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Abstract: Lipid-structured vesicles have been applied for drug delivery system for over 50 years. Based on their origin, lipid-
structured vesicles are divided into two main categories, namely synthetic lipid vesicles (SLNVEs) and vesicles of mammalian origin
(MDVESs). Although SLNVEs can stably transport anti-cancer drugs, their biocompatibility is poor and degradation of exogenous
substances is a potential risk. Unlike SLNVEs, MDVEs have excellent biocompatibility but are limited by a lack of stability and a risk
of contamination by dangerous pathogens from donor cells. Since the first discovery of plant-derived vesicles (PDVESs) in carrot cell
supernatants in 1967, emerging evidence has shown that PDVEs integrate the advantages of both SLNVEs and MDVEs. Notably, 55
years of dedicated research has indicated that PDVEs are an ideal candidate vesicle for drug preparation, transport, and disease
treatment. The current review systematically focuses on the role of PDVEs in cancer therapy and in particular compares the properties
of PDVEs with those of conventional lipid vesicles, summarizes the preparation methods and quality control of PDVEs, and discusses
the application of PDVEs in delivering anti-cancer drugs and their underlying molecular mechanisms for cancer therapy. Finally, the
challenges and future perspectives of PDVEs for the development of novel therapeutic strategies against cancer are discussed.
Keywords: plant-derived vesicles, cancer therapy, drug delivery, liposome nanoparticles, mammalian-derived exosomes

Introduction

Mammalian-derived vesicles (MDVEs) are small vesicles present in mammalian body fluids that are used to transmit
biological signals between cells. However, when these vesicles were first discovered, it was thought that they were
cellular debris or cellular litter." With the development of new technologies, it was discovered that the vesicles not only
existed in mammalian body fluids but were also found in multiple plants, which were termed as plant-derived vesicles
(PDVEs).? A number of studies showed that plants were able to produce vesicles in response to a variety of biotic and
abiotic environmental stresses, including pathogen infection and attack.™*

PDVEs are structurally and functionally similar to MDVEs and carry large amounts of proteins, lipids, nucleic acids,
and metabolites’ that are necessary for intercellular signal communication.® Notably, the signal transfer is cross-species.’
The nucleic acids and proteins in PDVEs can alter the physiological activities of animal cells.® Unlike MDVEs, PDVEs
are easier and faster to extract, are cost effective, and do not involve ethical issues.” Compared to synthetic lipid vesicles
(SLNVEs), PDVEs are much safer. Emerging evidence suggests that PDVEs have good prospects in the development of
nano-delivery systems (Figure 1).

The tumor microenvironment (TME) is completely different from the normal physiological environment and is
a prerequisite to support cancer cell proliferation and metastasis.'® However, this unique TME also poses a challenge for
cancer treatment. For example, the low pH of the TME can degrade chemotherapeutic drugs before their uptake.'' The
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Figure | Priorities of plant-derived vesicles compared to mammalian-derived exosomes and liposome nanoparticles.

inflammatory microenvironment significantly promotes cancer proliferation, metastasis, and drug resistance.'”> The
relatively hypoxic environment facilitates neoangiogenesis and provides a constant nutrient supply for cancer cell
growth."? In light of these characteristics, nanodrug delivery systems were developed to design intelligent nanocarriers
to increase drug targeting and improve therapeutic effects.'* Currently, MDVEs and SLNVEs have been widely used in
cancer therapy. However, a number of challenges still remain, such as trans-biological barrier capabilities, acid tolerance,
cancer cell-specific targeting, safety, toxicity, potential environmental hazards, and large-scale manufacturing costs. The
development of PDVEs has potential to overcome these problems. PDVEs can remain stable in gastric acid mimics'> and
penetrate the intestinal barrier within 6 h.'® Natural PDVEs have active cancer targeting properties and can be improved
with acquired modifications.'”'® Furthermore, there are currently no reported instances of PDVEs causing explicit harm
to organisms. Thus, it can be tentatively concluded that they are viable carriers for drug delivery, environmentally
friendly, and cost-effective.'*°

Emerging studies have validated the unique therapeutic effects of PDVEs in multiple malignancies. For example,
Petasites japonicus-derived vesicles were found to act as adjuvants to activate the immune response, and Han et al
demonstrated that Petasites japonicus-derived vesicles treated dendritic cells strongly induced the proliferation and
differentiation of naive T cells to Thl-type T cells and cytotoxic CD8+ T cells, leading to increased secretion of
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interferon-y and interleukin-2.?' Bitter melon-derived vesicles were also reported to inhibit oral squamous cell carcinoma
proliferation, as well as overcome drug resistance.*” Interestingly, PDVEs do not seem to exert significant anti-cancer
effects on normal cells.”> PDVEs warrant continued investigation in anti-cancer drug research and development in the
future. Here, in a systematic review, we present the properties, preparations, and applications of PDVEs for cancer
treatment.

Properties of PDVEs Compared to Traditional Vesicles

Comparison with Liposome Nanoparticles

SNLVEs consist of a wide range of particulate systems, including dendrimers, micelles, liposomes, and polymeric
nanoparticles. Liposomes are one representative type of SLNVEs, and they have been applied in cancer therapy for
a long time due to their good biocompatibility** owing to their similar composition to cell membranes.?® Previous
research has confirmed the applications of liposomes in various fields, such as encapsulating DNA, RNA, water-soluble
drugs, and hydrophobic drugs.”®*’ However, liposomes are still limited due to their synthetic nature. It was shown that
liposomes induced cellular stress, apoptosis, activation of inflammatory vesicles,”® cytokine storms,?’ and immune
responses.>” Notably, liposomes were reported to cause severe DNA and RNA damage by upregulating the expression
of Heat shock protein 70—2a and Heat shock protein 90.%' In clinical practice, a drug for acute myelogenous leukemia
named CPX-351, which is primarily composed of a dual-drug liposomal encapsulation of cytarabine and daunorubicin,
caused nonhematologic adverse events to varying degrees.’”

Compared to liposomes, PDVEs have demonstrated significant advantages in several key areas. Firstly, the inherent
nature of PDVEs ensures that they are safer for the body than SNLVEs,” and more environmentally friendly.**
Additionally, the RNA and proteins carried within PDVEs facilitate communication with the body. Unlike SNLVES,
which merely serve as carriers, PDVEs inherently possess therapeutic effects.>> Furthermore, PDVEs showed an
advantage in cellular uptake. A recent study found that the uptake efficiency of PDVEs reached over 80%, while only
40% of liposomes were internalized.*® In summary, in contrast to traditional liposomes, PDVEs have showcased
remarkable advantages in various pivotal domains, particularly in the realm of cancer treatment, offering new possibi-

lities for future disease therapies.

