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Inflammatory bowel disease (IBD), encompassing Crohn's disease and ulcerative colitis, is a chronic
autoimmune disorder characterized by inflammation. However, currently available disease-modifying
anti-IBD drugs exhibit limited efficacy in IBD therapy. Furthermore, existing therapeutic approaches
provide only partial relief from IBD symptoms and are associated with certain side effects. In recent
years, a novel category of nanoscale membrane vesicles, known as plant-derived exosome-like
nanoparticles (PDENSs), has been identified in edible plants. These PDENs are abundant in bioactive lipids,
proteins, microRNAs, Notably, PDENs possess
immunomodulatory, antitumor, regenerative, and anti-inflammatory properties, making them particularly
promising for the treatment of intestinal diseases. Moreover, PDENs can be engineered as targeted

and other pharmacologically active compounds.

delivery systems for the efficient transport of chemical or nucleic acid drugs to the site of intestinal

inflammation. In the present study, we provided an overview of PDENs, including their biogenesis,
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Accepted 21st June 2023 extraction, purification, and construction strategies, and elucidated their physiological functions and

therapeutic effects on IBD. Additionally, we summarized the applications and potential of PDENs in IBD
treatment while highlighting the future directions and challenges in the field of emerging
nanotherapeutics for IBD therapy.
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1. Introduction

Inflammatory bowel disease (IBD) is a chronic and recurrent
disorder affecting the gastrointestinal (GI) tract. It encompasses
two main types: ulcerative colitis (UC) and Crohn's disease
(CD).** UC is characterized by continuous inflammation of the
mucosa and submucosa of the colon, primarily affecting the
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distal bowel and rectum, while CD can affect any part of the
digestive tract.’ Symptoms of IBD typically include abdominal
pain, bloody stool, and bowel obstruction, leading to a dimin-
ished quality of life.*” While the prevalence of IBD remains
highest in Europe and the United States, there has been a sharp
increase in its incidence in Asia and Latin America.* The exact
etiology and pathogenesis of IBD are not fully understood,
although current evidence suggests a combination of genetic
and environmental factors."®

Current treatment strategies for IBD mainly consist of
untargeted therapies, such as aminosalicylates, glucocorticoids,
and immunomodulators, as well as targeted biologic therapies,
including antitumor necrosis factor-alpha (TNF-o) agents (such
as infliximab, adalimumab, certolizumab, and golimumab),
anti-integrin agents (vedolizumab and natalizumab), anti-
interleukin (IL)-12/IL-23 agents (such as ustekinumab), and
selective Janus kinase (JAK) inhibitors (such as tofacitinib).®
Despite the availability of a wide range of medications, it is
important to acknowledge that there are still significant rates of
primary non-response and loss of response in the treatment of
IBD.” Moreover, these medications are associated with adverse
events, including opportunistic infections, cancers, and heart
failure, which can compromise their therapeutic benefits.”
Consequently, there is an urgent need for novel alternative
treatment options to be explored.
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Recently, there has been increasing interest in edible plant-
derived exosome-like nanoparticles (PDENSs) released by plant
cells. PDENs possess certain advantages over animal cell-
derived exosomal nanoparticles, such as improved oral
bioavailability and resistance to degradation in acidic condi-
tions.? Unlike animal cell-derived exosomes, PDENs can be
administered orally, making them more accessible for thera-
peutic purposes. PDENs contain various bioactive molecules
that play a crucial role in plant cell-cell communication and
inter-kingdom signaling.” Moreover, emerging evidence
suggests that PDENs exhibit significant therapeutic potential,
including anti-cancer effects, anti-inflammatory responses, and
modulation of intestinal dysbiosis.'* Consequently, PDENs have
garnered global attention for their potential application in IBD
treatment."*> Notably, PDENs possess several advantageous
characteristics, such as non-toxicity, low immunogenicity, and
excellent biocompatibility."**>

Numerous studies have reported the oral administration of
PDENSs derived from various sources, such as tea leaves, grapes,
and broccoli, demonstrating their ability to alleviate intestinal
inflammation and maintain intestinal immune homeostasis in
IBD therapy.'*® Furthermore, PDENs have gained considerable
attention as oral colon-targeted drug delivery systems (DDSs) for
IBD treatment.”'® Encapsulating anti-inflammatory agents
within PDENs has been shown to restore disrupted intestinal
barriers and alleviate experimental mouse colitis."*?* As
a result, PDENs not only enhance therapeutic efficacy but also
minimize systemic complications associated with IBD therapy.

This review aimed to provide an overview of PDENs by dis-
cussing their biogenesis, characteristics, and biological
composition. Additionally, we explored the potential clinical
applications of PDENs in IBD treatment, highlighting their
therapeutic advantages and challenges. Furthermore, we
examined the utility of PDENs as colon-targeted DDSs for IBD
therapy. Finally, we addressed current limitations and research
gaps in the field and presented our perspectives on future
directions.

