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Abstract 

Gene therapy has evolved into a pivotal approach for treating genetic disorders, extending beyond 
traditional methods of directly repairing or replacing defective genes. Recent advancements in nucleic 
acid-based therapies-including mRNA, miRNA, siRNA, and DNA treatments have expanded the scope of 
gene therapy to include strategies that modulate protein expression and deliver functional genetic 
material without altering the genetic sequence itself. This review focuses on the innovative use of 
plant-derived nanovesicles (PDNVs) as a promising delivery system for these nucleic acids. PDNVs not 
only enhance the stability and bioavailability of therapeutic nucleic acids but also improve their specificity 
and efficacy in targeted gene therapy applications. They have shown potential in the treatment of various 
diseases, including cancer and inflammatory conditions. By examining the unique properties of PDNVs 
and their role in overcoming the limitations of conventional delivery methods, this review highlights the 
transformative potential of PDNV-based nucleic acid therapies in advancing the field of gene therapy. 
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Introduction 
Gene therapy has emerged as a transformative 

approach to the treatment of genetic disorders, 
offering the ability to precisely regulate and correct 
malfunctioning genes within cells [1]. Initially focused 
on directly repairing or replacing defective genes, 
gene therapy has expanded to include a wider range 
of nucleic acid-based therapies. These therapies 
include small interfering RNA (siRNA) [2-4], 
microRNA (miRNA) [5-7], messenger RNA (mRNA) 
[8-12], and DNA treatments [13-16], which aim to 
modulate gene expression or deliver functional 
genetic material. By focusing on these strategies, gene 
therapy provides therapeutic effects without 
necessitating direct alterations to the genetic 
sequence. The integration of nucleic acid-based 
therapies with traditional treatment methods allows 

for a more comprehensive targeting of cellular 
pathways, enhancing therapeutic outcomes and 
minimizing side effects. This has generated 
substantial interest among researchers and clinicians, 
highlighting the potential of gene therapy to 
revolutionize disease management.  

Despite its promise, the effective delivery of 
nucleic acids remains a significant challenge. Direct 
administration of naked nucleic acids can result in 
non-specific distribution, low cellular uptake, rapid 
clearance, and susceptibility to enzymatic 
degradation [17-20]. To address these challenges, 
various delivery methods have been developed. 
Physical techniques, such as nuclear transfection and 
electroporation, often face limitations in vivo due to 
potential cellular damage. While viral vectors can 
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facilitate efficient gene transfection, they are 
associated with issues such as immunogenicity, 
biosafety concerns, complex preparation, limited 
packaging capacity, and poor targeting specificity [21, 
22]. Compared with traditional methods, non-viral 
vectors, such as cationic polymers [23-25], cationic 
liposomes [26, 27], and nanoparticles [28-30], offer the 
advantages of easier preparation, lower toxicity, and 
higher gene packaging capacity. Among these, 
plant-derived nanovesicles (PDNVs), specifically, are 
nanoscale vesicles secreted by plant cells that contain 
DNA, small RNAs (sRNAs), miRNAs, and proteins. 
These vesicles mediate intercellular communication 
and exert effects such as anti-inflammatory, antiviral, 
antifibrotic, and antitumor activities, contributing to 
the plant’s defense mechanisms against pathogens. 
Structurally, they exhibit a lipid bilayer that 
encapsulates various bioactive molecules. This unique 
structure enables them to carry and transport diverse 
bioactive substances. Additionally, most PDNVs are 
edible and can serve as carriers for targeted drug 
delivery without toxicity or side effects, making them 
an emerging focus in research. Therefore, PDNVs 
have shown promise as carriers for delivering 
therapeutic molecules due to their unique properties 
that enhance their biocompatibility and minimize 
adverse immune responses [31], making them safer 
for therapeutic applications.  

In addition to mammalian cells, plant cells also 
produce multivesicular bodies (MVBs) through 
interactions between the plasma membrane and cell 
wall, leading to the formation of paravesicles. The 
presence of MVBs in plant cells was first identified in 
1967 using transmission electron microscopy, which 
revealed that carrot cell cultures generate MVBs that 
fuse with the plasma membrane, releasing 
membrane-structured vesicles into the extracellular 
space [32]. Since then, PDNVs have been isolated from 
a range of plants, including ginger [33, 34], grapefruit 
[35, 36], orange [37], blueberries [38], and various 
medicinal herbs [39, 40], expanding their application 
and significance in scientific research. The preparation 
of PDNVs involves multiple steps to ensure purity 
and functionality, as depicted in the accompanying 
Figure 1. Garlic, orange, broccoli, ginger, grapes, and 
ginseng are processed through blending, grinding, or 
squeezing to obtain a plant extract. This extract 
undergoes a series of differential centrifugation steps 
to remove dead cells, fibers, and cell debris. Initial 
centrifugation at 3000 g for 30 minutes is followed by 
subsequent centrifugations at 10,000 g and 150,000 g 
to separate and purify the PDNVs. Further 
purification is achieved using ultra-centrifugation and 
sucrose density gradient centrifugation, resulting in 
ultra-pure PDNVs with minimal contaminants. This 

process ensures that the final PDNV product is highly 
enriched in nucleic acids, proteins, and lipids, making 
them suitable carriers for therapeutic siRNA delivery 
(Figure 1). 