Comparison with Mammalian-Derived Vesicles

MDVEs are shed from the cell membrane and carry with them the biological information and metabolic waste of the
donor cells.***° According to vesicle size, MDVEs are classified into apoptotic vesicles (100-5000 nm in diameter),
microvesicles (100—1000 nm in diameter), and the well-known exosomes (30—150 nm in diameter). It was found that
MDVEs are widely distributed in mammalian tissues and body fluids, therefore providing a transport mechanism
supporting biological signal communication between tissues and organs. MDVEs present remarkable biocompatibility
and are widely applied in cancer treatment. For example, plasma-derived exosomes protected miRNAs from nuclease
degradation and successfully promoted apoptosis of HepG2 hepatocellular carcinoma cells.>’ Additionally, exosome-
encapsulated doxorubicin was reported to inhibit cancer grSwth with reduced cardiotoxicity.*® Notably, cancer-derived
exosomes are considered as adjuvants in immunotherapy due to the existence of cancer antigen information.*® In addition
to exosomes, apoptotic bodies derived from live cells represent a novel drug delivery system. The apoptotic body vehicle

can deliver the ammunition to tumor and achieve deep penetration by macro- phage-hitchhiking.*

Adipocyte-derived
lipid droplets are also a type of mammalian-derived vesicle, and are increasingly paid great attention for anti-cancer
therapies.*! Furthermore, beyond the direct use of vesicles derived from cells, emerging studies have leveraged cell
membranes to construct delivery systems ex vivo. For instance, since platelets target postsurgical wounds and circulating
tumor cells, platelet-derived membrane vesicles are candidates for drug delivery in post-surgery cancer therapy. Nano-
vesicles using platelet membranes have been employed to encapsulate oxaliplatin as a synergistic treatment for post-
surgery tumor recurrence and metastasis.*”> However, MDVEs secreted by pathological cells have the potential to induce

the spread of diseases.*’ Furthermore, there are moral and ethical arguments concerning the commercial utilization of
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MDVEs, and the manufacturing cost of MDVEs is high due to the limited donor availability and low yield. Therefore,
MDVEs have not yet met the requirements for the development of clinical drugs.

PDVE:s share many similarities with MDVEs, such as a size between 30 and 500 nm, a predominantly circular or cup
shape, a negatively charged surface, and an ability for uptake and crossing biological barriers facilitated by phospholipid
bilayers. However, unlike MDVEs, PDVEs cannot penetrate the placental barrier, suggesting a better safety profile.*®**
In addition, PDVEs have abundant donor resources, allowing for large-scale production at low manufacturing costs.
Ginger root has been reported to contain 0.5-2 x 10" vesicles/kg, which is 10 times higher than that of MDVEs.” In
addition, PDVEs are non-toxic and are a part of most daily diets as additives. More importantly, as a carrier, PDVEs can
protect a drug from gastric acid degradation, while MDVEs are not tolerant of low pH, except for milk-derived

MDVEs.>®

Preparation of PDVEs

The properties of PDVEs make them promising for cancer treatment. However, it is difficult to produce high purity
PDVEs on a large scale,*> given that vesicles tend to adhere to each other through macromolecules, such as starch,
cellulose, and tannins.*® Therefore, the extracted PDVEs should be highly dispersed and reproducible for subsequent
studies and clinical applications. Generally, the extraction methods of PDVEs are divided into two broad categories,
namely physically based techniques and chemically based techniques (Table 1).

Physically Based Techniques

The physically based methods include differential centrifugation, density gradient centrifugation, and ultrafiltration
membrane separation. Differential centrifugation is considered as the standard for PDVE extraction and is the most
widely used. It is based on the principle that large particles will settle at the bottom layer, while small particles will float
at a higher layer under centrifugal force, and the target vesicles can be isolated by adjusting the centrifugal force.*”*® The
method is easy to implement and cost-effective and is suitable for the mass production of PDVEs. However, vesicles may
be disrupted by the ultra-intense centrifugal forces. A high-density hypotonic solution added to the bottom of the

Table | The Advantages and Disadvantages of Various Preparation Methods

Physically Based Techniques

Methods Advantage Disadvantage

Differential 1.The standard for PDVE extraction. |. Affecting vesicle integrity.

Centrifugation 2. Easy to implement. 2. The separation conditions for each type of vesicle require special
3. Cost-effective. customization, making standardization difficult.

4. Suitable for the mass production.

Density Gradient 1. Simple. I. Poorly homogeneous.
Centrifugation 2. High yielding. 2. Easily clumped.

3. Less time-consuming.

Ultrafiltration 1. Simple. |. Affecting the separation performance of the membrane.
Membrane 2. High purity. 2. Highly experience-dependent.
Separation 3. Membrane fouling.

Chemically based techniques

Co-precipitation I. Use of a kit, eliminating the need for large-scale | |. High cost.
equipment, ensuring high feasibility. 2. Low purity.
2. High adaptability.
3. High repeatability.
Immunoaffinity I. Time-saving. I. High cost.
Separation 2. High purity. 2. Not suitable for mass production.
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centrifuge tube can protect vesicles from being shattered. Additionally, experimental conditions for differential centri-
fugation are not standardized and are not interchangeable for each PDVE.***° Thus, a personalized centrifugation
protocol for each type of PDVE is time-consuming.

To save on extraction time, density gradient centrifugation was developed. Specifically, a series of a continuous or
discontinuous density medium are placed in a centrifuge tube according to the gradient, and vesicles with different
densities are stratified by centrifugal force.’™' The density gradient centrifugation method is simple, high yielding, and
less time-consuming than many other methods. However, the vesicles obtained by this method are poorly homogeneous
and easily clumped, which is not satisfactory for subsequent studies. Thus, differential centrifugation and density gradient
centrifugation methods are usually applied together to improve the quality of the vesicles. Generally, a certain amount of
vesicles is first extracted by differential centrifugation, and purer vesicles are further obtained by density gradient
centrifugation according to the size and density of vesicles.>

In recent years, ultrafiltration membrane separation, a method separating vesicles by size, has also been used to
separate PDVEs. A solution is filtered sequentially through porous membranes of different sizes under a certain
pressure, and the large particles are physically intercepted by the porous membrane, while small particles are
unimpeded.®® The purity of the vesicles extracted by this method is satisfactory. However, the concentration polariza-
tion phenomenon appearing during filtration changes the separation performance of the membrane. Also, membrane
fouling usually occurs. The phenomenon of concentration polarization and membrane fouling can be effectively
improved by adjusting the flow rate, pressure, and concentration of filtration, a process that is highly experience-
dependent. In addition, clearance of soluble protein impurities was shown to avoid membrane fouling prior to
ultrafiltration separation.>*

Chemically Based Techniques
Chemical-based techniques include co-precipitation and immunoaffinity separation methods. Co-precipitation separation
is performed by adding a precipitant to a mixture to precipitate the target vesicle and then separating the precipitate to
obtain the target vesicle. During the separation of vesicles, surface adsorption of the precipitate utilizing positive and
negative charge attraction is the most common separation method.”> Most kits available on the market for vesicle
isolation are based on the principle of co-precipitation isolation. However, the method is costly and the vesicles that are
obtained are generally impure and need further purification. Immunoaffinity separation is a method based on the specific
binding of antibodies to antigens on the vesicle membrane. This method is fast, specific, and pure, but only small
amounts can be extracted, and it is a high cost method.>®

Taken together, physically based techniques are suitable for mass processing and for obtaining pure vesicles, but the
separation parameters are complex and time-consuming. Chemically based techniques are simple and reproducible, but
the cost is high. Currently, much attention has been paid to combining both physical and chemical isolation techniques to
obtain high purity and reproducible PDVEs.”’