2. Biogenesis and character of PDENSs

The existence of PDENs was first observed in carrot cells using
electron microscopy as early as the 1960s.>> While numerous
studies have successfully isolated and identified PDENS, the
precise mechanisms underlying their biogenesis remain
elusive.” There are three proposed pathways involved in PDEN
release, namely the multivesicular body (MVB) pathway,
exocyst-positive organelle (EXPO) pathway, and vacuolar
pathway (Fig. 1).**** Among these pathways, the MVB pathway
appears to play a crucial role in PDEN formation. In brief, the
plasma membrane undergoes inward sprouting, leading to the
formation of an early-sorting endosome, which subsequently
matures into a late-sorting endosome. The late-sorting endo-
some then communicates with the trans-Golgi network and
develops into MVBs. Eventually, the MVBs merge with the
plasma membrane, facilitating the release of PDENs into the
extracellular space.” In plant cells, the EXPO pathway involves
the presence of spherical double-membrane structures that
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expel PDENSs into the extracellular space through fusion with
the plasma membrane.>® On the other hand, vacuoles contain
hydrolytic enzymes and defense proteins, which can fuse with
the plasma membrane and release defensive substances into
the extracellular space in response to bacterial pathogen
infection.”” Additionally, the endosomal sorting complex
required for transport (ESCRT), which binds and sequesters
ubiquitinated proteins, is believed to be involved in the matu-
ration process of PDENs.”®

PDENSs exhibit a diverse range of average particle sizes,
ranging from 30 nm to nearly 400 nm. They also display various
morphologies, such as spherical, oval, and cup-shaped struc-
tures. These specific characteristics of PDENs are dependent on
the source of the nanoparticles and the methods used for their
extraction.””*® The surface marker proteins that identify PDENs
should possess conserved structural attributes inherent to
different plant species.** Based on current literature, potential
candidate surface marker proteins of PDENs may include the
syntaxin PEN1 and the tetraspanin-8 (TETS8).*> PEN1 has been
consistently found to be enriched in PDENs and has been
confirmed through western blotting analysis.*® TETS,
a mammalian homolog of the exosome surface membrane
protein CD63, is widely expressed in PDENs.>® Other marker
proteins, such as the ABC transporter protein PEN3, heat shock
proteins (HSP70 and HSP90), and pattelin-1 and -2 (PATL-1 and
PATL-2), require further investigation to ascertain their role in
identifying PDENs.*"*> However, to the best of our knowledge,
specific target surface markers for PDENs have not yet been
extensively studied.

PDENSs exhibit enrichment of specific lipids in their exoso-
mal membranes, including phosphatidic acid (PA), phosphati-
dylcholines (PC), digalactosyldiacylglycerol (DGDG), and
monogalactosyldiacylglycerol (MGDG).** To evaluate the char-
acteristics of PDENs, various ultrasensitive microscopic
methods, such as transmission electron microscopy (TEM),
scanning electron microscopy (SEM), and atomic force
microscopy (AFM), can be employed to capture ultrastructural
information. Dynamic light scattering (DLS) is used to analyze
the size and surface potential of PDENs.***¢® With the advance-
ments in nanotechnology, it has become possible to isolate,
identify, and characterize PDENs with satisfactory quantity and
purity. However, the ultrastructural properties of PDENs are still
largely unknown.*”

3. Biological composition and
function of PDENSs

PDENSs contain multiple cargoes, including lipids, proteins, and
nucleic acids, which play crucial roles in plant cell crosstalk and
inter-kingdom communication (Fig. 1).

Lipids are fundamental components of the lipid bilayer
structure of PDENs. Lipid profiling of PDENs has identified
three distinct groups of lipids: PA, PC, and phosphatidyletha-
nolamine (PE).'***3® PA serves as an important lipid messenger
in intercellular communication and is involved in several
processes, such as mitogenesis, membrane fusion, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Biogenesis, secretion and composition of PDENs. The pathways for the biosynthesis of plant EVs can be through (a) multivesicular body
(MVB) endosome pathway; (b) exocyst-positive organelle (EXPO) pathway; (c) vacuolar pathway. PDENs are membrane-bound phospholipid
nanovesicles that packed with mRNA, miRNA, and various defense proteins and membrane proteins. TGN, trans golgi network; MVB, multi-

vesicular bodies; PDENSs, plant-derived exosome-like nanoparticles.

fission.'®*® In addition, PA plays a critical role in mammalian
cell growth and proliferation by modulating the mammalian
target of rapamycin (mTOR) and mitogen-activated protein
kinase (MAPK) pathways.* PC is known to participate in various
life activities of organisms through membrane-mediated cell
signaling.*®** Both PC and PE exhibit antioxidant, anti-
inflammatory, and anti-colitis activities.*>** Moreover, these
lipids also play a significant role in the uptake by gut micro-
biota, modification of gut microbiota composition and locali-
zation, and maintenance of gut microbiota homeostasis.*
Proteins play a crucial role in the function of PDENs.*
PDENs exhibit a specific protein profile that varies among
different plant sources, resulting in a highly diverse range of
proteins.> Therefore, analyzing the proteomic profile of PDENSs
is an effective approach to confirm their presence and evaluate
their potential functions. Various proteins have been identified
in PDENSs, including actin, proteolytic enzymes, aquaporins,
chloride channels, and heat shock proteins, which can be
broadly categorized into transmembrane proteins and other
plasmalemma-associated proteins.*>*® PDENs utilize these
proteins to carry out diverse cellular functions and facilitate
intercellular communication by transferring their cargo to