Compared to traditional nanocarriers such as 
lipid nanoparticles (LNPs) and exosomes, PDNVs 
present unique properties that enhance their potential 
as therapeutic delivery systems. LNPs, while effective 
in encapsulating and delivering nucleic acids, often 
require complex synthetic modifications and may 
exhibit limited stability in vivo due to rapid clearance 
by the immune system. Exosomes, derived from 
mammalian cells, show enhanced biocompatibility 
and targeting capabilities but are constrained by low 
yield and scalability challenges, as well as potential 
safety concerns related to their cellular origin. 
PDNVs, on the other hand, offer notable advantages 
over synthetic carriers and mammalian exosomes due 
to their non-toxic, low immunogenic, highly 
biocompatible properties [41-43], high yield, and low 
production cost, making them an economically viable 
option. Therefore, PDNVs offer significant 
advantages as emerging delivery systems. Firstly, 
unlike many synthetic and mammalian-derived 
systems, PDNVs are composed of biomolecules 
similar to dietary components and are more readily 
recognized by the body as food-derived, which 
minimizes immune activation compared to synthetic 
or animal-derived carriers. Their natural composition 
aligns with evolutionary tolerance mechanisms in 
mammals, reducing immune reactivity. Thereby 
PDNVs exhibit inherent potential for oral delivery 
due to their stability in the gastrointestinal 
environment, making them a promising candidate for 
non-invasive therapies. Inside the body, PDNVs may 
use distinctive surface markers from their plant 
origins to target specific cells or tissues. For instance, 
their behavior in the gastrointestinal tract differs from 
that of other delivery vectors. This may be due to 
specific recognition mechanisms with intestinal cells, 
making PDNVs more likely to exert local effects in the 
gut or cross the intestinal barrier to enter the 
bloodstream. Secondly, PDNVs contain therapeutic 
potential due to their endogenous nucleic acid cargo, 
which may include functional miRNAs and other 
small RNAs native to the source plant. This 
endogenous cargo not only adds an intrinsic 
therapeutic benefit but may also reduce the need for 
additional loading processes. Furthermore, PDNVs 
can encapsulate and protect nucleic acids more 
effectively, ensuring higher stability and 
bioavailability [44]. The urgency for utilizing PDNVs 
is underscored by the increasing demand for 
innovative and efficient delivery systems that can 
address the limitations of traditional methods, 
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ultimately paving the way for more effective gene 
therapies [45, 46]. These unique characteristics 
position PDNVs as an innovative and versatile 
platform in nucleic acid-based gene therapy. 

This review aims to provide a comprehensive 
overview of PDNVs and their application as effective 
carriers for nucleic acid-based therapies in gene 
therapy (Figure 2). We will explore the unique 
properties of PDNVs, discuss the mechanisms by 
which they facilitate nucleic acid delivery, and 
highlight the challenges and opportunities associated 
with their use. By synthesizing current knowledge in 
this area, we aim to underscore the transformative 
potential of PDNV-based therapies in advancing the 
field of gene therapy.  

PDNVs-based therapeutic siRNA in 
disease therapy 
The development of therapeutic siRNA 

RNA interference (RNAi) is a highly conserved 
biological process that allows cells to defend against 
foreign genetic elements by silencing specific genes 

[47-49]. siRNA, a critical component of RNAi, has 
emerged as a promising therapeutic tool due to its 
ability to selectively silence disease-related genes 
through precise sequence matching [50-53]. Since the 
discovery of RNAi in 1998 [54], siRNA-based 
therapeutics have faced significant obstacles, 
including stability, delivery challenges, and potential 
off-target effects. However, continued advances in the 
field have culminated in the approval of pioneering 
RNAi therapies such as ONPATTRO® (Patisiran) [55] 
in 2018 and GIVLAARI™ (givosiran) [56], marking 
key milestones in the clinical application of siRNA. 
Unlike conventional therapeutic strategies using 
small molecules or monoclonal antibodies, which 
often require targeting protein structures or specific 
molecules, siRNA directly binds to mRNA via 
Watson-Crick base pairing, enabling gene silencing 
with high specificity [57, 58]. This mechanism allows 
siRNA to avoid the need for detailed structural 
knowledge of protein targets, presenting a 
multifunctional therapeutic platform for a wide range 
of diseases, even those that are difficult to treat with 
traditional approaches. Theoretically, siRNA can be 

 
Figure 1. Isolation and Preparation of PDNVs. Plant materials such as garlic, broccoli, ginger, grape, and ginseng are used as sources for PDNVs. The extraction process 
involves blending, grinding, and squeezing to obtain plant juice. The resulting extract undergoes a series of centrifugation steps to remove dead cells, fibers, and cellular debris. 
Initial centrifugation at 3000 g for 30 min sediments dead cells and fibers at the bottom of the tube, allowing the collection of the supernatant for further processing. The 
supernatant is then subjected to 10,000 g centrifugation for 60 min to remove additional debris, followed by ultracentrifugation at 150,000 g for 60 min to pellet PDNVs. The 
pellet is resuspended in PBS and further purified using a sucrose density gradient ultracentrifugation (150,000 g for 60 min) to isolate the 45% layer containing purified PDNVs, 
which are finally washed and filtered through a 0.22 µm membrane to obtain ultra-pure PDNVs containing nucleic acids, proteins, and lipids (created with Biorender.com).  
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designed to target any gene, broadening its potential 
therapeutic applications and shortening the 
development timeline compared to other drugs.  

