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Abstract: Ulcerative colitis (UC) is a chronic inflammatory bowel disease, the incidence of which continues to rise globally, and
existing therapeutic options are limited by low drug bioavailability and systemic side effects. In this study, we systematically
investigated the challenges of the special gastrointestinal environment of UC patients for oral drug delivery, such as extreme pH,
degradation by digestive enzymes, metabolism of intestinal flora and obstruction of the intestinal mucosal barrier, and summarized the
potential of plant-derived Exosome-like Nanovesicles (PELNs) as a novel delivery system. PELNs are produced by plant cells and
mainly consist of proteins, RNA, lipids and plant active molecules. Animal and cell experiments have shown that they can treat UC
through the regulation of the intestinal bacterial flora, the inhibition of inflammatory pathways, and the promotion of mucosal repair,
etc. On the other hand, their small particle size (30-500 nm), negative charge and lipid bilayer structure enable them to penetrate the
intestinal mucus layer, tolerate extreme pH and enzymatic degradation, and adhere to intestinal epithelial cells through electrostatic
interactions, thus possessing advantages such as low immunogenicity, high stability and natural targeting. Furthermore, the engineering
modification of PELNs can significantly enhance targeting and therapeutic efficacy, such as surface modification or drug loading.
Future research should focus on the systematic characterization, safety validation, large-scale production and multimodal combination
therapy of PELNs in order to promote their clinical translation, which not only provides an efficient delivery platform for the treatment
of UC, but also opens up a new pathway for the development of natural medicines.
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Introduction

Ulcerative colitis (UC) is a lifelong inflammatory disease characterized by a continuous, diffuse inflammatory response in the
colonic and rectal mucosa. The pathogenesis of UC has not yet been clarified, and it is generally believed to be related to genetic
susceptibility, intestinal mucosal barrier defects, intestinal flora disorders, autoimmune disorders, etc. UC has the clinical
characteristics of alternating episodes, remissions and relapses, and any dietary inappropriateness, changes in work and rest,
and emotional and psychological stimuli are highly susceptible to the recurrence of UC, so that the goal of the current treatment of
UC is to induce and maintain endoscopic remission with normal biochemical markers for a long time. Markers are normal.
Commonly used drugs in the current treatment regimen include natural products, 5-aminosalicylic acid drugs, glucocorticoids, as
well as immunomodulatory, immunosuppressive and biological agents. However, single-agent therapy is often ineffective, and
the long-term use of multiple drugs in combination is accompanied by side effects, which are related to shortcomings such as low
bioavailability and systemic exposure of the available drugs. Despite the increasing options for drug therapy, 10-20% of patients
still require colorectal and rectal resection, and surgical treatment is almost the only treatment option for patients with severe UC.'
With intensive research into disease mechanisms and advances in bioengineering, available technologies allow for more specific
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interference with key players at the molecular level in the mechanisms of UC development. Plant-derived Exosome-like
Nanovesicles (PELNS), as a novel natural product, help to enhance drug bioavailability and reduce systemic exposure, which
is expected to break the current therapeutic bottleneck. In this study, we systematically summarized the effects of gastrointestinal
environment on oral drug delivery to UC patients, the advantages of oral drug delivery of PELNs and the research progress of
PELNSs for the treatment of UC, with a view to providing ideas for the efficient construction of PELNs and targeted therapy of UC.

Influence of Gastrointestinal Factors on Oral Drug Administration in Patients
with UC

Oral drug administration is an effective strategy for the treatment of UC and is considered a non-invasive and safe method for
flexibility and high adherence to self-administration.” However, many physio pathological factors in the gastrointestinal tract
may affect the effective delivery of oral drugs. Therefore, we must take into account the differences in anatomy, physiology
and absorption properties of different parts of the GI tract, as well as the differences between healthy and UC GI tracts, before
discussing PELNs; only with an understanding of the GI environment can promising drug design be carried out.

Influence of the Gastrointestinal Tract Digestive Environment on Oral Medications in
Patients with UC

The primary gastrointestinal digestive factors that may influence the absorption and utilization of oral drugs in UC patients
include gastrointestinal transit time, pH, and digestive enzymes. Gastrointestinal transit time is a key factor influencing the
bioavailability of oral medications. In UC patients, colonic propulsive activity is significantly increased, leading to a marked
reduction in transit time.® Additionally, compared to medications with smaller particle sizes, those with larger particle sizes
exhibit shorter transit times, meaning they are expelled more rapidly.* Furthermore, the complex digestive environment in the
gastrointestinal tract, such as extreme pH fluctuations and abundant digestive enzymes,® poses significant challenges to drug
stability, potentially leading to changes in drug conformation and loss of efficacy. More importantly, the gastrointestinal
digestive environment of UC patients is not entirely similar to that of healthy adults. Studies have reported an overall trend
toward acidification of colonic pH in UC patients, with pH levels potentially dropping to 2-3” (Table 1 Comparison of
gastrointestinal digestion factors between UC patients and healthy individuals).