© 2023 The Author(s). Published by the Royal Society of Chemistry

recipient cells, resulting in antioxidant stress reduction and
anti-inflammatory activation.?»*”*®* However, further research is
needed to comprehensively identify the wide range of PDEN
proteins involved in their biological and pharmacological
activities.

PDENSs contain a diverse array of nucleic acids, including
mRNA, non-coding RNA (ncRNA), microRNA (miRNA), and
small RNA (sRNA), which contribute to their role in inter-
kingdom communication.*”** ncRNA and mRNA found in
PDENSs have the ability to regulate RNA and protein levels in
recipient cells, thereby influencing cellular processes.*® More-
over, miRNAs, a specific type of small ncRNA, play a crucial role
in the post-transcriptional regulation of protein levels in
recipient cells and are involved in various physiological and
pathological processes, including cell proliferation, metabo-
lism, and immune responses.*>** Furthermore, miRNAs have
the potential to regulate the expression of inflammatory cyto-
kines, suggesting their involvement in modulating inflamma-
tory responses.”” Moreover, mRNAs and sRNAs present in
PDENSs have been shown to modulate gut microbiota compo-
sition and alleviate colitis.>* However, the precise functions and
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underlying mechanisms of nucleic acids in PDENs remain
largely unknown and require further investigation.

4. |solation of PDENSs

The isolation of PDENs relies primarily on a combination of
differential centrifugation and density gradient techniques
(Fig. 2). PDENS can be extracted from various plant parts, such
as fruits, roots, stems, leaves, and seeds. The plant matrices are
typically homogenized using a high-speed grinder, followed by
the extraction of juice using a mixer and straining the juice
through a colander.***** The obtained juice is then subjected to
a series of centrifugation steps for isolation." Initially, a low-
speed centrifugation step (500-3000 g for 10-15 minutes) is
employed to remove plant fibers and large particles. Subse-
quently, a medium-speed centrifugation step (3000-10,000 g for
20-40 minutes) is utilized to eliminate large debris and intact
organelles. Finally, a high-speed centrifugation step (10 000-
150 000 g for 1.5-2 hours) is performed to pellet the PDENS.
However, it is important to note that the isolated PDEN pellet
often contains contaminants, such as other vesicles, proteins,
and nucleic acid aggregates. Therefore, a subsequent purifica-
tion step using sucrose density gradient ultracentrifugation is
employed to enhance the purity of PDENs, albeit with
a compromise in yield.>**>*

In addition to differential centrifugation and density
gradient techniques, there are other methods used for the
isolation of PDENs. One such method is precipitation-based
isolation, where polyethylene glycol (PEG) is commonly
employed to decrease the solubility of PDENS, resulting in their

View Article Online
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precipitation. This method is favored for its simplicity and high
production yield.*” Co-precipitation methods using positively-
charged molecules or negatively-charged free proteins have
also been utilized to extract PDENs.*® However, these co-
precipitation methods generally suffer from low purity and
high cost, limiting their widespread use. Ultrafiltration, which
employs a polymeric membrane to separate molecules based on
their size, is another effective method for PDEN isolation.
There are two main approaches: direct flow filtration (DFF) and
tangential flow filtration (TFF). However, ultrafiltration is more
commonly used for the isolation of animal-derived exosomes
and is not extensively applied for PDENs due to cost consider-
ations and lower purification efficiency.** Immunoaffinity
enrichment, based on the binding of specific antibodies to
antigens present on extracellular vesicles (EVs), can also be
employed to isolate PDENs.® This method offers advantages
such as rapid isolation, simplicity, and high specificity.
However, its application for PDEN extraction is limited by the
current understanding of their membrane compositions.** It is
important to note that the yield of PDENs obtained can vary
depending on the source material and the specific isolation
method used. Additionally, the lack of a “gold standard” for the
purity and uniformity of PDENs hinders their clinical
applications.

