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Abstract: Tumors are the second-most common disease in the world, killing people at an alarming rate. As issues with drug 
resistance, lack of targeting, and severe side effects are revealed, there is a growing demand for precision-targeted drug delivery 
systems. Plant-derived nanovesicles (PDNVs), which arecomposed of proteins, lipids, RNA, and metabolites, are widely distributed 
and readily accessible. The potential for anti-proliferative, pro-apoptotic, and drug-resistant-reversing effects on tumor cells, as well as 
the ability to alter the tumor microenvironment (TME) by modulating tumor-specific immune cells, make PDNVs promising anti- 
tumor therapeutics. With a lipid bilayer structure that allows drug loading and a transmembrane capacity readily endocytosed by cells, 
PDNVs are also expected to become a new drug delivery platform. Exogenous modifications of PDNVs enhance their circulating 
stability, tumor targeting ability, high cell endocytosis rate, and controlled-release capacity. In this review, we summarize PDNVs’ 
natural antitumor activity, as well as engineered PDNVs as efficient precision-targeted drug delivery tools that enhance therapeutic 
effects. Additionally, we discuss critical considerations related to the issues raised in this area, which will encourage researchers to 
improve PDNVs as better anti-tumor therapeutics for clinic applications. 
Keywords: plant-derived nanovesicles, cancer therapy, natural bioactivity, drug delivery platform, engineered EVs, targeted precision 
therapy

Introduction
Tumors are the second leading cause of death worldwide, with approximately 1670 deaths per day in the United States 
and 7700 deaths per day in China.1,2 The fundamental reason why cancers are still considered “frightening” is the 
difficulty of early tumor detection and the variety of issues present in tumor treatments, including but not limited to the 
following: (1) Surgical resection is the primary form of treatment, but it is unable to remove the tiny potential unlocated 
tumor foci that may become a fatal hidden danger. In addition, some tumors that are detected may be missed by surgical 
indicator, and thus require combination with radiotherapy and other means for removal.3,4 (2) Chemotherapeutic drugs 
lack targeting and enter the body with the blindness of “one thousand killed, eight hundred lost”, resulting in severe side 
effects such as lowered immunity and other issues.5 (3) Although emerging immunotherapy has been proven to be 
effective for some tumors, many “cold tumors” are ‘insensitive’ to immunotherapy.6 (4) Following drug therapy, the 
mutating tumor cells will progressively develop drug resistance ability, resulting in drug treatment failure.7 Accordingly, 
there is a growing demand for more efficient targeted tumor treatment, particularly in precision-targeted drug delivery 
systems.8,9

The field of targeted tumor therapy has seen many exciting advancements in the precision drug delivery system, 
particularly in the area of nanomaterials.10 (1) Through surface functionalization, nanomaterials can possess highly 
precise targeting delivery capabilities;11 (2) Encapsulation by nanomaterials can protect drugs from degradation and 
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clearance in vivo, enhancing drug stability and bioavailability;12 (3) Nanomaterials can enhance penetration and retention 
efficiency, further improving drug penetration efficiency and specificity;13 (4) Regulating the structure and composition 
of nanomaterials can achieve efficient drug release, among other benefits.14 As a novel emerging drug delivery tool, 
exosomes derived from animals possess advantages including natural origin, good biocompatibility, natural targeting 
ability, and biodegradability.15 However, they currently face challenges such as low yield and high costs.16 Therefore, 
PDNVs, also known as plant derived exosomes like nanoparticles, have become an alternative option, as they offer 
similar advantages and are easier to produce at a lower cost.17

PDNVs are extensively distributed in a range of plants and function as cellular messengers that control plant cell 
differentiation and defense against viral invasion.18,19 PDNVs are less expensive than vesicles derived from mammals 
due to more accessible source.20 On the one hand, composed of proteins, lipids, RNA, and metabolites, PDNVs have 
shown excellent natural bioactivity as therapeutics, particularly in terms of antitumor bioactivity that directly controls 
cell proliferation, apoptosis, and even ameliorates tumor drug resistance.21,22 Furthermore, PDNVs can also alter the 
TME by activating tumor immunity and regulating tumor-associated fibroblasts and microorganisms. On the other hand, 
with a lipid bilayer structure that allows them to cross the blood-brain barrier and load hydrophilic and hydrophobic 
drugs, PDNVs are expected to be valuable drug delivery vehicles.23 Interestingly, studies have demonstrated that the fate 
of PDNVs in vivo may have some specificity, including the propensity for distinct PDNVs to travel to various organs, 
and many PDNVs with antitumor effects have negligible harmful effects on normal cells.24,25 However, these character-
istics still fall short of making PDNVs the perfect tool for precise and efficient targeted delivery.

Fortunately, PDNVs contain a large number of lipids and proteins on their surface, which offer abundant opportunities 
for further modifications, such as co-incubation and co-extrusion, to improve the efficacy of PDNVs and create precise 
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drug delivery tools.26,27 Based on this, PDNVs have the potential to become smart drug delivery tools with high 
circulating stability, specific tumor targeting, tumor tissue penetration, and a high tumor cell uptake rate.23 In this 
review, we systematically summarize how to utilize the benefits of PDNVs, how to modify and load drugs into PDNVs, 
how to match the precision targeting delivery need of the PDNVs system, and the opportunities and challenges that this 
field faces. First, we summarize the natural anticancer activities of PDNVs and consider their benefits of PDNVs as drug 
delivery tools in terms of their specific structures and components. Then, we discuss attempts to build ideal drug delivery 
platforms through engineering modifications and drug loading. Finally, we focused on the bottlenecks facing PDNVs as 
a potential anti-tumor strategy, which will serve as inspiration for further research and the advancement of PDNVs in the 
clinic settings.

Composition: The Components of PDNVs
Plant-derived nanovesicles (PDNVs) are biological nanovesicles secreted by plant cells, composed of cell components 
wrapped in a membrane, including proteins, lipids, RNA, and metabolites.22 The content and proportion of these 
components vary depending on factors such as plant species, and growth conditions, so different PDNVs also exhibit 
different effects in the biomedical field.28 It has been demonstrated that PDNVs can fuse with the cell membrane, 
releasing their components into recipient cells, achieving information transfer and material transfer.29

PDNVs have multiple biological functions and play an important role in plant growth, development, and response to 
environmental stress.26,30 The proteins and RNA in PDNVs can regulate the physiological processes of cellular 
metabolism, proliferation, and differentiation.18 In addition, PDNVs also contain secondary metabolites, such as 
flavonoids and alkaloids, which can act as signaling molecules or antioxidants, contributing to cells’ resistance to 
external environmental stress.30 Studies have shown that the bioactive components in PDNVs have a wide range of 
potential applications in the body, including antitumor, anti-inflammatory, and regenerative activities, suggesting they 
could be used as a novel type of drug formulation.31 At the same time, PDNVs can be used as an effective drug carrier, 
realizing targeted delivery and controlled release of drugs through their membrane structure and component features.26

Bioactivity: PDNVs as an Anti-Tumor Therapeutic
Numerous studies have confirmed the natural bioactivity of PDNVs as disease therapeutics, particularly in anti-tumor 
therapy. (Table 1 and Figure 1) PDNVs were shown to not only play roles in anti-tumor effects that directly regulate the 
behavior of tumor cells, including proliferation, apoptosis, metabolism, and drug resistance capacity; but also play roles 
in the regulation of tumor-associated immune cells, fibroblasts, and microorganisms for improving the therapeutic effects 
of drugs, all of which inhibit tumor progression and invasiveness.32,33 Quite remarkably, Xiao et al isolated PDNVs from 
11 edible fruits and vegetables, resolved the internal miRNAs by illumina sequencing, and found that the highly 
expressed miRNAs were mainly closely associated with inflammatory responses and cancer-related pathways.34

Direct: Regulation of Tumor Cell Biological Behavior
Tumor cells exhibit a variety of biological traits that make them a formidable “villain”, including an unlimited ability for 
replication and proliferation, resistance to apoptosis, abnormal metabolism, and drug resistance mutations.54,55 Numerous 
studies already conducted have demonstrated that the ability of PDNVs directly controls these tumor cell behaviors.

Inhibition of Tumor Cell Proliferation
For the organism to operate normally, cells must proliferate and differentiate in a normal manner.56 Tumor cells, in 
contrast to normal tissue cells, possess a self-sufficient growth signaling system that may self-stimulate continuous 
proliferation, leading to uncontrolled growth.57 The anti-proliferative ability of PDNVs in tumor cells, which inhibits 
tumor progression, is exemplified in numerous studies. Stanly et al discovered that the microvesicles (MVs) and 
nanovesicles (NVs) from four citrus species, C. sinensis, C. limon, C. paradisi, and C. aurantium, particularly suppressed 
the proliferation of the lung, skin, and breast cancer cells. The PDNVs’ induction of cell cycle arrest at the G2/M 
checkpoint and blockage of the G0/G1 and G2/M cell cycle transitions may be critical for this anti-proliferative capacity. 
Meanwhile, the cell cycle proteins CyclinB1 and CyclinB2 are expressed at lower levels, whereas the cell cycle inhibitor 
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Table 1 Natural Antitumor Activity of PDNVs

Plants Effects Isolation Quantification Dose Models Mechanism Ref

Bitter Melon Reduce drug 

resistance

Electrophoresis and 

dialysis

NTA Peritumoral injection; once 

every three days for 12 days

CAL-27; WSU-HN6 Activated intracellular ROS and 

inhibited the expression of the 
drug resistance-associated 

protein NLPR3 via miRNA.

