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Abstract: Extracellular vesicles can transmit intercellular information and transport biomolecules to recipient cells during various
pathophysiological processes in the organism. Animal cell exosomes have been identified as potential nanodrugs delivery vehicles, yet
they have some shortcomings such as high immunogenicity, high cytotoxicity, and complicated preparation procedures. In addition to
exosomes, plant-derived extracellular vesicles (PDVs), which carry a variety of active substances, are another promising nano-
transport vehicles emerging in recent years due to their stable physicochemical properties, wide source, and low cost. This work briefly
introduces the collection and characterization of PDVs, then focuses on the application of PDVs as natural or engineered drug carriers
in biomedicine, and finally discusses the development and challenges of PDVs in future applications.
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Introduction
Biofilms have subdivided the intracellular space into different regions so that various biochemical reactions can be carried
out independently in different spaces, thus enabling the synergistic and functionalization of cellular activities. In addition to
the intracellular membrane system, extracellular membrane structures called extracellular vesicles (EVs) also exist outside
the cell, which usually include exosomes, microvesicles, and apoptotic vesicles, and their diameters are usually in the range
of 40-1000 nm." In mammalian cells, the most representative EVs are exosomes, which were first discovered in 1983.2
Studies have shown that almost all living cells could secrete exosomes, including animals, plants, and microorganisms.'
EVs could mediate signal transduction and material transfer between donor and recipient cells directly through a variety of
mechanisms including fusion with the recipient cell membrane, receptor-ligand interactions, lattice-mediated cytokinesis,
and receptor-mediated cytokinesis to alter the behavior of target cells. It plays an important role in cellular communication
such as cell proliferation, tumor angiogenesis, inflammation, and cancer development.®> EVs also have excellent physico-
chemical properties, such as high stability, low immunogenicity, and long circulation time, and they can carry bioactive
molecules such as nucleic acids and proteins for trans-spatial transfer. So EVs are prepared in large quantities for drug
molecule delivery carriers.* Wood was the first to inject siRNA-carrying EVs intravenously into mice, and the EVs were
able to reach the mouse brain and exert therapeutic effects.” Zhuang et al used EVs loaded with anti-inflammatory drugs
and successfully crossed the blood-brain barrier after intranasal administration.®

Even though plant-derived vesicles predated the discovery of animal cell exosomes by about 15 years, research on
PDVs has been less successful. Researchers are once skeptical that plant cells could produce EVs because of the vast
structural differences between plant and animal cells, such as the fact that plant cells have cell walls. As early as 1967,
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Halperin et al observed by transmission electron microscopy that multivesicular structures arising in carrot cells were
able to fuse with the plasma membrane and subsequently release secondary vesicles containing contents into the
extracellular space.” Subsequently, an increasing number of studies have focused on these plant-derived nanovesicles.
Table 1 shows the comparison of plant-derived vesicles with animal-derived exosomes. Regente et al obtained extra-
cellular fluid from sunflower seeds and detected the presence of phospholipid components. In the following year, Laura
de la canal et al first isolated EVs from sunflower seeds by vacuum permeation-centrifugation.®* Since then, more and
more researchers have discovered PDVs in different plants such as Arabidopsis, tobacco, and wisteria.'®'" The normal
size distribution of PDVs ranges from 30 to 1000 nm. Structures smaller than 30 nm are excluded from consideration
because of the difficulty of packing lipids inside a strongly curved geometry. Their drug-loading capacity is also
correspondingly low.'? Generally, PDVs display negative zeta potential value ranging from —100 to around 0 mV,
illustrating their mutual repulsion and lacking aggregation tendency.'®> PDVs carried a large number of active substances
that could affect the bioactive processes of target cells and have been used in antibacterial, anti-inflammatory, and
antitumor treatments. In 2013, Zhang et al extracted EVs from grapes, loaded them with drugs, and targeted intestinal
stem cells after oral administration, thus effectively alleviating dextran sodium sulfate (DSS)-induced intestinal inflam-
matory responses.'* PDVs expressed some lipids and cell adhesion molecules, such as phosphatidic acid (PA), which
could facilitate the binding of PDVs to specific receptor cells.'> Therefore, in addition to their use as therapeutic or
regulatory drugs by themselves, PDVs were increasingly prepared by researchers as engineered nanovesicles to improve
the utilization of nanodrugs and reduce drug toxicities. In this review, we focus on the current applications of PDVs as
natural or engineered drug delivery systems in biomedicine, aiming at providing researchers with new ideas and
directions in the construction of engineered nanovesicle delivery systems and discussing the current developments and
challenges of engineered nanovesicles (Figure 1).

Isolation and Preparation of PDVs

Considering the great potential of mammalian cell exosomes in the biomedical field, PDVs have also attracted a lot of
attentions. Comparatively, PDVs are more widely and abundantly sourced, less expensive to obtain, and highly
biocompatible.23_25 However, similar to exosomes, the first issue to be addressed is how to reduce the cost of obtaining
the product and scale up the production process while capturing the balance of yield and purity. For example, simple
cleaning, crushing, and juicing of the active parts of the plant are required before isolating PDVs, and these processes might
affect the composition and activity of the product. Differential centrifugation is currently the most widely used separation

Table | Comparison of PDVs with MEVs

PDVs MEVs Ref.

Isolation Ultracentrifugation, filtration, sedimentation, Ultracentrifugation, antibody capture separation, | [16,17]
density gradient centrifugation flow cytometry

Identification TEM, NTA, DLS TEM, SEM, AFM, NTA, DLS, ELISA, FACS [16,18]

Source Plant cell wall, chloroplast endoplasmic Cell membranes, including cytoplasm, serum and | [19,20]
reticulum, etc. tissue fluid, etc.