5. Therapeutic effects of PDENs on
IBD

Recent studies have provided compelling evidence that PDENs
can be regarded as potent oral therapeutics for treating
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Fig. 2 Graphical representation of the isolation and purification of PDENs. The basic procedure for PDENSs isolation is based on differential
ultracentrifugation, followed by an additional step of sucrose gradient purification to obtain PDENSs.
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Table 1 PDENS for IBD therapy®
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Loaded drug or

Sources contain Study model Function Ref.
Grape NA Macrophages, DSS-induced Promote HO-1 and IL-10 expression in colonic 19 and 54
mouse colitis macrophage; protect mouse from DSS-induced
colitis
Grapefruit Methotrexate DSS-induced mouse colitis Immunomodulators and maintain intestinal 66
(MTX) macrophage homeostasis; ameliorate DSS-induced
mouse colitis
Ginger Mdo-miR7267- DSS-induced mouse colitis Preferentially uptake by Lactobacillaceae attenuates 38
3p mouse colitis via IL-22-dependent mechanisms
Ginger siRNA-CD98 RAW 264.7 cells, Colon-26 cells, Ameliorate DSS-induced mouse model of colitis 21
Mouse colon and colitis-associated cancer
Ginger 6-Shogaol DSS-induced mouse colitis model ~ Targets colitis tissue, relieves symptoms of colitis, 75
and promotes wound repair in colitis
Ginger NA Mouse colitis models Increases IEC activity, inhibits pro-inflammatory 63
cytokines and increases anti-inflammatory
cytokines
Broccoli Sulforaphane DSS-induced mouse acute colitis Protects intestinal inflammation 14
model, Rag1l~/~ mice (T cell
dependent)
Citrus sinensis NA Human colonic epithelial cell line =~ Maintain intestinal epithelium 15
Mulberry bark NA DSS-induced colitis Activates heat shock protein family A (Hsp70) 62
member 8 (HSPAS) mediated AhR signaling
pathway and prevents DSS-induced colitis
Tea leaves NA DSS-induced colitis Uptake by macrophages; restores the colonic 20

barrier function barrier function, boosts gut
microbial populations, thereby alleviating
inflammatory bowel disease

% HO-1, heme oxygenase-1; DSS, dextran sulphate sodium; MPO, myeloperoxidase; IEC intestinal epithelial cell.

IBD.*'*%*% Notably, PDENs exhibit unique properties and bio-
logical functions that make them highly suitable for IBD treat-
ment. The lipid bilayer structures of PDENSs, for instance, play
a crucial role in their resistance to degradation in the GI tract
and contribute to their intrinsic anti-inflammatory effects.****
Furthermore, PDENs derived from edible plants represent
a particularly promising approach due to their non-toxicity,
non-immunogenicity, wide availability, biocompatibility, and
biodegradability.”** In light of these factors, we presented
a comprehensive overview of the emerging applications of
PDENS in IBD therapy, as outlined in Table 1 and illustrated in
Fig. 3.

5.1. Grape-derived exosome-like nanoparticles (GDENS)

GDENs have been shown to contain a rich array of proteins,
including heat shock protein 70 (HSP70), aquaporin, and lipids
with inherent anti-inflammatory properties.” Remarkably,
GDENSs possess the ability to penetrate the intestinal mucus
barrier and be internalized by mouse intestinal stem cells,
thereby stimulating intestinal stem cell proliferation and facil-
itating the self-renewal of the intestinal epithelium through
activation of the Wnt/B-catenin signaling pathway." Further-
more, GDENs have been demonstrated to significantly enhance
the proliferation of intestinal stem cells and effectively promote
the regeneration of the mucosal epithelium, leading to the
prevention of dextran sulfate sodium (DSS)-induced colitis in

© 2023 The Author(s). Published by the Royal Society of Chemistry

mice and rapid restoration of the intestinal architecture along
the entire length of the intestine." Additionally, oral adminis-
tration of GDENs has been found to withstand the harsh
conditions of the GI tract, reach the intestinal crypts, and
penetrate the epithelial mucosa.** Subsequently, GDENs are
taken up by intestinal stem cells, promoting their proliferation
and offering promising therapeutic potential in the treatment
of IBD.”*

5.2. Grapefruit-derived exosome-like nanoparticles
(GFDENS)

Grapefruit is a highly nutritious fruit that contains a wide range
of beneficial nutrients and phytochemicals, making it a valu-
able addition to a healthy diet. Studies have shown that GFDENs
have the ability to promote the nuclear translocation of nuclear
factor (erythroid-derived 2)like 2 (Nrf2) and induce the
expression of heme oxygenase-1 (HO-1) and IL-10 in RAW 264.7
macrophages and mice with experimental colitis.®* Further-
more, Wang et al. have discovered that orally administered
GFDENS, loaded with the medication methotrexate (MTX), can
be specifically taken up by intestinal macrophages. This uptake
leads to the upregulation of HO-1 levels and inhibition of the
expression of IL-1 and TNF-a in intestinal macrophages.®® As
aresult, GFDENs loaded with MTX exhibit significant efficacy in
attenuating DSS-induced colitis in mice.®

Nanoscale Adv., 2023, 5, 3575-3588 | 3579
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Fig. 3 Schematic representation of mechanism of PDENSs that protects against colitis. AMP, anti-microbial peptides.