Effect of Intestinal Mucosal Barrier on Oral Medications in UC Patients

The intestinal mucosal barrier is an important intestinal defense system, which is currently classified into four categories:
biological, chemical, mechanical and immune barriers, the first three of which act as natural barriers to protect the
intestinal epithelial layer from a variety of external stimuli, thereby regulating the balance between mucosal immunity
and external stimuli, and hindering the absorption and utilization of orally administered medications in the process.’” The
gut is a complex microbial ecosystem where gut microbiota co-evolves with the host and form mutual relationships.
Through a series of bacterial enzymes such as polysaccharide enzymes, glycosidase, protease, and peptidase, they break
down large molecular polymers.” This process inevitably affects the metabolism and absorption of oral drugs in the
human body. The intestinal mucus layer serves as a robust intestinal barrier, with mucin 2 (MUC?2) being the most critical
component. MUC2 molecules are interconnected via disulfide bonds and linked to the glycocalyx of the intestinal
epithelium, forming a protein network within the mucus layer.'® The average pore size of this network is approximately

Table | Comparison of Gastrointestinal Digestion Factors Between UC
Patients and Healthy Individuals
Gastrointestinal Digestive Factors | Patients with UC | Healthy Individual
Transit time 243 h 51.7 h®
Colonic pH 2-37 5-8°
Daily drug residue 9% 31%8
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200 nm, functioning as a size-exclusion filter, meaning larger particles cannot penetrate the mucus layer or intestinal
epithelium;'" simultaneously, the mucus layer interacts with macromolecules through non-covalent forces such as
hydrogen bonds, van der Waals forces, hydrophobic forces, and electrostatic forces, limiting the diffusion of most
foreign substances, including drugs;'? Furthermore, the strong and sustained secretory capacity of goblet cells confers
a high turnover rate on the intestinal mucus layer,'* making it difficult for drugs to reach the surface of intestinal
epithelial cells before being expelled, thereby limiting local drug penetration and absorption, resulting in poor therapeutic
efficacy. In UC patients, literature reports have described a thinning of the intestinal mucus layer, particularly a reduction
in MUC2, a core component of the mucus layer.'* Some viewpoints suggest that this pathological change may facilitate
the absorption of orally administered drugs. The intestinal epithelial layer is composed of tight junctions, adherens
junctions, desmosomes, and the intestinal epithelial cells they connect. These structures confer selective permeability to
the intestinal epithelial layer, functioning as a mechanical barrier between intestinal contents and the internal environ-
ment, maintaining balance between nutrition and immunity, and strictly limiting the transport of hydrophilic molecules
such as proteins, lipids, and microbial-derived peptides, as well as obstructing the transport of orally administered
drugs."® Similar to the intestinal mucus layer, UC patients often exhibit disruption of the mechanical barrier’s integrity,
with extensive local death of intestinal epithelial cells, increased M cell phagocytosis, and disruption of intercellular
junctions.'® The open transport channels allow more drugs to pass through, making this an attractive pharmacological
target. (Figure 1 Influence of gastrointestinal factors on oral drug administration in patients with UC).

A StomachpH:15-35 __ColonpH5:8 Y
- Transit time=~51 ours

Overall pH trend becomes acidic
colon transit time shortens to 24 hours /

Intestinal mucosal barrier disruption

Mucus layer symbiotic bac. .
pathogenic bac.

abnormal bac. v

@

A

Figure | Influence of gastrointestinal factors on oral drug administration in patients with UC. (A) UC shortens the transit time of the colon and makes the pH of the colon
more acidic; (B) The colonic mucus layer blocks drugs from passing through the mucus layer and coming into contact with the intestinal epithelium in a size-dependent
manner; (C) Negatively charged mucoproteins adsorb positively charged drugs to prevent them from passing through the mucus layer; (D) Tight junctions. The arrow
indicates the passage of the drug through the barrier.
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Definition and Nomenclature of PELNs
Extracellular Vehicles (EVs) are defined by the International Society for Extracellular Vesicles (ISEV) as “particles
naturally released by cells, defined by a lipid bilayer, that do not replicate, ie, they do not contain a functional nucleus”."”
EVs can be released by all types of cells, including plants, animals and microorganisms, and have a particle size of
approximately 30-150 nm.'® Plant Extracellular Vesicles (PEVs) were first documented by transmission electron
microscopy (TEM) in the 1960s,"” but subsequent initial studies of PEVs did not show significant value, and the
discovery of PEVs was overshadowed by studies on Mammalian cell-derived Extracellular Vesicles (MEVs), and in the
decades that followed, research on PEVs focused on the plants themselves, such as the regulation of plant gene
expression and plant resistance to pathogens.'® However, further studies on MEVs revealed shortcomings underneath
their use as excellent therapeutic agents and delivery vehicles, such as limited production, potential genetic threats, and
immunogenicity; at the same time, with the deepening of the research, in the last decade or so, researchers have
recognized the potential of cross-boundary regulation by PEVs, and the researchers’ attention has once again returned to
plant-derived vesicles (PDVs), which have been used in the development of the plant. PDVs, which, as desired, have the
unique advantages of low immunogenicity, high yield and good biocompatibility as a new form of natural products.*’
However, due to the differences in the aims of botanical and biomedical research, studies on PDVs have been divided
into different paths, with biomedical research focusing on the therapeutic function of PEVs, abandoning the consideration
of “extracellular” sources, and obtaining PEVs by destroying the cells of plant tissues, which has produced nano-vesicles
with morphologies and compositions similar to those of extracellular vesicles in plants. This resulted in the production of
nanovesicles similar in morphology and composition to plant extracellular vesicles,>' which were named PELNs due to
the lack of specific markers, clear biogenesis pathways and characterisation.”> Thus, PELNs are nanoscale vesicles
derived from plant cells with a particle size of about 30—500 nm, which are usually produced by fresh plants, but it has
also been shown that they can be obtained from dried plants.*®

Currently, research on PEVs and PELNs is developing in parallel, with PEVs research focusing on revealing their
nature, including biogenesis, identification and characterization, and therefore rigorously separating vesicles from their
extracellular environments (leaf plasmalemma ectodomains, root secretions, etc). PELNs research, on the other hand, has
explored their application in disease therapy, while optimizing the possibilities for their production and engineering
modifications. Despite their significant differences in research pathways and aims, the two will also complement each
other and together advance a deeper understanding of PDVs.