Applications of PDVEs in Cancer Therapy

A number of anti-cancer drugs have exhibited strong cytotoxic killing effects in vitro, but the in vivo inhibitory effects
were unsatisfactory. Furthermore, the significant systemic toxicity due to the poor bioavailability also limited their
clinical application. The emergence of nano-drug delivery systems tends to overcome this problem. The nanocarriers can
chemically or physically conjugate the drug and deliver it to the designated lesion site to improve therapeutic efficacy.”®
The efficiency of drug targeted delivery to the lesion is determined by the properties of the carriers, including physical
properties, surface modifications, cellular uptake, active targeting ability, acid tolerance, and the trans-biological barrier
characteristics. PDVEs were first utilized for drug delivery in 2014. The GfDVEs encapsulated methotrexate and were
used for ameliorating dextran sulfate sodium induced mouse colitis.** In recent years, PDVEs with anti-inflammatory,”
anti-cancer,” anti-bacterial,’” and anti-oxidant aging effects have been found.®' ®* They are widely used to prevent or
treat cancer,®* colitis,®” alcoholic liver disease,’® and even COVID-19.®” PDVEs are promising as drug delivery systems
for cancer treatment because of their intrinsic targeting,°® acid tolerance,® easy penetration of physiological barriers,'®
storage stability,”® non-toxicity to the organism,*® and low fabrication cost (Figure 2).
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Figure 2 Applications of plant-derived vesicles in cancer therapy as a carrier.
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As a Carrier

Properties

PDVEs are spherical, elliptical, or cup-shaped in shape, depending on the plant species and the extraction method
(Table 2). PDVEs have a negative surface charge, which can effectively prolong their residence time in the blood.”" The
size of PDVEs from different species is inconsistent and mainly distributed between 30 and 500 nm. For example, the
size of Beta vulgaris-derived vesicles is 50 nm,’? that of asparagus-derived vesicles is 119 nm,” that of ginger-derived
vesicles (GIDVEs) is 220290 nm,*® and that of ginseng-derived vesicles is 344.8 nm.”* In addition, the isolation method
also influences the size. For example, the size of GiDVEs extracted by differential centrifugation was 403 nm, while that
of vesicles extracted by co-precipitation separation with a 15% concentration of polyethylene glycol-6000 (PEG6000)

Table 2 Physicochemical Characterization of Plant-Derived EVs

Source Scientific Name Isolation Method Size (hnm) | Zeta (mV) | Shape Ref.
Apple Malus domestica Differential centrifugation/filtration/ 152+ 32.3 / Round [76]
ultracentrifugation
Arabidopsis | Arabidopsis thaliana Vacuum infiltration/centrifugation/differential 52+ 170 / Spherical [54]
centrifugation
Differential centrifugation 100-150 Negative Cupped [77]
Blood Citrus sinensis Differential centrifugation/filtration/ 178.8+ 4.3 / / [78]
orange ultracentrifugation
Blueberry Vaccinium myrtillus, Differential centrifugation/filtration/ 198+ 112 / Spherical [79]
Vaccinium corymbosum ultracentrifugation
Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval
Broccoli Brassica oleracea Density gradient centrifugation 18-120 -7 Spherical [65]
Cabbage Brassica oleracea var. Polyethylene glycol-based precipitation/ 100 —14.8 Spherical [53]
capitata ultracentrifugation
Carrot Daucus carota Differential centrifugation/filtration 150 —10.2 Spherical [81]
Differential centrifugation/density gradient 200 -25 Spherical [7]
centrifugation or cupped
Clementine | Citrus clementina Density gradient centrifugation 75-345 / / [46]
Coconut Cocos nucifera Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval
Differential centrifugation/filtration/ Coconut / Spherical [82]
ultracentrifugation water: 13—
60
Coconut
milk: 30—
100
Cucumber | Cucumis sativus Differential centrifugation/filtration/ 167+ 3 —32+ 0.13 Spherical [83]
ultracentrifugation
Garlic Allium sativum Differential centrifugation/filtration/ 113-153 / Spherical [84]
ultracentrifugation
(Continued)
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Table 2 (Continued).

Source Scientific Name Isolation Method Size (nm) | Zeta (mV) | Shape Ref.

Ginger Zingiber officinale Differential centrifugation/filtration/ 124.5 / Spherical [85]

ultracentrifugation

Differential centrifugation 230 Negative / [86]

Density gradient centrifugation 292 —12.9- -2.1 | Spherical [87]
or cupped

Differential centrifugation/filtration/ 120-150 / Spherical [52]

ultracentrifugation or density gradient centrifugation

Density gradient centrifugation 294 -29.7 Spherical [66]
Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval
Differential centrifugation/density gradient 100-1000 -25 Spherical [7]
centrifugation or cupped
Differential centrifugation/density gradient 232.7 Negative Spherical [88]

centrifugation

Density gradient centrifugation 50-150 / Spherical [68]

Differential centrifugation/density gradient 100-600 / / [60]

centrifugation

Ginseng Panax ginseng Differential centrifugation/ultracentrifugation 344.8 —254 Spherical [74]

Differential centrifugation/filtration/ 92.04+ 4.8 / Spherical [89]
ultracentrifugation

Grape Vitis vinifera Differential centrifugation/filtration/ 30-200 / Spherical [90]
ultracentrifugation

Density gradient centrifugation 380 =27 Spherical [35]
Density gradient centrifugation 500-1000 —40 Spherical [7]
or cupped
Grapefruit Citrus paradisi Differential centrifugation/filtration 200.5 / / [36]
UV irradiation/bath sonication/ultracentrifugation 110+ 10 / / [9o1]
Differential centrifugation/filtration 102.4 —38.15 Spherical [92]
Density gradient centrifugation 200 Negative Spherical [93]
Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval
Density gradient centrifugation 50-100 —40 Spherical [7]
or cupped
Differential centrifugation/filtration/ 147.7+ 2.4 / / [78]

ultracentrifugation

Density gradient centrifugation 2108+ —49.2— Spherical [44]
48.62 —1.52 or cupped
(Continued)
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Table 2 (Continued).