5.3. Ginger-derived exosome-like nanoparticles (GELNs)

Ginger, a commonly used traditional Chinese ingredient, has
been the subject of increasing research due to its anti-
inflammatory effects and its potential to regulate intestinal
microbiota.®”* GELNs are composed of various lipids, a small
number of proteins, miRNAs, and abundant bioactive constit-
uents, such as 6-gingerol and 6-shogaol.®*”* In models of DSS-
induced colitis, orally administered GELNs are primarily
taken up by intestinal epithelial cells (IECs) and macrophages.
This uptake not only promotes the survival and proliferation of
IECs but also inhibits the expression of pro-inflammatory
cytokines (TNF-o, IL-6, and IL-1B) while increasing the levels
of anti-inflammatory cytokines (IL-10 and IL-22).°* As a result,
GELNs have emerged as promising candidate for ameliorating
colitis and promoting healing. Additionally, GELNs have shown
preferential uptake by Lactobacillaceae and target specific
genes of Lactobacillus rhamnosus (LGG), which contributes to
the alteration of gut microbiota composition and induces the
expression of IL-22, thereby restoring intestinal barrier function
and attenuating colitis.*® Furthermore, Zhou et al. have
demonstrated that ginger extract can suppress the expression of

3580 | Nanoscale Adv,, 2023, 5, 3575-3588

pro-inflammatory cytokines, such as TNF-o, IL-18, and IL-6,
while increasing the level of the anti-inflammatory factor IL-
10.7 Ginger extract has also been shown to modulate dysbiosis
in the intestinal microbiota, improve intestinal barrier func-
tion, and inhibit the inflammatory response in DSS-induced
mouse colitis.”

5.4. Tea leaf-derived exosome-like nanoparticles (TLDENSs)

Tea, a widely consumed beverage worldwide, is known for its
content of polyphenols, flavones, lipids, and polysaccharides,
which provide various benefits, such as antioxidant, antitumor,
and hypolipidemic properties.””” Numerous studies have
demonstrated that extracts from tea leaves exhibit anti-
inflammatory effects, help maintain gut microbiota balance
during colitis, and offer protection against colitis-associated
colon cancer (CAC) by reducing inflammation.”* TLDENs are
rich in lipids, functional proteins, and small bioactive mole-
cules.* In the context of mouse colitis, orally administered
TLDENs are selectively internalized by macrophages. This
internalization leads to a reduction in reactive oxygen species
(ROS) production, inhibition of pro-inflammatory cytokines,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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such as TNF-a, IL-6, and IL-12, and an increase in the secretion
of the anti-inflammatory cytokine IL-10 by macrophages.”®
Furthermore, oral administration of TLDENs effectively
suppresses inflammatory bowel responses, restores disrupted
colonic barriers, and promotes diversity and overall abundance
of the gut microbiota in mouse colitis.*

5.5. Broccoli-derived exosome-like nanoparticles (BDENS)

Adenosine monophosphate-activated protein kinase (AMPK) is
a vital enzyme and signaling pathway that plays a crucial role in
regulating immune homeostatic networks.® It is widely
expressed in various immune cell types, including colonic
macrophages and dendritic cells (DCs), and is involved in the
modulation of cytokine production, apoptosis, and prolifera-
tion, thereby contributing to the pathogenesis of IBD.**®*
Studies have shown that BDENs can inhibit the expression of
pro-inflammatory cytokines, such as TNF-a, IL-17A, and INF-v,
in experimental mouse colitis.** Additionally, BDENs are
involved in the prevention of DC activation and induction of
tolerant DCs by activating AMPK in mouse colitis.* Therefore,
BDENs play a critical role in maintaining intestinal immune
homeostasis and protecting against mouse colitis.**

5.6. Mulberry bark-derived exosome-like nanoparticles
(MBDENS)

Mulberry, a deciduous plant, serves various beneficial purposes,
such as fruit production and leaf cultivation for silkworm
feeding. It also holds significant importance in clinical thera-
peutic applications.®*** In the context of IBD, MBDENs have
been shown to exert protective effects against DSS-induced
mouse colitis. They achieve this by promoting the expression
of heat shock protein family A (HSP70) and activating the aryl
hydrocarbon receptor (AhR) and constitutive photomorpho-
genic homolog subunit 8 (COPS8) signaling pathway. As
a result, MBDENSs help prevent weight loss, colon shortening,
and inflammation associated with colitis in mice.*

5.7. Turmeric-derived exosome-like nanoparticles (TDENSs)

Turmeric, a perennial plant belonging to the ginger family
(Curcuma longa), has a long-standing history in traditional
Chinese medicine and is known for its various beneficial
properties, including hypolipidemic, antineoplastic, and anti-
inflammatory effects.®®*° Studies conducted by Liu C. et al
have shown that TDENs contain abundant lipids and proteins,
which contribute to their remarkable anti-inflammatory and
antioxidant properties.”® In experimental mouse colitis, oral
administration of TDENs has been found to suppress the
expression of pro-inflammatory cytokines, such as TNF-a, IL-6,
and IL-1B, while promoting the levels of antioxidant genes,
particularly HO-1.** Importantly, TDENs have demonstrated the
ability to effectively alleviate experimental mouse colitis and
significantly expedite the resolution of colitis symptoms.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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5.8. Carrot-derived exosome-like nanoparticles (CDENS)