Function Signaling, stress response, plant-microbe Intercellular communication, inflammatory [19,20]
interactions response, and tumor metastasis

Size and morphology 50-1000 nm; vesicle morphology and spherical 30-100 nm; exosomes, microvesicles, and [19,20]
appearance apoptotic vesicles

Ingredients and composition | Phytosterols, oils, and plant-specific Cholesterol, phospholipids, proteins nucleic [16,20]
phospholipids acids, etc.

Applications Biomarker of diseases Therapeutic agents [21,22]

Abbreviations: TEM, transmission electron microscopy; SEM, scanning electron microscopy; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; ELISA,
enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; AFM, atomic force microscopy.
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Figure | Extraction and purification of plant vesicles and their biomedical applications.

and purification method. The separation principle is based on the fact that particles of different sizes have different settling
rates under the action of centrifugal force. This method is cost-effective, simple to operate, and suitable for large-scale
sample processing.’® However, it should be aware that multiple centrifugations might damage the structure of PDVs. In this
case, a high-density isotonic solution could be added to the bottom of the centrifuge tube as a buffer layer. Therefore,
differential centrifugation is often combined with density gradient centrifugation (Figure 2), and commonly used gradient
media include sucrose, iodophor, and cesium chloride, many of which have been commercialized.'*?2°

Ultrafiltration is another commonly used separation method that relies on fluid pressure to drive small molecules
through polymeric membranes, migrating while retaining large molecules.®® There are typically two membrane separa-
tion modes, direct flow filtration (DFF) and tangential flow filtration (TFF), where the flow channel is perpendicular or
parallel to the membrane surface. In contrast, the TFF mode inhibits the formation of a restrictive layer, allowing sample
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Figure 2 (a) Isolation and preparation of PDVs; (b) Three bands were formed after sucrose gradient ultracentrifugation. PDVs from the 30%/45% interface were visualized
by electron microscopy (TEM) and the size distribution of the particles was determined using the Zetasizer Nano ZS. Reprinted with permission from Mu J, Zhuang X, Wang
Q, et al. Interspecies communication between plant and mouse gut host cells through edible plant derived exosome-like nanoparticles. Mol Nutr Food Res. 2014;58(7):156 1—
1573. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim."?

components to pass smoothly through the membrane pores, and the advantages of the TFF mode in terms of separation
speed and efficiency allow for large-scale product processing.>'~* Co-precipitation is an attractive method, which is
simple to operate and highly profitable Polyethylene glycol is used as a co-precipitating agent by reducing the solubility
of PDVs.** In addition, some positively charged molecules, such as fish sperm protein and sodium acetate, have been
used to precipitate negatively charged PDVs.** Precipitation-based kits have been used commercially, but low purity and
high cost severely limit their development, so some impurities are also present in the product precipitates, making
subsequent operations difficult.®® Since all methods have advantages and disadvantages, the combined use of different
methods could effectively overcome these problems. Table 2 displays pros and cons of different methods, including pre-
processing and purification methods. For example, by combining centrifugation and ultrafiltration, low-speed centrifuga-
tion is used to initially remove impurities, which avoids subsequent contamination of the membrane and the problem of
difficult dispersion of the precipitate after direct ultra-high-speed centrifugation. Passing the centrifuged product through
a small pore size membrane could concentrate the filtrate and achieve a sterilization effect. Woith et al combined
differential centrifugation with agarose gel electrophoresis to effectively remove soluble protein impurities.'® Kirbs et al
used the aqueous two-phase systems (ATPS)-based protocol to separate non-protein material from Punica granatum-
derived vesicles.>® Yang et al combined electrophoresis with combined dialysis and isolated lemon vesicles similar in
size and number to the standard ultracentrifugation method.’” Table 3 presents an overview of PDVs separation
techniques and physical characterizations.
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Table 2 The Main Separation Methods of PDVs and Their Advantages and Limitations
Methods Isolation Principle Advantages Limitations Ref.
Ultracentrifugation | Particle density, size, or shape | Current gold standard, high recovery, | Pellets tend to aggregate, large and [38,39]
low cost, and contamination risks, expensive centrifuge equipment,
large sample capacity lengthy duration
Density gradient Sedimentation coefficient High recovery and purity, a wide range | Time-consuming, inert gradient [40,41]
centrifugation of applications medium solution, strict operation
Ultrafiltration Colloids, particle size, and High recovery rate, low production Membrane contamination, low [42—44]
molecular weight cost purity
Immunoaffinity Immune recognition and High specificity High cost, low capacity, lack of [45-47]
enrichment binding universal PDVs markers, and lack of
commercial antibodies
Size-exclusion Molecular size Good separation effect Requires professional equipment, [48-50]
chromatography difficulty in large-scale production
Field flow Particle size and molecular Broad separation range, various Requires fractionation equipment, [51,52]
fractionation size commercial membrane filters immature technology
Table 3 Preparation and Physical Characterization of PDVs
Sources Isolation Morphology Size (nm) Contents Biological Activity Ref.
Check
Aloe DC-Filtration TEM, NTA, 138.7-220 Glucosylceramide ICG loading and melanoma [53]
AFM, DLS (40%) Ceramide (10%) therapy
Apple DC TEM, TRPS 90-180 RNAs ranging in size Intestinal function and anti- [54,55]
from 20 to 30 nt and inflammation
from 50 to 70 nt
Arabidopsis VI-C NTA, DLS 50-300 Argonaute | (AGOI), [43,56]
thaliana RNA helicases (RHs)
and Annexins (ANN))
Broccoli DC TEM 18.3-118.2 Sulforaphane Protection against DSS-induced [9,57,58]
colitis and anti-tumor
Carrot UF TEM, NTA, 30-110 Protein, lipids Anti-inflammatory and anti- [13,59]
DLS oxidative
Ginger DC and sucrose TEM, NTA, ~230 PA, DGDG, MGDG; Anti-inflammatory, anti- [25,60,61]
gradient DLS 125 miRNAs; oxidative, treatment of SARS-
centrifugation 6-gingerol, 6-shogaol CoV-2 and modulation of gut
bacteria
Ginseng DC TEM, DLS ~344.8 Amino acids, Inhibition of melanoma growth, [62,63]
nucleotides, lipids/fatty anti-senescence and anti-
acids, organic acids pigmentation
Grape Sucrose gradient | Cryo-EM, DLS | 380.5 + 37.47 | Protein, lipids, miRNA Protection against DSS-induced [64]
centrifugation colitis and modulation of
intestinal tissue renewal
(Continued)
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Table 3 (Continued).