The challenges faced by therapeutic siRNA 
Despite its promise, siRNA faces challenges, 

primarily related to its stability in the bloodstream, 
susceptibility to enzymatic degradation [59], and 
potential off-target gene silencing [60]. Addressing 
these challenges has driven substantial progress in the 
chemical modification of siRNA molecules and the 
development of advanced delivery platforms. 
Modifications such as 2’-O-methylation [61] and 
locked nucleic acids (LNA) [62] have enhanced the 
stability, activity, and specificity of siRNA while 
reducing immune responses and off-target effects. 
Simultaneously, novel delivery systems-ranging from 
LNPs [63] and polymers [64] to peptides and 
exosomes have been explored to ensure targeted 
delivery of siRNA to the appropriate tissues, 
improving therapeutic outcomes. Recent 
breakthroughs have resulted in the clinical translation 
of siRNA-based therapies across a variety of medical 

fields. In metabolic disorders, nedosiran, a type of 
therapeutic siRNA, targets hepatic enzymes to treat 
primary hyperoxaluria, while cemdisiran, another 
siRNA drug, is being developed to inhibit 
complement 5 (C5) in rare complement-mediated 
diseases [65]. Fitusiran is another siRNA drug aimed 
at reducing antithrombin to restore coagulation 
balance in hemophilia patients [66]. Infectious disease 
applications include RG6346 [67], which targets 
hepatitis B virus (HBV), and MIR 19, a potential 
treatment for Coronavirus Disease (COVID)-19. 
Oncology-focused siRNA therapies are targeting 
oncogenes in cancers like glioblastoma and mutant 
KRAS in pancreatic cancer [68]. Ocular diseases such 
as age-related macular degeneration, diabetic macular 
edema, and glaucoma are being addressed with 
siRNA targeting vascular endothelial growth factor 
(VEGF) and its receptor. Moreover, siRNA is being 
developed to prevent acute kidney injury by 
inhibiting p53 [69]. The breadth of these applications 
underscores the emerging role of siRNA in modern 
medicine, with ongoing research likely to further 
expand its therapeutic potential. 

 
Figure 2. Graphical abstract of PDNVs in gene therapy. This scheme illustrates the diverse applications and components of PDNVs in gene therapy. The top sections 
showcase various nucleic acids (siRNA, miRNA, antisense oligonucleotides, DNA, mRNA, and aptamers) that can be loaded into PDNVs for therapeutic purposes, as well as 
plant origins (e.g., grape, garlic, ginger, watermelon, orange, ginseng, kiwi, grapefruit, and broccoli) from which PDNVs can be derived. The bottom left panel highlights 
therapeutic nucleic acid loading strategies for PDNVs, including electroporation, hybrid conjugation, and sonication, and shows how these methods enable nucleic acids to reach 
target cells and influence gene expression. The bottom center panel depicts diseases that can be treated by PDNV-based therapies, including lung cancer, colitis, breast cancer, 
and brain tumors. The bottom right section outlines administration routes for PDNVs, such as nasal, oral, and intravenous administration, which facilitate targeted delivery and 
therapeutic action. This review aims to discuss the emerging trends, therapeutic potential, and application strategies of PDNVs in gene therapy (created with Biorender.com).  
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Utilizing PDNVs for therapeutic siRNA in 
disease therapy 

PDNVs present several advantages for 
therapeutic siRNA delivery. They can efficiently 
encapsulate and protect siRNA from degradation, 
ensuring stability in biological environments. PDNVs 
have the inherent ability to cross biological barriers 
and can be targeted to specific tissues, making them 
ideal for precision medicine [70]. Furthermore, their 
scalable production from plants allows for 
cost-effective and sustainable manufacturing, 
providing a green alternative to synthetic 
nanoparticles. These features highlight PDNVs as 
promising vectors in siRNA-based disease therapies.  

Plant-derived exosome-like nanoparticles 
provide a compelling alternative, particularly for oral 
and nasal delivery. Li et al. demonstrated that folic 
acid-functionalized ginger-derived nanovesicles 
(GDENs) effectively delivered survivin siRNA to 
cancer cells, achieving significant gene knockdown in 
vitro and inhibiting tumor growth in vivo, highlighting 
the therapeutic potential and cost-effectiveness of 
PDNVs in cancer treatment [71]. Sung et al. developed 
ginger-derived lipid nanoparticles loaded with 
CD98-siRNA, achieving targeted colon delivery and 
significant anti-inflammatory effects in a DSS-induced 
colitis mouse model, demonstrating the 
immunocompatibility and therapeutic efficacy of 
plant-derived systems for inflammatory disease 
treatment [72]. Similarly, Cui et al. developed a ginger 
extracellular vesicle (GEV) and ZIF-8 nanoparticle 
system for TNF-α siRNA delivery, effectively 
targeting colon inflammation and reducing TNF-α 
levels in vivo. This approach highlights the potential of 
PDNVs for targeted siRNA delivery in ulcerative 
colitis treatment [73]. Ganji et al. utilized 
tangerine-derived nanovesicles (TNVs) as carriers for 
DDHD1-siRNA, achieving 13% loading efficiency and 
60% gene knockdown in colorectal cancer cells, 
demonstrating the feasibility of PDNVs for RNA 
interference therapies in mammalian disease 
treatment [74]. Huang et al. used kiwi-derived 
extracellular vesicles (KEVs) as a cation-free platform 
to deliver STAT3 siRNA for EGFR-mutant NSCLC 
treatment. Modified with EGFR-targeting aptamers, 
these STAT3/EKEVs showed high stability, 
specificity, and effectiveness, significantly 
suppressing tumor growth in a mouse model through 
STAT3 inhibition [75]. Itakura et al. developed a 
microfluidic device (MD) approach to encapsulate 
siRNA into grapefruit-derived vesicles (GEVs) with 
11% encapsulation efficiency. The siRNA-loaded 
GEVs demonstrated effective delivery and gene 
suppression in human keratinocytes, highlighting 
GEVs as a safe, scalable alternative for siRNA delivery 

in gene therapy [76]. 
PDNVs present a transformative solution for 

siRNA-based therapies (Figure 3), addressing key 
challenges in drug delivery such as biocompatibility, 
immunogenicity, and scalable production. Studies 
have demonstrated their capacity to efficiently deliver 
therapeutic siRNAs to targeted tissues, as seen with 
ginger-derived vesicles in cancer and inflammatory 
disease models. PDNVs offer a cost-effective, 
sustainable alternative to synthetic nanoparticles, 
with additional advantages such as natural bioactive 
compounds enhancing therapeutic efficacy. These 
properties position PDNVs as a promising 
next-generation platform for gene therapy 
applications. 

