation significantly improves the colloidal stability and separation purity of
PELNS, including ginseng-derived vesicles.*” Additionally, several emerging techniques have facilitated the successful separation
of PELNSs in experiments, providing convenience for future research and applications. Jackson et al employed a capillary channel
polymer (C-CP) tip separation strategy based on hydrophobic interaction chromatography (HIC), achieving efficient separation of
PELNSs with reasonable time scales (<15 minutes) and low cost (<$1), while maintaining purity and integrity.** Yang et al
combined electrophoresis with a 300 kDa cut-off dialysis bag to successfully separate lemon-derived ELNs, which exhibited
similar size and quantity to those obtained through standard ultracentrifugation, leading to significant time and cost savings.*’
Kirbasg et al successfully isolated various biogenic ELNSs, including pomegranate-derived ELNs, using a biphasic system that
proved to be economically efficient and gentle, effectively removing non-protein impurities.>® It is noteworthy that the degree of
variation between plants is much greater than that between animals, leading to significant differences in particle size, structure,
yield, purity, and dispersibility of extracellular vesicles produced by different plant species. To date, there is no standardized
procedure for PELNs isolation, which remains one of the obstacles for clinical applications of PELNS.

Identification of PELNs

The recognition of PELNSs relies on several key parameters, including their morphology, size, and surface charge. The
morphology of PELNs is typically observed using eclectron microscopy techniques, including scanning electron
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Figure | Methodology for PELNs extraction: ultracentrifugation coupled with sucrose density gradient centrifugation.

Notes: Step I: Grind the plants into juice; Step 2: Remove coarse fibers and larger particles in the juice at different centrifugal speeds and times; Step 3: Ultracentrifugation
and sucrose density gradient centrifugation techniques were utilized to obtain the preliminary exosomes; Step 4: Dissolve the preliminary exosomes in phosphate buffer
saline and filter them to obtain ultra-pure exosomes. This method is currently a commonly used approach for PELNs extraction. By combining ultracentrifugation with
sucrose density gradient centrifugation, the limitations of both techniques can be overcome, allowing for the isolation of PELNs with higher purity. This method has also
been widely employed for the extraction of MDEs and shares similar steps with it.

microscopy (SEM), transmission electron microscopy (TEM), cryo-electron microscopy, and atomic force microscopy
(AFM). TEM, due to its superior resolution, provides a clearer view compared to SEM.>' However, both techniques
require sample dehydration and fixation, which can cause deformation of PELNs, resulting in a cup-shaped appearance
under the microscope.’” Cryo-electron microscopy allows for skipping the steps of fixation and staining, thus obtaining
more authentic graphical representation of PELNs, approaching a spherical shape.”> AFM is a high-resolution micro-
scope used for observing and measuring surface morphology and properties of materials. It can generate high-resolution
three-dimensional topographic images,”* measure the mechanical properties of the object’s surface, such as hardness,
elastic modulus, viscosity, etc.”® Additionally, it can quantitatively assess the biomarker levels of extracellular vesicles by
detecting the single-molecule interaction forces between surface proteins of the vesicles and corresponding antibodies.>®~
>% The most commonly used methods for measuring the size and surface charge of PELNs are dynamic light scattering
(DLS) and nanoparticle tracking analysis (NTA). DLS, due to its limitations such as low resolution and inability to
measure particle concentration, has gradually been replaced by NTA.>>%® NTA captures the Brownian motion of
extracellular vesicles within the size range of 10-2000 nm and calculates their concentration and hydrodynamic diameter
using the Einstein equation.®® It provides higher resolution than DLS and is less susceptible to interference from
intense scattering by larger particles, resulting in more stable results.'' Therefore, it has become the preferred technique
for characterizing the size of PELNs. The known size range of PELNs currently falls between 50-500 nm, with surface
charges ranging from neutral to —50 mV.®**** However, when applied to PELNs detection, improper extraction of PELNs
can introduce contamination from cell debris, lipid vesicles, colloidal particles, protein aggregates, and other impurities
in the sample, inevitably affecting the results of NTA analysis. In addition, in recent years, scholars have discovered that
the Localized Surface Plasmon Resonance (LSPR) technique exhibits high sensitivity when used for exosome
detection.®® Furthermore, the application of extracellular vesicle characterization techniques based on AFM and LSPR
in liquid biopsies is being widely investigated. These techniques have shown excellent prospects in the diagnosis of
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various tumors and cancers, such as malignant glioblastoma.’®®® We look forward to witnessing similarly remarkable
achievements in PELNs research.

Characteristics of PELNs

The compositional analysis of PELNs is considered crucial for quality control, as the components of PELNs can vary
depending on the plant source.*®*” Common techniques employed for the characterization of chemical components, such
as protein analysis using bicinchoninic acid, Western blotting, fluorometric assays, sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), and enzyme-linked immunosorbent assay (ELISA), are also used for
PELNGs.®® Additionally, nucleic acid analysis techniques, including next-generation sequencing, digital droplet polymer-
ase chain reaction (PCR), and microarray analysis, have been used for PELNs.% Lipidomic analysis of PELNs is also
performed using sulfophosphovanilin assays and total reflection Fourier-transform infrared spectroscopy.’”"

The morphological and structural features of PELNs are depicted in Figure 2. Similar to that of MDEs, the membrane
of PELNSs is composed of a phospholipid bilayer. However, PELNs exhibit distinct lipid characteristics, such as a high
concentration of phosphatidic acid, phosphatidylcholines, digalactosyldiacylglycerol, and monogalactosyldiacylglycerol,
which are different from those of MDEs.”? These unique lipid compositions confer inherent cell-regulating properties to
PELNSs. Protein concentrations in PELNSs are typically low, and most of these proteins are cytosolic proteins, including
actin, proteases, and membrane proteins that function as channels and transporters within the membrane.”* In addition,
the presence of surface marker proteins on exosomes plays a crucial role in their identification, characterization, and
specific antigen-antibody reactions. For instance, CD81, CD9, CD63, TSG101, and flotillin are widely recognized
surface marker proteins of MDEs.*>’*7> However, the identification of surface marker proteins for PELNs remains
elusive. Although studies have discovered several highly abundant proteins such as patellin-3, heat shock proteins (HSP),
aquaporins (AQP), clathrin heavy chain (Chc), and glyceraldehyde-3-phosphate dehydrogenase(GAPDH) in various