Source Scientific Name Isolation Method Size (hm) | Zeta (mV) | Shape Ref.
Differential centrifugation/filtration/ 105—400 -25 Spherical [90]
ultracentrifugation or cupped

Kiwi Actinidia chinensis Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval
Differential centrifugation/filtration/ 161.6% 0.6 / / [78]
ultracentrifugation

Lemon Citrus limon Density gradient centrifugation 50-70 / / [64]
Differential centrifugation/density gradient 180.5+ 3.2 / Spherical [94]
centrifugation
Differential centrifugation/filtration/ 193.5+ 2.2 / / [78]
ultracentrifugation

Mistletoe Viscum album Vacuum infiltration/centrifugation/differential 280+ |15 / Spherical [54]
centrifugation

Nut Juglans regia Differential centrifugation/filtration 90-330 —21--23 Spherical [95]

Juglans californica Differential centrifugation/filtration 230 —21--23 Spherical [95]
Corylus avellana Differential centrifugation/filtration 90-560 —21--23 Spherical [95]

Orange Citrus sinensis Density gradient centrifugation/filtration/ 62+ |2; / Spherical [15]
ultracentrifugation 247+ 61
Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval

Pear Pyrus communis Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval

Peas Pisum sativum Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval

Periwinkle Vinca minor Vacuum infiltration/centrifugation/differential 38+ 200 / Spherical [54]
centrifugation

Soybean Glycine soja Differential centrifugation/filtration/ / / Spherical [80]
ultracentrifugation or oval

Strawberry | Fragaria ananassa Differential centrifugation/filtration/ 30-191 / Round or | [61]
ultracentrifugation cupped

Sunflower Helianthus annuus Vacuum infiltration/centrifugation procedure/ 50-200 / Spherical [96]
differential centrifugation/ultracentrifugation

Tobacco Nicotiana tabacum Vacuum infiltration/centrifugation/differential 70+ 20 / Spherical [54]
centrifugation

Tomato Lycopersicon esculentum | Differential centrifugation/filtration/ 110+ 10 / Spherical [9]
ultracentrifugation
Differential centrifugation/filtration/ 100-1000 / Spherical [80]
ultracentrifugation or oval
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was 252 nm, which decreased with increase in PEG concentration.> The vesicle size determines the vesicle distribution
in vivo; thus, different extraction methods should be carefully selected according to specific needs. Drug loading into
PDVEs can be accomplished by simply co-incubating PDVEs with the drug, which is known as the passive loading
technique. Active loading techniques such as ultrasonic treatment and freeze-thaw cycles can also be used to temporarily
disrupt the PDVE membrane and increase the drug loading rate.”

pH Tolerance

In clinical practice, oral administration has the highest patient compliance compared to other administration routes.
However, a drug can be degraded by gastric acid, which results in a decline of bioavailability. Therefore, it is crucial to
improve the acid tolerance of anti-cancer drugs. Several studies performed in vitro acid tolerance tests on Kaempferia
parviflora-derived vesicles, and the results showed that Kaempferia parviflora-derived vesicles were stable in simulated
gastric acid, maintaining their structural integrity with the size slightly enlarged. The only significant change was that the
surface charge changed from negative to positive, due to the neutralization effect by hydrogen ions in the gastric acid.®
Notably, not all PDVEs change surface charges in gastric acid. The size and the electric potential of tea flower-derived
vesicles remained unchanged in a gastric simulant, small intestinal simulant, and colonic stimulant.”® An illustrative
example of PDVEs applied for oral drug administration is sorafenib. The bioavailability of sorafenib is significantly
limited when orally administered due to degradation in gastric acid. However, when encapsulated within Kiwifruit-
derived PDVEs, sorafenib exhibited enhanced stability in simulated gastric conditions, subsequently showing improved
absorption and therapeutic efficacy.” The TME is also acidic, and PDVEs with acid tolerance can protect anti-cancer
drugs in the microenvironment until they are taken up by cancer cells. In addition, Zhang et al reported that PDVEs were
not only acid-tolerant but also resistant to pepsin catabolism.’ In conclusion, PDVEs resist gastric acid degradation in the
stomach and avoid degradation by pepsin, which makes them excellent carriers for oral drug administration.

Crossing Barriers

Biological barriers block foreign substances to maintain homeostasis but also prevent drugs from reaching a lesion. When
administered orally, most drugs are unable to enter the bloodstream because of the intestinal barrier. When treating brain-
related diseases, drugs have difficulties entering the brain due to the blood-brain barrier and instead reach other organs,
leading to potentially severe side effects.'”® Based on the phospholipid surface and nanostructure, PDVEs can transport
a drug through a biological barrier and improve the bioavailability of the drug.

One prominent example showcasing the potential of PDVEs in surmounting biological barriers is their application in
delivering dexamethasone (Dex) for neuroinflammation-related disease treatment. Dex is known for its anti-inflammatory
properties, but its therapeutic potential is limited due to its poor bioavailability and inability to cross the blood-brain
barrier efficiently. Researchers utilized Allium tuberosum-derived PDVEs to encapsulate Dex. Upon administration,
these PDVEs were shown high efficiency in crossing the blood-brain barrier, and delivered Dex directly to the affected
brain regions. This led to a significant alleviation of inflammation in microglial, demonstrating the potency of PDVEs as
drug delivery vehicles for brain diseases.'®"

To verify the ability of PDVESs to penetrate the intestinal barrier, grape-derived vesicles (GDVEs) were stained with
fluorescent dyes. The results showed that GDVEs accumulated in the intestine during the first 6 h after oral adminis-
tration and were decreased within 48 h.>> Most brain cancers require surgical intervention since the restrictive blood-
brain barrier usually prevents drugs from reaching a therapeutic concentration. However, it was found that GFDVEs
carrying miR17 could significantly inhibit brain cancer growth, without any toxic effects.’® Notably, although PDVEs
could cross biological barriers, they could not penetrate the placental barrier when injected intravenously into pregnant
mice, suggesting the high safety of PDVEs in pregnant women.'®> Taken together, PDVEs act as intelligent Trojan
horses, encasing a drug and crossing a biological barrier to transport it to the lesion. Meanwhile, they are safe for the
fetus in the uterus.

Surface Modifications and Active Targeting
Regardless of the delivery method, the drug will be transported everywhere in the body through the circulatory system
after administration, which inevitably decreases the drug concentration at the cancer lesion and increases the risk of toxic
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side effects in other organs. Therefore, it is important to enhance the cancer-targeting ability of PDVEs to improve the
bioavailability of drugs at the target and reduce their toxic side effects. This is crucial for increasing the efficacy of anti-
cancer drugs.