[35]

Bitter Melon Anti-proliferation Sucrose gradient 

centrifugation

BCA protein 

assay kits

0, 2, or 4 mg/kg per mouse, 

every two days until day 14

U251 Inhibited the proliferation, 

migration, and invasion ability 

of U251 glioma cells by 
performing epithelial- 

mesenchymal transition 

process and downregulating 
MMP9.

[36]

Lemon Reduce drug 
resistance

– – Once every three days SKOV3; A2780 NVs could downregulate the 
expression of caveolin-1 while 

triggering a reduction in 

downstream adenosine 
triphosphate (ATP) production 

that effectively dissipated 

intracellular energy, thereby 
significantly reducing drug 

efflux.

[37]

Lemon Pro-apoptotic Electrophoresis and 

Dialysis

Nanodrop Peritumoral injection; Once 

every two days for 7 days

AGS, BGC-823, and SGC- 

7901

Significantly promoteed ROS 

production, which upregulated 

GADD45a, led to S-phase 
arrest and promotes apoptosis 

in gastric cancer cells.

[38]

Citrus limon Pro-apoptotic Sucrose gradient 

centrifugation

Bradford assay Tail vein injection, 50 μg/mouse, 

once every three days for two 

weeks

CML mouse xenograft; 

LAMA84; SW480; A549; HS5

Inhibited proliferation through 

activation of TRAIL-mediated 

apoptotic cell death.

[39]

Citrus limon Metabolic 

reprogramming

Sucrose gradient 

centrifugation

– – SW480; LAMA84; MM1; HS5 Acetyl coenzyme 

A carboxylase (ACACA, ACC), 
was down-regulated.

[40]
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Garlic Pro-apoptotic ATPS-EV Isolation 

Solution

Lowry Protein 

Concentration 

Assay Kit

– A498; A549; Human dermal 

fibroblast cell line

Arrested the cell cycle of 

tumour cells in S phase, 

increased the expression of 
pro-apoptotic genes Caspase 3 

and Caspase 9, and down- 

regulated the anti-apoptotic 
gene Bcl-2.

[41]

Fingerroot Pro-apoptotic Ultracentrifugation; 
SEC Columns

BCA protein 
assay kits

– HT-29; HCT116 By increasing ROS levels and 
decreasing glutathione levels, it 

disrupted redox homeostasis 

and subsequently led to 
apoptosis.

[42]

Moringa oleifera seeds 
(MOES MVs)

Pro-apoptotic; Anti- 
proliferation

Filtrated and 
centrifuge at 

13000g for 5 
minutes

Megamix-plus 
SSC standard 

particle kit

– Jurkat; HeLa; PBMC Reduced tumour cell viability, 
decreased Bcl-2 protein 

expression and mitochondrial 
membrane potential, and 

increased apoptosis levels.

[43]

Citrus Anti-proliferation Differential 

ultracentrifugation 

(adding protease 
inhibitor 

complexes)

Nanodrop – MCF7, A549, A375 and 

HaCat cells

The cell cycle was stalledat the 

G2/M checkpoint by reduced 

expression of cyclins B1 and B2 
and upregulating of the cell 

cycle inhibitor p21.

[32]

Edible tea flowers Modulation of 

intestinal flora; anti- 

proliferation; pro- 
apoptotic; anti- 

migration

Sucrose gradient 

centrifugation

BCA protein 

assay kits

Mice were treated with 4 doses 

at 1.5 or 3 mg protein/kg by 

intravenous or oral 
administration every other day.

MCF-7, 4T1, A549, and HeLa 

cells

Increased intracellular ROS 

levels not only triggered 

mitochondrial damage, but also 
led to cell cycle arrest.

[44]

Dendropanax 

morbifera

Anti-metastasis Ultrafiltrate BCA protein 

assay kits

– HUVECs; CAFs Dose-dependently inhibited 

tumour-associated fibroblasts, 

probably mainly by regulating 
migration and the expression of 

extracellular matrix-associated 

proteins, such as integrins.

[28]

(Continued)
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Table 1 (Continued). 

Plants Effects Isolation Quantification Dose Models Mechanism Ref

Ginger Anti-inflammatory Differential 
ultracentrifugation; 

density-gradient 

centrifugation.

Bio-Rad protein 
quantification 

assay

Orally administered (0.3 mg/ 
mouse) every day throughout 

the experiment.

Intestinal epithelial cells, 
dendritic cells, and 

microphages from colons

Decreased the expression of 
pro-inflammatory factors and 

increased the expression of 

anti-inflammatory factors.

[45]

Ginseng Anti-inflammatory Differential 

ultracentrifugation; 
density-gradient 

centrifugation.

BCA protein 

assay kits; 
NTA

Tail vein injection, 200μg/ 

100μL/mouse, 5 times

TAMs; BMDMs; breast cancer TAMs might have promoted the 

secretion of CCL5 and CXCL9 
to recruit and activate 

T lymphocytes.

[33]

Ginseng Anti-inflammatory Differential 

ultracentrifugation; 

density-gradient 
centrifugation.

BCA protein 

assay kits

Tail vein injection, 250 μg per 

mouse, once every four days 

for 20 days.

TAMs; melanoma. Promoted the polarization of 

the M2 to M1 phenotype and 

generated total ROS led to 
increased apoptosis in murine 

melanoma cells. Ceramide 

lipids and proteins might have 
played an important role in 

macrophage polarization 

through Toll-like receptor-4 
(TLR4) and myeloid 

differentiation antigen 88 

(MyD88) activation.

[46]

Tea Anti-inflammatory Differential 

ultracentrifugation; 
density-gradient 

centrifugation.

– Orally administered, 2mg/kg 

per mouse for 5 days at day 2

Colon tumours The presence of surface 

galactose promoted the 
internalization of macrophages, 

down-regulated pro- 

inflammatory cytokine 
responses and reduced 

oxidative stress.

[47]

Coffee Anti-proliferative SEC; Exosome 

purification midi kit

EXOCET 

exosome 

quantification 
kit

– Liver cancer – [48]
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Dendropanax 
morbifera, Pinus 

densiflora, Thuja 

occidentalis, and 
Chamaecyparis obtusa

Anti-proliferative Pierce BCA protein 
assay kit

Amicon Ultra-4 
PL 100 

K concentrator

– Skin tumours – [25]

Maize Anti-proliferative Differential 
ultracentrifugation; 

density-gradient 

centrifugation

Bradford assay Saline or vesicles (50 or 150 
μg/mL) are injected into the 

tumour daily for 21 days.

Colon26 Induced release of tumour 
necrosis factor-alpha from 

RAW264.7 cells.

[49]

Cucumber Pro-apoptotic Ultracentrifugation NTA; BCA 

protein assay 
kits

472 nM CuB or CsDNVs 

containing 472 nM CuB were 
administered intravenously 

every other day for 14 days 

respectively.

HGC-27; HepG2; MDAMB- 

231

Inhibited the proliferation of 

human non-small cell lung 
cancer cells by inhibiting signal 

transduction and activation of 

transcriptional activator 3, 
generating ROS, promoting cell 

cycle arrest and activating the 

caspase pathway.

[50]

Sage Pro-apoptotic Differential 

ultracentrifugation

NTA – MIA PaCa-2, MCF-7 – [51]

Artemisia Anti-inflammatory Differential 

ultracentrifugation; 
density-gradient 

centrifugation.

BCA protein 

assay kits

ADNVs (25 mg/kg), 

administered alone or in 
combination with αPD-L1 

antibody (10 mg/kg), were 

administered by instillation 
on day 7 following inoculation 

of tumor cells, with subsequent 

doses given every 3 days for 
a duration of 2 weeks.

CT26; TAMs. The mtDNA in PDNVs 

promoted the development of 
the tumor immune 

microenvironment towards 

inhibition of the tumor by 
regulating the cGAS/STING 

pathway.