Delivery Advantages and Engineering Strategies of PELNs in UC Therapy

Compositional Features and Multidimensional Therapeutic Potential of PELNs

The main components of PELNSs include proteins, RNA, lipids and plant bioactive molecules. The protein components of
PELNSs can be mainly classified into peripheral membrane proteins, transmembrane proteins and intracellular proteins, of
which peripheral membrane proteins and transmembrane proteins may be involved in vesicle formation and specific
targeting.”* Whereas intracellular proteins account for the majority of the protein composition of PELNs, where cell wall
remodeling-related enzymes may provide antipathogenic effects’ and metabolism-related enzymes confer antioxidant
capacity.”® Indeed PELNs from diverse sources are extremely rich in plant-specific proteins with great therapeutic
potential. However, it is still very difficult to establish a complete protein database of PELNs. On the one hand, there is
a significant difference in the number of protein species of PELNs from different plant sources, which can range from
dozens to thousands;>'* on the other hand, different cultivation methods, extraction sites, and extraction methods of the
same plant can affect their proteomics results, eg, compared with fruits from conventional agriculture, fruits from organic
agriculture can be more effective than fruits from conventional agriculture.”® Fruits from organic agriculture contain
higher antioxidant proteins compared to those from conventional agriculture;*® a total of 598 proteins were detected in
Arabidopsis thaliana plastid exosome sap PELNs and whole-leaf PELNSs, of which only 170 proteins appeared in both
sources of PELNS after comparison;?’ and another similar study showed that the proteomics of the Arabidopsis thaliana
plastid exosome sap PELNs and whole-leaf comparative proteomic study of PELNSs, the total number of proteins
identified was 787 and 1438, respectively.*
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RNAs in PELNs mainly include miRNAs, mRNAs and sRNAs, of which miRNAs are believed to have the role of
mediating intercellular communication and even cross-species regulation of gene expression, especially in humans,>" and
it has been suggested that one miRNA can target hundreds of mRNAs, so that when the concentration of PELNs reaches
a certain baseline level, their contained miRNAs will produce significant regulatory effects.*” In another study, a total of
418 miRNAs were identified in PELNs samples from 11 plant species, with each species containing between 32 and 127
miRNAs, including 26 “frequent” miRNAs, 39 “moderately present” miRNAs, and 353 “rare” miRNAs.** Conventional
wisdom suggests that naked miRNAs are unstable and susceptible to RNase degradation, and the highly variable
digestive environment of the gastrointestinal tract makes them difficult to be administered orally. In contrast, the lipid
bilayer of PELNSs effectively protects miRNAs from RNase and the GI environment;** further studies have shown that
many miRNAs from PELNs maintain specific acid resistance and stability through methylation of the 2'-OH group,*”
thereby maintaining long-term activity in the human GI environment. More specifically, studies have demonstrated the
ability of orally administered PELNs to effectively regulate the intestinal flora®® and host macrophages®’ for the
treatment of UC by delivering miRNAs.

In terms of lipid composition, PELNs differ significantly from MEVs in that PELNs are rich in phospholipids and do
not contain cholesterol, which is present in MEVs,*® and they mainly include phosphatidylcholine (PC), phosphatidic
acid (PA), phosphatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylglycerol (PG).** PELNs from
various sources differ in the types and proportions of lipids on the basis of which their function, distribution and uptake
propensity are determined, eg, PELNs of orange origin contain about 40% PE, 25% PC, 12% PI and 5% PA,*’ whereas
PELNSs of turmeric origin contain about 42% DGDG, 12% MGDG, 15% PA and 5% PC.*! In terms of effects on the
distribution of PELNs PA favored the accumulation of PELNs in the gut, while PC enhanced the transfer of PELNs from
the gut to the liver.>® With regard to the propensity of PELNs to be taken up, PA enhances the uptake of ginger-derived
PELNSs by Porphyromonas** and Lactobacillus rhamnosus,*® which in turn affects their therapeutic efficacy, whereas PC-
enriched PELNS are preferentially taken up by intestinal Ruminalogastroenterococcaceae.”

In addition to the aforementioned biomolecules, PELNs also contain bioactive molecules from homologous plants and
are able to deliver them to the body to produce the corresponding biological effects, eg, lemon-derived PELNs contain
vitamin C and citrate;** lemon-grapefruit-derived PELNs contain naringenin;** and broccoli-derived PELNs contain
lycopene sulfone.*> (Figure 2 Compositional features and multidimensional therapeutic potential of PELNs).

Natural Advantages and Targeting Mechanisms of Oral Delivery of PELNs

In the design and selection of orally delivered nanomedicines, in addition to therapeutic functionality, factors that need to be
considered a priori include safety, stability, biodistribution, biocompatibility and natural targeting.*® Whereas, since plants do
not contain zoonotic or human pathogens, PELNs have a safety advantage over MEVs due to their non-immunogenic and
innocuous properties,*” as well as the absence of tissue and organ abnormalities in relevant in vivo safety tests in animals.**
More importantly, the excellent physicochemical properties of PELNs, including small particle size, negative charge, lipid
membrane and hydrophilic surface, provide them with good mucus penetration, mucosal adhesion, gastrointestinal stability,
biocompatibility and natural targeting, which allow PELNs to circumvent most of the physiological obstacles in the
gastrointestinal tract and safely target UC lesions. Small particle size facilitates the prolongation of the retention time of
PELNS in the intestinal mucus layer, while avoiding their expulsion during mucus layer turnover,* while both the small particle
size and hydrophilic surface facilitate the penetration of PELNs into the intestinal mucus layer,*” which in turn crosses the

intestinal mucosal tight junction protein ZO-1.>

The lipid bilayer of PLENs confers a robust stability in the gastrointestinal
digestive environment, allowing them to tolerate extreme environments from pH 2.0-8.0 and are resistant to degradation by
digestive enzymes, and it has been shown that PELNs are able to maintain stability in simulated digestive fluids by adaptively
adjusting potential and particle size,”' thereby maintaining vesicle populations as well as the corresponding targeting and
communication functions.>® The lipid membrane and its surface proteins also confer good barrier penetration and biocompat-
ibility to PELNSs, giving them the ability to penetrate the blood-brain barrier while being blocked by the placental barrier, thus
permitting them to be investigated for neurological-related diseases and avoiding pregnancy-related complications.’>>* The
natural targeting of PELNSs can in fact be classified into two categories depending on the mechanism, non-specific targeting

and specific targeting, the former is a non-specific process based on interaction forces such as electrostatic forces, the
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Figure 2 Compositional features and multidimensional therapeutic potential of PELNs. The main components of PELNs include proteins, RNA, lipids, and plant bioactive
molecules, which give PELNs multidimensional therapeutic effects.