The carrot is considered one of the 10 most economically
significant vegetable crops globally. Additionally, CDENs have
shown an enhanced capacity to promote the nuclear trans-
location of nuclear factor erythroid-2 related factor 2 (Nrf2) and
induce the expression of IL-10 in RAW 264.7 macrophages.®

6. PDENSs as a delivery platform in IBD
treatment

PDENs have demonstrated the ability to facilitate inter-
kingdom communication by delivering payloads to other
species.” Consequently, PDENs have emerged as a promising
platform for drug delivery due to their numerous advantageous
properties, including non-toxicity, low immunogenicity, and
excellent biocompatibility.>#*>?*°* Furthermore, oral adminis-
tration of PDENs has proven to withstand the harsh environ-
ment of the GI tract and effectively target specific inflammatory
sites in the colon for the treatment of IBD.*® Consequently, there
has been a growing body of research focused on utilizing PDENs
as DDSs in the treatment of IBD.?"*® Thus, in this section, we
aimed to illuminate the application of PDEN-based nanoplat-
forms for colon-targeted DDSs in the treatment of IBD, as
summarized in Table 1.

6.1. GFDEN platform

In a study conducted by Wang et al., it has been discovered that
oral administration of GFDENs encapsulating the anti-
inflammatory drug MTX can selectively target lamina propria
macrophages. This targeted approach results in a significant
decrease in the levels of pro-inflammatory cytokines, such as
TNF-o. and IL-1f. Furthermore, in a DSS-induced mouse model
of colitis, GFDENs encapsulating MTX exhibit a dramatic ability
to prevent body weight loss and colon length shortening when
compared to the administration of MTX alone.®® Moreover, the
delivery of MTX through GFDENs demonstrates a substantial
reduction in MTX toxicity compared to free MTX, thereby
significantly enhancing its therapeutic effects.®

6.2. Ginger-derived exosome-like nanoparticles (GELNs)
platform

It has been reported that elevated colonic expression of CD98
plays a crucial role in the development of colitis and colitis-
associated cancer.”**® Consequently, reducing the colonic
levels of CD98 has been shown to mitigate colitis and its asso-
ciated cancer. In a study by Zhang et al., si-CD98-loaded GELNs
exhibit specific uptake by RAW 264.7 and colon-26 cells, effec-
tively leading to a decrease in CD98 expression in vitro.** Addi-
tionally, in a mouse model of UC, oral administration of si-
CD98-loaded GELNSs labeled with a near-infrared fluorescent
dye successfully targets colonic inflammatory sites, resulting in
areduction of CD98 expression and improvement in the colonic
inflammatory response.*
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6.3. Broccoli-derived exosome-like nanoparticles (BDENS)
platform

Edible cruciferous vegetables contain abundant amounts of
sulforaphane (SF), which offers several advantages, such as the
suppression of cytochrome P450 enzymes, induction of
apoptotic pathways, inhibition of cell cycle progression, and
anti-inflammatory activity.”*®® Studies have reported that SF-
loaded BDENSs can specifically target colonic DCs and alleviate
symptoms of experimental mouse colitis." This therapeutic
effect is attributed to the induction of colonic tolerant DCs,
inhibition of pro-inflammatory cytokines, and maintenance of
intestinal immune homeostasis.**

7. Discussion and perspectives

In this review, we provided a comprehensive discussion of the
biogenesis and characteristics of PDENs. We also summarized
the composition and functions of PDENSs, highlighting their
potential as therapeutic agents. Additionally, we briefly intro-
duced the isolation methods for PDENs. Importantly, we
reviewed published research studies that demonstrate the
protective effects of various PDENSs in the treatment of IBD.
Furthermore, we highlighted the potential of PDENs as oral
colon-targeted DDSs, enabling the specific delivery of drug
molecules to the inflamed sites in IBD treatment. Overall,
PDENs possess several advantages, including non-toxicity, low
immunogenicity, excellent biocompatibility, high efficacy, and
limited systemic complications, making them promising
candidates for the next generation of therapeutics in IBD
treatment.

Mahmood B. et al. have examined the use of various engi-
neered nanoparticles, such as gold nanoparticles (Au nano-
particles), graphene, quantum dots, inorganic nanoparticles,
and PDENSs, in the detection, imaging, and treatment of IBD.*®
They have briefly summarized that PDENs exhibit broad bio-
logical functions and therapeutic potential for IBD. In our
present review, we provided a comprehensive overview of the
biogenesis, isolation, composition, characteristics, and func-
tions of PDENs. We thoroughly classified the diverse types of
PDENs and extensively discussed their role as oral weapons and
DDSs in the treatment of IBD.