Currently, there are two main approaches for improving PDVEs through surface modifications. One is loading the
vesicle surface with ligands capable of binding with cancer-specific receptors. For example, a therapeutically siRNA is
fused into the 3WJ core, modified with folic acid, coupled to cholesterol, and incubated with GiDVEs membranes. By
cholesterol anchoring to the membrane, the complex is formed with 80% drug loading.®® It was shown that the vesicles
efficiently delivered survivin siRNA to a human oral epidermal-like (KB) cancer model and that folic acid ligands
significantly promoted the uptake of GiDVEs by the KB cells. Another approach is to modify vesicles based on the TME.
For example, the leukocyte membrane in a cancer-inflammatory environment was utilized to wrap around a GIDVE,”
which avoided the clearance by the immune system and allowed the vesicles to directly deliver to the site of
inflammatory cancer. Therefore, the surface of PDVEs is amenable for modification, such as loading small molecules
or covering with bionic membranes. This property makes it possible to use PDVEs for enhanced targeting of cancer cells
and warrants more in-depth investigation.

Cellular Uptake
The ability to be taken up by mammalian cells is a prerequisite for PDVEs to exchange information between plants and
animals. As far as is known, PDVEs are taken up by mammalian cells through multiple pathways, depending on the type
of plant donors and the type of animal recipient cells. For example, GfDVEs enter the intestinal cells through
micropinocytosis,”> whereas GiDVEs are specifically internalized by enterocytes via caveolin-mediated endocytosis
and micropinocytosis.'®* The entry of GiDVEs into hepatocytes is ATP-dependent, and its uptake rate is slow at 4°C and
increases with increasing temperature.®® Furthermore, it was found that the main pathway of macrophage internalization
of GiDVEs was not macrocytic drinking but clathrin-mediated endocytosis. Furthermore, the intracellular GiDVEs
directly induced macrophage polarization and improved the cancer immune suppression microenvironment, resulting in
an enhanced therapeutic efficacy. This phenomenon suggests that PDVEs can transport their contents into the cytoplasm,
thus altering the physiological state of the recipient cells.”*

However, current research on the uptake mechanism of PDVEs by mammalian cells is still incomplete, and alterations
of gene or protein expression of the recipient cells remain unknown. Elucidation of the molecular mechanisms involved
in the internalization process will provide more efficient delivery and better therapeutic effects.

As a Therapeutic Agent

In nature, plants and animals are interdependent, and research on the information exchange between the two biological
communities is ongoing. Recently, it was found that the nucleic acids, proteins and enzymes within PDVEs positively
regulated the physiological homeostasis of animals when absorbed by their cells.'®**'° Thus, PDVEs can act not only as
carriers but also as therapeutic agents (Table 3). Emerging studies show that PDVEs have anti-cancer effects but have

195 which closely correlated with the contents of the PDVEs.'%® Here, we systematically

little influence on normal tissues,
describe the contents of PDVEs and their involvement in anti-cancer strategies, such as chemotherapy, starvation therapy,

and immunotherapy (Figure 3).

Contents

Like MDVEs, PDVEs contain various biological information of donors, including lipids, nucleic acids, proteins, and
metabolites. To clarify the therapeutic mechanism of PDVEs, a number of studies have identified several types of
inclusions in PDVEs.

In contrast to MDVEs, the lipids of PDVEs are diverse. For example, the lipids of GiDVEs consisted primarily of
42% phosphatidic acid (PA), 27% digalactosyl diacylglycerol, and 19% monogalactosyl diacylglycerol.*” In contrast, the
lipids of GfDVEs consisted primarily of 24% phosphatidylethanolamine, 23% phosphatidylcholine (PC), and 13%
phosphatidylinositol.''" The lipids of GDVEs were composed of 53% PA and 26% phosphatidylethanolamine.*”
Moreover, lipids from different PDVEs have been shown to have different functions. PAs from GiDVEs prolonged
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Table 3 Applications of PDVEs in Cancer Therapy

Source

Cancer type

Mechanism

Cargo

Administration Way

Ref

Bitter

melon

Oral squamous cell carcinoma

Generate ROS
Up-regulate JUN protein
Downregulate NLRP3 expression

Intravenous injection

[22]

Cannabis

In vitro: Hepatocellular
carcinomas (HepG2; Huh-7)

Arrest the GO/GI phase of the cell growth
cycle

Induce cell death by activating
mitochondrial-dependent apoptosis
signaling pathways

[107]

Garlic

In vitro:
Kidney cancer cells (A498);
Lung adenocarcinoma (A549)

Arrest the S phase of the cell growth cycle
Upregulate gene expression levels of pro-
apoptotic genes such as p53, Bax, Cas3, and
Cas9

Downregulate angiogenic VEGF protein

expression levels

[23]

Ginger

Oral epidermoid carcinoma

Target tumor cells

siRNA

Intravenous injection

[85]

Colon cancer

Reduce side effects
Dual targeting of epithelial cells and
macrophages

Oral administration

(86]

Colon cancer

High drug loading rate
pH-dependent drug release

Target tumor cells

DOX

Oral administration

[17]

Colon cancer

Dual targeting of intestinal epithelial cells
and macrophages

Increase survival and proliferation of
intestinal epithelial cells

Reduce proinflammatory cytokines (TNF-a,
IL-6 and IL-1B

Increase anti-inflammatory factors (IL-10
and IL-22)

Oral administration

(87]

Ginseng

BI6FI0 Melanoma

Promote the transformation of M2 type to
MI type
Generate ROS

Intraperitoneally injection

[74]

Colon adenocarcinoma (COAD)
Triple negative breast cancer
(TNBCs)

Promote secretion of CCL5 and CXCL9
from macrophages

Recruit CD8+ T cells into the tumor
microenvironment

Target macrophage cells

PD-I mAb

Intraperitoneally injection

[108]

Grape

Colon cancer

Gastrointestinal fluid tolerance

Able to penetrate into epithelial mucosa
and be taken up by intestinal stem cells
Promote proliferation of Lgr5+ intestinal

stem cells

Oral administration

[109]

Grapefruit

Colon cancer (CT26; SW620)

Target tumor cells

Extend the circulation time in the body

JSI-124

Intravenous injection

[36]

(Continued)

6858

https:

Dove!