Leveraging PDNVs for miRNA 
therapeutics in disease treatment 
Biosynthesis and therapeutic potential of 
miRNAs 

The identification of miRNAs by Victor 
Ambros’s lab in 1993 [77] revolutionized our 
understanding of gene regulation. miRNAs are small, 
non-coding RNA sequences (19-24 nucleotides) that 
regulate gene expression by binding to target mRNAs, 
resulting in post-transcriptional gene silencing [78, 
79]. This process is essential for controlling various 
cellular functions. miRNAs are generated from longer 
transcripts known as primary miRNAs (pri-miRNAs), 
which form hairpin structures from non-coding 
regions or introns. Most miRNAs are produced via a 
canonical pathway involving two key RNase III 
enzymes. The nuclear Microprocessor complex, 
comprising Drosha and DGCR8, processes 
pri-miRNA into precursor miRNA (pre-miRNA), a 
55-70 nucleotide molecule. Pre-miRNAs are then 
transported to the cytoplasm, where Dicer cleaves 
them into a miRNA duplex. One strand of this duplex 
is incorporated into the RNA-induced silencing 
complex (RISC) by Argonaute (Ago) proteins, guiding 
gene repression [80-82]. Recent advancements in 
miRNA research have paved the way for their 
therapeutic application, particularly in areas such as 
cancer [83, 84], cardiovascular diseases [85], and 
neurodegenerative disorders [86, 87]. Therapeutic 
miRNAs can be designed to either inhibit 
overexpressed oncogenes or restore suppressed 
tumor-suppressor genes, demonstrating their dual 
potential in targeted gene regulation.  

Biomedical applications and challenges of 
miRNA therapeutics 

miRNAs are pivotal in regulating gene 
expression and are implicated in numerous diseases, 
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including immune disorders, Alzheimer's disease, 
cardiovascular conditions, rheumatoid arthritis, and 
various cancers. For instance, certain miRNAs 
regulate proteins involved in insulin signaling, 
linking them to insulin resistance and pancreatic 
cancer. Given their broad regulatory roles, miRNAs 
have emerged as promising therapeutic targets. 
Miravirsen [88], the first miRNA-based therapy 
targeting the hepatitis C virus (HCV), is undergoing 
phase II clinical trials, exemplifying its therapeutic 
potential. 

Despite these advances, miRNA therapeutics 
face significant challenges. The primary issue is 
miRNA instability in biological systems due to 
nuclease-mediated degradation. Efficient, targeted 
delivery systems are also critical for the success of 
miRNA therapies. Delivery methods must ensure that 
miRNAs reach specific tissues or cells without 
inducing immune reactions. Moreover, off-target 
effects, where miRNAs inadvertently interact with 
unintended mRNAs, pose risks, potentially leading to 
adverse effects [89]. Finally, extensive clinical trials 

and regulatory approvals are necessary to ensure the 
safety and efficacy of miRNA therapies, slowing their 
translation into clinical use. 

Harnessing PDNVs for miRNA-based 
therapeutics 

PDNVs are emerging as highly promising tools 
for miRNA-based therapies. These natural vesicles 
not only function as carriers of exogenous miRNAs 
but also inherently contain bioactive miRNAs that can 
exert therapeutic effects. This dual functionality 
makes PDNVs a unique and effective platform for 
disease treatment. Their inherent miRNA content, 
derived from the host plant, can directly modulate 
biological pathways, while exogenously loaded 
miRNAs enhance their therapeutic versatility. The 
combination of biocompatibility, natural targeting 
capabilities, and protective properties positions 
PDNVs as next-generation vectors for delivering both 
intrinsic and therapeutic miRNAs. 

 

 
Figure 3. PDNVs for siRNA-based disease therapy. (A) Ginger, kiwi, orange, and grapefruit-derived nanovesicles for siRNA delivery system and the relevant mechanism 
for siRNA functions (created with biorender.com). (B-C) PDNVs are used for therapeutic siRNA in the therapy of (B) cancer and (C) inflammatory diseases (created with 
biorender.com). (D). A schematic representation of siSTAT3-loaded EKEVs (STAT3/EKEVs) designed for the effective treatment of PC9-GR4-AZD1 NSCLC tumor xenograft. 
(Reproduced with permission from Ref. [75]: Edible and cation-free kiwi fruit-derived vesicles mediated EGFR-targeted siRNA delivery to inhibit multidrug-resistant lung cancer). Adapted 
from Huang et al., Journal of Nanobiotechnology, 2023, under a Creative Commons CC BY license. (E). The purification and characterization of GDENs. (Reproduced with 
permission from Ref. [71]: Arrowtail RNA for Ligand Display on Ginger Exosome-like Nanovesicles to Systemic Deliver siRNA for Cancer Suppression). Adapted from Li et al., Scientific 
Reports, 2018, under a Creative Commons CC BY license.  
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Gastrointestinal tract applications 