negatively charged mucus layer on the surface of the intestinal epithelial cell layer in the UC state is weakened, and at the same
time, overexpression of certain positively charged proteins in the intestinal epithelial cells, such as transferrin,>* will be
conducive to the negatively charged PELNs its adhesion to the intestinal epithelial cells through electrostatic interaction,
PELNSs passively approaching the lesion and then being taken up by the relevant cells in the form of giant cytosolic drinking,
lattice protein-dependent endocytosis and niche-dependent endocytosis,™ thus exhibiting targeting to tissues and organs; the
latter is a receptor-dependent specific active targeting process, whereby certain surface proteins carried by the lipid membranes
of the PELNSs may act as ligands for receptors with the target site, exhibiting targeting to specific cells, eg, the garlic-derived
PELNs carry mannose-specific binding protein II lectin, which specifically binds to the CD98 receptor to achieve active
targeting, whereas after removal of all surface proteins on the lipid membrane surface of garlic-derived PELNS, the specific
uptake of garlic-derived PELNSs by cells carrying the CD98 receptor was significantly reduced.’®

Strategies for Engineering PELNs and Therapeutic Potentiation Pathways
As natural products, PELNs are not perfect, and they certainly possess many innate advantages, but usually these
advantages are not sufficient to fully meet the needs of scientific research and clinics, and the strengths of the original

3758 anti-oxidative stress,’® and digestive stability**°* often need to be optimized by modern

PELN:Ss in anti-inflammatory,
biotechnology, and the engineered modification potential is precisely the biggest advantage of PELNs. The engineering
modification of PELNs mainly includes surface modification and drug loading. Since only a few PELNs naturally have
suitable surface ligands to achieve specific targeting and meet research and clinical needs, the nonspecific targeting of
most PELNs does not afford such a responsibility, but the lipid membranes of PELNs happen to allow for modification

according to practical needs.’> Examples include surface modification using folic acid to target folate receptors on
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intestinal epithelial cells,®' surface modification using lectins to target integrin receptors on the surface of M cells®* and
surface modification using mannose to target mannose receptors on the surface of macrophages.®> Drug loading takes
advantage of the good safety, stability, penetration, and biocompatibility of PELNs. Chemotherapeutic drugs, anti-
inflammatory drugs, miRNAs, siRNAs, DNA expression vectors, and proteins are loaded into the PELNs by co-
incubation, ultrasonication, and co-extrusion after incubation, which enhances the stability of the drugs, organ targeting,
tissue penetration, uptake by the target cells, release optimization, toxicity reduction and potency enhancement.** For
example, researchers loaded microporous silica nanoparticles loaded with infliximab onto ginger-derived PELNs thereby
avoiding their destruction in the gastrointestinal environment, and also achieved colon-targeted delivery and helped
infliximab to be released in the lamina propria after penetration of the intestinal epithelium in order to achieve a high
accumulation of the drug within the inflammatory lesions of the colon.’” In another study, free siRNA-CD98 and garlic-
derived PELNSs loaded with siRNA-CD98 were comparatively investigated, and it was found that the former only stayed
in the stomach, whereas the latter could be delivered to the stomach, ileum, and colon, and was highly enriched in the
ileum versus the colon, significantly decreasing colon CD98 expression and thus controlling the progression of colitis as
compared to free sSiRNA-CD98. The effective dose of garlic-derived PELNs loaded with siRNA-CD98 was reduced by
approximately 10,000-fold.*® Another study utilized the mechanism by which PELNs target F4/80+ macrophages in the
intestinal lamina propria through microcellular drinking and lattice protein-dependent endocytosis pathways, and loaded
methotrexate onto grapefruit-derived PELNs for targeted therapy, which significantly reduced methotrexate’s side effects
compared to free methotrexate administration.**

Advances in the Study of PELNs for the Treatment of UC
Orriginal PELNSs for the Treatment of UC
Natural products have the unique advantages of multiple components acting on multiple targets and links, good
and stable effects, and low toxicity and side effects, and both basic and clinical studies have affirmed their good
effects in the prevention and treatment of UC.®> However, due to the special properties of UC as a digestive
disease and the limitations of natural product drug dosage forms, the gastrointestinal environment in the state of
UC poses a great challenge to orally administered natural products, resulting in drug degradation, malabsorption,
nonspecific distribution, and side effect generation, etc. PELNs, as a new technology and new dosage form,
provide a new direction of research and a pathway of clinical implementation for the future development of natural
products.

The most preliminary studies started with PELNs in their pristine state, and in vivo and in vitro experiments
confirmed their therapeutic efficacy and natural delivery advantages for UC models. Although the mechanisms of
PELNs for UC treatment vary due to the different plants from which they are derived, mainly through the regulation

of intestinal flora, remodeling of macrophage polarization, and anti-oxidative stress,>'*®

all of them take advantage of the
natural advantages of PELNSs, such as digestive tract stability, good biocompatibility, natural active targeting and
preferential cellular uptake.*'' Since most of the early research teams chose easily accessible species in food for

. 41,59 48,51 1
36,66 turmeric, ,59,67 8,51,57,68,69 t ’70,7

natural product sources, such as garlic, ginger, ea etc., the subsequent research
teams have continued this choice, and fewer studies have chosen therapeutic UC of typical natural products as a source of
extracted PELNs. According to the results of previous basic and clinical studies, plant-extracted PELNs such as Rhizome
coptidis’> may have more significant therapeutic effects and natural advantages, and PELNs from different plant sources
may exert their natural advantages through different mechanisms, and through in-depth study of PELNs from different
plant sources, human beings may have a new understanding of the natural delivery of drugs. (Table 2 Studies related to

the treatment of UC with original PELNS).