plants including grapefruit,%f78

their homologues have been reported in MDEs. Notably, recent research has suggested
that the synthetic protein PEN1, ABC transporter protein PEN3, and Tetraspanin-8 could be candidate surface marker
proteins for PELNs.”””” PEN1 has been identified in Arabidopsis and its enrichment in PELNs has been confirmed
through Western blot analysis.*® PEN3 has been detected in Arabidopsis but has not yet been confirmed by Western blot.
TET3 is a homologue of CD63 and is highly enriched in PELNs. However, due to limited experimental data, this
perspective has not been widely accepted and further research is awaited for validation. Nucleic acids in PELNs include
DNA and various RNAs, among which microRNA (miRNA) is a small RNA molecule with 22 nucleotides in length that
lacks coding properties. miRNAs generally regulate messenger RNA (mRNA) translation or cleave mRNAs to modulate
gene expression,®' or induce specific target gene expressions.™?

It is the existence of a variety of proteins, lipids, DNAs and a variety of complex RNAs that endow PELNs with
important properties that can participate in information transmission and material exchange between cells.*'*”> And there
have been numerous studies that have applied these properties to the treatment of human diseases (Figure 3), which we
will discuss in detail below.

Effects of PELNs in Human Diseases
The Role of PELNs in Digestive System Diseases

Over the past few years, there has been a growing awareness of the potential significance of PELNSs in digestive system
diseases. Importantly, studies have shown that PELNs are able to remain stable in digestive environments as they resist

. . . . . . . 1.83—
digestion by various enzymes such as pepsin and intestinal pancreatin,®#*°

and further play a therapeutic role.

For instance, ginger-derived ELNs (GELNs) have been found to alter the composition of the microbiome and
positively impact host physiology.*' In fact, oral administration of GELNs resulted in a reduction of acute colitis, an
increase in intestinal repair, and prevention of chronic colitis.®® Another recent study revealed that ELNs derived from tea
leaves were effective in both preventing and treating inflammatory bowel disease (IBD) in mice. The therapeutic effect
was ascribed to downregulation of pro-inflammatory cytokines, reduction of oxidative stress, and maintenance of gut

microbiota homeostasis.®* Similarly, grape-derived ELNs were shown to protect against DSS-induced colitis in mice via
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Figure 2 Biogenesis, morphological structure, and composition of PELNSs.

Notes: (A) Biogenesis Pathway of PELNs involving MVBs: Initially, the plasma membrane buds inward to form early endosomes which mature into late endosomes and
communicate with the trans-Golgi network, leading to the formation of MVBs. Within MVBs, ILVs selectively accumulate and aggregate substances such as DNA, RNA,
proteins, and lipids. These ILVs are subsequently released into the extracellular space upon fusion of MVBs with the plasma membrane, giving rise to PELNs. Notably, the
known biogenesis pathway of MDEs shares a high degree of similarity with this pathway. (B) The contents of PELNs. Nucleic acid: DNA, miRNA, mRNA, Tiny RNA. Lipids:
PC, PE, PA, Sphingomyelin, glycosphingolipid. Proteins: HSP, RNA-BP, Annexins, aquaporins, Transport proteins, Actin, Enzymes. PELNs and MDEs bear remarkable
resemblance in their morphology and structural characteristics. When observed under electron microscopy, both types of vesicles display a cup-shaped or spherical
configuration, encapsulating nucleic acids, lipids, and proteins. Nevertheless, they differ primarily in the relative proportions of these constituents. PELNs are characterized
by a higher lipid content and a lower protein content, whereas MDEs exhibit the opposite composition. Moreover, the cargo molecules and functional substances found
within PELNs and MDEs may vary across different species of origin.

Abbreviations: HSP, heat shock proteins; ILVs, intraluminal vesicles; miRNA, microRNA; mRNA, messenger RNA; MVB, multivesicular bodies; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; RNA-BP, RNA binding proteins.

the Wnt/B-catenin signaling pathway.** Nanoparticles derived from broccoli were also found to activate dendritic Cell
AMP-Activated Protein Kinase and protect mice against colitis.*® Furthermore, a study by Zhuang et al found that
GELNSs activated nuclear factor erythroid 2-related factor 2 (Nrf2) through the regulation of the TLR4/TRIF pathway,
protecting against liver injuries induced by alcohol.®®

PELNSs also have therapeutic effects on tumors of the digestive system. For example, ginger-derived ELNs have
shown promising outcomes in the treatment of colitis-associated cancer (CAC) by reducing inflammatory cytokines and
cyclin D1 mRNA levels, as well as suppressing intestinal epithelial cell proliferation in mice.®> ELNs derived from tea
leaves also possess similar functions.®” Asparagus cochinchinensis derived ELNs have also been found to suppress
hepatocellular carcinoma cell proliferation both in vitro and in vivo, without causing toxicity.>> Additionally, citrus
lemon derived ELNs also exhibit anti-cancer effects by increasing the expression of pro-apoptotic genes and decreasing
the expression of anti-apoptotic genes, stimulating cancer cell death by activating tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL)-mediated apoptosis, and reducing pro-angiogenic factors such as VEGF-A, IL-6, and IL-8,
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Figure 3 Biological functions of PELNSs.
Notes: ELNs derived from different plant sources exert various biological effects by acting on different cells or tissues, such as anti-cancer, anti-inflammatory, anti-fibrosis,

anti-viral, acting as nanocarriers, regenerative therapeutics, and immunological therapeutics.
Abbreviations: IL-1, interleukin-1; IL-6, interleukin-6; IL-10, interleukin-10; IL-22, interleukin-22; TNF-a, tumor necrosis factor-o.