Broccoli-derived extracellular vesicles (BEVs) 
have been evaluated for delivering extracellular RNA. 
Pozo-Acebo et al. isolated BEVs using a combination 
of ultracentrifugation and size-exclusion 
chromatography, then loaded them with exogenous 
miRNAs. These miRNA-loaded BEVs were 
successfully taken up by Caco-2 cells, resulting in 
significant cytotoxicity at concentrations of 5% and 
above, with cell survival rates around 30%. This 
finding highlights BEVs' potential as effective 
delivery vehicles for exogenous miRNAs, offering 
advantages such as low immunogenicity and stability 
in the gastrointestinal environment, thus representing 
a promising approach for therapeutic applications 
[90]. Nanovesicles like BEVs have shown resilience to 
harsh gastrointestinal conditions, including acidic pH 
and digestive enzymes, which often degrade other 
therapeutic agents. This stability makes PDNVs a 
promising approach for delivering miRNAs that 
require protection against degradation in the 
gastrointestinal tract, potentially enhancing 
bioavailability and efficacy. Garlic-derived 
exosome-like nanovesicles (GENs), containing 26 
lipids, 61 proteins, and 127 miRNAs, were found to 
modulate inflammatory pathways. Specifically, 
han-miR3630-5p inhibited the toll-like receptor 4 
(TLR4) pathway, reducing inflammatory cytokines in 
lipopolysaccharide (LPS)-induced Caco-2 cells and 
improving tight junction protein function. In colitis 
mouse models, GENs reduced histological damage 
and TLR4 signaling, highlighting their therapeutic 
potential for inflammatory bowel disease (IBD) [91].  

Crossing the blood-brain barrier (BBB) for central 
nervous system therapies 

Overcoming the BBB remains a significant 
challenge for central nervous system therapies due to 
the BBB’s selective permeability. PDNVs offer unique 
advantages for crossing this barrier, as they can be 
functionalized and engineered to enhance targeted 
delivery while maintaining low immunogenicity. 
Grapefruit-derived nanovectors (GNVs) were 
explored by Zhuang et al. to deliver miR17 for treating 
brain tumors. By coating GNVs with folic acid (FA), 
they targeted folate receptor-positive GL-26 brain 
tumors. Combining FA-GNVs with polyethylenimine 
(FA-pGNVs) increased RNA-carrying capacity while 
reducing polyethylenimine toxicity. Intranasal 
delivery of miR17 using FA-pGNVs allowed rapid, 
targeted uptake in brain tumor cells, delaying tumor 
growth in mouse models, and indicating a promising 
noninvasive therapeutic method for brain diseases 
[92]. Kim et al. also demonstrated the potential of 

ginseng-derived exosome-like nanoparticles for 
crossing the BBB, showing that these vesicles 
effectively delivered ptc-miR396f to C6 glioma cells. 
This miRNA silenced the c-MYC gene, suppressing 
tumor growth and enhancing survival in 
glioma-bearing mice. Additionally, ginseng-derived 
exosome-like nanoparticles modulated immune 
responses by reducing pro-tumoral cytokines, 
inducing T-cell activity, and suppressing regulatory T 
cells (Tregs), demonstrating their capacity to influence 
the tumor microenvironment (TME) [93]. Together, 
these examples illustrate the ability of PDNVs to not 
only cross the BBB but also serve as highly specific, 
low-immunogenicity carriers for therapeutic agents in 
central nervous system diseases. 

Cancer therapy applications 

Corvigno et al. developed HEXPO, a delivery 
system using watermelon-derived PDNVs complexed 
with generation 3 PAMAM dendrimers to enhance 
small RNA delivery, such as miR146. The 
combination improved nucleic acid loading, increased 
in vivo safety, and prevented cellular membrane 
disruption. The anti-tumor efficacy of miR146 was 
demonstrated through its role in reducing 
angiogenesis and enhancing immune cell activation, 
particularly increasing CD8+ T-cell infiltration. This 
approach suggests the potential for combining 
plant-derived vesicle therapies with immune-targeted 
strategies for cancer treatment [94]. Brucea 
javanica-derived nanovesicles (BF-Exos) were 
developed to target triple-negative breast cancer 
(TNBC), an aggressive cancer subtype. Yan et al. 
showed that BF-Exos delivered 10 functional miRNAs 
to 4T1 breast cancer cells, reducing cell proliferation 
and metastasis through regulation of the 
PI3K/Akt/mTOR pathway and ROS/caspase- 
mediated apoptosis. Additionally, BF-Exos reduced 
vascular endothelial growth factor secretion, limiting 
angiogenesis. In mouse models, BF-Exos inhibited 
tumor growth and metastasis, showing high biosafety 
and potential as a plant-derived therapeutic platform 
for TNBC [95]. 

Applications in inflammatory diseases 

Similarly, ginger-derived exosome-like 
nanoparticles (GELNs) were explored by Yan et al., 
where osa-miR164d was identified as a regulator of 
macrophage polarization. GELNs-loaded miR164d 
targeted TAB1, promoting M2 macrophage 
polarization, and reducing inflammation in intestinal 
tissues. Biomimetic exosomes loaded with 
osa-miR164d offer a scalable therapeutic option for 
inflammatory diseases [96].  
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Figure 4. Leveraging PDNVs for miRNA therapeutics in disease treatment. (A) miRNA biogenesis and mechanism of action. The miRNA gene is transcribed by RNA 
polymerase II into pri-miRNA, which is processed by the Drosha complex into precursor miRNA (pre-miRNA). After being exported to the cytoplasm, Dicer further processes 
pre-miRNA into mature miRNA. This mature miRNA is incorporated into the RNA-induced silencing complex (RISC), where it guides AGO2 to the target mRNA, leading to 
mRNA degradation or translational repression (created with biorender.com). (B) Plant sources of nanovesicles for miRNA therapeutics (created with biorender.com). (C) 
PDNVs for delivering miRNA to the brain. Illustration of intranasal administration [92] of PDNVs for delivering miRNA directly to the brain, targeting brain tumors (created with 
biorender.com). (D) Isolation process of ginseng-derived nanovesicles. (Reproduced with permission from Ref. [93]: Anti-glioma effect of ginseng-derived exosomes-like nanoparticles 
by active blood-brain-barrier penetration and tumor microenvironment modulation). Adapted from Kim et al., Journal of Nanobiotechnology, 2023, under a Creative Commons CC BY 
license.  