Engineering Modified PELNs for UC Treatment

Current research has affirmed the natural therapeutic effects and drug delivery advantages possessed by PELNs and has
found that such advantages are somewhat universal across plant species, but the strength of such advantages is often not
sufficient to directly address research and clinical needs. With the development of bioengineering techniques, available
technologies allow researchers to engineer PELNs at the nanoscale to further enhance various aspects of their strengths to
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Table 2 Studies Related to the Treatment of UC with Original PELNs

Plant Origin

Characterization

Biological Properties

Mechanisms

Models

membrane structure;
Average particle size:
110-190 nm; Zeta

potential: /;

macrophages;

polarization, inhibits M|
polarization, increases M2
polarization; Regulates NF-kB
signaling pathway;

Grape®’ Morphology: /; Mean Colonic targeting; Preferential Anti-inflammatory; Modulation 3% (WI/V) DSS-induced
particle size: 380.5 * uptake by intestinal stem cells; of the Wnt/B-catenin signaling male mice
37.47 nm; Zeta potential: pathway to promote intestinal
-26.3 £ 8.14 mV; stem cell proliferation;

Garlic® Morphology: cup-shaped; | Colonic targeting; Anti-inflammatory; Repair of the | 3% (W/V) DSS-induced in
Mean particle size: 79.60 intestinal mucosal barrier; male C57BL/6 mice
nm; Zeta potential: /; Modulation of the intestinal flora

and specific promotion of the
growth of Bacteroides
thetaiotaomicron;

Garlic®® Morphology: exosome- / Regulation of TLR4/MyD88/NF- | LPS-induced Caco-2 cells;
like morphology; Mean «B signaling pathway; Repair of 3% (WIV) DSS-induced in
particle size: 229.33 * intestinal mucosal barrier; female C57BL/6 mice;

3.26 nm; Zeta potential: Regulation of intestinal flora and
—10.07 + 0.78 mV; its metabolism;

Turmeric*' Morphology: disk-shaped | Good biocompatibility; Digestive | Anti-oxidative stress; Inhibition LPS-induced RAW 264.7
or hemispherical; environment stability; Colonic of NF-kB signaling pathway; cells; 3% (W/V) DSS-
Average particle size: lesion targeting; Preferential Repair of intestinal mucosal induced in male C57BL/6
177.9 nm; Zeta potential: | uptake by intestinal epithelial barrier; mice;

-21.7 mV; cells and macrophages at the site
of inflammation;

Turmeric®’ Morphology: spherical; Digestive environment stability; Regulates macrophage LPS-induced RAW 264.7
Mean particle size: 191.7 | Colonic targeting; Preferential polarization, inhibits M| cells; 3% (W/V) DSS-

+ 15.8 nm; Zeta uptake by intestinal epithelial polarization, and increases M2 induced in female and male
potential: —15.0 mV; cells and macrophages; polarization; Regulates intestinal | ICR mice;
flora;

Ginger®' Morphology: spherical; Digestive environment stability; | Anti-inflammatory; Anti- Raw264.7 cells; colon-26
Average particle size: Good biocompatibility; Colonic | oxidative stress; Modulation of cells; 1.5% (W/V) DSS-
231.6 nm; Zeta potential: | targeting; Preferential uptake by | apoptosis and proliferation; induced in female C57BL/6;
-2 mV; intestinal epithelial cells and female IL10-/- FVB/N] mice;

macrophages;

Ginger®® Morphology: cupular; / Regulates macrophage LPS-induced RAW264.7
Mean particle size: 163 + polarization, inhibits Ml cells; 2.5% (W/V) DSS-

28 nm; Zeta potential: polarization and increases M2 induced in male C57BL/6
-23.7 mV; polarization; mice;

Tea”® Morphology: spherical; Digestive environment stability; | Anti-inflammatory; anti- LPS-induced RAW264.7
Mean particle size: 134.0 | biocompatibility; colonic oxidative stress; repair of the cells; 3.5% (W/V) DSS-
—145.6 nm; Zeta targeting; preferential uptake by | intestinal mucosal barrier; induced in female FVB mice;
potential: —14.6 mV; macrophages; modulation of intestinal flora; 2.5% (WIV) DSS-induced in

female C57BL/6 mice;

Tea”' Morphology: bilayer Preferential uptake by Regulates macrophage RAW?264.7 cells; 3.0% (W/

V) DSS-induced mouse;

(Continued)
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Table 2 (Continued).

Plant Origin

Characterization

Biological Properties

Mechanisms

Models

Ginseng”

Morphology: cup-shaped;
Average particle size:
146.5 nm; Zeta potential:
-19.2 mV;

Good biocompatibility; Stability
of the digestive environment;

Preferential uptake by intestinal
epithelial cells and macrophages;

Regulation of macrophage
polarization, inhibition of M|
polarization, and increase of M2
polarization; Inhibition of the
NF-kB signaling pathway;
Regulation of intestinal flora;

LPS-induced in RAW 264.7
cells; 2.5% (W/V) DSS-

induced male Balb/C mice;

Momordica

charantia’

Morphology: cup-shaped;
Mean particle size:
132.03 nm; Zeta
potential: =1 1.19 + 3.07
mV;

Anti-inflammatory; anti-
oxidative stress;

2% (WIV) DSS-induced in
male C57BL/6 mice;