International Journal of Nanomedicine 2023:18



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

Dove Zhao et al
Table 3 (Continued).
Source Cancer type Mechanism Cargo Administration Way Ref
In vitro: Downregulate Cyclin Bl and Cyclin B2 / / [110]
Breast adenocarcinoma (MCF7); expression levels
Human melanoma (A375); Up-regulate cell cycle inhibitor p21
Lung adenocarcinoma (A549) Arrest cell cycle in the G2/M phase
Brain Tumor (GL-26) Target tumor cells miR17 Intranasal administration [92]
High RNA loading rate
Colon cancer (CT26); Targeting the tumor inflammatory DOX Intravenous injection [93]
Breast cancer (4T1I) environment using leukocyte membrane
wrapping
Lemon In vitro: Target tumor cells / Intraperitoneally injection | [64]
Lung adenocarcinoma (A549); Activate TRAIL-mediated apoptosis
Colon cancer (SW480); Down-regulate the expression of apoptosis
Chronic myeloid leukemia cells genes Survivin and Bcl-x|
(LAMAB84) Inhibit angiogenesis
in vivo:
Chronic myeloid leukemia cells
(LAMAB84)
Petasites / Promote the expression of surface / / [21]
japonicus molecules and production of Thl-polarizing
pro-inflammatory cytokines in BMDCs
Induce the Maturation of DCs via the
Activation of MAPK and NF-kB Signaling
Pathways
Induce Naive T Cells toward Thl
Polarization and Activated CD8+ T Cells
Tea Breast cancer Generate ROS / Intravenous injection [98]
Trigger mitochondrial damage
Arrest cell growth cycle

Abbreviations: SLNVEs, Synthetic lipid vesicles; MDVEs, Mammalian-derived vesicles; PDVEs, Plant-derived vesicles; TME, Tumor microenvironment; mRNA, Messenger
ribonucleic acid; DNA, Deoxyribonucleic acid; siRNA, Small interfering ribonucleic acid; miRNA, Micro ribonucleic acid; GfDVEs, Grapefruit-derived vesicles; TRAIL, Tumor-
necrosis factor- related apoptosis inducing ligand; GiDVEs, Ginger-derived vesicles; PEG6000, Polyethylene glycol-6000; GDVEs, Grape-derived vesicles; KB, Human oral
epidermal-like; PA, Phosphatidic acid; PC, Phosphatidylcholine; GaDVEs, Garlic-derived vesicles; TAMs, Tumor-associated macrophages; TNF-o, Tumor-necrosis factor-a;
ROS, Reactive oxygen species; TCM, Traditional Chinese medicine.

the resident time of PDVEs in the small intestine and were absorbed by the intestinal microbiota,’® whereas PAs from
GDVEs were able to mediate cell proliferation in the colon.*

miRNAs represent another important component in PDVEs. A total of 198 miRNAs and 39 novel miRNAs were identified in
ginger, among which 136 miRNAs were also found in GiDVEs. A molecular mechanism study showed that most co-expressed
miRNAs between ginger and its vesicles were responsible for regulating stress responses, root development, and other
physiological processes in plants.®® In addition, high-throughput sequencing techniques and bioinformatics analyses have
shown that plant-derived miRNAs have the potential to regulate human metabolic activities and even treat human diseases.®®
For example, miRNAs in GiDVEs regulated intestinal flora homeostasis and alleviated lipopolysaccharide induced colitis.'*®
Furthermore, miRNAs extracted from coconut water-derived vesicles can target the metabolism-related mRNAs in human
genome. ™

Finally, proteins are also considered as significant signaling molecules in PDVEs. Proteomic analysis identified 745
proteins in tea flower-derived vesicles. The Gene Ontology database and gene and genome (KEGG) annotation pathway

analysis revealed that the proteins in the vesicles were mainly related to cellular composition, metabolism, and growth.
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Figure 3 Applications of plant-derived vesicles in cancer therapy as a therapeutic agent.

Among them, 16 proteins had oxidation-related functions, suggesting that these vesicles may trigger intracellular
oxidative stress.”®

In summary, the diverse biological components within PDVEs play pivotal roles in both plant and human physiology. The
distinct lipid profiles of various PDVEs not only signify their uniqueness but also underline specific therapeutic potentials,
especially in gastrointestinal applications. The presence of numerous miRNAs in PDVEs, particularly those with origins in
plants like ginger, emphasizes their potential in regulating a myriad of cellular processes, from stress responses in plants to
metabolic activities in humans. Moreover, the abundance of proteins, especially those with antioxidant properties, accentuates
the potential of PDVEs in mediating cellular events, possibly even leading to responses like oxidative stress.

Cytotoxic Killing Therapy

Apoptosis and cell cycle arrest are the main evaluating indicators for the development of anti-cancer drugs. It was
demonstrated that garlic-derived vesicles (GaDVEs) induced apoptosis in cancer cells by activating caspase-mediated
intrinsic pathways. The expression levels of pro-apoptotic genes such as TP53, BAX, CASP3, and CASP9 were
significantly increased. In contrast, the expression levels of anti-apoptotic genes were significantly decreased in kidney
and lung cancer cells following treatment with GaDVEs.” In addition, GaDVEs blocked the growth cycle of cancer
cells, leading to S phase arrest. GADD45A, a gene regulating cell cycle arrest and DNA damage,''? is an essential signal
in the cellular network response to external damage. Yang et al found that lemon-derived vesicles induced upregulation
of GADDA45A in 3D cultures of SGC-7901 spheroids, resulting in cell cycle arrest.’’

However, it is essential to note that the cytotoxic killing effect of PDVEs can be varied depending on the donor
species. In one study,''® Cho et al analyzed vesicles derived from four Citrus species: C. sinensis, C. limon, C. paradisi,
and C. aurantium, and showed that all four of these PDVEs inhibited the proliferation of A375 (human melanoma), A549
(human lung cancer), and MCF-7 (human breast cancer) cells. However, only vesicles from C. paradisi were able to
block the cell cycle of melanoma cells in the G2/M phase by enhancing the gene expression of CDKN1A (encoding p21)
and reducing the levels of cyclin B1 and cyclin B2. In addition to plant species differences, the anti-cancer effects of

PDVESs produced from different locations of the same plant may also vary. For example, vesicles from the roots of
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Dendropanax morbifera inhibited melanoma by downregulating the expression of TYR, TRP-1, and TRP-2 in B16BL6
cells, but vesicles from leaves were more effective.’”*

The contents in PDVEs also determine the cytotoxic killing effects against cancer cells. It was shown that the PDVEs
from Cannabis sp. could be classified into high cannabidiol vesicles and low cannabidiol vesicles based on the
concentration of cannabidiol. Compared to the low cannabidiol vesicles, the high cannabidiol vesicles significantly
inhibited the cell viability of hepatocellular carcinoma cell lines HepG2 and Huh-7 in a time- and dose-dependent manner
but had no inhibitory effect on normal growth of HUVECs. Molecular mechanism investigations further indicated that
the high cannabidiol vesicles blocked the cell cycle at the GO/G1 phase and activated the mitochondria-dependent
apoptotic signaling pathway in hepatocellular carcinoma cells.'"’