 
 
This section discusses recent advancements in 

PDNVs as miRNA delivery systems for therapeutic 
applications (Figure 4). PDNVs, such as those derived 
from broccoli, grapefruit, watermelon, garlic, ginger, 
and Brucea javanica, provide enhanced stability, 
targeting abilities, and biocompatibility. These 
nanovesicles have been shown to effectively deliver 
miRNAs across various barriers, including the 
gastrointestinal tract and BBB, making them 
promising vehicles for treating conditions such as 
cancer, inflammation, and brain tumors. Studies 
highlight the role of miRNAs in regulating key 
signaling pathways, such as PI3K/Akt/mTOR, TLR4, 
and NF-κB, leading to tumor suppression, immune 
activation, and inflammation reduction. The 
combination of PDNVs with other delivery 
technologies, such as PAMAM dendrimers and 
biomimetic exosomes, further enhances therapeutic 
efficacy, offering innovative solutions for gene 
therapy in cancer and inflammatory diseases.  

PDNVs as emerging platforms for other 
gene therapies 

Gene therapy is revolutionizing modern 
medicine, offering innovative approaches to treat a 
broad spectrum of diseases. Despite these 
advancements, the efficient and targeted delivery of 
therapeutic nucleic acids remains a significant 
obstacle. PDNVs have emerged as promising 
biocompatible carriers for gene therapies, including 
the delivery of mRNA, DNA, and other therapeutic 
agents (Table 1). PDNVs offer distinct advantages 
such as enhanced nucleic acid stability, reduced 
immunogenicity, and potential for tissue-specific 
targeting. This section discusses how PDNVs are 
addressing limitations in nucleic acid-based therapies 
and their potential to reshape the landscape of gene 
therapy. 
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PDNVs for mRNA therapeutics 
mRNA therapeutics have rapidly gained 

prominence, particularly after the success of 
mRNA-based COVID-19 vaccines [97-100]. However, 
the widespread use of mRNA therapies is hindered by 
challenges such as mRNA instability, enzymatic 
degradation, and immune reactions triggered by 
current delivery systems like LNPs [101, 102]. PDNVs 
offer a natural, biocompatible solution to these issues. 
Unlike conventional mRNA carriers, PDNVs provide 
robust protection to encapsulated mRNA, enhancing 
both its stability and bioavailability. Their low 
immunogenicity mitigates the risk of unwanted 
immune responses, while their ability to be 
engineered for tissue-specific targeting improves 
delivery efficiency. Furthermore, the scalability and 
cost-effectiveness of PDNV production make them a 
compelling alternative for mRNA-based treatments. 
For instance, Pomatto et al. demonstrated the potential 
of PDNVs derived from Citrus sinensis juice to deliver 
an oral mRNA vaccine targeting the SARS-CoV-2 S1 
protein. The PDNV-encapsulated mRNA vaccine 
remained stable at room temperature for up to a year 
and successfully triggered both systemic and mucosal 
immune responses in rats following oral 
administration. This study highlights the potential of 
PDNVs to not only improve the stability of mRNA 
but also pave the way for non-invasive vaccine 
delivery methods, such as oral administration, which 
overcome the logistical challenges of cold-chain 
storage associated with traditional vaccines [103].  

PDNVs for DNA-based gene therapy 
DNA-based gene therapy has advanced 

significantly, particularly with technologies like 
recombinant DNA [104], viral vectors [105], and 
CRISPR-Cas9 [106]. Despite these achievements, 
delivery efficiency, potential cytotoxicity, and 
immune reactions to foreign DNA remain persistent 
hurdles [107]. PDNVs have emerged as effective 
carriers for therapeutic DNA, addressing many of 
these limitations. PDNVs enhance the stability and 
delivery efficiency of therapeutic DNA while 
reducing immunogenicity and cytotoxicity. Their 
ability to encapsulate nucleic acids and be modified 
for targeted delivery ensures precise gene therapy 
with minimal off-target effects. For example, Wang et 
al. demonstrated the use of GNVs to deliver a 
biotinylated eYFP DNA expression vector into A549 
cells. The study showed that protein expression was 
comparable to conventional methods like 
Lipofectamine 2000, while GNVs avoided the 
cytotoxicity typically seen with synthetic carriers. 
Furthermore, the study demonstrated successful 
encapsulation and delivery of the luciferase gene in 

CD4+ and CD8+ T cells without triggering inflam-
matory responses. These findings position PDNVs as 
a versatile and safer alternative to traditional delivery 
systems, with potential applications across various 
DNA-based therapies [108]. 

PDNVs in other emerging gene therapies 
As gene therapy continues to evolve, novel 

nucleic acid-based strategies are emerging, offering 
new therapeutic possibilities. PDNVs have 
demonstrated their versatility not only in delivering 
well-established therapeutic agents such as mRNA, 
DNA, siRNA, and miRNA, but also in their potential 
to serve as carriers for other types of nucleic acids, 
including antisense oligonucleotides (ASOs), 
aptamers, and circular RNA (circRNA). These newer 
therapeutic approaches, when combined with the 
biocompatibility and efficiency of PDNVs, offer 
exciting prospects for future gene therapies. 