[52]

Abbreviations: SEC, size-exclusion chromatography; NTA, Nanoparticle Tracking Analysis; BCA, Bicinchoninic acid assay; TAMs, Tumour-associated macrophages; HUVECs, Human umbilical vein endothelial cell; CAFs, cancer 
associated fibroblasts; BMDMs, Bone marrow-derived macrophages; ROS, reactive oxygen species; CAL-27, human tongue squamous cell carcinoma cell line; WSU-HN6, human oral carcinoma cell line; U251, glioma cell line; SKOV3, 
A2780, human ovarian cancer cell line; AGS, BGC-823, and SGC-7901, human gastric cancer cell line; CML mouse xenograft, chronic myeloid leukemia xenograft mouse model; LAMA84, human chronic granulocytic leukaemia cell line; 
SW480, human colorectal adenocarcinoma cell line; A549, human Lung Cancer Cell Line; HS5, human bone marrow-derived stromal cell line; MM1, the human multiple myeloma cell line; A498, human kidney cancer cell line; HT-29 and 
HCT116, human colorectal cancer cell line; Jurkat, human peripheral blood leukaemia T cells; HeLa, human cervical cancer cell line; PBMC, Peripheral blood mononuclear cell; MCF7, human breast cancer cell line; A375, human malignant 
melanoma cell line; HaCat cells, human immortalised epidermal cell line; 4T1, mouse breast cancer cell line; colon26, mouse colon cancer cell line; HGC-27, human gastric cancer cell line; HepG2, human liver cancer cell line; MDAMB- 
231, human breast cancer cell line; MIA, PaCa-2, human pancreatic cancer cell line; RAW264.7, mouse monocyte macrophage leukaemia cell line; CCL5, chemokine(C-Cmotif)ligand 5; CXCL9, C-X-C motif chemokine 9; NLPR3, 
nucleotide- binding oligomerization domain, leucine- rich repeat and pyrin domain- containing 3; MMP9, matrix metallopeptidase 9; GADD45a, growth arrest and DNA damage inducible protein alpha; TRAIL, tumor necrosis factor 
(TNF)-related apoptosis-inducing ligand; Bcl-2, B-cell lymphoma-2; CT26, mouse colon cancer cell line; mtDNA, mitochondrial DNA; cGAS/STING, cyclic GMP-AMP synthase/Stimulator of Interferon Genes pathway.
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Cdkn1a (p21) is expressed at higher levels, which may explain the cell cycle arrest effects. Additionally, they found that 
tumor cells had undergone cleavage poly(ADP-ribose) polymerase 1 (PARP-1) and had decreased levels of intercellular 
adhesion molecule 1 and histone protease expression, as well as suppression of the protein kinase B (Akt) and 
extracellular-signal-regulated kinase (ERK) signaling pathways that promote proliferation.32

Bitter melon-derived NVs may block U251 glioma cells from proliferating, migrating, and invading through the 
downregulation of matrix metallopeptidase 9 (MMP9) and the participation of highly expressed miR5813 in the 
phosphatidylinositol-3-kinase (PI3K)/AKT pathway.36 Maize-derived NVs also demonstrated more potent anti-prolif-
erative effects on colon cancer cells when coupled with RAW264.7 than they did alone.49 Although NVs from both 
coffee and asparagus can inhibit the proliferation of hepatocellular carcinoma cells in a dose-dependent manner, it is 
currently impossible to determine which efficacy is more potent due to the different quantification methods employed in 
the two studies.48,58 These findings suggest that, although the precise mechanism of action governing the anti-prolif-
erative effect of PDNVs may vary depending on the plant source, PDNVs are predicted to be an effective tool for 
controlling tumor cell proliferation. The specific mechanism of action of various PDNVs that have an anti-proliferative 

Figure 1 Natural anti-tumor bioactivities of PDNVs. (Grey areas represent untreated tumor tissue, while pink areas represent PDNV-treated tumor tissue).
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effect on tumor cells still needs to be further investigated. This is of great significance in discovering certain patterns or 
new drug targets.

Promotion of Tumor Cell Apoptosis
Apoptosis, which is necessary for the removal of sick or damaged cells, is a highly important program for the body to 
maintain healthy growth and development.59 Cancer cells have acquired apoptosis-related proteins that alter how damage 
or abnormalities are detected in order to prevent apoptosis signaling activation.60 The two main apoptosis-related proteins 
that are altered in cancer cells are decreased expression of Caspases 3, 8, and 9, a family of proteases that are essential for 
apoptosis, and increased expression of B-cell lymphoma-2 (Bcl-2), which exerts its survival-promoting function by 
inhibiting the release of mitochondrial cytochrome C in response to a range of apoptotic stimuli.61,62 Therapies for 
treating tumors that target aberrant apoptosis in tumor cells include radiotherapy, chemotherapy, hormone treatment, and 
thermotherapy, among others. However, they come with severe side effects on healthy tissues.63

The pro-apoptotic effect of PDNVs has been well documented, and it may result from a variety of factors. One of 
them might work primarily by activating pro-apoptotic gene expression, producing more reactive oxygen species (ROS), 
and hastening the start of apoptosis.46 Chen et al, demonstrated that after 4 hours of incubation, Camellia sinensis derived 
NVs treated MCF-7 cells and 4T1 cells, in which the total ROS content was 14.2 and 9.3 times greater than the untreated 
cells, increased nitric oxide (NO) by 5.2 and 3.5 times, respectively.44 Fingerroots-derived NVs disrupted the redox 
balance in the colorectal cancer cell lines HT-29 and HCT116 by upregulating cysteinase, lowering glutathione levels, 
inducing the expression of the pro-apoptotic genes caspase 3 and 9, increasing ROS production, and promoting 
apoptosis.42 Lemons-derived NVs have also been demonstrated to have anticancer properties, decreasing the growth 
of stomach cancer cells in a dose-dependent manner, reducing cell proliferation, and increasing apoptosis. The anti- 
cancer properties are connected to considerable stimulation of ROS generation by these NVs, an effect that is almost 
entirely undone by the ROS inhibitor N-acetylcysteine. In contrast, ROS increases growth arrest and DNA damage 
inducible protein alpha (GADD45a), which stops the gastric cancer cell cycle in the S phase and encourages apoptosis.38 

Although the precise mechanism causing this ROS generation boost is unknown, several studies imply that it might be 
caused by miRNA in PDNVs.43

Mitigating Drug-Resistant Behavior
The poor prognosis of malignant tumors is partially a result of the development of drug resistance.64 The continued 
development of cutting-edge therapies such as adjuvant nanoparticle therapy and the next generation of drugs, cannot 
stop the evolution of novel drug resistance mutations.65 Simply put, malignancies present complex drug resistance 
mechanisms. Tumor cells can be genetically manipulated to inhibit drug absorption, cause immediate metabolism of the 
drug after uptake, or excrete through excretory proteins.66 Fortunately, PDNVs will be a strategy to mitigate tumor drug 
resistance partly because with a lipid bilayer structure that makes it easier for cells to uptake.

One of the most commonly used chemotherapeutic drugs for cancer is 5-fluorouracil (5-FU), yet tumor cells 
frequently develop resistance to 5-FU due to the inflammatory TME, metabolic enzymes, and cancer stem cells.67 In 
tumor cells, the nucleotide- binding oligomerization domain, leucine- rich repeat and pyrin domain- containing 3 
(NLRP3) inflammatory vesicles are directly related to 5-FU resistance.68 Yang et al found that bitter melon derived 
NVs could activate intracellular ROS, suppress the expression of NLPR3, inhibit the proliferation of CAL-27 cells, and 
that all 11 of the miRNAs contained in these NVs may be involved in the regulation of this protein. More than 70% of 
CAL-27 resistant 5-FU cells underwent apoptosis with the aid of bitter melon derived NVs, which was three times more 
efficient than 5-FU alone.35 However, because bitter melon derived NVs were unable to properly target tumor areas 
in vivo, the study employed peritumor injections, which could be problematic in clinical therapeutic applications.

PDNVs can mitigate drug resistance in tumor cells not only by regulating inflammatory vesicles, but also by 
efficiently transporting drug-carrying vesicles or dissipating intracellular energy. However, these mechanisms may 
vary depending on the source of PDNVs. Xiao et al used heparin-modified lemon-derived NVs to successfully transport 
doxorubicin (DOX) into DOX-resistant cells. This was mainly achieved through caveolin-mediated endocytosis (main), 
macropinocytosis (secondary), and clathrin-mediated endocytosis. Lemon derived NVs in particular can downregulate 
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the expression of cotintegrin-1 (CAV-1) while inducing a reduction in downstream adenosine triphosphate (ATP) 
generation, greatly limiting drug efflux, and efficiently dissipates intracellular energy.37 This suggests that PDNVs are 
a promising tool for improving drug resistance offering advantages such as increased drug uptake and decreased drug 
efflux.

Altered Cellular Metabolism
Cancer frequently stifles the production of metabolic enzymes in order to rewire its metabolic machinery to fulfill the 
constant energy needs for improved proliferation and survival.53 PDNVs have been demonstrated to change the 
metabolic behavior of cells, as have many natural substances. Acetyl coenzyme A carboxylase (ACACA, ACC) is 
overexpressed in a number of tumor types. Proteomic analysis of rectal cancer cells treated with citrus limon-derived 
NVs showed a considerable downregulation of acetyl-CoA carboxylase 1 (ACACA) and altered lipid metabolism. 
Additionally, silencing of ACACA in cells reduced proliferation.40

Indirect: Remodeling the Tumor Microenvironment
Immunomodulation
Immune cells can become tumor-promoting helpers that can generate pro-survival, pro-migration, and anti-detection 
molecules, promoting tumor growth and spread when tumor cells hold them captive in the complicated TME.69 Although 
some anti-inflammatory drugs, such as aspirin and statins, significantly lower the risk of developing cancer and dying 
from it, some pro-inflammatory cytokines or stimulants, such as transforming growth factor-β (TNF-β) and cyclic GMP- 
AMP synthase - stimulator of interferon gene (cGAS-STING) pathway activators, can significantly increase the 
effectiveness of tumor therapy by encouraging immune cell infiltration into tumor tissues. This suggests that inflamma-
tion is a “double-edged sword”.70 Fortunately, PDNVs play a role in immunomodulation, including controlling macro-
phage polarization and the amount of pro- or anti-inflammatory factors secreted by immune cells.