Portulaca
oleracea L7°

Morphology: /; Average
particle size: 180 nm;
Zeta potential: —31.4 mV;

Good biocompatibility; digestive
environment stability; colonic

lesion targeting;

Regulates intestinal flora,
specifically promotes the growth
of Lactobacillus reuters,
increases the level of indole
derivatives, inhibits the
expression of Zbtb7b, and
induces the differentiation of DP
CD4+CD8+ T-cells;

3% (WI/V) DSS-induced
male C57BL/6 mice;

Lemon’® Morphology: spherical; / Antioxidant stress; Modulation THP-1 cells; DNBS-induced
Mean particle size: 146.5 of NF-kB signaling pathway; Wistar male rats;
* 12.6 nm; Zeta Repair of intestinal mucosal
potential: —=15.0 mV; barrier; Modulation of intestinal
microbiota;
Houttuynia Morphology: spherical or | Digestive environment stability; Modulation of macrophage 3% (WIV) DSS induced in
cordata’’ quasi-spherical; Average Good biocompatibility; Colonic polarization, inhibition of M| male C57BL/6 mice;
particle size: 100 nm; lesion targeting; Preferential polarization, and increase of M2
Zeta potential: —10.13 uptake by intestinal epithelial polarity; Inhibition of NLRP3/
mV; cells and macrophages at the site | NOD-like receptor signaling
of inflammation; pathway; Repair of the intestinal
mucosal barrier; Modulation of
the intestinal flora;
Pueraria Morphology: cupular; / Anti-inflammatory; Repair of Human colonic epithelial
lobata’® Mean particle size: 75.51 intestinal mucosal barrier; cells NCM460; 3% (WI/V)
+ 10.19 nm; Zeta Regulation of intestinal flora; DSS-induced in male
potential: - 21.8 mV; C57BL/6 mice;
Mulberry Morphology: cupular; Colonic targeting; Preferential Anti-inflammatory; Modulation 2% (WIV) DSS-induced in
bark”’ Mean particle size: 151.3 | uptake by intestinal epithelial of AhR/COPSS8 signaling male C57BL/6 mice;
*+ 454 nm; Zeta cells and Pan cells; pathway; Modulation of intestinal
potential: - 21.8 mV; flora;
Aloe® Morphology: spherical; Colonic targeting; Preferential Anti-oxidative stress; 5.0% (WIV) DSS-induced in

Average particle size:
150.9-210.2 nm; Zeta

potential: /;

uptake by intestinal epithelial

cells;

Modulation of NF-kB signaling
pathway; Repair of intestinal

mucosal barrier;

male C57BL/6 mice;

(Continued)
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Table 2 (Continued).

Plant Origin

Characterization

Biological Properties

Mechanisms Models

Artemisiae
Argyi®?

Mean particle size:
68-290 nm; Zeta
potential: - 10.53 mV;

Allium Morphology: membrane- | / Regulation of NF-xB signaling LPS-induced RAW264.7

tuberosum®' | encapsulated vesicle-like pathway; Repair of intestinal cells; 3% (W/V) DSS-
structure; Average mucosal barrier; Regulation of induced in female C57BL/6
particle size: 125.2 + 4.1 intestinal flora and its mice;
nm; Zeta potential: /; metabolism;

Folium Morphology: cup-shaped; | Good biocompatibility; Colonic | Modulation of macrophage LPS-induced in RAW264.7

lesion targeting; Preferential
uptake by macrophages at the

site of inflammation;

polarization, inhibition of M| cells; 2.5% (W/V) DSS-
induced in female Balb/C

mice;

polarization, increase of M2
polarization; Repair of the
intestinal mucosal barrier;
Modulation of the intestinal

flora;

meet research and clinical needs, such as by surface modification of PELNs to enhance their targeting ability,”’ by

encapsulating drugs into PELNs to enhance their therapeutic effects,®” and by using other materials to encapsulate
PELNSs to enhance their stability, etc.®® (Table 3 Studies related to engineering modified PELNs for the treatment of UC).

Table 3 Studies Related to Engineering Modified PELNs for the Treatment of UC

mesoporous silica
nanoparticles loaded

with loading infliximab

like Nanovesicles
(GELNs): morphology:
bowl-shaped; Average
particle size: 284.6 nm;
Zeta potential: —12.1mV;
Engineered modified
GELNs: Morphology:
spherical; Average
particle size: 252.1 £ 5.5
nm; Zeta potential: —9.2
+ 1.3 mV;

stability; Colonic
targeting; Preferential
uptake by intestinal
epithelial cells and
macrophages at the site
of inflammation;

NLRP3 signaling
pathway;

Source Engineered Characterization Biological Properties | Mechanisms Models
Modifications
Turmeric®’ Surface modification Turmeric-derived Digestive environment Anti-inflammatory; Anti- | LPS-induced
using cerium dioxide Exosome-like stability; oxidative stress; RAW264.7
(CeO,) nanocrystals Nanovesicles (TELNs): Biocompatibility; cells; 3% (WIV)
morphology: spherical; Colonic lesion targeting; DSS-induced
Average particle size: /; Preferential uptake by mice;
Zeta potential: /; macrophages at sites of
Engineered Modified inflammation;
TELNs: Morphology: /;
Average particle size: /;
Zeta potential: /;
Ginger®’ Large pore size Ginger-derived Exosome- | Digestive environment Modulation of the HT29 cells; 2%

(WIV) DSS-
induced
C57BL/6 mice;

(Continued)
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Table 3 (Continued).