resulting in inhibited tumor growth.®® Proteomic analysis has further demonstrated that citrus lemon-derived ELNs exert
their antitumor effects primarily through the induction of Acetyl-CoA carboxylase alpha (ACACA) downregulation.®
Extracellular vesicles have recently emerged as a promising drug delivery vehicle due to their high stability and
safety, as well as their ability to cross biological barriers.””*! PELNs are particularly advantageous as they are natural
products with inherent safety, non-toxicity, and low immunogenicity (Figure 4). ***>* For inflammatory bowel disease,
ginger-derived nano-lipids loaded with siRNA were effective in delivering siRNA drugs to treat ulcerative colitis
patients. siRNA-CD98 encapsulated in ginger-derived nano-lipid vectors for oral administration can effectively target
colon tissue and inhibit CD98 expression, thereby reducing the side effects of conventional synthetic nanoparticles for
colon diseases while improving specificity.”> Similarly, grapefruit-derived ELNs have been found to deliver the anti-
inflammatory drug methotrexate (MTX) to the site of inflammation. This approach inhibited the production of pro-
inflammatory factors TNF-a, IL-1p, and IL-6, while increasing the expression of anti-inflammatory factors such as heme
oxygenase-1 and IL-10, resulting in improved therapeutic effects on DSS-induced colitis in mice.*® For tumors of the
digestive system, Grapefruit-derived lipids into nanocarriers (GNVs) have been used for the treatment of lung, colon, and
breast tumors.”> Combining GNVs with folic acid (GNV-FA) has significantly enhanced their targeting of tumors, while
encapsulating the antitumor drug paclitaxel (PTX) on GNV-FA has allowed for more specific treatment of colon cancer.
GNVs carrying miR-18a have also been found to inhibit liver metastasis of colon cancer by inducing IL-12 expression
and activating NK cells and NKT cells.”
In addition to their protective and therapeutic effects on the gastrointestinal tract, GELNs have been found to bind
specifically to proteins on Porphyromonas gingivalis, reducing the bacteria’s ability to invade the body. This application
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Figure 4 PELNs serve as vectors for drug delivery.

Notes: GELNs were capable of carrying siRNA-CD98 and selectively delivering it to the colon, which effectively suppressed CD98 expression and treated inflammatory
bowel disease. GDNPs delivered MTX to the colon, altering gene expression and treating colitis. GDNPs transported JSI-124 and doxorubicin across the blood-brain barrier
to target gliomas, inhibiting tumor growth. GDNPs carrying miR-18a targeted M| macrophages, activating NK and NTK cells, and suppressing hepatic metastasis of colon
cancer.

Abbreviations: CD98, cluster of differentiation 98; GDNPs, grapefruit derived exosome-like nanoparticles; GELNs, ginger derived exosome-like nanovesicles; HO-1, heme
oxygenase |; IFN-y, interferon y; IL-1, interleukin-1; IL-1B, interleukin-1f; IL-6, interleukin-6; IL-12, interleukin-12; IRF-2, interferon regulatory factor 2; JSI-124, cucurbitacin
I; miR-18a, microRNA-18a; MTX, methotrexate; NK cell, natural killer cell; NKT cell, natural killer t cell; TNF-a, tumor necrosis factor-a.

has potential value in the treatment of chronic periodontitis.”® Furthermore, ELNs extracted from lemon have been shown
to improve the tolerance of Lactobacillus rhamnosus GG and Streptococcus thermophilus ST-21, effectively inhibiting
the infection of Clostridioides difficile.”” Garlic-derived ELNs were able to bind to ligands on HepG2 cells and be
internalized, resulting in the inhibition of inflammatory responses.”® Shiitake mushroom-derived ELNs have been found
to inhibit NLRP3 activation and suppress IL-6 production while also inhibiting the activity of the IL1b gene by reducing
its protein and mRNA content, thereby preventing GaIN/LPS-induced acute liver damage.”

Taken together, the above studies demonstrate the potential of PELNs in treating not only digestive diseases, but also
tumors. Although most research is still at the laboratory stage and further clinical trials are needed, these findings have
significant potential for future development and clinical translational value.

The Role of PELNSs in Respiratory System Diseases

Coronavirus disease-19 (COVID-19) is a global pandemic caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2),'° posing an unprecedented public health challenge. ELNs isolated from dietary plants, such as soybean,
ginger, hamimelon, grapefruit, tomato, and pear, have been found to contain microRNAs (miRNAs) that can target
human transcripts.'”" These miRNAs have the potential to target multiple regions within SARS-CoV-2, making them
a promising therapeutic option for the treatment of COVID-19.'°% For instance, Zhou et al demonstrated that exosomes
derived from honeysuckle contain miR-2911, which can bind to 28 binding sites in the genome of SARS-CoV-2 and
significantly inhibit the replication of the virus.'®® Similarly, Teng et al found that ginger-derived miRNA, miR396a-5p,
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effectively inhibited lung inflammation induced by Nsp12 and Nsp13, which are exosomes released from lung epithelial
cells previously infected by SARS-CoV-2.'%* The findings emphasize the potential of utilizing PELNs for COVID-19
treatment, particularly in light of the urgent need for effective therapies during the rapid spread of the disease, warranting
further investigation.

Furthermore, PELNs also hold promise for the treatment of pulmonary fibrosis, a disease characterized by cell
proliferation, extracellular matrix aggregation, and inflammatory damage that leads to progressive decline in lung
function.'® Recent studies have shown that ELNs, also known as decoctosomes, derived from decoctions of Rhodiola
crenulate and Taraxacum mongolicum exhibited anti-fibrosis and anti-inflammatory effects in both in vitro and in vivo
disease models, leading to significant improvements in pulmonary fibrosis and lung inflammation in mice.'*®'?
However, the underlying mechanisms of these effects remain unclear and further research is warranted to elucidate the
roles of PELNs in these diseases.

In conclusion, PELNs have exhibited substantial potential in treating respiratory system disorders, including COVID-
19 and pulmonary fibrosis. These findings underscore the importance of further exploring the therapeutic applications of
PELN:S, particularly in the context of the ongoing global health challenges posed by respiratory diseases.