There are many studies on PDNVs regulating the release of inflammatory cytokines in immune cells.71 Zhang et al 
isolated NVs from ginger and found that vesicles could increase the expression of anti-inflammatory factors (Interleukin 
(IL)-10 and IL-22) and decrease the expression of pro-inflammatory factors (TNF-α, IL-6 and IL-1β) to reduce 
inflammation associated with colitis. It has a repairing effect on the damaged intestinal mucosa and prevents the 
formation of colitis associated-tumors.45 Zhu et al also found that tea-derived NVs could achieve the above immuno-
modulation effect by reducing the production of ROS. Meanwhile, these tea-derived NVs also effectively suppressed 
inflammatory bowel responses by increasing the diversity and overall abundance of gut microbiota, which may also help 
prevent or treat inflammatory bowel disease and colitis-associated tumors.47 At the same time, PDNVs components like 
miRNA may be strongly linked to this anti-inflammatory response.72

Notably, the regulatory effect of PDNVs on macrophages is expected to cause “cold tumors”, which are resistant to 
immunotherapy, to turn into “hot tumors”, greatly increasing efficacy.33 Studies have shown that some tumors only 
weakly respond to immune checkpoint inhibitor therapy, mainly because these TME, commonly referred to as “cool 
tumors”, have limited T cell infiltration. Activating “cold tumors” into “hot tumors” is one strategy for increasing anti- 
tumor immunity throughout the body. Contrary to popular belief, Cao’s team found that macrophage polarization is also 
directly correlated with immunotherapy sensitivity. They discovered that ginseng-derived NVs may alter macrophage 
polarization both in vitro and in vivo by facilitating the transition of macrophage phenotype from pro-inflammatory M1 
to anti-inflammatory M2 through activation of toll-like receptor 4 (TLR4) and myeloid differentiation factor 88 (MyD88) 
signaling via ceramide and associated proteins. Through immunomodulation, the impact is anticipated to greatly slow the 
growth of melanoma in mice.46 They also found that while using ginseng-derived NVs can slow the growth of “cold 
tumors” like breast cancer, it cannot guarantee long-term mouse survival. A positive result can be shown from the 
combination therapy using programmed cell death protein 1 (PD-1) mAb and ginseng-derived NVs. In comparison to 
PD-1 therapy alone, they discovered that this approach dramatically raised the number of CD45 immune cells, 
significantly decreased the M2/M1 ratio in the tumor, and stimulated CD8 T cell activation. These findings imply that 
ginseng-derived NVs may primarily regulate CD4+ and CD8+ T lymphocyte activation, as the effect of combination 
therapy was significantly diminished when these cells were removed. GDNPs have a synergistic effect on PD-1 mAb 
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therapy and can alter tumor-associated macrophages (TAMs) to boost the release of chemokine (C-X-C motif) ligand 5 
(CXCL5) and CXCL9 to attract CD8 T lymphocytes into the tumor bed. This combined therapy approach may enable the 
body to develop tumor immunity, which may also prevent metastasis and recurrence of the disease.33 This combination 
drug delivery approach offers fresh perspectives on how to treat tumors without inflicting systemic toxicity.

In order to further investigate the specific mechanism of action of PDNVs on immune regulation, Liu et al conducted 
a more in-depth study.52 They found that not only ginseng-derived NVs can remodel the tumor microenvironment, but 
also Artemisia-derived nanovesicles can reprogram tumor-associated macrophages, greatly enhancing the efficacy of PD- 
L1 inhibitors. This effect may be mainly driven by the mitochondrial DNA (mtDNA) in the vesicles, which activates the 
cyclic GMP-AMP synthase/stimulator of interferon genes pathway (cGAS-STING) pathway in tumor-associated macro-
phages, awakening them from a pro-tumor state and promoting their transition to an anti-tumor state, ultimately leading 
to tumor regression (Figure 2). These findings further support the potential application of PDNVs as an immunomodu-
latory agent. However, it is important to note that this mechanism may not be present in all PDNVs, and further research 
is needed to explore the mechanisms of other PDNVs.

Regulation of Tumor-Associated Fibroblasts
Tumor-associated fibroblasts (CAFs) play roles in regulating tumor cell invasion and metastasis, immune evasion, 
angiogenesis, and chemoresistance. They are a dominant and diverse cell type in TME, prevalent in most solid 

Figure 2 The natural anti-tumor bioactivity of PDNVs. 
Notes: Nanovesicles isolated from Artemisia contain a high amount of mtDNA, which can regulate tumor-associated macrophages through the cGAS/STING pathway and 
further modulate tumor progression. When combined with PD-L1 inhibitors, it significantly enhances the therapeutic effect. ***indicates P<0.001). Copyright 2014. 
Reproduced with permission from Liu J, Xiang J, Jin C, et al. Medicinal plant-derived mtDNA via nanovesicles induces the cGAS-STING pathway to remold tumor-associated 
macrophages for tumor regression. J Nanobiotechnology. 2023;21(1):78.52 

Abbreviations: mtDNA, mitochondrial DNA; cGAS/STING, cyclic GMP-AMP synthase/Stimulator of Interferon Genes pathway; PD-L1, Programmed Death Ligand-1.
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tumors.73,74 Kim et al found that tumor-associated fibroblasts were inhibited by Dendropanax morbifera derived NVs 
using a 3D microfluidic system for a cancer metastasis model. They discovered that Dendropanax morbifera derived NVs 
dramatically decreased the expression of genes linked to motility and extracellular matrix, including integrins and 
collagens, and prevented the formation of CAFs in a dose-dependent manner. For instance, under the influence of 
NVs, genes linked to the development of cancer, including TGF-β, can be lowered more than 5 times. The research also 
demonstrated that plant defense proteins, such as peroxidase in Dendropanax morbifera derived NVs, can lower the 
amount of hydrogen peroxide as well as raise ROS levels in the TME that can weaken tumor progression and metastatic 
ability.28 The concentration-dependent inhibitory action of PDNVs on CAFs has not been demonstrated in vivo, and 
additional research is required to determine whether PDNVs share these characteristics.

Regulation of Microenvironmental Microorganisms
Tumor occurrence and development have been linked to the presence of microorganisms in the TME, which play a role 
in the growth, invasion, metastasis, and drug resistance of tumors.75 The oral cavity, gastrointestinal system, respiratory 
tract, and other areas were thought to be the primary locations for these germs in the past.76 Numerous recent studies 
have also confirmed the existence of bacteria in organs like the breast that are not directly related to the outside 
environment. PDNVs are also a useful weapon for plants to fend off the invasion of outside bacteria and viruses. Studies 
on the regulation of oral flora and intestinal microbial flora by PDNVs are prevalent.77,78

The importance of bacteria in promoting tumor metastasis is demonstrated by a study that showed the disruption of 
gastrointestinal microbiota enhances breast cancer metastasis in a mouse model.79 Antibiotic treatment can disturb the 
balance of the gastrointestinal microbiota, increasing the chances of tumor metastasis. In mice, oral administration of tea- 
related substances, such as tea tree blossoms and tea-derived NVs, significantly increased the diversity and richness of 
the gastrointestinal microbial community, preserving the homeostasis of the intestinal flora. Furthermore, the researchers 
observed a significant reduction in breast cancer growth and metastasis. However, additional correlation analysis and 
verification are still required to determine whether this is due to the function of NVs in promoting gut flora 
homeostasis.44,47

Advantages: PDNVs are Suitable as Drug Delivery Vehicles
Trans-Biological Barrier Capacity
Plant-derived miRNAs have been found in human bloodstream, which can control the expression of specific genes in 
humans.80 According to Xu et al, ginseng-derived NVs can efficiently transmit miRNAs into BMSCs, encouraging them 
to differentiate into nerve cells.29 These studies reaffirm the ability of PDNVs to communicate with other species and 
across biological barriers. PDNVs are endocytosed by cells in an energy-dependent manner, as evidenced by reduced 
absorption when exposed to sonication or boiling. Various PDNVs are endocytosed by cells in different ways, for 
example, ginger-derived NVs can be endocytosed by colon 26 and HT-29 cells through phagocytosis and by primary 
hepatocytes through micropinocytosis.81