Sources Isolation Morphology Size (nm) Contents Biological Activity Ref.
Check
Grapefruit DC TEM, DLS 105.7-396.1 SARS-CoV-2 targeting | Treatment of SARS-CoV-2, anti- [65-67]
miRNAs, proteins cancer and wound healing
Lemon DC and sucrose TEM, DLS, ~180.5 Proteins, citrate, Anti-neoplastic activity and anti- [68-70]
gradient NTA vitamin C, short RNAs oxidant activity
centrifugation

Abbreviations: VI-C, vacuum infiltration-centrifugation; DC, differential centrifugation; UF, ultrafiltration; Cryo-EM, cryogenic electron microscopy; TRPS, tunable resistive
pulse sensing.

Engineering of PDVs

PDVs can be considered superior to other important carriers due to their excellent biocompatibility, oral safety, and ability
to cross biological barriers. They have significant potential in delivering poorly soluble drugs and natural biomolecules.
While the functionalization of artificial nanovesicle structures has been extensively studied, the engineering of PDVs may
present a new challenge as well as an intriguing opportunity for the development of personalized therapeutic vectors.”"”? In
this section, we summarize the strategies that have been adopted to enhance the active targeting of PVDs with drugs. The
functionalization of PDVs aims to modify their surfaces or introduce bioactive molecules or imaging tracers in order to

achieve high loading efficiency of target bioactive compounds for specific delivery purposes.

Surface Modification of PDVs

First-generation passive targeting strategies with surface polyethylene glycolization modification of nanomaterials have
been developed for many years to prolong in vivo circulation time and improve biocompatibility by changing the
physicochemical properties of materials. However, due to incomplete surface modification and non-selectivity for targets,
drugs are susceptible to clearance by the immune system and indiscriminate attack on systemic tissues.”> Second-
generation active targeting strategy modified with specific targeting molecules is the key point for the time being. For
example, Wicki et al coupled anti-EGFR antibodies with DOX to construct targeted polyethylene glycol liposomes for
the evaluation of patients with advanced solid tumors.”* Surface engineering of nanomedicines has entered different
clinical stages, and again, the efficiency and cost of such strategy could not be ignored.® Although PDVs express some
lipid and protein adhesion molecules, such as PA, that promote binding to specific cellular receptors. The in vivo
positioning of most PDVs is achieved by their natural distribution pattern, which is often difficult to meet the precise
therapeutic role for diseases.'” The abundant active substances on the surface of PDVs provide a large number of reactive
sites for surface modification. Based on this, the specific bioactive molecules can be immobilized on the surface of PDVs
to develop an active targeting drug delivery system based on PVDs. For example, targeting ligands such as peptides and
small molecules are bound to the surface of nanocarriers for selective recognition of targeting receptors overexpressed on
the surface of tumor cells, thus efficiently killing tumor cells.”>””” Taking advantage of this simple surface modification
of PDVs, Li et al loaded ginger-derived nanovesicles with pPRNA-3W and functionalized folic acid to construct targeted
RNA drug delivery systems and used them for the direct delivery of anticancer drugs.”® Fan’s group modified
functionalized heparin onto the surface of lemon-derived nanovesicles, and then loaded DOX to construct a nanodrug
bionic drug delivery system (HRED) (Figure 3).” The cells consume a large amount of energy while up taking HRED,
ie, the ATP content decreases, which reduces the cellular efflux of the drug and ultimately reduces cellular drug
resistance. In addition, Fan’s research group also programmed the self-assembly of fruit-derived EVs modified with
the tumor-targeting peptide cRGD on the DOX@squalene-PBS interface, allowing structured droplet drugs designed
based on EVs to amplify macropinocytosis through deformation and membrane fusion for flexible delivery, and to
efficiently cross the BBB/BBTB and penetrate deeply into glioblastoma tissue (Figure 4).*° Besides, the immobilization
of ligands on the surface of PDVs could be used for bioimaging. For example, Zhuang et al reported the use of lipophilic
carbocyanine dyes to label grapefruit-derived nanocarriers and track the distribution in vivo by fluorescence.®!
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Figure 3 (a) Schematic illustration of lemon-derived extracellular vesicle (EV) nanodrugs for overcoming cancer multidrug resistance. The lemon derived EV nanodrugs
(marked with heparin-cRGD-EVs-doxorubicin (HRED)) were fabricated by modifying heparin-cRGD (HR) onto the surface of EVs and then by loading with doxorubicin
(DOX). The HRED nanodrugs enabled to effectively enter DOX-resistant cancer cells by caveolin-mediated endocytosis, macropinocytosis, and clathrin-mediated
endocytosis, exhibiting excellent cellular uptake capacity. They diversified endocytosis capacity enabled to dissipate the intracellular energy. Meanwhile, guided by caveolin-
mediated endocytosis, they could also further down-regulate the expression of intracellular caveolin-1 (CAV-1) to reduce ATP production and increase reactive oxygen
species (ROS) level. Thus, combing with the endocytosis-triggered energy dissipation and ATP production reduction, our HRED nanodrugs would greatly reduce drug efflux,
ensuing efficiently overcoming cancer multidrug resistance. (b) Schematic illustration of free DOX could be effectively pumped out from cancer cells by utilizing the
P-glycoprotein (P-gp) and the ATP hydrolysis energy. Reprinted with permission from Li Z, Wang H, Yin H, Bennett C, Zhang HG, Guo P. Arrowtail RNA for ligand display
on ginger exosome-like nanovesicles to systemic deliver siRNA for cancer suppression. Sci Rep. 2018;8(1):14644. Creative Commons.”®