The Role of PELNs in Neurological System Diseases
The existence of blood-brain barrier (BBB) has always been an obstacle in the treatment of neurological diseases. Due to
the existence of BBB, it is difficult for conventional chemotherapy drugs to achieve ideal intracranial blood
concentration.'®® Therefore, it is of great significance to find drugs that can enter the BBB and achieve effective
intracranial blood concentration to improve the therapeutic effect of neurological diseases such as brain tumors.
PELNs have been shown to cross various physiological barriers, including the blood-brain barrier, through receptor-
mediated cellular transport and membrane fusion.'® In one study, ELNs extracted from grapefruit were loaded with the
anti-tumor drug doxorubicin onto heparin-based nanoparticles for glioma treatment. The results showed that these
grapefruit-derived ELNs could effectively bypass the blood-brain barrier, accurately transport doxorubicin to the site
of the tumor, and result in an improved anti-glioma effect.”* Grapefruit ELNs were also found to carry miR-17 and
inhibit brain tumor progression through an intranasal route.''® In addition, exosomes extracted from ginseng root were
reported to stimulate the neural differentiation of bone marrow mesenchymal stem cells through the PI3K signaling
pathway. This finding suggests that PELNs may have great potential in regenerative medicine for the nervous system.'"!
Overall, PELNSs represent a promising new avenue for the treatment of nervous system diseases such as glioma. To
fully understand the underlying mechanisms and evaluate the clinical potential of these results, additional researches are
required.

The Role of PELNs in Circulatory System Diseases

Circulatory system diseases, such as angina, hypertension, myocardial ischemia, and heart failure, are among the primary
causes of morbidity and mortality worldwide."'?> Medicinal plants offer numerous pharmacological and biological
benefits, including cardioprotective, anti-atherogenic, anti-hypertensive, anti-inflammatory, and antioxidant properties,
and their natural safety makes them a highly attractive therapeutic option.'"

Research have demonstrated that PELNs exhibit cardioprotective effects. In one study, Liu et al found that ginseng
root-derived exosomes can mitigate doxorubicin-induced H9C2 cardiomyocyte injury by safeguarding the mitochondrial
apoptotic pathways.!'* The antioxidant effects of PELNs may also be harnessed to protect the vascular system. For
instance, blueberry-derived ELNs (B-ELNs) were found to prevent damage from various stressors to the vascular system
by regulating the expression of genes induced by TNF-a and reducing reactive oxygen species (ROS) production and loss
of cellular vitality. Furthermore, B-ELNs can act as innovative candidate therapeutic vectors of bioactive compounds.''?
ELNs isolated and purified from Fragaria x Ananassa (cv. Romina) strawberry juice and lemon were also found to
promote cardioprotective effects by demonstrating a significant antioxidant effect after being taken up by adipose
mesenchymal stem cells (ADMSCs) in vitro. Strawberry-derived ELNs, which contain high amounts of vitamin C, are

speculated to have protective effects against oxidative stress.''® Meanwhile, ELNs extracted from lemons carried
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sufficient amounts of citrate and vitamin C that also exhibited significant antioxidant effects after uptake by MSC
in vitro.""”
While these studies provide valuable insights into the potential of PELNs to treat circulatory diseases, clinical studies

are still lacking. Further research is required before these findings can be applied in the clinic effectively.

The Role of PELNs in Endocrine System Diseases
The modern diet, characterized by high levels of fat and sugar, has been associated with escalated susceptibilities to
diabetes, cardiovascular disorders, and liver damage. Several studies have investigated the potential of plant extracts as
a way of mitigating the effects of these diets. For example, previous research has found that an ethanol extract of ginger
can significantly reduce lipid accumulation in cells and inhibit the expression of genes related to adipogenesis, thus
exerting an anti-obesity effect.''®

Recent studies by Kumar et al have shown that GELNs affect the expression of aryl hydrocarbon receptor (AhR), a ligand-
activated transcription factor that regulates various transcriptional processes in the body,''? including glucose metabolism.'*
Overexpression of AhR has previously been shown to lead to insulin resistance, while mice without AhR showed improved
insulin sensitivity and glucose tolerance.'?''** The group found that GELNs induced miR-375 expression, which inhibited
AhR expression. This led to a marked improvement in glucose tolerance and insulin resistance among mice.'** Similarly, hvu-
MIR168-3p extracted from rice aleurone cells facilitates the upregulation of glucose transporter 1 (SLC2A1) expression in
human cells, leading to decreased blood glucose levels. The mechanism for this effect may be related to the silencing of
mitochondrial electron transport chain complex I genes by hvu-MIR168-3p.'** In addition, hvu-MIR168-3p can down-
regulate low density lipoprotein receptor ligand protein 1 (LDLRAPI1) and increase blood LDL levels in animals.'*
Subsequent studies have also demonstrated that common variants of MIR168a exhibit different silencing effects on
LDLRAPI."%"1?® Studies investigating the therapeutic potential of nanovesicles extracted from orange juice (ONVs) have
reported positive results. ONVs reversed intestinal changes in obese mice, increasing the size of intestinal villi while reducing
triglyceride content. ONVs regulate the expression levels of several mRNAs, some of which are involved in immune response,
fat absorption, and celiac release. Therefore, ONVs may be effective in preventing or inhibiting obesity-related gastrointest-
inal inflammation caused by high-fat and high-sugar diets.'*> Other studies have explored the use of plant extracts
encapsulated in nanoparticles for therapeutic purposes. For example, nanoparticle preparations from pterostilbene have
been found to reduce blood glucose levels via an injection in a diabetic rat model."*® Likewise, curcumin nanoparticles
prepared with a modified emulsion-diffusion-evaporation method successfully reduced fasting blood glucose and glycated
hemoglobin levels in a diabetic rat model."*' Finally, curcumin nanoparticles and aged garlic extract suspension have shown
promise in treating diabetic cardiomyopathy, reducing inflammation, myocardial fibrosis, and the risk of cardiovascular

events.'*? We anticipate more applications of PELNSs in the treatment of endocrine system diseases in the future.