Several experiments have demonstrated the high selectivity of PDVEs for cancer cells. First, the difference in the
composition of cancer cell membranes and normal cell membranes affects the uptake pathway of cells, resulting in
different amounts of PDVEs entering the cancer cells and normal cells. One study showed that HepG2 cells took up
a two-fold increase of asparagus-derived vesicles compared to LO2 cells. Thus, asparagus-derived vesicles upregulated
apoptotic factors and induced apoptosis in hepatocellular carcinoma cells but caused less damage to normal
hepatocytes.”” Second, PDVEs were more likely to activate apoptotic pathways to which cancer cells are susceptible,
such as TRAIL-mediated apoptosis.''® Specifically, vesicles in citrus (Rutaceae) sap exerted their anti-cancer effects by
stimulating the TRAIL-mediated apoptotic pathway®’ but had no toxic effects on normal cells.

In conclusion, the potential of PDVEs in anti-cancer therapies is vast, showcasing not only their ability to selectively
target cancer cells but also the importance of their donor species and specific plant parts. Whether through specific
molecular pathways like caspase-mediated intrinsic or TRAIL-mediated apoptosis, or through the differential composi-
tion influencing uptake by cancer versus normal cells, the versatility of PDVEs is evident. The findings also underscore
the significance of studying individual constituents, such as cannabidiol concentration, in influencing the cytotoxic
effects of these vesicles.

Immune Modulatory Therapy

With the recognition of the body’s innate ability to combat cancer, Immune modulatory therapy took center stage. This
approach seeks to harness and amplify the body’s immune system’s natural capability to detect and destroy cancer cells.
By modulating immune checkpoints or introducing tailored immune cells, this therapy offers a more targeted approach
with fewer side effects than cytotoxic agents.

The TME is infiltrated by a large number of inflammatory cells, including TAMs, lymphocytes, natural killer cells,
dendritic cells, and mast cells. TAMs are the most predominant subset.''* TAMs are plastic and can be M1- or M2-
polarized upon stimulation by different cytokines. Generally, the M1 phenotype has anti-cancer effects, while the M2
phenotype has pro-cancer properties.''> PDVEs can modulate the immune microenvironment by altering the polarization
of TAMs.

Cao et al demonstrated that GiDVEs promoted the polarization from the M2 phenotype to the M1 phenotype.”* The
results showed that GiDVE treatment significantly increased the secretion of M1 phenotype-associated cytokines,
including tumor-necrosis factor-o. (TNF-a), interleukin-12 and interleukin-6, while the expression of the M2 phenotype
marker CD206 was significantly reduced.’” To clarify the active components regulating macrophage polarization, TAMs
were treated with DNase I, RNase I, proteinase K, or sonicated GiDVEs. The results showed that proteinase K and
sonicated GiDVE-treated TAMs were unable to induce macrophage polarization. This indicates that the proteins in
GiDVEs are the main components responsible for macrophage polarization, and their structural integrity is essential for
regulating this process.

In the last decade, immune checkpoint inhibitors have received much attention in cancer therapy for their ability to
promote cytotoxic T cell activity to kill cancer cells. However, immune checkpoint inhibitors are ineffective in solid
cancers because of the insufficient infiltration of T cells; thus, these are referred to as cold tumors. PDVEs have been
reported to enhance the therapeutic effects of immune checkpoint antibodies by reprogramming the microenvironment of
cold tumors. The results showed that GiDVEs reprogrammed TAMs to increase CCL5 and CXCL9 secretion and
recruited CD8+ T cells into the TME, converting the cold TME to a hot one. When combined with programmed
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death-1 inhibitors, the cancer progression in both colon and breast cancer models was inhibited, with no detectable
systemic toxicity.'%®

In summary, the profound effects of GiDVEs on TAM polarization and the subsequent modulation of the tumor
microenvironment underscore their potential as vital tools in oncology. The specific protein components in GiDVEs,
pivotal for macrophage polarization, emphasize the importance of understanding the molecular components driving these
effects. Further, the ability of PDVEs to turn “cold” tumor environments “hot” by reprogramming TAMs, combined with

immune checkpoint inhibitors, establishes a promising avenue in tackling even solid tumors.

Oxidative Therapy

However, certain tumors evade the immune system or develop resistance. This led to the exploration of Oxidative
therapy, a more recent innovation. Cancer cells, due to their altered metabolism, are often more susceptible to oxidative
stress than normal cells. Oxidative therapy capitalizes on this vulnerability by inducing a surge of reactive oxygen species
(ROS) in the tumor environment, leading to cancer cell death while sparing most normal cells.

Reactive oxygen species (ROS), including peroxides, superoxides, hydroxyl radicals, singlet oxygen, and a-oxygen,
are natural by-products of oxygen metabolism and play an essential role in cell signaling and maintenance of organism
homeostasis. However, excessive levels of ROS can cause severe damage to cells.'®” Therefore, ROS bursts in the TME
can trigger oxidative stress in cancer cells and achieve anti-cancer effects. It was reported that edible tea flower-derived
vesicles inhibited metastatic breast cancer by generating ROS. The increased intracellular ROS levels triggered
mitochondrial damage and blocked the cell cycle, thus suppressing breast cancer cell proliferation and migration. In
contrast, the tea flower-derived vesicles led to little ROS production and minimal mitochondrial damage in normal
cells.”® A similar phenomenon was also observed with lemon-derived vesicles.”’

Elevated ROS may also improve the susceptibility of drug-resistant cancer cells. It was found that bitter melon-
derived vesicles improved the chemosensitivity of S-fluorouracil-resistant oral squamous cell carcinoma cells and thus
enhanced the therapeutic effect of 5-fluorouracil in vitro and in vivo.*? However, when treated with N-acetylcysteine, the
chemosensitizing effects disappeared, suggesting that the synergistic effects were dependent on ROS production.
Notably, bitter melon-derived PDVEs scavenged excessive ROS production caused by X-ray irradiation in normal
H9C2 cells and thus rebalanced the mitochondrial membrane potential and attenuated DNA damage.''® Therefore, the
intracellular ROS level may be the underlying reason for the highly selective action of PDVEs against cancer cells.

In essence, the dual role of ROS, both as a potential enhancer of cancer therapies and as a possible protective agent
against cellular damage, is evident. The selective action of PDVEs, underpinned by intracellular ROS levels, provides
a fascinating insight into their anti-cancer potential and their ability to safeguard non-malignant cells from unwanted
oxidative stress. Such a discerning approach offers a promising direction in optimizing cancer treatments while
preserving the integrity of surrounding tissues.

Other Therapeutic Effects

In the TME, the relative hypoxic environment stimulates angiogenesis, which ensures the delivery of nutrients required
by cancer cell proliferation. Therefore, angiogenesis inhibition can block the supply of nutrients and thus inhibit cancer
growth. It was reported that GaDVEs inhibited cancer growth by reducing VEGF expression in vitro, without affecting
normal human dermal fibroblasts.”> However, such evidence is still limited, and further investigation is necessary to
provide more evidence.