PDVs as Drug Carriers

In addition to the long-distance transfer of cargo between cells in the same species via PDVs, they could also enable
cross-species delivery of substances, and their unique design and transport capabilities reflect their potential for drug
transport. A growing number of studies have demonstrated the advantages of PDVs-based drug transport platforms
over animal EVs and synthetic carriers. Firstly, animal EVs as drug delivery platforms require critical scrutiny because
their innate and derived biological functions play a key role in immunogenicity. For example, EVs derived from
mammalian cancer cells have the risk of transmitting precancerous features to the receptor.’>** Although it is possible
to synthesize artificial liposomes with similar structure and composition as PDVs through highly advanced nanotech-
nology, such as similar membrane structures, both of which could transport hydrophilic and hydrophobic drug
molecules.®>** Differences between the two are also clear, especially in terms of low immunogenicity, strong cellular
uptake, and high in vivo environmental stability, while PDVs perform better than synthetic nanoparticles.” In addition,
PDVs offer simpler preparation methods, such as membrane extrusion and microemulsification, avoiding the complex
preparation processes of artificial liposomes. Another point is that artificial liposomes only provide drug-delivery
vehicles without any therapeutic function.®*® Therefore, PDVs have been used by more researchers to try to load
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Figure 4 Schematic illustration of fruit-derived EVs engineered structural droplet drugs for glioblastoma chemotherapy. (a) Schematic illustration of the fabrication of EVs
engineered structural droplet drugs. The fruit-derived EVs-engineered structural droplet drugs were fabricated by programming the self-assembly of fruit-derived EVs at the
DOX@squalene-PBS interface. (b) Schematic illustration of interfacial interaction between EVs-engineered structural droplet drugs and neovascular endothelial cells or
glioblastoma cells. The obtained EVs-engineered structural droplet drugs exhibited superior flexibility, enabling them to deform to enhance interfacial contact area with cells
for efficiently wrapping via macropinocytosis. Beyond that, a large number of EVs onto the interface of droplet drugs would further amplify the transport capability by
synchronous membrane fusion. Thus, the obtained EVs-engineered structural droplet drugs would greatly enhance their delivery capability in crossing BBB/BBTB by
receptor-mediated macropinocytosis and membrane fusion. In the downstream delivery, they also exhibited excellent transcytosis, affording them deep penetration into
glioblastoma tissues and thereby enhancing the antitumor efficacy against glioblastoma. Reprinted with permission from Xiao Q, Zhao W, Wu C, et al. Lemon-derived
extracellular vesicles nanodrugs enable to efficiently overcome cancer multidrug resistance by endocytosis-triggered energy dissipation and energy production reduction. Adv
Sci. 2022;9(20):¢2105274. © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH. Creative Commons.””

them with exogenous therapeutic molecules in addition to delivering their endogenous therapeutic molecules, such as
nucleic acids, proteins, and other functional small molecules.'****” For example, Zeng et al used vesicles extracted
from Aloe vera to encapsulate both the photosensitizer indocyanine green (ICG) and the small molecule chemother-
apeutic agent doxorubicin (DOX), and this delivery system combined with phototherapy and chemotherapy showed
effective inhibition of breast cancer cells.®® Del Pozo-Acebo et al isolated EVs from broccoli, loaded them with
exogenous miRNAs with biological effector capabilities, and then co-incubated them with Caco-2 cells. The results
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showed that the miRNA was taken up by this intestinal cell line and produced cytotoxicity, indicating that broccoli
EVs have the potential to improve the biostability of therapeutic RNA and resist RNase degradation and gastro-
intestinal digestion.’” In addition to the use of PDVs for encapsulation of small molecule drugs, their surface
modification of inorganic nanoparticles has also shown powerful advantages. Mao et al extracted ginger EVs and
used them to encapsulate nanocarriers, and the encapsulation of natural plant membranes improved the biocompat-
ibility and blood circulation, and reduced the immunogenicity of the nanocarriers.* In another study, the investigators
extracted grapefruit-derived lipid nanovesicles and modified activated leukocyte surface inflammation-associated
membrane protein receptors (IGFDNs) on their surface, and this composite carrier was used for targeted delivery of
the anticancer drug DOX to sites of inflammation.”® The authors subsequently detected the release of the drug using
a spectrophotometer at 497 nm, and this vesicle coating improved the stability and detectability of the drug. IGFDNs
could not only be loaded with anti-cancer drugs, but also be with anti-inflammatory drugs such as curcumin. Then the
authors constructed different mouse models of inflammatory disorders for experiments, and the engineered vesicles
modified with abundant membrane receptors had better targeting compared to natural vesicles as carriers, ie, the
IGFDNs improved the efficiency of the drugs to reach the inflammatory sites.

Therapeutic Potential of PDVs

In addition to being a drug delivery carrier, the application of PDVs as a biological therapeutic agent in biomedicine has also
attracted wide attention.'® PDV's usually carry a large number of active substances, showing similar pharmacological functions as
the original plants. In this respect, PVDs are significantly superior to single-component therapeutic agents, which might be
caused by the synergistic effect of the multi-component in PDVs and the high bioavailability of the nanocrystalline properties of
the nanovesicles themselves. Currently, PDVs have played a huge role in the diagnosis and treatment of various diseases, such as
cancer, inflammation, intestinal diseases, wound healing, and bone regeneration (Table 4).