The Role of PELNs in Genitourinary System Diseases

As mentioned earlier, PELNs contain miRNAs that can regulate growth, metabolism, and development of cells across
species. Recent studies have investigated the potential of miR159 from PELNS to treat breast cancer. Chin et al detected
miR159 in human blood as well as in breast tumors and found that the content of miR159 in PELNs is negatively
correlated with the progression of breast cancer. The team synthesized a miRNA mimic and administered it orally to
a xenograft breast cancer mouse model. The findings revealed that sustained oral administration for 16 days resulted in
the inhibition of tumor cell proliferation, and the test group mice exhibited a significant reduction in tumor weight. The
mechanism of action for this miRNA mimic is thought to be that miR159 targets TCF7 and indirectly regulates the
transcription of MYC gene, leading to a decline in MYC protein and the inhibition of tumor cell growth and metabolism.
Therefore, miRNAs in PELNs may have therapeutic effects on other tumor cells.'** In another study, researchers isolated
ELNSs from Moringa seeds (MELNs) and examined their potential to treat human acute lymphoblastic leukemia cells and
cervical adenocarcinoma cells. The results showed that MELNs could inhibit the expression of B-cell lymphoma-2
(BCL-2) and reduce the intracellular mitochondrial membrane potential, thereby inhibiting the proliferation of both types
of tumor cells.'** This study presents a promising new approach to the treatment of cervical cancer and leukemia.
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Overall, these studies highlight the potential of PELNs and their miRNA content as a therapeutic strategy for cancer
treatment. Subsequent investigations are warranted to optimize the delivery modalities of these molecules, in order to
achieve optimal therapeutic efficacy.

The Role of PELNs in Musculoskeletal System Diseases

There is currently no research that has specifically investigated the effect of PELNs on skeletal-related diseases.
However, the therapeutic benefits of plant exosomes in wound healing have been demonstrated in multiple studies.'*
For example, exosomes extracted from wheat were found to promote wound healing in vitro by enhancing cell viability
and migration efficiency, as well as promoting the formation of new blood vessels.'*® Similarly, ginger- and lemon-
derived ELNs have been shown to mediate apoptosis, which is a key process in wound healing that involves the removal
of inflammatory cells and the evolution of granulation tissue to scar tissue. As PELNs and MDEs have very similar
morphological structures and components, there is reason to believe that PELNs may also have therapeutic effects on
skeletal-related diseases such as fracture healing, osteoarthritis recovery, and intervertebral disc degeneration, similarly to
MDEs. However, further research is needed to validate these inferences in relevant clinical trials.

Overall, PELNs offer an exciting avenue for exploring new therapeutic approaches for a variety of medical
conditions. They are less risky and do not pose ethical concerns associated with stem cell transplantation, and can be
delivered directly to the affected area or intravenously to achieve systemic effects. With continued research, we may
discover even more extensive applications for these promising bioactive substances in the future.

PELNs-Based Therapy in Clinical Trials

As for clinical trials of PELN therapies, one Phase I clinical trial (NCT01294072) which investigated the ability of PELNs to
deliver curcumin to normal and malignant colon tissue was registered, and it has already started to recruit patients. Another
clinical trial (NCT03493984) that aimed to investigate the potential of exosomes derived from aloe as well as ginger in
alleviating insulin resistance and chronic inflammation in individuals diagnosed with polycystic ovary syndrome was with-
drawn due to the absence of enrolled patients. The PELNSs related clinical trials are summarized in Table 2.

Discussion and Outlook

Since its discovery in sheep reticulocytes in the 1880s, exosomes have been widely investigated for their potential
applications in the diagnosis and treatment of various diseases. Although MDEs currently dominate the field of disease

Table 2 PELNs-Based Therapy in Clinical Trials

Trial Study Title Status Interventions Country

Number

NCTO01294072 | Study Investigating the Ability of Plant Exosomes | Recruiting Dietary Supplement: curcumin United
to Deliver Curcumin to Normal and Colon Dietary Supplement: Curcumin conjugated with | States
Cancer Tissue plant exosomes

Other: No intervention

NCTO03493984 | Plant Exosomes and Patients Diagnosed with Withdrawn | Other: Ginger exosomes United

Polycystic Ovary Syndrome Other: Aloe exosomes States
Other: Placebo

NCT04879810 | Plant Exosomes + Curcumin to Abrogate Completed | Procedure: Sigmoidoscopy and biopsy, blood United
Symptoms of Inflammatory Bowel Disease work States

NCTO01668849 | Edible Plant Exosome Ability to Prevent Oral Completed | Dietary Supplement: Grape extract United
Mucositis Associated with Chemoradiation Drug: Lortab, Fentanyl patch, mouthwash States
Treatment of Head and Neck Cancer

NCT05318898 | Effect of Dietary Protein on the Regulation of Recruiting | Other: Vegetal protein United
Exosome microRNA Expression in Patients with Other: Animal protein States

Insulin Resistance

Note: Data from CIinicaITriaIs.gov.I37
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diagnosis, such as the detection of glioblastoma cell-derived EVs from blood and cerebrospinal fluid for glioblastoma
diagnostics and prognostication,'*® and the identification of miR-126 isolated from serum as a potential indicator of non-
small cell lung cancer progression.'*® Research on PELNs primarily focuses on their therapeutic potential in disease
treatment. This includes their ability to exhibit anti-fibrotic, antiviral, anti-tumor effects, as well as their role in regulating

the gut microbiota. Table 3 summarizes existing studies on the effects of PELNs in human diseases. However, given the

Table 3 Effects of PELNs on Human Systemic Diseases

Systems

Exosomes

Effects

Mechanisms

References

Respiratory

system

Digestive
system

Honeysuckle ELNs

Ginger ELNs

Rhodiola rosea
ELNs

Dandelion ELNs

Ginger ELNs

Tea leaves ELNs

Treat COVID-19

Inhibit lung inflammation induced
by exosomes SARS-CoV-2 Nspl2,
Nspl3

Treat pulmonary fibrosis

Prevent pulmonary fibrosis and

lung inflammation

Promote recovery in mice with

colitis

Treat colon cancer

Treat acute and chronic colitis

Treat ulcerative colitis

Treat chronic periodontitis

Prevent the damage of alcohol to

the liver

Treat IBD and inhibit the

progression of CAC in mice

Inhibits SARS-CoV-2 replication

Ginger ELNs (miRNA aly-miR396a-5p) inhibit
exosomes Nspl2, Nspl3 — inhibit activation of
nuclear factor kB — inhibit induction of TNF-q, IL-
6, IL-1B — inhibit apoptosis in lung epithelial cells
(MsRNA-m7 extracted from Rhodiola rosea
reduce the amount of fibrous marker genes and
proteins in alveolar and lung tissues.
(@phosphatidylcholines form liposomes carrying
small RNAs — enter the alveoli — exert
therapeutic effects