The poor solubility of many drugs is a primary barrier to their bioavailability and effectiveness.82 Interestingly, 
curcumin delivered by PDNVs is more stable and has a higher blood concentration. Clinical experiments have also 
shown that PDNVs can contribute naturally to the bioavailability of various hydrophobic and insoluble substances in the 
body, facilitating their entry into mammalian cells and aiding in the preservation of human health. The blood-brain 
barrier prevents 99% of drugs from crossing it, making it difficult to treat brain-related disease.83 Wang’s team showed 
that grapefruit-derived NVs loaded with DOX can treat glioma through the blood-brain barrier by tail vein 
administration.23 Grapefruit derived NVs loaded with miR-17 modified by folic acid (FA) can also be rapidly delivered 
to the brain by intranasal administration and selectively endocytosed by GL-26 tumor cells.84 Moreover, when grapefruit- 
derived NVs were used as drug delivery vehicles to inject pregnant mice through the tail vein, they were found to be 
unable to cross the placental barrier, suggesting good biocompatibility.24 Many studies have also demonstrated the good 
transdermal effect of PDNVs, which may be convenient for treating skin tumor or diseases.85
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Natural Targeting Ability
Studies have demonstrated that different PDNVs may have a natural targeting ability, preferring to go to specific organs 
or cells.25 Moreover, numerous studies have shown that PDNVs have anti-cancer properties while having minimal 
harmful effects on healthy cells, particularly in inducing pro-apoptotic effects.24 For example, in A498 and A549 cancer 
cells, garlic-derived NVs differentially slowed down the cell cycle of tumor cells in the S phase, increased the expression 
of the pro-apoptotic genes Caspase 3 and 9, and decreased the expression of the anti-apoptotic gene Bcl-2 by 60%, with 
no adverse impact on healthy cells. Furthermore, at low dosages, garlic-derives NVs even induced fibroblast prolifera-
tion, indicating good biocompatibility.41 The pro-apoptotic effect of citrus limon derived NVs is primarily responsible for 
the regulation of the tumor necrosis factor (TNF)-related apoptosis-inducing ligand receptor (TRAIL-R), which induces 
cancer cell death by influencing the autocrine secretion of cells. In healthy cells, this protein is not expressed, which 
partially explains the selection-specific pro-apoptotic action of NVs.39

The targeting potential of PDNVs in vivo depends on several factors, including their composition, mode of 
administration, and the organism status.22,27 (1) The lipid composition of PDNVs may play a role in determining their 
preference to remain in the intestine or go to the liver. For example, ginger-derived NVs are rich in phosphatidic acid and 
more likely to stay in the intestine, while grapefruit-derived NVs containing phosphatidylcholine may target the liver.86 

(2) The mode of administration also affects the destination of PDNVs. Intraperitoneal and tail vein injection of PDNVs 
may result in their accumulation in liver and spleen, while oral administration leads to their residence mainly in the 
gastrointestinal tract.46 Macrophages and stem cells are the primary targets of NVs after oral administration, and green 
tea-derived NVs can be selectively endocytosed by macrophages via galactose receptor-mediated endocytosis.47,87(3) 
The status of the receptor cells also plays a role in the destination of PDNVs. Mice fed an ethanol diet retained more NVs 
from ginger in the liver, while animals fed a non-alcoholic diet had more NVs in the colon.88 These observations suggest 
that the surface of PDNVs and cells may interact through some unique, yet undiscovered mechanisms. Further 
functionalization of PDNVs with cell-specific targeting capabilities and more natural targeting studies are necessary to 
improve drug delivery targets.

High Economic Benefit
Mammalian-origin derived extracellular vesicles (EVs) have been criticized in the field due to their high cost and poor 
production.89 In contrast, PDNVs may be a more cost-effective drug delivery systems because they are simpler to access, 
require less time for culture, and can save researchers’ time. Some academics have estimated the economic gain of using 
PDNVs. For example, the average amount of cabbage-derived NVs per gram was 1.504×1011 particles, while the retail 
price for per gram of cabbage was about $0.00137.17 Additionally, Li et al reported that they could handle 3 L (equivalent 
to 300 cell culture dishes (150 mm)) ginger-derived juice as a raw material in 1 hour.90 These examples illustrate the 
potential economic efficacy of employing PDNVs as drug delivery tools. Furthermore, researchers have shown that the 
bitter melon NVs had protein and RNA contents more than 100 times lower than those of the bitter melon juice, yet the 
effect was the same. This suggests a potent ability of PDNVs.35

Optimizating: Engineered PDNVs as Drug Delivery Platform to Amplify 
the Therapy Effects
The miRNAs, proteins, lipids, and metabolites present in PDNVs make them a natural source of anticancer therapeutic 
agents. Compared to single natural compounds or miRNAs, PDNVs offer a natural “shield” for these agents, with 
relatively good biocompatibility and bioavailability. In addition to the therapeutic cargo they carry, the inherent lipid 
bilayer vesicle structure of PDNVs allows for further optimization and upgrading by enabling drug loading and 
modification, making them more desirable anti-tumor tools (Table 2).

Preparatory Steps: Surface Functionalized Modification
The field of mammalian-derived EVs has seen several successful examples of surface functional modification, many of 
which can be applied to PDNVs for enhancing therapeutic efficacy. Popular examples include co-incubation, post- 
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incubation co-extrusion, and sonication. The simplest modification approach involves co-incubating NVs with aptamers 
at low temperature, often for more than 12 hours.37,85,91 Researchers have also used catalysts, such as N-ethyl-N’- 
(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) to boost efficiency.37 Passive methods such 
as ultrasound may improve modification efficiency, but their potential impact on content leakage remains to be explored. 

Table 2 Engineered PDNVs Amplify Anti-Tumor Effects

Plants Objectives Engineered Methods Ref

Grapefruit Drug loading The HRE was prepared by adding EV and HR to deionized water and using EDC 
and NHS as catalysts with gentle stirring at room temperature. 

Loading DOX: added the hydrochloric acid DOX solution to the EV or HRE 

solution with moderate stirring at room temperature, washed the suspension with 
PBS and ultracentrifuge twice at 120,000g for 1h each to obtain ED or HRED.

[23]

Grapefruit Target GNVs was resuspended in PBS buffer and then sonicated in a water bath sonicator 
to self-assemble the lipids into drug/chemical/siRNA-loaded GNVs.

[24]

Grapefruit Loading miRNA PEI/RNA complexes were added to lipid membranes extracted from grapefruit 

nanoparticles and sonicated in a bath-sonicator.

[84]

Grapefruit Loading DOX GNVs-Dox: Dox was added to the lipid film and then was sonicated. 

GNVs-Dox-HA1: GNVs-Dox was incubated with PEI at room temperature; after 

centrifugation at 36,000 rpm for 1 h, PEI-modified GNVs-Dox (GNVs-Dox-PEI) 
was resuspended and incubated at 4°C and HA1 overnight. Free HA1 was 

removed by centrifugation at 36,000 rpm for 1h.

[91]

Grapefruit Loading SiRNA or DOX Pre-prepared GNV-Dox was incubated with PEI at room temperature; after 

centrifugation at 36,000 rpm for 1 h, PEI-modified GNV-Dox (GNV-Dox-PEI) was 

resuspended and incubated with Psi or LA1 overnight at 4°C. Free LA1 or Psi was 
removed by ultra-centrifugation at 36,000 rpm for 1h.

[92]

Tea Loading DOX By mixing the DOX with the TNPs in HEPES buffer at room temperature. [93]

Asparagus 

cochinchinensis

Stability DSPE-PEG was added to NVs and then vortexed and sonicated for 20 minutes in 

an ice bath. The mixture was purified by five cycles of ultrafiltration using a 100 
kDa filter membrane to remove free DSPE-PEG.

[58]

Ginger Target Adriamycin or/and FA in dimethyl sulfoxide (DMSO) was mixed with total lipids in 
chloroform and dried under nitrogen to obtain a thin lipid complex film, which was 

extruded 20 times through a 200 nm polycarbonate porous membrane.

[94]

Aloe Loading Indocyanine green Indocyanine green was mixed with NVs and incubated at 37°C. [85]

Aleo Target and Loading 
Indocyanine green and 

DOX

ICG and DOX were premixed and incubated with NVs in PBS for 30 min at 37 °C, 
then pre-dissolved DSPE-PEG-RGD (using a 2:1 mixture of PBS and methanol) was 

added and incubated for 30 min, and the solution was centrifuged at 100000 g for 

40 min.

[95]

Broccoli Loading miRNA The solution containing miRNAs was diluted with siRNA 1× buffer and incubated 

with Lipo2000 reagent at room temperature for 15 min. The filtered NVs was then 
incubated with the resulting mixture for 30 min at room temperature and kept at 

4°C.

[96]

Kiwi Fruit Target and loading siRNA The siRNAs were mixed with NVs with the assistance of a pro-transfection 

reagent, followed by incubation of cholesterol-modified nanoparticles with siRNA- 

loaded NVs at 37 °C for 45 min, followed by incubation on ice for 60 min.