Table 4 Therapeutic Potential of Different PDVs

Vegetables/ Fruits/ Chinese Therapeutic Potential Ref.
Herbal Medicines

Anti-cancer potential

Lemon ® Lemon-derived nanovesicles (LDVs) caused gastric cancer cell cycle S-phase arrest and [37,68]
induced cell apoptosis

® | DVs suppressed CML tumor growth in vivo by specifically reaching the tumor site and by
activating TRAIL-mediated apoptotic cell processes

Grapefruit ® Grapefruit-derived nanovesicles carrying miR17 for therapeutic treatment of mouse brain [81]
tumor
Ginseng ® Ginseng-derived nanoparticles significantly promoted the polarization of M2 to M| phenotype [62]

and increased apoptosis of mouse melanoma cells.

Anti-inflammatory and immunomodulatory potential

Ginger ® Ginger-derived nanoparticles block NLRP3 activation in BMDM as judged by inhibition of [25,91]
Caspase | cleavage and IL-Ip release

® GDNs enhance expression of HO-I and IL-10; lower expression of IL-6; enhance nuclear
translocation of Nrf2 in RAW 264.7 macrophages

Lemon ® | NVs reduced ROS levels in fibroblasts stimulated with H,O, and UVB, which associated with [92]
the activation of the AhR/Nrf2 signaling pathway.

Catharanthus Roseus ® CLDENSs strongly stimulated the secretion of TNF-a in vitro and in vivo, activated the NF-kB [93]
(L) Don) leaves signaling pathway, and increased the expression of hematopoiesis-related transcription factor PU.1.
(Continued)
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Table 4 (Continued).

Vegetables/ Fruits/ Chinese Therapeutic Potential Ref.
Herbal Medicines

Intestinal regulatory potential

Grapes ® Grape PDVLNs promoted dramatic proliferation of intestinal stem cells and accelerated [64]
restoration of the intestinal architecture

Broccoli ® BDN-derived lipids impair the ability of BMDCs to respond to LPS; they induce an anti- [58]

inflammatory response in BMDC-T cell co-cultures

Anti-oxidant potential

Grapefruit ® GFDNs upregulate the expression of HO-I and inhibit of the production of TNF-a and IL-18 [94]
in intestinal macrophages

Carrot ® CEVs suppressed the reduced expression of antioxidant molecules, including Nrf-2, HO-1, and [59]
NQO-I

Regenerative activities

Yam ® YNVs promote longitudinal bone growth and mineral density of the tibia in the ovariecto- [95]

mized (OVX)-induced osteoporotic mice in vivo

Wheat grass ® WDN:s have yielded astonishing proliferative and migratory effects on endothelial, epithelial, [96]

and dermal fibroblast cells

Pueraria lobata ® PELNs promoted the differentiation and function of hBMSCs by elevating autophagy via the [97]
degradation of TMAO

PDVs for Anti-Cancer

Many types of PDVs have been studied regarding their ability to inhibit cancer cell growth through different
mechanisms.”® It has been shown that PDVs could suppress cancer cell proliferation and promote cancer cell death,
while not showing toxicity to normal cells (Figure 5). For example, Raimondo et al extracted citrus-derived nanovesicles
of size 50-70 nm,*® which could inhibit the growth of different types of tumor cells in blood and solids (mainly A549,
SW480, and LAMAS84) in a time- and dose-dependent manner in vitro; and chronic myeloid leukemia xenograft tumors
in vivo. No significant cell damage was observed in normal cell lines under the same drug treatment conditions. Lemon-
derived nanovesicles increased the levels of encoded pro-apoptotic proteins (eg Bad and Bax) while decreasing the
expression of anti-apoptotic genes (eg survivin and Bcl-xl), and Trail and its receptor DR5 were observed to be
upregulated in vesicle-treated tumor cells.>” These studies suggested that lemon-derived nanovesicles caused cancer
cell death through activation of Trail-mediated apoptosis, which was further confirmed in an in vivo LAMAS84 xenograft
tumor mouse model. The role of citrus-derived nanovesicles in antitumor activity was also investigated by Stanley et al.””
They extracted nanovesicles from different plants (including orange, lemon, and grapefruit) and demonstrated that these
micro-nano vesicles specifically inhibited the proliferation of lung, skin, and breast cancer cells, while not inhibiting the
proliferation of non-cancerous cells. Further studies revealed that grapefruit-derived nanovesicles inhibited the cell cycle
GO0/G1 and G2/M transitions, promoted the upregulation of the cytostatic p21, and decreased the expression of melanoma
invasion and migration-associated genes. Chen et al extracted extracellular exosome-like vesicles (TFENs) with a size of
about 131 nm and a negatively charged surface from edible tea flowers. TFENs also contained high amounts of
polyphenols, flavonoids, functional proteins and lipids. The experimental results showed that TFENs could increase
intracellular reactive oxygen species content, and the increased reactive oxygen species subsequently triggered mito-
chondrial damage and inhibited cell cycle, thus resisting the proliferation, migration and invasive activity of breast cancer
cells. The results of in vivo experiments indicated that TFENs could accumulate in breast tumor sites and lung metastasis
sites after intravenous or oral administration, inhibit the growth and metastasis of breast cancer cells, and regulate the
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PDVs IN CANCER THERAPY
PDVs as anti-cancer agents
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balance of intestinal flora.'®® Yang et al combined electrophoresis technique and dialysis for the isolation and purification
of lemon vesicles, a time-saving method that did not require special equipment and could filter out a large amount of
extra-vesicular hetero proteins and lipid material. The extracted vesicles could mediate the generation of reactive oxygen
species, thus causing s-phase block in gastric cancer cells and inducing apoptosis, while vesicles left in the gastro-
intestinal organs were safe for the organism.>’ Tumor-associated macrophages (TAMs) were important components of
the tumor microenvironment. TAMs could be polarized into the M1 type, which inhibits tumor growth. While, the M2
type promotes tumor growth. Because most types of tumor microenvironment have a low M1/M2 ratio, stimulation of
TAMs to the M1 type helps to inhibit cancer cell growth.'®" Cao et al extracted approximately 300 nm of ginseng-derived
nanovesicles,®” which inhibited melanoma cell growth by polarizing macrophages to the M1 type after incubation with
cells. It is shown that compared to the control group, the M1/M2 of the incubated ginseng-derived nanovesicles were
significantly improved at day 12 in the B16F10 xenograft mouse model, and the tumor weight of the experimental group
was significantly reduced. The experimental results indicated that the inhibition of macrophage M2-type polarization was
associated with the interaction of nanovesicle surface ligands and cell surface Toll-like receptors, and activated the
skeletal differentiation antigen 88 (MyD88)-dependent pathway.