PGY-sRNA-6 target the RELA gene — reduced the
proinflammatory factor (TNF-a, IL-6, ILIp)
production — exhibits anti-inflammatory effects
GELNSs induce I13A — activate AHR signaling
pathway — promote IL-22 expression — induce
microbial immunity and tissue repair — improve
intestinal barrier function

Ginger ELNs are reconstituted into nanocarriers
(GDNVs) — carry doxorubicin — target colon
tumor cells — Induce tumor cell apoptosis
GELN:Ss target the large intestine — reduce
inflammatory factors (TNF-a, IL-6, ILIp), increase
anti-inflammatory factors (IL-10, IL-22) —promote
intestinal mucosa repair

Processing GELNs into nano-lipid vectors (GDLVs)
— Oral administration of siRNA-CD98
encapsulated in GDLV — target colonic tissues —
inhibit CD98 expression

GELNSs bind to the HBP35 protein on
Porphyromonas gingivalis — Weaken the virulence
of bacteria

GELNSs are internalized by mouse hepatocytes —
activate Nrf2 via the TLR4/TRIF pathway —
stimulate the expression of antioxidant genes and
detoxification genes (HO-1, NQOI, GCLM,
GCLC) in liver — reduce ROS and triglyceride,
etc.

Downregulated the pro-inflammatory cytokines,
reduced oxidative stress, and maintained the

homeostasis of gut microbiota

[103]

[104]

[107]

[106]

[72]

[63]

(63]

[92]

[96]

[85]

[84]

(Continued)
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Table 3 (Continued).

Systems

Exosomes

Effects

Mechanisms

References

Carrot ELNs

Grape ELNs

Grapefruit ELNs

Broccoli ELNs

Lemon ELNs

Garlic ELNs

Shiitakemushroom
ELNs

Asparagus
Cochinchinensis
ELNs

Citrus lemons
ELNs

Prevent colitis

Prevent colitis caused by sodium
dextran sulfate

Treat DSS induced colitis

Treat colon cancer

Inhibit liver metastasis of colon

cancer.

Treat colitis

Inhibit C. diff infection

Treat hepatic inflammation

Prevent GalN/ LPS-induced acute

liver damage

Inhibit the Proliferation of

Hepatocellular Carcinoma Cells

Inhibit the growth of tumor cells

Carrot ELNs induce antioxidant genes, HO-| and
IL-10 expression

(DGrape ELNs are absorbed by Lgr5+ intestinal
stem cells — activate the Whnt signaling pathway
— encourage its own proliferation in turn — help
the regeneration of intestinal epithelial tissues
(@grape-derived ELNs promote the expression of
SOX2, KLF4, OCT4, EGFR — promote the healing
of intestinal epithelial tissue

Processing Grapefruit ELNs into carriers (GDNPs)
— encapsulating methotrexate (MTX) on GDNPs
and gave them to mice — inhibit the production of
pro-inflammatory cytokines (TNF-q, IL-1f, IL-6),
increase the expression of anti-inflammatory
factors (HO-1, IL-10)

Processing grapefruit-derived lipids into
nanocarriers (GNV) — Combining GNV with folic
acid (GNV-FA) — encapsulated the antitumor
drug paclitaxel (PTX) on GNV-FA — Inhibits the
growth of colon tumor cells

Processing grapefruit-derived lipids into
nanocarriers (GNV) — carrying miR-18a — target
IRF2— induce macrophage IFNy — induces IL-12
expression — activate NK cells and NKT cells
(DBroccoli ELNs mediate the Activation of AMPK
in dendritic cells (DCs) — prevent DCs’
activation, induce tolerant DCs.(2)Broccoli ELNs
reduce CCL2, CCL20 and CXCLI— inhibit
monocytes in the region of colitis

(DLemon ELNs increases the AhR ligands I3LA and
13Ald — induce IL-22 expression.@Lemon ELNs
increases lactic acid — inhibit C. diff growth and
indole biosynthesis — decrease the fecal shedding
of C. diff

Garlic ELNs inhibit the expression of CD98 in
HepG2 Cells — decreased the expression of IFN-
v and IL-6

Inhibit NLRP3 activation, suppress IL-6 production,
inhibit the activity of Il1b gene through reducing its
content of protein and mRNA

ACNVs can be internalized into HepG2 by
phagocytosis — inhibit the continuous growth of
tumor cells and accelerate them towards death
Citrus lemons ELNs are internalized by human
lung cancer cells (A594), human chronic
myelogenous leukemia cells (LAMA84), and human
colorectal adenocarcinoma cells (SW480) —
induce ACACA downregulation — induce TRAIL
mediated apoptosis — inhibit the growth of these

tumor cells

[31]

[64]

[83]

[93]

[93]

[86]

[97]

[98]

[99]

[32]

[88.,89]

(Continued)
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Table 3 (Continued).