[114]

Abbreviations: DOX, Doxorubicin; EDC, N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide; NHS, N-hydroxysuccinimide; HRE, Heparin-cRGD Extracellular Vesicles; ED, 
DOX-loaded heparin-based nanoparticles; PBS, phosphate buffer solution; GNVs, Grapefruit nanovesicles; PEI, polyetherimide; HA1, hyaluronan 1; NVs, nanovesicles; DSPE- 
PEG, phospholipid - polyethylene glycol; FA, folic acid.
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For example, Zhang et al used vortexing and sonication to optimize the pharmacokinetic features of asparagus-derived 
NVs with PEG modification for prolonged cycling stability.58

Notably, contrary to the mainstream mammalian-derived EVs studies, many researchers have frequently “reconsti-
tuted” PDNVs by primarily using their lipids to prepare lipid-rich membranes. They then co-incubate them with tumor- 
associated targeting receptors, such as folate receptors, and pass them through 200 nm polycarbonate membranes to form 
folate-targeting membrane-like NVs structures.84,94 The plentiful phospholipids or cholesterol of PDNVs can serve as 
lipophilic anchors for these receptors during co-incubation, incorporating the receptors into the lipid bilayer. In addition, 
researchers have effectively modified HA to the surface of reconstituted grapefruit-derived reconstituted NVs loaded with 
DOX by incubating the lipids-rich membranes with polyetherimide (PEI) and HA1 at 4°C for an extended period of time 
after sonication.91 Composite membrane vesicles can also be created by mixing PDNVs with animal-derived membranes 
for more natural in vivo tumor targeting capabilities. For example, grapefruit-derived NVs and plasma membranes were 
combined via co-extrusion, and the resulting hybrid NVs could target inflammatory tumor tissues.98

In the field of mammalian cells -derived EVs, the technique of transfecting source cells to highly express specific 
proteins or RNAs before isolation and obtaining EVs rich in related targets is in full swing, but there is no pertinent 
attempt information in the field of PDNVs.83,99 The biological activity of proteins, safety, and cross-disciplinary 
collaboration are crucial factors when producing human proteins in plant cells. When modifying the surface of 
PDNVs, the lower number of modifiable sites due to their lipid-rich and protein-poor composition than EVs obtained 
from animals cells may affect the modification efficiency. Moreover, no agreed-upon standards exist for evaluating the 
effectiveness of various modification tactics or the appropriate modification strategies for particular PDNVs components.

Additionally, the protein corona effect is a well-known phenomenon that occurs when extracellular vesicles interact 
with proteins in a biological system, resulting in the formation of a layer of protein coating.100,101 This protein corona is 
formed due to the interaction between the surface bioactive functional groups of the extracellular vesicles, such as 
hydroxyl and amino groups, and the proteins.101 Various factors, including the size, shape, surface charge, and protein 
concentration of the extracellular vesicles, influence the formation of the protein corona.102,103 It remains unknown 
whether PDNVs, which have a different composition from mammalian-derived extracellular vesicles and contain a richer 
lipid component, will form this protein corona. Addressing this issue is crucial because the formation of the protein 
corona in vivo may significantly impact the distribution and drug delivery efficiency.104 Therefore, further investigation 
is needed to elucidate the protein corona effect in PDNVs and its potential implications for their therapeutic applications.

Preparatory Steps: Loading of Therapeutic Cargo
Researchers in the field of PDNVs have successfully loaded numerous drugs, such as chemotherapeutic drugs, anti- 
inflammatory drugs, miRNAs, siRNAs, DNA expression vectors, and proteins, into PDNVs using co-incubation, 
sonication, and post-incubation co-extrusion.24 The most significant benefit of this drug-loading strategy is its ability 
to significantly lower drug toxicity and increase efficacy. For example, Zhang et al constructed ginger-derived NVs 
loaded with DOX having FA ligands with FA targeting ability. These ginger-derived NVs loaded with DOX had stronger 
therapeutic effects than DOX loaded in liposomes and could greatly reduce the cardiotoxicity of DOX.105 Wang et al 
discovered that when grapefruit-derived NVs co-incubated with methotrexate (MTX) for 2 hours, the therapeutic efficacy 
was substantially higher than that of MTX alone, and the effect was significantly increased.106

Efficiently drug loading into PDNVs remains a problem that researchers in this field are working to solve. Studies 
have shown that the loading efficiency of DOX into PDNVs can be improves by using layer-by-layer fucoidan/polylysine 
functional ginger-derived NVs and co-extruding DOX with the lipid membrane, which resulted in a loading efficiency of 
up to 73.7 ± 5.7%.105 Additionally, ultrasound can help positively charged DOX efficiently attach to negatively charged 
lipids by electrostatic interaction, resulting in an efficiency of up to 95.9 ± 0.26% for loading Dox.94 Furthermore, 
patching DOX-loaded heparin-based nanoparticles (DNs) onto the surface of natural grapefruit NVs (NV-DN2), 
catalyzed by EDC/NHS, resulted in a 4-fold higher loading efficiency of NV-DN2 compared to conventional methods 
of encapsulating DOX, with an efficiency of 0.014–0.48 g DOX/1 g of EVs.23

Loading miRNAs into PDNVs with the help of additional reagents has also led to promising results. For example, 
Zhuang et al used polyethyleneimine (PEI) as an effective enhancer for nucleic acid delivery and found that the capacity 
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of the grapefruit-derived NVs to carry miR-17 increased from 5.91±0.6% to 86.2±5.7% in the presence of PEI. However, 
neutralizating grapefruit-derived NVs significantly reduced the harmful effects of PEI.84,107 Transfection reagents on the 
market have also been shown to be effective in loading miRNAs into PDNVs. Del Pozo-Acebo also showed that the 
relative expression of miRNA was at least 600-fold higher after loading miRNA into Broccoli derived NVs using 
transfection reagent.96 After 4 hours of incubation transfection reagents and miR-184 with 1×1011 Cabex derived NVs at 
37°C, You et al found a 667,000-fold rise in miRNA levels of Cabex derived NVs, indicating a sizable quantity of 
miRNA loading.17 However, the metrics for evaluating loading efficiency vary, making it difficult to identify key factors 
affecting loading efficiency, such as miRNA length, efficiency of transfection reagents, and length of the incubation 
period.

There are also many factors that can affect loading efficiency, such as the ratio of PDNVs to drug. Zeng et al found 
that mixing 300 μg/mL indocyanine green (ICG) with 200 μg/mL aloe-derived NVs (1 mL) and incubating at 37°C for 
30 minutes produced better results than other ratios.85 When multiple drugs are loaded, there may be a “competitive” 
relationship between the drugs, and Zeng et al proposed using π-π stacking interactions to turn DOX and ICG into 
“friends”, making the relationship “cooperative” and improving drug delivery efficiency.95 However, loading of large 
molecules remains the bottleneck, and techniques such as electroporation may damage the membrane structure of 
PDNVs. Further studies are needed to resolve the impact of recipient cell type, drug delivery method, molecular weight 
size, source of plant cells, loading co-incubation time, and drug solubility on loading efficiency.

Goals: Constructing an Ideal Drug Delivery Platform with Following Characteristics
The ideal tumor drug delivery system should have the following five characteristics:108 (1) High circulatory stability. 
Where the drug delivery system is not recognized and eliminated by the body’s mononuclear phagocytes and comple-
ment system, increasing its chances of reaching the tumor site.109 (2) Cancer targeting ability. Allowing drugs to 
specifically target and accumulate in tumor tissues, reducing the potential for side effects on healthy tissues.97 (3) 
Penetration ability. Enabling the drug delivery system to penetrate the fibrous capsule of tumors.13 (4) Easily endocytosis 
by tumor cells. A drug delivery system facilitates cellular uptake of the drug, which is essential for effective drug 
delivery.11 (5) Controlled drug release. Ensuring the drug is successfully released into the cells after passing through the 
drug delivery system.110 (Figure 3)

PDNVs can serve as natural drug delivery platforms with some targeting ability, the ability to cross biological 
barriers, and the ability to be easily endocytosed by cells. However, in order to become an ideal drug delivery system, 
PDNVs must possess each of these five traits one at a time to improve effectiveness and enhance bioavailability. 
Furtunately, PDNVs are a promising paradigm, and with the right modifications, PDNVs can overcome these challenges 
and become an ideal effective drug delivery system.

Improving Circulation Stability
After oral administration, PDNVs are resistant to the gastric acid environment and do not activate complement bodies 
like C3a, which makes them a promising new approach for delivery drugs to the gastrointestinal tract. However, when 
administered intravenously PDNVs are quickly cleared from the body due to the activation of the complement system.44 

According to studies, co-administrationof grapefruit-derived NVs (GDNVs) after exosomes isolated from the patient’s 
blood can reduce the accumulation of GDNVs in the liver and redirect them to the lungs. This may be due to the critical 
roles played by CD36 and IGFR1 receptors in blood exosome-mediated inhibition of GDNVs entry into hepatic 
macrophages.111

After tail vein injection, asparagus-derived NVs tend to accumulate most frequently the liver and spleen, where are 
two fundamental parts of the mononuclear macrophage system. Polyethylene glycol (PEG) can be used to bind and 
protect the cell membrane, effectively preventing recognition by scavenger receptors and prolonging the circulation 
time.58 Heparin has also been utilized to reduce phagocytosis by the immune system and improve the stability and 
bioavailability of PDNVs in vivo due to its strong anti-complement activation capabilities. Niu et al modified the surface 
of PDNVs with heparin, resulting in a significantly prolonged half-life of DOX to about 69.3 hours and a substantially 
higher amount of drug in tumor tissue compared to a single tail vein injection of DOX23 (Figure 4). Unlike traditional 
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nanomaterials,112,113 PDNVs have a reported size of around 200nm and are cleared from the body primary due to their 
surface characteristics. However, the detailed mechanism of PDNVs clearance is not yet fully understood.