PDVs for Inflammation and Immune Regulation
Inflammation is part of the innate immune machinery, and if left unchecked, is likely to evolve into acute or chronic
inflammatory diseases and to induce other diseases, such as cancer.'%? Indeed, when taken up by host cells, PDVs trigger

International Journal of Nanomedicine 2024:19 https:

2601

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

a large number of intracellular cascade signals that exert anti-inflammatory effects by modulating host immune activity
(Figure 6b).>%6%°1193 1y 3 study, it is shown that PDVs carrying active miRNAs could modulate cross-border commu-
nication between the intestinal flora and host immune cells, subsequently mediating homeostatic balance between the
immune system and the intestinal flora.”® In another study, nanovesicles from ginger, carrot, grape, and grapefruit were
absorbed via F4/80" from intestinal macrophages and via Lgr5"™ from intestinal stem cells after 6 h of oral administration
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to mice. However, studies on RAW264.7 macrophages in vitro showed that after 24 h of incubation (1 pug/mL)," only
ginger-derived vesicles significantly enhanced the expression of heme oxygenase-1 (HO-1) and IL-10 involved in the
control of oxidative stress and inflammation, and ginger-derived nanovesicles also induced the expression of the pro-
inflammatory cytokine IL-6.** These results suggested on one hand that ginger-derived nanovesicles played an important
role in the regulation of intestinal inflammation, and on the other hand that vesicles of different plant origins had different
biological activities. Recent research also explored the application of plant-derived nanovesicles as new chemothera-
peutic immunomodulators. Ou et al extracted exosome-like nanovesicles from Catharanthus Roseus (L.) Don) leaves
(CLDEN). CLDEN exhibited excellent stability, which could withstand multiple enzymatic digestions, resist extreme pH
environments, and remain stable in gastrointestinal tract stimulation fluids. Biodistribution experiments showed that
CLDENSs had immune organ targeting after intraperitoneal injection. CLDENS strongly stimulated the secretion of TNF-a
in vitro and in vivo, activated the NF-kB signaling pathway, and increased the expression of hematopoiesis-related
transcription factor PU.1.°> Wang et al also showed that ginger, grapefruit, and broccoli increased antioxidant and anti-
inflammatory mediators in macrophages while downregulating the expression of pro-inflammatory cytokines such as
TNF-a and IL-1B (Figure 6¢). °*'** Lemon-derived extracellular vesicles have been shown to transport from the intestine
to the kidneys and restore calcium homeostasis and mitochondrial function by regulating the endoplasmic reticulum
stress response, thereby alleviating the progression of kidney stones represented by calcium oxalate (CaOx) type in rats
(Figure 6a).'*> Although researchers have done extensive work on the regulation of inflammation mediated by PDVs, the
underlying molecular mechanisms remain unclear so far. Lipids, but not proteins and RNAs, were the main bioactive
molecules that inhibited NLRP3 inflammatory vesicles. Since nanovesicles inhibited the activation and assembly of
NLRP3 inflammatory vesicles, it is implied that these plant nanovesicles represented a new promising inhibitor of
NLRP3 inflammatory vesicles.'®> Nuclear translocation of nuclear factor (erythroid-derived 2)-like Nrf2 activated
a pleiotropic cytoprotective defense process to avoid inflammatory diseases by inhibiting oxidative stress-mediated
tissue damage.'°*'%” Grapefruit and ginger-derived nanovesicles promoted Nrf2 translocation into the nucleus of
macrophages and exerted its cytoprotective effects after 24 h incubation of macrophages. Treatment of primary
hepatocytes with the above vesicles significantly increased nuclear translocation of Nrf2, and reduced the production

of reactive oxygen species.' %'