Systems Exosomes Effects Mechanisms References
Circulatory Ginseng ELNs Ameliorate the myocardial injury Ginseng ELNs up-regulate Bcl-2, down-regulate [114]
system caused by Doxorubicin the Bax apoptosis-related proteins, reduce the
secretion of CytC — mitigate the toxic effects of
doxorubicin on the heart
Blueberry ELNs Prevent damage from a variety of | Blueberry ELNs are internalized by EA.hy926 cell | [115]
stressors to the vascular system — shows adversary effects on TNF-a -induced
ROS production as well as the loss of cellular
vitality, regulate the differential expression of 29
genes which are induced by TNF-o.
Strawberry ELNs Prevent Oxidative Stress in Strawberry ELNs are absorbed by ADMSCs — [116]
Human Mesenchymal Stromal inhibit oxidative stress — increase the survival
Cells rate of ADMSCs
Neurological Grapefruit ELNs Treat glioma Load the anti-tumor drug doxorubicin onto [94]
system heparin-based nanoparticles (EV-DN2) — bypass
the blood-brain barrier — transport the
doxorubicin to the tumor site — anti-glioma effect
Treat brain glioma Processing grapefruit-derived lipids into [ro]
nanocarriers (GNV) — Combining GNV with folic
acid (GNV-FA) — FA-GNV-coated
polyethyleneimines carry miR17 to GL-26 brain
tumors site — exert strong inhibitory effects on
tumor cells
Suppress the development of Processing grapefruit-derived lipids into [95]
gliomas in mice nanocarriers (GNV) — Deliver JSI-124 to gliomas
— inhibit Stat3 activation
Ginseng ELNs Stimulate neural differentiation of | Be used as carriers — transport miRNA to BMSCs | [I11]
stem cells — promote the neural differentiation of BMSCs
(P13K signaling pathway is the underlying
mechanism), promote the development and
excitability of nerve cells, promote the repair of
nerve (possibly induced by CXCLI2 and the
release of neurogenic differentiation factor)
Endocrine Ginger ELNs Prevent insulin resistance and Ginger ELNs reversed the inhibition of miR-475 [124]
system obesity and VAMP7 by AHR
Orange ELNs Prevent or inhibit obesity-related | (DOrange ELNs increase the size of intestinal villi, | [129]
gastrointestinal inflammation reduce the triglyceride content. @2)Orange ELNs
caused by high-fat and high-sugar regulate the expression levels of many mRNAs,
diets some of these mMRANs can take part in multiple
activities such as immune response, fat absorption
as well as celiac release
Genitourinary Plant miR159 Suppress the development and miR159 can target TCF7 and indirectly regulate [133]
system progression of mammalian breast | the transcription of MYC gene — resulted in the
cancer decline of MYC protein — inhibit the growth and
metabolism of tumor cells
Moringa seeds Treat cervical cancer Moringa seeds ELNs inhibit the expression of [134]
ELNs BCL2 and reduce the intracellular mitochondrial
membrane potential — inhibit the proliferation of
cervical adenocarcinoma cells
Musculoskeletal | Wheat ELNs Promote wound healing (DPromote the proliferation and migration effects | [136]

system of endovascular, epidermal and true fibroblasts.
(@Increase the expression level of mRNA.
(®)Promote the formation of new blood vessels.
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exceptional qualities of PELNs, we believe that with further research, they could also be directly or indirectly applied to
early disease diagnosis.

Furthermore, in recent years, there has been significant research interest in exploring the potential of PELNs as drug
delivery tools. Apart from their ability to transport various drug molecules for the treatment of clinical diseases, such as
previously mentioned MTX for colitis, PTX for colon cancer, and DOX for glioblastoma, studies have also indicated that
PELNSs can serve as carriers for treating plant diseases caused by fungal infections. For instance, nanoparticles extracted
and processed from leaves of P. niruri, termed Green-Synthesized Silver Nanoparticles (GS-AgNP-LEPN), when heated
after being mixed with AgNO3 solution, have shown efficacy in treating citrus canker caused by Xanthomonas
axonopodis.'*® These findings highlight the excellent research value and application potential of PELNs as drug carriers
across multiple disciplines. However, the ability of PELNs to load and deliver drugs may be influenced by various
factors, primarily encompassing the following aspects:

1. Properties of PELNs: Different PELNs exhibit distinct characteristics, such as variations in size, charge, and
stability. These properties inevitably have a significant impact on the loading of drugs into PELNs. Generally,
smaller vesicles have a larger drug loading capacity due to their higher surface area-to-volume ratio. They also
exhibit faster release rates and higher stability. However, both excessively large and small vesicle sizes can affect
the efficiency of drug loading. Therefore, it is necessary to develop methods for producing uniformly sized
extracellular vesicles.'*! Fortunately, researchers have successfully employed the Bligh and Dyer technique (a
liquid-liquid extraction method) to extract homogeneous-sized nano lipids from PELNs, which serve as carriers for
more efficient drug delivery.'*? PELNs typically carry a negative charge due to the presence of phosphates. Under
the influence of electrostatic attraction, molecules with positive charges are absorbed and encapsulated by these
negatively charged or neutral PELNs more efficiently.”® This opens up a new research direction for drug loading
using PELNs, wherein the drug loading efficiency of PELNs can be enhanced by altering the charges carried by
both the vesicles and the target molecules.

2. Methods for drug loading: Currently, commonly used drug loading methods can be categorized into passive
loading and active loading. Passive loading involves co-incubating PELNs with drug molecules at specific
temperatures, relying on diffusion and lipophilic interactions between the drug molecules and the vesicles for
binding.'* This method is relatively simple but may have a lower encapsulation efficiency.'** Active loading
methods include ultrasound-assisted loading,'* electroporation,'*® extrusion,'*’ and freeze-thaw cycles.'*® It has
been reported that active loading methods can increase the loading capacity of PELNs by more than 11-fold.'*

3. Exosome modification techniques: The ability of exosomes to deliver drugs can be enhanced by fixing specific
bioactive molecules on their surface. For example, surface engineering techniques can be used to modify
exosomes derived from ginger with an arrowhead pRNA-3WJ and FA, which enhances their ability to deliver
genes to tumor sites.'>® Similarly, hybridizing polyethyleneimine with grapefruit-derived exosomes can also
increase their gene delivery capacity to brain tumors.'"°

4. Administration routes: The administration routes of exosomes include oral administration, intravenous injection,
intranasal delivery, local injection, etc.'”' Currently, the most used route for PELNs administration is oral
administration, which has the advantages of convenience, ease of acceptance by patients, and is particularly
suitable for the treatment of gastrointestinal diseases.'>> However, this route has drawbacks such as slow
absorption and reduced drug loading after undergoing first-pass metabolism in the liver. Extraintestinal adminis-
tration routes such as tracheal delivery and intravenous injection can avoid the above issues but come with risks of
respiratory irritation or spasms and serious adverse drug reactions.'>® Therefore, each administration route has its
unique advantages and applicability, and the appropriate administration route should be chosen based on different
diseases and drugs. In addition to these factors, the drug loading efficiency of PELNs is also influenced by factors
such as the type of exosomes, drug properties, and interactions between PELNs and drugs. However, there is
currently limited research in this area, and further studies are needed.
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Although PELNs possess numerous advantageous biological and physical properties, attracting increasing attention

from researchers, the current studies still have certain limitations and controversial issues. In light of this, we have

summarized these challenges and controversies, and put forward our suggestions for future research directions, aiming to

provide guidance for further investigation into PELNS.