Another review by Hua S. et al. has focused on the diverse
physiological changes and variability within the GI tract,
including transit time, microbial considerations, colonic pH,
intestinal volume, and mucosal integrity.'® These factors are
particularly relevant to the biodistribution, accumulation, and
efficacy of traditional IBD treatments. Importantly, they have
further discussed the use of nanotechnology as a DDS, which
has been developed and designed to overcome the aforemen-
tioned physiological changes and enhance therapeutic
outcomes in IBD.'® Furthermore, in the treatment of IBD, the
pharmaceutical routes for targeted drug delivery to the desired
colon have been characterized for available nanotechnology
drug vehicles. Several parameters, such as size, surface charge,
poly (ethylene glycol) coating, and pH-dependent nano-delivery
systems, play significant roles in achieving targeted drug
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delivery.'” Consequently, it is crucial to acknowledge and
address these challenges when applying PDENSs in the admin-
istration of IBD. Therefore, further attention and research
should be devoted to this area in the future.

In a review by Shah B. M. et al., they have explored bio-
macromolecules derived from various sources, such as plants,
animals, bacteria, fungi, or algae. Specifically, they have high-
lighted the protective effects of nanohybrid vehicles composed
of a combination of proteins and polysaccharides for loaded
bioactive compounds.’** Furthermore, they have discussed the
numerous advantages of nanohybrids, including their safety,
biodegradability, and biocompatibility, which make them
highly appealing for colon-targeted DDSs in the treatment of
IBD.™ In our comprehensive review, we primarily focused on
PDENS as promising therapeutic strategies and drug carriers for
IBD.

Another review has summarized that nanoparticles can be
generated from natural or synthetic polymers during the
development of nanotechnology.'® These nanoparticles have
the capability to encapsulate therapeutic drugs, such as 5-ami-
nosalicylic acid (5-ASA), corticosteroids, and immunomodula-
tors, thereby enabling targeted delivery to the desired colon and
reducing adverse events in IBD therapy.'®> Therefore, nano-
particles offer a viable approach for targeted drug delivery to the
diseased colon in the treatment of IBD.'*> Within our review, we
extensively discussed the potential of natural nanoparticles,
specifically PDENs, as promising therapeutic candidates and
interesting DDSs for IBD.

Studies have indicated that plant-based diets low in fats and
meats have the ability to alleviate intestinal inflammation, in
contrast to diets high in fats and meats commonly associated
with western diets.'**'** Additionally, a study has reviewed the
association between plant-based dietary components, including
proteins, fatty acids, phytochemicals, vitamins, and trace
elements, and intestinal inflammation and relapse in IBD.'**
Although plant-based dietary components show significant
potential in mitigating and preventing intestinal inflammation
in IBD, further clinical trials are needed to confirm these
effects.’® In the present study, we thoroughly elucidated the
pivotal role of PDENS in the treatment of IBD, highlighting their
potential as effective therapeutic agents and emphasizing the
need for further research and clinical validation.

Despite the therapeutic benefits associated with PDENS,
there are several research gaps that need to be addressed in this
field. Firstly, one of the main challenges is the standardization
of the isolation and purification methods for PDENs. Currently,
various techniques, such as ultracentrifugation, ultrafiltration,
immune isolation, and PEG-based precipitation, are employed
for PDEN isolation. However, the accurate characterization of
PDENS, including their surface markers, densities, and sizes,
lacks standardized guidelines. It is crucial to establish protocols
that enable consistent and reliable characterization of PDENSs.
Furthermore, the long-term storage strategies for PDENs need
to be carefully considered to ensure the maintenance of their
structural integrity and bioactivity over time. Developing suit-
able preservation methods is crucial for their practical
application.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Additionally, in-depth characterization studies should be
conducted to unravel the distinct biomolecular profiles of
different classes of PDENs. Utilizing intensive integrated omics
analysis can provide valuable insights into their unique phar-
maceutical properties. Understanding the specific characteris-
tics of different PDENSs can aid in optimizing their therapeutic
efficacy. Addressing these research gaps and achieving break-
throughs in these areas will contribute to the advancement of
PDENs as promising therapeutic strategies in the treatment of
IBD.

It is important to acknowledge that the therapeutic potential
of PDENSs in IBD is still in its early stage of development. While
several pioneering reports have demonstrated their efficacy in
experimental colitis, it is crucial to recognize that these findings
may not directly translate to clinical applications in human IBD.
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Further research and clinical studies are required to validate the
effectiveness and safety of PDENs in treating IBD in humans.

The commonly used colitis models, such as the DSS and
trinitrobenzene sulfonic acid (TNBS)-induced models, have
limitations in accurately replicating the complexity of human
IBD. These models do not fully capture the long-term admin-
istration, recurrence, and adverse events that occur in IBD
patients when PDENs are administered. Therefore, there is
a pressing need for the development of more precise colitis
models that better mimic the characteristics of human IBD.
These models will provide a more reliable platform for studying
the therapeutic effects and potential adverse events associated
with PDENSs in IBD treatment.