PDVs for Intestinal Regulation

The human intestines have been exposed to billions of plant-derived nanovesicles every day. These edible plants or
herbal-derived vesicles have had a profound effect on the body’s intestine, which could explain why current plant-derived
nanovesicles have low immunogenicity.”* In particular, various in vivo and in vitro studies have been done on the effects
of vesicles from edible plants or Chinese herbal sources on the intestinal tract of the body. For example, PDVs from
grapes, grapefruit, and ginger have been shown to contribute to the maintenance of normal intestinal function. Ju et al
gavaged grape-derived EVs to mice and detected intact vesicles in intestinal stem cells at different times. Further studies
showed that grape-derived nano-vesicles could directly promote the proliferation of intestinal stem cells and accelerate
their formation from individual stem cells into micro-organoids, suggesting that PDVs had good resistance to the gastric
acid environment and might penetrate the intestinal mucus barrier to act on intestinal cells.®* Another study also showed
that PDVs extracted from grapefruit were resistant to a variety of digestive enzymes, such as pepsin and pancreatic
enzymes, and reached the intestine intact and were selectively absorbed by macrophages in the intestine after oral
administration.”® These nanovesicles resisted the degree of shortening of the colon in mice with DSS-induced colitis and
well prevented weight loss and reduced local lymphocyte infiltration in mice. PDVs derived from broccoli might also
help improve colitis and prevent it into colon cancer. It is shown that broccoli-derived nanovesicles could activate
adenosine monophosphate-activated protein kinase (AMPK) in dendritic cells and regulate intestinal environmental
homeostasis.” Man et al extracted ginger-derived EVs and investigated their intestinal absorption in rats. The vesicles
were disc-shaped with a particle size of about 70 nm and a surface potential of about —27 mV. The absorption kinetics
and sites of absorption of ginger vesicles in rats were investigated by the in situ single-pass intestinal perfusion method.
The findings showed that the vesicles were absorbed by the small intestine in the concentration range of 15-60 mg/mL,
and the absorption capacity of different intestinal segments was duodenum > jejunum > ileum."'” Dou et al studied
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vesicles of grapefruit origin, in which the key component, brassica, could be hydrolyzed by the intestinal microbiota to an
active metabolite, naringenin, which has antitumor effects.''’ The researchers successfully transferred si-RNA-CD98 to
intestinal epithelial tissue via ginger-derived nanocarriers, and the results showed that these oral nanoplatforms were well
retained in the upper colon and ileum, reducing CD98 gene expression, and inhibiting ulcerative colitis induced

inflammation while preventing colitis-associated cancers.''?

PDVs for Anti-Oxidant

Plants produce a range of non-enzymatic antioxidants, such as ascorbic acid, glutathione, alpha-tocopherol, flavonoids,
carotenoids, proline, and phenolic acids. They also have enzymatic antioxidant defense systems, including superoxide
dismutase, catalase, glutathione peroxidase, and glutathione reductase, to mitigate the toxicity induced by reactive
oxygen species (ROS).''*!'* Consistent with this, several studies have confirmed the antioxidant effects of PDVs.
Perut et al discovered that strawberry-derived EVs were abundant in anthocyanins, folic acid, flavonols, and vitamin
C. They also found that they did not exhibit cytotoxic effects on human mesenchymal stromal cells (MSCs) and could
dose-dependently prevent oxidative stress in MSCs.''> Nanovesicles derived from citrus lemon also exhibit antioxidant
activity and protect human MSCs from H,O,-induced oxidative stress. The vitamin content in the nanovesicles is
approximately 0.416 nM vitamin C/pg.*” Grapefruit and ginger-derived EVs can enhance the translocation of Nrf2,
a crucial transcription factor that controls cellular antioxidant responses, into the nucleus of macrophages (RAW 264.7
cells) after a 24-hour incubation time, where the transcription factor exerts its cytoprotective effects.'® Similarly,
nanovesicles derived from carrots inhibit the production of ROS and apoptosis in cardiomyoblasts and neuroblastoma
cells by upregulating the expression of Nrf2, HO-1, and NQO-1 genes.> In addition, turmeric-derived EVs can inhibit
the expression of pro-inflammatory cytokines (TNF-q, IL-6, and IL-1B), while increasing the expression of antioxidant
genes such as heme oxygenase 1 (HO-1). It has been demonstrated that TDNPs had the potential to reduce destructive
factors and promote protective factors.'® Nanovesicles derived from aloe vera bark have shown to decrease ROS levels
in H,O,-treated HaCaT cells and demonstrate antioxidant activity by upregulating the Nrf2 gene and its downstream
genes HO-1 and catalase.''® Further studies are needed to determine the in vivo antioxidant effects of PDVs.

PDVs for Regenerative Activities

Wound healing and inflammatory responses are closely linked. Studies have shown that plant extracts and their natural
compounds exhibited high activity in wound healing in different conditions, such as inhibition of pro-inflammatory
cytokine production, downregulation of oxidative factors, enhancement of antioxidant enzyme activity, and promotion of
angiogenesis.''""'"® Preclinical studies have shown that products derived from plants could be used to regulate the
proliferation and differentiation of mesenchymal stem cells.''® Scratching experiments showed that wheat-derived
nanovesicles had higher migration rates of HDF, HUVEC, and HaCaT cells after 48 hours of incubation.

In the field of biological tissue engineering, plant extracts or compounds of plant origin could be classified as
biologically active materials for controlling drug release or as biomaterials for cell transplantation.' Preclinical studies
have confirmed that PDVs could inhibit the production of pro-inflammatory cytokines, reduce oxidative factors, enhance
antioxidant enzymes, promote the formation of new blood vessels, and regulate the proliferation and differentiation of
mesenchymal stem cells and osteoblasts. Therefore, it shows great potential in wound healing, skin diseases, and joint
diseases.''” Wheat plant extracts are frequently utilized as natural remedies in traditional medicine. Wheat exosomes
have been researched for their potential in treating skin wound healing processes.’® Scratch experiments demonstrated
that wheat-derived nanovesicles had higher migration rates on HDF, HUVEC, and HaCaT cells after 48 hours of
incubation. They also increased the formation of tubular structures in endothelial cells and enhanced the expression of
genes related to wound healing. These findings indicate that the cell migration-enhancing properties of wheat exosomes
play a significant role in skin wound healing. Ginseng-derived nanoparticles (GDNP) have also been shown to regulate
skin cell proliferation, promoting wound healing and reducing inflammation.'*' Another study found that ginseng-
derived EVs could serve as a carrier to transfer miRNA to bone marrow-derived mesenchymal stem cells (BMSC),
potentially promoting neural differentiation and sensory function recovery of BMSCs by regulating PI3K signaling and
cell transcription. This is a breakthrough. The application of neural cell-derived EVs to promote neural stem cell (NSC)
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differentiation is constrained by low yield, high immune side effects, and expensive manufacturing costs.*’ In addition,
some researchers isolated EVs from the leaves and stems of Dendropanax morbifera. They found that both leaf- and
stem-derived EVs could reduce the melanin content and tyrosinase activity of mouse melanoma cells in a concentration-
dependent manner (TYR) activity to achieve skin whitening effect.** Yam-derived nanovesicles (YNV) can activate the
BMP-2/p-p38-dependent Runx2 pathway to enhance osteoblast differentiation and mineralization in bone regeneration in
ovariectomy (OVX)-induced osteoporotic mice.” Pueraria lobata-derived exosome-like nanovesicles (PELN) enhance
autophagy by degrading trimethylamine-N-oxide (TMAOQO), a metabolite produced by intestinal microbiota, in primary
rats with OVX-induced osteoporosis. They also promote the differentiation and mineralization of human bone mesench-
ymal stem cells (nBMSC).”” Therefore, YNV and PELN can be used as safe and orally effective medications for the
treatment of osteoporosis.