Targeting Delivery to Tumors
Precise targeted delivery is crucial in achieving the goal of precision medicine. PDNVs have shown potential selective 
effects on tumor cells, such as pro-apoptosis and anti-proliferation, while exhibiting only minor toxicity on normal cells. 
However, they do not naturally target tumor tissues in vivo. Although there are many targeted drugs available on the 
market for tumor therapy, such as erlotinib, drug resistance remains a challenge. To address this, researchers have 
focused on modifying PDNVs to target specific proteins that are highly expressed in tumor cells, such as FA, human 
epidermal growth factor receptor 2 (HER2), and Epidermal Growth Factor Receptor (EGFR) (Figure 5).114 For example, 
modifying cRGD on the surface of PDNVs to recognize integrin αvβ3 receptors, which enriched on the surface of tumor 
cells, significantly improved targeting efficiency compared to unmodified NVs.23,87

FA is a high-affinity ligand for the folate receptor and is highly expressed in many tumors but almost negligible in 
non-tumor cells.115 Currently, the most popular approach for surface modification of PDNVs is to use FA as a targeted 
switch. For example, modifying ginger NVs with folate receptor targeting resulted in a 2.8-fold increase in targeting 

Figure 3 Engineered PDNVs as ideal antitumor drug delivery systems. 
Abbreviations: HER2, Human Epidermal growth factor Receptor 2; cRGD, arginine-glycine-aspartate cyclic peptide; FA, folic acid.
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efficiency compared to unmodified ginger-derived NVs.94 This approach has also been successfully applied to grapefruit- 
derived NVs to target GL-26 brain tumors.24,84 Additionally, cholesterol-coupled pRNA-3WJ can be used to modify NVs 
with cancer-specific ligands for targeting cancer cells and solid tumors. Ginger-derived NVs have been functionalized 
using arrowtail pRNA-3WJ and FA for ligand display, enable systematic gene targeting delivery to tumor sites.90

The increased expression of HER2 is a hallmark of HER2+ breast cancer, which promotes cancer cell proliferation and 
aggressiveness. Tang et al used Cell-SELEX to select an aptamer, hyaluronan 1 (HA1) that targets HER2-overexpressing 
breast cancer cells. With the aid of HA1, the effectiveness of PDNVs targeting breast cancer was dramatically increased.91 

Similarly, p-selectin, a tumor-associated cell adhesion molecule, has been identified as a potential cancer-specific delivery 
targets for colon cancer therapy, as it is present on cell membranes of tumor-adjacent endothelial cells and on secretory α- 
granules of platelets.116 Zhang et al selected rockweed polysaccharide, a polysaccharide with high affinity for p-selectin, as 
a modifier of PDNVs to target tumors. This approach was at least 4.4-fold more efficient than the unmodified one in 
accumulating in tumors. Upon delivery to the tumor microenvironment, high local concentrations of hydrogen peroxide 
and free radicals trigger the degradation of rockweed polysaccharides, exposing PDNVs to penetrate tumor tissue.105

Targeting tumor tissue with a single protein change may not offer a competitive advantage, which is why researchers 
have employed membrane vesicles encasing PDNVs in the presence of several proteins. As tumor tissues frequently 

Figure 4 The schematic of engineered grapefruit-derived NVs as biomimetic drug delivery tools. (a) cRGD and ADH-DOX were modified on heparin and self-assembled 
into PH-sensitive heparin-modified nanovesicles (DNs). DNs were assembled with extracellular vesicles purified from grapefruit to synthesize biomimetic extracellular 
vesicles (EV-DNs). (b) The process and situation of endocytosis of EV-DNs in cells. 
Note: Reprinted with permission from Niu W, Xiao Q, Wang X, et al. A biomimetic drug delivery system by integrating grapefruit extracellular vesicles and doxorubicin- 
loaded heparin-based nanoparticles for glioma therapy. Nano Lett. 2021;21(3):1484–1492. Copyright 2021 American Chemical Society.23 

Abbreviations: cRGD, arginine-glycine-aspartate cyclic peptide; DOX, doxorubicin; ADH, adipic acid dihydrazide; EVs, Extracellular vesicles; DNs, DOX-loaded heparin- 
based nanoparticles.
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display inflammation, it may be possible to modify switches on the surface of PDNVs to target inflammatory regions. 
Studies have demonstrated that inflammatory chemokine receptors found on the surface of leukocytes can target 
inflammatory tissues, among others.117 To improve the ability of PDNVs to target inflammatory tumor sites, Wang 
et al wrapped plasma membranes of activated T cells coated with inflammatory chemokine receptor enrichment on the 
surface of grapefruit-derived NVs and enhanced their homing to inflammatory tissues due to the high expression of 
chemokines at inflammatory sites. The targeting effect could be significantly inhibited by blocking lymphocyte function- 
associated antigen 1 (LFA-1) or CXC chemokine receptor 1 (CXCR1) and CXCR2 on their surface. By tracing, they 
found that this strategy effectively targeted tumor tissues and significantly inhibited tumor growth.98

Target-modified PDNVs have been shown to significantly reduce toxic side effects such as cardiotoxicity of 
chemotherapeutic drugs.105 However, it should be noted that different tumors have different labels, and current studies 
have focused on locally localizable tumors. More challenging in the clinical setting are potential tumor metastases, and 
more promising results would be achieved if targeting could be validated with a model of systemic multiple metastases. 
In addition, it has been demonstrated that more efficient accumulation at the tumor site can be achieved by targeting the 
tumor vasculature, which has not yet been attempted.

Promoting Tissue Penetration
Many drug delivery systems that target tumor tissues are unable to penetrate deeply into those tissues and must instead 
remain on the surface. Niu et al demonstrated that their method of patching heparin nanoparticles loaded with Dox onto 
the surface of grapefruit-derived NVs (NV-DN2) has good tissue penetration and can carry out transcytosis effectively, 

Figure 5 Engineered PDNVs targeted drug delivery platform. EGFR ligand-modified kiwifruit-derived extracellular vesicles are used as a siSTAT3 delivery platform for the 
treatment of cancer. 
Notes: Reproduced from Huang H, Yi X, Wei Q, et al. Edible and cation-free kiwi fruit derived vesicles mediated EGFR-targeted siRNA delivery to inhibit multidrug 785 
resistant lung cancer. J Nanobiotechnology. 2023;21(1):41.114 

Abbreviations: KEVs, kiwi fruit extracellular vesicles; STAT3, Signal Transducer and Activator of Transcription 3; EGFR, Epidermal Growth Factor Receptor.
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both in vitro and in vivo. They found that PKH67-NV and PKH67-NV-DN2 could successfully penetrate hCMEC/D3 
cells into LN229 cells in an in vitro blood-brain barrier (BBB) model, and the bionic system NV-DNs could successfully 
cross the BBB/BBTB to target glioma cells by combining the benefits of NVs and DNs, such as αvβ3 receptor-mediated 
cytokinesis and membrane fusion. Moreover, NV-DN2 was found to successfully pass the BBB in an in vivo tumor 
model, with its red fluorescence accumulating in intracranial tumors.23 In addition, many studies have shown that PDNVs 
have a transdermal effect. For example, aloe-derived NVs are effectively skin-permeable and could be used as a non- 
invasive transdermal drug delivery strategy for skin tumors.85

Enhancing Cellular Uptake
To effectively deliver drugs to tumor cells, PDNVs must endocytosed by the cells, and the uptake rate is particularly 
important. Xiao et al created a heparin-cRGD-EVs-doxorubicin (HERD) that was able to enter DOX-resistant cancer 
cells via caveolin-mediated endocytosis (primary), macrophage-mediated endocytosis (secondary), and coagulase- 
mediated endocytosis (final), showing good cellular uptake. Surface-modified PDNVs have also been shown to have 
better endocytosis by cells.37 These uptake pathways are important physiological channels for cellular uptake of EVs for 
cellular communication and are not drug transporters, so the potential for drug resistance is likely to be low. Endocytosis 
can be further improved by modifying positively charged substances on the surface of NVs. For example, modifying 
positively charged poly-lysine on the surface of PDNVs can make them more readily available for cellular uptake.105

Optimizing Drug Release
After the successful uptake of PDNVs by cells, it is essential that the drug within the NVs can be released to achieve its 
therapeutic effect. Several studies suggest that PDNVs have a natural PH-responsive drug release ability, which is 
favorable in the acidic tumor microenvironment. Zhang et al co-incubated DOX with ginger-derived NVs to form 
a membrane-like structure and found that such vesicles had a stronger therapeutic effect and a better ability to release 
drugs in response to PH compared to liposome-loaded DOX. This natural PH responsiveness may be due to the 
significant reduction in the negative charge on the surface of NVs and reduced electrostatic adsorption with the drug 
under tumor-acidic conditions.93 Changes in PH alter the potential on the surface of PDNVs, and when PH is acidic, the 
zeta potential is usually positive, around 2.84, while in neutral zeta potential, the zeta potential is around −25mv.88 Yi 
et al also found that about 88% of DOX was released from tea-derived NVs (TDNVs) under acidic conditions at pH=5.0, 
while at pH=6.0 and 7.5, about 80% and 70% of DOX was released from TDNVs after 25h. These results suggest that the 
main driving force for maintaining the stability of DOX-loaded TDNVs is the electrostatic interaction between DOX and 
TDNVs. As acidic conditions may lead to a decrease in negative charge on TDNVs, the binding between TDNVs and 
DOX is weakened, and more DOX is dissociated from TDNVs as the pH decreases.93 PH-responsive drug release 
behavior is a favorable property for in vivo antitumor applications.