As the field of gene therapy continues to evolve, 
new technologies such as CRISPR-Cas9 and PDNVs 
are pushing the boundaries of treatment possibilities 
[109]. CRISPR-Cas9 enables precise genome editing, 
allowing targeted correction of genetic mutations or 
inactivation of harmful genes. Coupling CRISPR with 
PDNVs as delivery vehicles offers a promising 
approach to enhance the safety and efficacy of 
genome editing, leveraging the biocompatibility, 
targeting capacity, and low immunogenicity of 
PDNVs. This combination is particularly valuable for 
treating genetic disorders, such as cystic fibrosis, 
muscular dystrophy, and cancer, by improving 
delivery precision and reducing off-target effects. 
Together, CRISPR and PDNVs represent a significant 
step forward in the development of next-generation 
gene therapies. 

ASOs are short, single-stranded DNA or RNA 
molecules designed to bind to specific mRNA 
transcripts, preventing the translation of target genes 
[110]. This approach holds promise for treating 
genetic disorders caused by aberrant or harmful gene 
expression, such as spinal muscular atrophy (SMA) 
[111] or Duchenne muscular dystrophy (DMD) [112]. 
However, ASO therapies face similar challenges to 
other nucleic acid-based treatments, such as 
instability and off-target effects. PDNVs could serve 
as highly effective carriers for ASOs, enhancing their 
stability in biological environments and improving 
delivery efficiency to specific tissues, thus maximizing 
therapeutic outcomes while minimizing side effects. 

Aptamers are short, single-stranded oligo-
nucleotides that fold into specific three-dimensional 
shapes, allowing them to bind tightly and specifically 
to target molecules, much like antibodies [113]. These 
nucleic acid-based ligands have potential applications 
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in diagnostics, drug delivery, and targeted therapies, 
particularly for cancer and infectious diseases. When 
combined with PDNVs, aptamers could benefit from 
enhanced stability and protection from degradation, 
while the natural targeting capabilities of PDNVs 
could be exploited to further improve the specificity 
and efficiency of aptamer-based treatments. 

CircRNA is a type of non-coding RNA that 
forms a covalently closed loop, making it more stable 
than linear RNA species [114]. Due to its resistance to 
exonucleases, circRNA has gained interest as a 
potential therapeutic agent, particularly for gene 
regulation and protein production. PDNVs could 
provide an optimal delivery system for circRNAs, 
enhancing their stability and enabling tissue-specific 
targeting. Given the recent interest in circRNA for 
applications such as cancer therapy and regenerative 
medicine, PDNVs could play a crucial role in 
advancing circRNA-based treatments by overcoming 
the challenges associated with delivery and stability. 

In addition to the established applications, 
researchers are increasingly exploring combination 
therapies involving multiple nucleic acids (e.g., 
combining miRNA and siRNA or using mRNA and 
ASOs together). PDNVs offer a flexible platform for 
such combination strategies, potentially enabling the 
co-delivery of different nucleic acids to achieve 
synergistic effects in gene regulation or disease 
treatment. For example, co-delivering miRNA and 
siRNA could simultaneously target multiple 
pathways in cancer therapy [115, 116]. 

Challenges and perspectives 
Current limitations and potential solutions 

Isolation and purification  

PDNVs present several unique challenges that 

need to be addressed to fully realize their potential as 
gene-delivery vehicles. One significant challenge lies 
in the isolation and standardization of PDNVs. The 
extraction and purification processes vary 
significantly depending on the plant source and the 
methodology used, which can lead to inconsistencies 
in yield, purity, and biological activity [118, 119]. This 
lack of standardization poses a barrier to large-scale 
production and clinical translation. Additionally, the 
characterization and quality control of PDNVs are 
complex [120]. Ensuring consistent properties such as 
size, surface charge, and cargo content is crucial but 
technically challenging. Advanced analytical 
techniques are required to fully characterize PDNVs 
and meet regulatory standards. Additionally, the 
development of more efficient extraction and 
purification techniques, such as affinity-based 
purification methods, could enhance PDNVs yield 
and purity. Standardizing extraction protocols across 
labs to improve batch consistency would also support 
reproducibility in experimental and therapeutic 
applications (Table 2).  

Loading and stabilization 

Another major challenge is the efficient loading 
and stabilization of therapeutic nucleic acids within 
PDNVs. Encapsulating exogenous nucleic acids like 
siRNA, miRNA, mRNA, or DNA without 
compromising the structural integrity of the vesicles is 
difficult. Furthermore, maintaining the stability of 
these nucleic acids during storage, transport, and after 
administration is essential for therapeutic efficacy. 
Therefore, optimizing loading techniques, perhaps by 
exploring lipid modification strategies or 
co-encapsulation with stabilizing agents, could 
improve encapsulation efficiency and nucleic acid 
stability within PDNVs.  

 
 

Table 1. PDNVs for nucleic acid-based disease therapy.  

Plant sources Nucleic acid Disease Administration route Reference 
Ginger siRNA Cancer Intravenous [71] 

siRNA Dextran Sodium Sulfate (DSS)-induced colitis Oral [72] 
siRNA Ulcerative colitis Oral [73] 
miRNA Intestinal inflammation Oral [96] 

Orange siRNA Colorectal cancer / [74] 
mRNA Infectious disease Oral [103] 
mRNA Infectious disease Oral or Intranasal [117] 

Kiwi siRNA Non-small cell lung cancer Intravenous [75] 
Grapefruit miRNA Brain tumor Intranasal [92] 

DNA Cancer Intravenous [108] 
Watermelon miRNA Cancer Intraperitoneal [94] 
Garlic miRNA Inflammatory bowel disease Oral [91] 
Ginseng miRNA Glioma Intravenous or Intracerebral [93] 
Brucea javanica miRNA Triple-negative breast cancer Intratumoral [95] 
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Table 2. Challenges of PDNVs extraction and purification methods.  