Biosecurity of PDVs

The ideal nanocarrier or nanomedicine must be guaranteed to have minimal toxicity, non-immunogenicity and side
effects in vivo and in vitro.'**'** Not much work has been done to explore the biosafety of PDVs in the organisms
because it is a large and lengthy project. Nevertheless, because of their natural origin and close connection with human
daily life, people have been more inclined to accept this biomaterial with great potential for application. At least so far,
PDVs have shown no worrisome toxic side effects.'** In a study by Zhang et al on the potential effects of grapefruit-
derived nanovesicles on cytotoxicity in mice,'* they quantified pro-inflammatory cytokines and serum liver enzyme
levels, such as markers of alanine aminotransferase (ALT) and aspartate aminotransferase (AST). The levels of ALT,
AST, and pro-inflammatory cytokines were significantly elevated in mice treated with liposomes, while none of the
indicators changed significantly in mice injected with grapefruit nanovesicles. No pathological changes or necrosis were
observed in the histological samples of the major organs of the corresponding groups of mice, including liver, kidney,
spleen, and lung. Zhang and his group determined the effect of grapefruit vesicles on cellular activity in vitro using the
MTT method, and the effect of grapefruit vesicles on the cell viability of RAW 264.7 cells and colon cell lines was much
less compared to the liposome-treated group.''? These results suggested that synthetic nanoplatforms were susceptible to
host immune responses, implying that in vivo these artificial carriers were filtered by organs and that clearance was
enhanced. In contrast, the current study has shown that PDVs are significantly non-immunogenic and highly immuno-
modulatory, and are able to maintain tissue homeostasis and contribute to biological health. Many studies have also
shown that one of the key benefits of using PDVs for drug delivery is their ability to reduce the side effects of drugs used
on experimental subjects.”*

Challenges and Prospects

Research on PDVs has been still in its early stages. Although extracellular vesicle structures were observed in plants in
the 1960s, PDVs have gradually gained attention in the last decade. Research on PDVs has also grown and has become
more productive, but there is still a long way to go before they are actually used in clinical trials. For any nanoplatform
used in vivo, biocompatibility is the most important indicator to be concerned about. So, for the extraction and
purification of PDVs, the source, species, and isolation and purification process of the plant must be strictly considered.
For example, PDVs should be extracted directly from the extracellular fluid rather than subjecting the sample to harsh
treatments, such as grinding, in order to avoid damaging the structure and function of PDVs. Various technical
modifications should be made depending on the plant species and laboratory specific conditions, especially for studies
using active components within vesicles, the source of the components must be clearly identified to avoid misleading
non-vesicular structures. Current research advances suggest that PDVs have a variety of important activities in the
regulation of immune responses, cell differentiation and proliferation, anticancer, and tissue microenvironment
regulation.”*"'*® PDVs have been important transmitters of information between homozygous and heterozygous cells,
regulating the phenotype and function of recipient cells by transmitting various proteins, functional RNAs, and genetic
information. However, there is still no clear definition as to whether the communication between cells is specific or
stochastic. In addition, the interaction between the naturally occurring active substances contained in PDVs for regulating
target cell activity and the loaded foreign drugs remains unclear. Therefore, this requires more extensive and in-depth
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studies. The naturally occurring active substances within the vesicles could be removed prior to drug loading, but it is
important that this process should not damage the vesicle surface morphology and biological function.

Especially in the field of targeted cancer therapies, drug delivery systems have faced challenges such as targeting
effectiveness, side effects, and rapid clearance. The in vivo distribution of PDVs has been mostly dependent on the
natural distribution of natural properties without active targeting. Thus researchers might consider to engineer PDVs in
different ways to make them specifically targeted and aggregated at the target sites, while at the same time taking care not
to cause any immunogenicity. Compared to other engineered nanoparticles, such as artificial liposomes and animal
exosomes, PDVs have relatively been newly studied and could cross the blood-brain barrier when used as drug carriers,
and they could be considered as vaccine delivery nanocarriers for transdermal administration due to their structural
similarity to liposomes with the ability to penetrate the skin.'*® PDVs have many advantages when used as therapeutic
agents and drug carriers, including i) plant sources for mass production,’® ii) edible plants with minimal cytotoxicity and
minimal immunogenicity,”® and iii) high overall biocompatibility.®® Therefore, designing different delivery strategies to
accommodate different drugs and different modes of delivery while minimizing systemic hazards is the current focus of
research. And, when choosing a retrofit strategy, one must understand the complexity of the system in terms of cargo, end
application, and other relevant factors. As seen in the emerging field, a multidisciplinary approach by integrating
biological sciences, engineered drug delivery systems, nanoengineering, and technology would help guide the develop-
ment of PDVs-based therapeutic agents and nano-delivery platforms.
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