Advantages of PELNs

1. Excellent biocompatibility, tissue penetration, and physicochemical stability enable PELNs to cross various

3. PELNs can be produced on a large scale from an abundance of plant resources.’

physiological barriers and exchange information between cells across species, acting as regulatory factors to
exert anti-inflammatory and anti-tumor effects directly at the lesion site.

Compared to synthetic nanoparticles, natural PELNs possess more significant advantages in biocompatibility,
stability, in vivo distribution, prolongation of half-life, and cellular internalization. As they can load different types
of substances upon demand, including small molecules, nucleic acids, and recombinant proteins, they are expected

to become a very cost-effective drug delivery platform.
54

Limitations of the Current Studies

1.

While current studies have demonstrated the numerous functions of PELNS, there is still much to be learned about
their mechanisms. For example, it is unclear how plant exosomes interact with recipient cells and how they
specifically modify those cells. Additionally, further investigations are required to elucidate the endocytic pathways

involved in the uptake of exosomes derived from plants.

. Plant exosomes contain a variety of biomolecules that may cause unknown side effects. Therefore, it is crucial to

conduct extensive clinical trials to investigate pharmacokinetics, pharmacodynamics, safety, stability, and efficacy
prior to implementation.

Most animal experiments involving plant exosomes have focused on oral administration, with only a few choosing
intravenous injection. No experiments using local injection or coating administration have been found. Oral
administration has advantages in simplicity, convenience, and relative safety, but first-pass elimination through
the liver after oral administration significantly reduces the concentration and dose of the drug in the body
circulation. Furthermore, slow absorption rates seriously affect treatment efficiency. Alternatively, intravenous
administration provides faster and longer-lasting effects, but it comes with greater risks of adverse drug reactions.
Thus, investigating different routes of administration and comparing their effectiveness can help find an optimal
route of administration for exosomes from plants.

To date, there is no unified plan for the separation and extraction of exosomes. Different methods can obtain
varying content and purity of exosomes, leading to heterogeneity and affecting experimental results.
Ultracentrifugation and sucrose density gradient centrifugation are commonly used due to their simplicity and
ability to obtain a large number of exosomes. However, both methods require repeated centrifugation, which is
time-consuming and may damage exosomes.>>'>> Developing a complete exosome extraction method that shortens
extraction time while ensuring quantity and purity and does not affect exosome activity is desired.

. Proteomic analysis can greatly improve the understanding of plant exosomes, but research on exosome-tagged

proteins of plants is limited.'>®'>” This limitation hinders the characterization of PELNs.

The utilization of PELNs as carriers for drug delivery carriers exhibits promising development prospects, but
current research faces three main challenges: improving the load of active components of exosomes, improving
their specificity for tissues to accurately deliver drugs to the desired sites, and improving the efficiency of exosome
drug release. Studies using genetic or chemical methods to change the composition of exosomes derived from
animal cells have led to engineered exosomes that exhibit improved biological functions. We expect similar
approaches will yield positive results for exosomes from plants.

. Seasonal and geographical factors must be considered when studying plant exosomes because some plants only

grow in specific seasons or regions. This factor complicates the study of plant exosomes, and researchers may face
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additional burdens if they consider artificial cultivation of some plants with long growth cycles. Tissue culture
technology is a viable solution to these issues, but it comes with relatively high economic costs.

8. A review of published literature on plant exosomes shows that most research focuses on the digestive system,
tumor system, respiratory system, and circulatory system diseases. Research on hematological system, endocrine
system, nervous system, and motor system diseases is lacking, indicating significant gaps in research on plant
exosomes.

Recommendations for Future Research

1. Further investigation into the mechanisms underlying the therapeutic effects of PELNs is necessary to gain
a deeper understanding of PELN and promote its development.

2. It is essential to conduct studies on the pharmacokinetics, pharmacodynamics, safety, and stability of plant
extracellular vesicles as potential therapeutics to fully understand their clinical applications.

3. Exploring different administration routes for PELN, such as local injection and topical application, can help
identify the optimal delivery method for different diseases.

4. A consistent focus on identifying the optimal method for extracting plant extracellular vesicles with maximum
yield and purity while minimizing extraction time without compromising vesicle activity is critical.

5. More research on specific protein markers for PELNSs is needed to enhance the characterization of these important
biological structures.

6. Exploring strategies to enhance the cargo capacity of PELNs to enhance their tissue specificity for accurate drug
delivery to desired sites, and to improve drug release efficiency is also crucial.

7. Further research on the therapeutic effects of PELNs for diseases related to the blood system, endocrine system,
nervous system, musculoskeletal system, and other systems will provide us more potential clinical applications.

Conclusion

After decades of development and research, PELNs have emerged as a recognized and highly promising natural bioactive
ingredient. They possess excellent biological and physical properties, including low immunogenicity, high stability, and
penetration through biological barriers. PELNs can directly act as therapeutics, exerting therapeutic effects in various
animal disease models. They can also serve as carriers for accurate delivery and release of anti-inflammatory and anti-
tumor drugs to target locations. Despite some limitations and unresolved issues in current research, such as the lack of
a simple yet reliable method for extracting PELNs in high purity and quantity, the absence of studies on surface marker
proteins of PELNs, and the unclear mechanisms underlying their therapeutic effects, the potential benefits of PELNs
should not be ignored. Their numerous advantages make them a highly promising research field for current and future

biomedical applications, deserving further investigation by scholars in relevant fields.
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