In addition to anti-cancer effects, PDVEs also exhibit remarkable preventive effects against carcinogenesis. It was
found that oral administration of tea leaf-derived vesicles reduced the levels of pro-inflammatory cytokines, including
TNF-q, interleukin-6, and interleukin-12, while increasing the expression of the anti-inflammatory cytokine interleukin-
10, and thus effectively inhibited inflammatory bowel responses. At the same time, the expression of tight junction-
related proteins zona occludens protein 1 and mucin 2 were elevated to restore the damaged colonic barrier. Furthermore,
the vesicles enhanced the diversity and abundance of the intestinal microbiota, thereby preventing or alleviating

. . .. . 11
inflammatory bowel disease and colitis-associated colon cancer.'"’
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In summary, the intricate interplay within the TME underscores the significance of angiogenesis as a potential
therapeutic target. Preliminary findings highlight the inhibitory effects of GaDVEs on cancer growth through VEGF
modulation. Yet, the journey to fully understand their potential is still underway, necessitating more rigorous studies. On
another front, PDVEs are emerging as potent preventive agents against carcinogenesis. Their ability to modulate the
inflammatory milieu, bolster barrier integrity, and foster a healthful gut microbiome place them at the forefront of
innovative strategies against inflammatory diseases and associated cancers. The multipronged effects of PDVEs accent-
uate their vast potential in cancer research and treatment.

Discussion and Perspectives
Here, we systematically summarized the preparation, contents, and application of PDVEs in cancer prevention and

treatment. Although SLNVEs meet the basic requirements for drug delivery,''®

they are still challenged by a number of
problems such as cytotoxicity, non-specific tissue distribution, and therapeutic efficacy. SLNVEs tend to be phagocyted
by the reticuloendothelial system, resulting in low bioavailability and hypersensitivity reactions.''® In contrast, the
natural properties of PDNVEs allow them to avoid these side effects. Compared to MDVEs, PDVEs have no zoonotic
pathogens, can be manufactured from abundant resources, are easily extracted, and are environmentally friendly."’
Although PDVEs have great potential in anticancer therapy, a series of issues remain to be solved. First, there is no
standardization of PDVEs in the extraction process and no representative markers to qualify PDVEs. The differences in
plant donor species make it difficult to establish quality control criteria for PDVEs. Macroscopic control can be
performed based on commonalities of PDVEs, such as describing their shape, size, and potential, or identifying their
compositions including lipids, proteins, and nucleic acids. For example, transmission electron microscopy is typically
used to detect the ultrastructure of PDVEs, and dynamic light scattering is used to determine the size and potential of
PDVE:s. In addition, it is vital to identify the composition of PDVEs. Unlike other vesicles, PDVEs are composed of
multiple lipids. By determining the lipid composition of the PDVEs extracted to date, it was found that each PDVE
contains phospholipids and glycerol lipids, but none contain cholesterol.'?° It is known that vesicles of mammalian origin
have well-defined protein markers, including the transmembrane proteins CD63, CD81, and CD9. PDVEs do not yet

121 and

have clear protein markers, but all PDVEs inevitably require some hydrolase to cleave the cell wall during release,
therefore, this hydrolase may be a candidate for protein markers.

Second, PDVEs may carry allergens from the donor. Stanly et al evaluated the allergen information carried in strawberry-
derived vesicles.'** Immunological testing revealed that several proteins in strawberry-derived vesicles, such as Fra a 1, Fra
a 3, and Fra a 4, could competitively bind with immunoglobulin E, suggesting that PDVEs may induce allergic reactions in
human beings. In addition to allergens, plant exposure to toxic substances during growth may also remain in the PDVEs,
such as organophosphorus, organonitrogen, organoarsenic, and dinitroaniline. Therefore, a strict selection of plant donors can
effectively avoid potential risks, such as organic plants, in-season plants, and non-GMO plants.

In addition to the aforementioned lack of standardized extraction methods and potential allergenic issues associated
with PDVEs, there are several other challenges confronting PDVE research: (1) The mechanisms of PDVE formation and
release remain unclear; (2) There is no unified naming convention for PDVEs; (3) Standardized biomarkers for PDVEs
are lacked; (4) Techniques for PDVE preservation and transportation are still in their infancy; (5) The distribution and
metabolism of PDVEs within the body are not well-understood. Despite the burgeoning research in PDVEs, further
efforts are required globally from the scientific community to fully harness its potential as a biological therapy or drug
carrier. Specifically, it is necessary to elucidate the roles of PDVEs in plant growth, stress responses, and death, as well as
the mechanisms underlying PDVE formation and release. Meanwhile, it is urgent to develop more cost-effective and
time-saving extraction methods suitable for large-scale production, along with robust preservation and transportation
techniques for clinical applications. In addition, we need to establish a comprehensive, intuitive, and easily adopted
naming system that differentiates PDVEs based on type, origin, location within the plant, and state. More importantly,
identification of generic biomarkers for PDVEs to standardize subsequent extractions is significant for mechanism
exploration. Last but not least, the impacts of PDVEs, when introduced into the body via various administration routes,
on critical systems such as the immune, hematological, and nervous systems, as well as their distribution patterns and
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metabolic pathways in the body, is worth to be intensively investigated on multiple diseases, such as malignancies and
auto-immune diseases.

Finally, Traditional Chinese medicine (TCM) is a valuable resource to screen and prepare efficient PDVEs. TCM has
been appreciated for cancer prevention and treatment in Asian countries for thousands of years. Although a number of
formulas have been validated in clinical settings, the underlying molecular mechanisms remain unknown. In recent years,
with the discovery of PDVEs, it was hypothesized that PDVEs are largely produced and precipitated from decoctions,
and the proteins, nucleic acids, lipids, and metabolites in them may contribute to the therapeutic effects. The hypothesis is
also supported by recent findings, which suggested that most of an herb’s active ingredients are covered in PDVEs.'** It
was found that ginger contained 237 miRNAs, 136 of which were found in GiDVEs and were mainly involved in
modulating physiological processes such as a stress response. A total of 745 proteins were found in the vesicles from tea
flower and were demonstrated to be crucial components responsible for biological processes including gene expression,
signaling pathway transmission, and cellular metabolism.”® Currently, characterization and molecular elucidation of
PDVE:s in herbs or formulas have become a topic of interest in TCM study.

Taken together, the available evidence suggests that PDVEs offer tremendous advantages in anti-cancer therapy, both
as carriers and as therapeutic agents. PDVEs offer cancer patients a new strategy for targeted cytotoxic therapy,
immunomodulatory therapy, oxidative therapy, as well as neoangiogenesis inhibition therapy. However, further research
is still warranted to optimize PDVEs concerning their quality control, safety, and high-throughput production.
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