In addition to the successful loading and release of chemotherapeutic drugs in PDNVs, many researchers have also 
tried loading RNA and proteins in PDNVs and obtained better results. Zhang et al selected biotin, as a contender and 
found that ginger-derived NVs carrying biotinylated eYFP DNA expression vectors expressed YFP protein in A549 cells 
with an efficiency comparable to Lipofectamine 2000 transfection. In addition, ginger-derived NVs carrying biotinylated 
proteins such as anti-CD4 or anti-CD8 antibodies significantly enhanced the transfection efficiency of CD4+ or CD8+ 
T cells in splenocytes, as well as the expression of fluorescein in these cells. This approach efficiently delivered luciferase 
functional siRNAs to the cells and efficiently inhibited gene expression.24 Additionally, You et al evaluated the efficiency 
of Cabex-derived NVs in delivering miRNA into cells. After co-incubation of the miRNA-loaded Cabex-derived NVs 
with colon cancer cells for 72 h, the levels of miRNA in the cells before and after administration were measured by real- 
time fluorescence quantitative PCR, revealing a 246,000-fold increase in miRNA.17 In addition, studies have also shown 
that external forces such as photothermal can enhance the release of PDNVs drugs at the tumor site.95,118
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Key Consideration of PDNVs as Anti-Tumor Tools
The Mode and Interval of Drug Administration May Affect the Therapeutic Effect of 
PDNVs
Studies have shown that different modes of administration of NVs result in different therapeutic effects. For example, 
camellia sinensis-derived NVs activate the C3 complement system by tail vein injection and exhibit some hepatotoxicity, 
while oral administration has been shown to have a modulating effect on intestinal flora without exhibiting toxicity. Co- 
administration can also affect the therapeutic effect of NVs. For example, injecting plasma exosomes followed by grape- 
derived NVs -loaded with DOX and PTX can enhance their accumulation in tumor tissue and lungs via CD36 and 
insulin-like growth factor 1 receptor (IGFR1) -mediated pathways and inhibit their uptake by hepatic Kupffer macro-
phages, thereby enhancing the targeting of PDNVs.111 D. morbifera and P. densiflora sap-derived NVs showed strong 
cytotoxic effects on tumor cells, and the combination of both NVs was more effective than single NVs treatment, with 
a 4-fold and 3-fold reduction in IC50 of A431 cells, respectively, but further studies are needed to elucidate the 
mechanism of therapeutic effects.25 A caveat is that the timing of NVs administration is also critical, and studies have 
shown that milk-derived EVs may reduce primary tumor growth but accelerate tumor metastasis in mice with colon and 
breast cancer cells.119 Whether some PDNVs also have this negative effect needs to be explored further.

Source of PDNVs Affects Therapeutic Effect
The choice of PDNVs as an anti-tumor source is still an open question. In the above summary, we have seen various PDNVs 
with anti-tumor effects, but it is worthwhile to summarize and consider which PDNVs have the strongest effect of certain 
PDNVs on certain tumors. For example, ginger-derived NVs, which interfere with macrophages, preferentially induce the 
expression of the antioxidant gene heme oxygenase-1 (HO-1) and the anti-inflammatory cytokine IL-10; whereas grape-
fruit, ginger and carrot-derived NVs promote the activation of nuclear factor (erythroid-derived 2)-like 2 (Nrf2).120 

Additionally, NVs derived from different parts of the same plant, such as roots and leaves, can have different effects. 
For example, Dendropanax morbifera leaf-derived NVs have better whitening and anti-melanin effects than the leaves.

Standards for the standardized isolation and production of PDNVs should be established as soon as possible. For 
example, different seasons of harvesting grapefruit and ginger may lead to the isolation of different constituents, and 
different varieties of plants may have varying compositions.121 Additionally, NVs isolated by different methods may 
have different sizes, and there are significant differences in the contents of NVs of different sizes. For example, NVs of 
citrus origin contain more organic acids and amino acids, while microvesicles contain more sugars and sugar derivatives, 
which can lead to different effects.32 These differences pose a challenge to the batch stability of the isolated substances.

Most current studies have obtained supernatants from roots, stems, branches, and leaves of plants by grinding or 
squeezing in a mixture mode. Boccia et al found that their tumor-promoting apoptotic activity was isolated from 
cultivated root systems of P. sagittatum in vitro, an approach that may enable the engineering of PDNVs as drug 
delivery systems and facilitate standardized production for clinic use, avoiding differences due to plant lot, species, and 
origin.51 Woith et al found that NVs could also be isolated from dried plants, possibly because NVs are stable enough to 
withstand the process of water loss, but whether there is a difference in effect is still unknown.122

EVs Isolation and Preservation
The isolation of PDNVs is a common bottleneck in the field of EVs research, and although PDNVs may have a higher 
economic impact, they face many problems, including aggregation during ultra-high speed centrifugation, particularly 
when the amount of vesicles is large.123 Scholars have used various methods to improve the yield of PDNVs, and reviews 
and reflections have been conducted.31 For example, the use of buffer pads can reduce aggregation due to long 
ultracentrifugation time, resulting in a 2-3-fold increase in yield.90 Reducing the centrifugation time and decreasing 
the centrifugation speed has also been shown to significantly reduce the aggregation of PDNVs. Chen’s group found that 
centrifugation times of 20 minutes and at lower centrifugation speeds increased the yield of NVs while avoiding 
aggregation.50,85 The use of buffers containing polyethylene glycol can maintain the integrity of NVs by wrapping 
them up to form a mesh network. Centrifugation methods based on polyethylene glycol-6000 (PEG6000) can also greatly 
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improve the yield of NVs, with the authors indicating that 60–90% of ginger-derived NVs can be collected.124 The yield 
of ginger-derived NVs is further improved by 4–5 times when PEG precipitation is performed at low pH conditions (pH 
4 and 5), and the authors indicated that this approach may not affect their biological activity.125 Chen’s team also 
developed an electrophoresis-based approach to collect PDNVs under an electric field, which may be easier to carry out 
in various laboratories compared to ultra-high-speed centrifuges, reducing the operating time.38

The preservation of the collected PDNVs is also an important topic that lacks standardization. Kim et al resuspended 
Dendropanax morbifera leaf-derived NVs in pure water stored them at various temperatures for about a month to assess 
the changes they underwent. They found that vesicles were less aggregated and more stable in size at −20 °C, but all 
samples underwent a loss in protein amount.126 Freeze-drying may be a better means of preserving samples because this 
method did not significantly change morphology, RNA, or protein content over longer periods of time, whereas repeated 
freeze-thawing may be lead to fusion of vesicles. Interestingly, it has been suggested that preservation conditions should 
be different for different PDNVs, which may be related to their charge and composition, but there is no definite law yet. 
It is also worth considering whether to prepare some preservation media specifically according to the nature of vesicles.

Conclusion
In conclusion, various lipids, proteins, RNAs, and metabolites carried on PDNVs have also shown excellent anti-tumor 
activities, including direct inhibition of tumor cell proliferation, potentiation apoptosis, and mitigation drug resistance 
behavior, as well as anticipated anti-tumor effects by changing the TME. Based on the unique lipid bimolecular structure of 
PDNVs, they have a natural trans-biological barrier structure that includes the blood-brain barrier and the skin barrier and is 
very simple for cells to uptake. Additionally, PDNVs may be taken up specially by some cells and organs, although the 
mechanism is unknown. PDNVs are more economical than those from animals. PDNVs are also natural drug delivery tools 
that allow drugs to be loaded onto NVs by co-incubation, and better loading may be accomplished with the cooperation of 
some pro-drug delivery tools. Furthermore, methods to improve the circulation stability, tumor targeting, tissue penetration, 
and cellular uptake of NVs are anticipated in order to achieve the precise targeting of drugs for release in tumor cells.

Future research on plant-derived nanovesicles (PDNVs) should focus on improving the purity, stability, and yield during 
isolation and preservation, optimizing biological activity and dosages, enhancing drug loading efficiency and surface modifica-
tion of PDNVs, and developing effective evaluation methods to ensure their safety and efficacy for clinical applications. At least 
2 clinical trials about PDNVs are currently being conducted, although the fact that there is still more work to be done. Researchers 
have paid a lot of attention to this tiny vesicle, and one day its great power in anti-tumor applications may emerge.
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