Source

Engineered
Modifications

Characterization

Biological Properties

Mechanisms

Models

Ginger®’

Loaded Curcumin

Ginger-derived Exosome-
like Nanovesicles
(GELNs): morphology:
cup-shaped; Average
particle size: 366.6 nm;
Zeta potential: —8.70 mV;
Engineered modified
GELNs: Morphology:
spherical; Average
particle size: 449 + 7.39
nm; Zeta potential:
—10.82 + 1.85 mV;

Digestive environment
stability; Colonic
targeting;

Anti-inflammatory; Anti-
oxidative stress;
Modulation of intestinal
flora;

2.5% (WIV)
DSS-induced in
male C57BL/6

mice;

Sophora

Flavescens®®

Loaded CX5461

Sophora Flavescens -
derived Exosome-like
Nanovesicles (SELNs):
morphology:
hemispherical or
ellipsoidal; Average
particle size: 100 nm;
Zeta potential: =32 mV;
Engineered modified
SELNs: Morphology: /;
Average particle size: 110
nm; Zeta potential: - 20
mV;

Digestive environment
stability; Colonic
targeting; Preferential
uptake by macrophages;

Regulates macrophage
polarization, inhibits M|
polarization, increases

M2 polarization;

3% (WIV) DSS-
induced in
male C57BL/6

mice;

American

ginseng®

Encapsulation using
a hydrogel containing
Hyaluronic Acid (HA)

American ginseng -
derived Exosome-like
Nanovesicles (AELNs):
Morphology: bilayer
membrane structure;
Average particle size:
180-210 nm; Zeta
potential: /; Engineered
modified AELNSs:
Morphology: /; Average
particle size: /; Zeta

potential: /;

Colonic lesion targeting;
Preferential uptake by
macrophages at sites of
inflammation;

Modulates macrophage
polarization, inhibits M|
polarization and
increases M2

polarization;

3% (WIV) DSS-

induced mice;

Rhubarb®

Hydrogel networks were
constructed using
crosslinking of furfural-
functionalized chitosan-
mannose polymers
(CMF) with 3-maleimido
HP-B-CD (HPCD-AMI)
for encapsulation

Rhubarb -derived
Exosome-like
Nanovesicles (RELNs):
Morphology: spherical;
Average particle size: 165
nm; Zeta potential:
—29.19 mV; Engineered
modified RELNs:
Morphology: /; Average
particle size: /; Zeta
potential: /;

Good biocompatibility;
pH-dependent release;
Colonic biologically
dependent release;
Preferential uptake by

macrophages;

Regulates macrophage
polarization, inhibits M|
polarization, increases
M2 polarization; Anti-
oxidative stress; Repairs
intestinal mucosal

barrier;

RAW264.7

cells; 3% (WIV)
DSS-induced in
female C57BL/

6 mice;

(Continued)
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Table 3 (Continued).

from Ginger-derived
Exosome-like
Nanovesicles (GELNs),
wrapping siRNA-CD98

exosome-like
morphology; Average
particle size: 232.7 nm;
Zeta potential: /;
Engineered modified

colon targeting;
preferential uptake by
intestinal epithelial cells
and macrophages; active

targeting of CD98;

CD98 expression;

Source Engineered Characterization Biological Properties | Mechanisms Models
Modifications
Ginger®® Extraction of total lipids | GELNs: Morphology: Good biocompatibility; Targeting to reduce Raw264.7 cells;

colon-26 cells;
female FVB

mice;

GELNSs: Morphology:
spherical; Average
particle size: 189.5 nm;
Zeta potential: —18.4 mV;

Abbreviations: UC, ulcerative colitis; PELNs, plant-derived exosome-like nanovesicles; IBD, inflammatory bowel disease; CD, crohn’s disease; OCDDS, oral colon-specific
drug delivery systems; IOIBD, the International organisation for the study of inflammatory bowel diseases; SCFA, short-chain fatty acids; MUC, mucoprotein; M cells,
microfold cells; GALT, gut-associated lymphoid tissues; ZOs, zonula occludens; JAMs, junctional adhesion molecules; EVs, extracellular vesicles; ISEV, the international society
for extracellular vesicles; PEVs, plant extracellular vesicles; TEM, transmission electron microscopy; MEVs, mammalian cell-derived extracellular vesicles; PDVs, plant-derived
vesicles; PC, phosphatidylcholine; PA, phosphatidic acid; PE, phosphatidylethanolamine; Pl, phosphatidylinositol; PG, phosphatidylglycerol.

Summary, Prospects and Challenges

In this study, we systematically discussed the special gastrointestinal environment of UC patients and its impact on oral
drugs, which significantly reduces the stability, targeting, and efficacy of oral drugs through multiple mechanisms such as
shortened drug residence time, extreme pH, enzymatic action, intestinal mucosal barrier, and charge interactions. The
UC-associated pathological alterations, such as changes in the charge of the intestinal mucus layer and disruption of the
intestinal mucosal barrier, also provide potential opportunities for oral drug delivery, which require precise design to
overcome the barriers and optimize the delivery strategies using pathological features. In this study, we also traced the
research pathway of PELNs and summarized their unique natural advantages and potential for engineering modification.
PELNSs achieve therapeutic effects through their core components of proteins, RNAs, lipids, and plant-active molecules,
and good safety, stability, barrier penetration, biocompatibility, and natural targeting for oral drug delivery through their
unique structural properties, such as small particle sizes, negative charge, and hydrophilic surfaces. The engineering
potential of PELNs can enhance the targeting of specific cells through surface modification technology, while drug
loading technology can efficiently encapsulate chemotherapeutic drugs, anti-inflammatory drugs, nucleic acids and
proteins to reduce toxicity and increase efficacy.