Simultaneously, it is crucial to conduct clinical studies to
validate the safety, stability, and efficacy of PDENs in the
treatment of IBD. Unfortunately, there is currently a scarcity of
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Fig. 4 Schematic illustration of the functionalization of PDENSs by target peptide/antibody for drug delivery. (a) Chemical functionalization with
a lipid peptide. (b) Genetic engineering of the TET8 or PEN1 protein. TL, targeting ligand (peptide, protein or antibody et al.).
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clinical trials in IBD
administration.

To date, only GELNs have been included in human clinical
trials for IBD treatment (NCT04879810). This study aims to test
the hypothesis that GELNs will have clinically significant anti-
inflammatory effects on IBD patients. Furthermore, it will
assess the safety and tolerability of GELNs with and without
curcumin in IBD patients and evaluate the effects of GELNs or
curcumin alone, as well as their combination, on symptoms and
disease scores in patients with refractory IBD.

Therefore, additional efforts are needed to prioritize PDENSs
in clinical studies and uncover their pharmacological activities
in the treatment of IBD. These studies will provide valuable
insights into the potential of PDENs as therapeutic agents for
IBD patients.

Orally administered PDENs, as promising colon-targeted
DDSs, have been rapidly and effectively developed, with some
of them even being investigated in experimental colitis.'*®
However, there are still inevitable challenges that need to be
addressed before their widespread application in IBD treat-
ment. One such challenge is how to monitor the PDENS as they
traverse the harsh GI tract. Another important consideration is
the selection of suitable PDENS as effective drug carriers for IBD
treatment.

investigating the use of PDENs

PDENs can also be surface-functionalized, similar to
exosome-like nanoparticles, to enable target-specific delivery, as
demonstrated in studies involving mammalian cells.'*”*
Various types of PDENs have been identified in plants,
including  TET8-expressing = PDENs,>*  PEN1-expressing
PDENs," and EXPO-origin PDENs.”” TET8 and PEN1 are
known to be expressed in different types of PDENs. Conse-
quently, the surface protein of PDENs can be genetically
modified to incorporate target peptides. To achieve this, the
model plant Arabidopsis thaliana can be chosen as the cell
source. Plant cells will be cultured in large quantities and
transfected with a plasmid expressing engineered TETS8, which
displays the targeted peptide on the surface of PDENs. Addi-
tionally, a colon-targeted sequence will be inserted at the EC1 of
TET8 (Fig. 4a). Alternatively, chemical methods can be
employed to modify PDENS. In this approach, a lipid molecule
called DSPE will be utilized to introduce the target peptide on
the surface of PDENs. A lipid peptide called DSPE-PEG-TL will
be chemically synthesized, and incubating the lipid peptide
with PDENs will result in the spontaneous insertion of the
molecule into the lipid bilayer of the PDENS, thereby displaying
the colon-targeted peptide on the surface (Fig. 4b).

Furthermore, additional clinical studies and trials are
necessary to advance the understanding and application of
PDENS. It is important to note that these limitations present
opportunities for future research directions. Overall, there will
be several challenges to overcome in implementing PDENs in
therapeutics and drug delivery for IBD treatment. However, we
are confident that these obstacles will be addressed through the
development of nanotechnology. We anticipate that PDEN-
based therapeutics and delivery nanoplatforms will emerge as
the next-generation strategies in the treatment of IBD.

3584 | Nanoscale Adv., 2023, 5, 3575-3588

View Article Online

Review

Abbreviations

IBD inflammatory bowel disease;

DMAIDs disease-modifying anti-IBD drugs;
PDENs  plant-derived exosome-like nanoparticles
ucC ulcerative colitis

CD Crohn's disease

DDSs drug delivery systems

EXPO exocyst-positive organelle

MVBs multivesicular bodies

ESCRT  endosomal sorting complex required for transport
PA phosphatidic acid;

PC phosphatidylcholines

DGDG digalactosyldiacylglycerol

MGDG  monogalactosyldiacylglycerol

TEM transmission electron microscopy

SEM scanning electron microscopy

AFM atomic force microscopy

DLS dynamic light scattering

PE phosphatidylethanolamine

mTOR  mammalian target of rapamycin

MAPK mitogen-activated protein kinase

mRNA  microRNA

SRNA small RNA

PEG polyethylene glycol

GDENs  grape-derived exosome-like nanoparticles

DSS dextran sulphate sodium

GFDENs grapefruit-derived exosome-like nanoparticles
HO-1 heme oxygenase-1

GELNs  ginger-derived exosome-like nanoparticles

IECs intestinal epithelial cells

LGG Lactobacillus rhamnosus

TLDENs tea leaves-derived exosome-like nanoparticles
BDENs  broccoli-derived exosome-like nanoparticles
AMPK adenosine monophosphate activated protein kinase
MBDENs mulberry bark-derived exosome-like nanoparticles
AhR aryl hydrocarbon receptor

COPS8  constitute photomorphogenic homolog subunit 8
CDENs  carrots-derived exosome-like nanoparticles

TETS8 tetraspanin-8

PEN1 penetration 1

EC1 extracellular domains 1

TL targeting ligand
DSPE- 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
PEG poly(ethylene glycol)
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