Compared to traditional nanocarriers, PELNs exhibit highly prominent multidimensional therapeutic effects, whereas
traditional nanocarriers generally lack direct therapeutic effects or possess only a single therapeutic mechanism. Based on
structural differences, traditional nanocarriers can be categorized into inorganic and organic types. The former includes non-
metals and metals, while the latter includes liposomes, polymers, and polysaccharides.®® Liposomes® and polymers®® merely
serve protective and drug delivery functions, with the carriers themselves lacking direct therapeutic effects. Non-metallic
materials may exhibit single therapeutic effects, such as mesoporous silica with antioxidant stress effects;®’ metal-based
nanocarriers are believed to possess diverse therapeutic mechanisms, such as gold nanoclusters exhibiting antioxidant stress
effects and regulating macrophage polarization.®® Polysaccharides, which are also naturally sourced like PELNs, exhibit even
richer therapeutic effects. Direct therapeutic mechanisms include anti-inflammatory,* antioxidant stress,”® and gut microbiota
remodeling,”’ while indirect mechanisms include the conversion of polysaccharides into beneficial short-chain fatty acids via
enzymatic degradation.”” The therapeutic mechanisms of PELNs from different plant sources encompass multiple pathways,
including regulating gut microbiota balance, repairing the mucosal barrier, inhibiting oxidative stress, and reshaping the
immune microenvironment. Additionally, PELNs benefit from their unique physicochemical properties and structural
characteristics, such as small particle size, negative charge, and hydrophilic surface, which confer advantages for oral drug
delivery, including good safety, stability, barrier penetration, biocompatibility, and natural targeting. PELNs may provide an
efficient delivery platform for UC treatment and open new avenues for the development of natural medicines.
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Current research has confirmed that PELNs demonstrate significant therapeutic efficacy in UC animal models by
leveraging their unique natural advantages and potential for engineering modifications. However, the research and clinical
translation of PELNSs still face numerous challenges and limitations, such as the lack of unified standards for the production
and characterization of PELNSs, the instability of PELNs in vitro, which makes it difficult to store and transport them
efficiently, the lack of long-term clinical trials to prove the safety of PELNs, and the need for further engineering
modifications to achieve multi-modal combination therapy with PELNs and other drugs to enhance efficacy. Future research
strategies can be developed from the following aspects: () Standardized production: Different cultivation methods,
extraction sites, and extraction methods of the same plant can all affect its material composition. Establishing large-scale
production and quality control standards for PELNs to ensure batch-to-batch stability and consistency is extremely important
for the widespread research and application of PELNs. (2) Enhanced stability: Current views suggest that PELNs are highly
fragile in vitro and require storage under stringent conditions, such as —20°C, and should avoid repeated freeze-thaw cycles.
Their fragile in vitro stability hinders the large-scale application of PELNs. Exploring storage and transportation conditions
for PELNSs, identifying suitable PELNs protectants, and achieving efficient storage and transportation of PELNs are critical
for their clinical translation; (3) Systematic characterization: Characterization standards for PELNs have not yet been
established, and many issues remain unresolved. For example, whether Dynamic Light Scattering (DLS) or Nanoparticle
Tracking Analysis (NTA) is more suitable for measuring PELN particle size, whether PELNs from different plant parts
require separate characterization, and whether PELNs from the same plant grown under different cultivation methods require
separate characterization all require standardized discussion; (4) Advantages mechanism research: The therapeutic mechan-
isms of PELNs vary depending on the source plant and are not the focus of this study. However, their natural advantages,
such as safety, stability, barrier penetration, biocompatibility, and natural targeting, are common to all. By deeply under-
standing the mechanisms underlying these natural advantages, humanity may gain new insights into drug delivery research;
(®Engineering modifications: PELNs are an excellent carrier. Exploring the potential for engineering modifications of
PELN:Ss, including surface-modified active targeting capabilities and the possibility of combining them with other drugs
through loading, may enhance targeting and combination therapy, overcoming the limitations of single therapies and
achieving reduced toxicity and enhanced efficacy; (6) Safety assessment: Although PELNs are considered free of zoonotic
or human pathogens due to their natural plant origin and have demonstrated good biocompatibility and safety in animal and
cell experiments, given that PELNs are complex substances containing proteins, RNA, lipids, and plant bioactive molecules,
their long-term safety after metabolism in the human body still requires further verification; (7) Clinical trials: Given the
excellent performance of PELNs as novel therapeutic agents and carriers, as well as the promising efficacy demonstrated in
various studies, researchers are highly anticipating the clinical application of PELNs. However, since research on PELNSs is
still in its early stages, quality control and characterization standards for PELNs have not yet been standardized, and safety
assessments remain incomplete. Therefore, clinical trials of PELNs are still in the early stages and progressing slowly, with
only four types of PELNs derived from lemon, ginger, aloe vera, and grape registered for clinical trials. The effect of lemon-
derived PELNs on cardiovascular metabolic risk factors in patients with metabolic syndrome (NCT04698447); The ability of
ginger and aloe vera-derived PELNS to alleviate insulin resistance and chronic inflammation in patients with polycystic ovary
syndrome (PCOS) (NCT03493984); The ability of PELNs to deliver curcumin to normal and malignant colon tissue
(NCTO01294072) A preliminary clinical trial investigating whether ginger-derived PELNs, with or without curcumin, can
alleviate symptoms of inflammatory bowel disease (IBD) (NCT04879810) Exploring the efficacy of grape-derived PELNs in
alleviating oral mucositis in head and neck cancer patients following combined chemotherapy and radiotherapy
(NCT01668849). Before advancing PELNs into large-scale clinical trials, we should first establish foundational work in
this field, such as standardizing quality control and characterization protocols, and conducting comprehensive long-term
safety assessments of PELNS.

The authors do not wish to compare PELNs with existing drug delivery methods; rather, this study tends to describe
the potential that PELNs hold: i) PELNs represent a drug delivery method with high bioavailability; ii) PELNs are free of
possible side effects at the organ and tissue level throughout the systemic range; iii) PELNs may contain highly effective
therapeutic substances unknown to humans; iv) The natural advantages of PELNs may serve as a model for human
beings to learn from nature, and by understanding their mechanisms in depth, and then replicating and enhancing them
using existing technologies, human beings may construct even better drugs.
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