Method Guideline Advantage Challenge 
Ultracentrifugation Size and density Simple separating 

Large sample processing 
Preserving integrity 

Time-consuming 
Requiring specialized equipment 
Damaging particles 

Dialysis Removing small molecule 
impurities 

Removing small impurities effectively Relatively time-intensive 
Lower efficiency 

Size-exclusion chromatography Size High purity of isolated PDNVs 
Shorter Processing time 
Preserves EV integrity and biological activity 

High cost 
Limited sample volume 

Immunoaffinity capture-based 
technique 

Selective enrichment using 
specific covalent or affinity 
magnetic beads 

Higher extraction purity 
Higher yield 
Suitable for large diluted samples 

Longer processing time 
Longer processing time 
Higher extraction cost 

Differential ultrafiltration Size Allowing handling of larger sample volumes Limited by particle size 
Affected recovery rate 

 
Efficiently loading nucleic acids into PDNVs 

remains a significant challenge compared to other 
delivery systems like LNPs and EVs. Traditional 
methods, including electroporation, sonication, and 
hybridization approaches, each have unique 
advantages and limitations for PDNVs. For instance, 
electroporation can facilitate nucleic acid loading by 
transiently permeabilizing PDNV membranes; 
however, it may compromise vesicle integrity if not 
carefully optimized. Sonication, another common 
approach, can enhance encapsulation efficiency but 
may disrupt PDNV structure and lead to inconsistent 
loading. Hybridization approaches, where nucleic 
acids are conjugated or hybridized to vesicle surfaces, 
offer a gentler alternative but may result in lower 
encapsulation efficiency and stability. Recent studies 
have begun to explore modified methods, such as 
combining electroporation with stabilizing agents [71, 
103] or developing hybrid techniques [92] that 
maintain PDNV integrity while enhancing loading 
capacity. These strategies underscore the need for 
tailored approaches to overcome the unique loading 
challenges in PDNVs, paving the way for more 
efficient nucleic acid delivery in therapeutic 
applications.  

Targeted delivery, tissue specificity, and 
administration methods 

Efficient delivery and cellular uptake of nucleic 
acids are critical for their therapeutic action. PDNVs 
must be engineered to improve cellular uptake and 
facilitate endosomal escape, ensuring the release of 
the therapeutic cargo into the cytoplasm. Off-target 
effects pose another major challenge, as unintended 
gene silencing or activation can lead to adverse 
effects. Furthermore, achieving precise targeting and 
biodistribution of PDNVs is also a significant hurdle. 
Although PDNVs can cross biological barriers, their 
ability to deliver cargo specifically to target tissues or 
cells needs improvement. Without appropriate 
targeting, off-target effects could reduce therapeutic 
efficacy and potentially cause side effects. Therefore, 

engineering surface modifications (e.g., with targeting 
ligands or peptides) on PDNVs could enhance tissue 
specificity. Additionally, leveraging plant-derived 
characteristics for targeting could be an area of 
innovative exploration.  

The administration route of PDNVs further 
influences drug delivery efficiency and therapeutic 
outcomes. For example, oral administration is 
favorable for patient compliance but requires PDNVs 
to resist gastrointestinal enzymes and pH changes. 
Potential solutions include coating PDNVs with 
gastro-protective polymers or encapsulating them 
within resistant lipid formulations to maintain drug 
integrity. Intravenous administration allows for rapid 
systemic distribution but requires PDNVs to evade 
immune detection. Strategies to achieve this include 
PEGylation or cloaking PDNVs with biomimetic cell 
membranes to improve circulation time and reduce 
immune clearance. Intranasal delivery is a 
non-invasive option that provides access to the central 
nervous system, bypassing the blood-brain barrier. 
Enhancing the efficiency may involve engineering 
PDNVs with mucosal adhesive molecules or 
optimizing vesicle size for better nasal absorption. 
Together, selecting the appropriate administration 
method and incorporating targeted delivery strategies 
could significantly enhance PDNV delivery, 
addressing key challenges and maximizing 
therapeutic outcomes. 

Immune response and biocompatibility 

Immune response and biocompatibility are 
additional concerns. Although PDNVs are generally 
regarded as biocompatible and less immunogenic 
compared to synthetic nanoparticles, variations in 
their composition might elicit immune responses. 
Comprehensive preclinical studies are necessary to 
fully evaluate their safety profile, particularly for 
long-term applications. On the nucleic acid side, 
stability and degradation remain significant issues. 
RNA-based therapeutics are particularly susceptible 
to enzymatic degradation, which can limit their 
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therapeutic potential [121, 122]. Developing PDNV 
formulations that protect these nucleic acids from 
degradation and enhance their stability is essential. 
Besides, systematic studies to evaluate the 
immunogenic profile of PDNVs are necessary. 
Modifying PDNV membranes or pre-conditioning 
them to reduce immune recognition could enhance 
biocompatibility.  

Regulatory and standardization issues 

As a relatively new technology, PDNVs face 
significant regulatory challenges, with limited 
standards for their therapeutic use in gene therapy, 
making clinical translation more challenging. And 
regulatory hurdles add another layer of complexity. 
The approval process for gene therapies is strict, and 
addressing the standardization, safety, and efficacy of 
PDNV-based therapies will require robust preclinical 
data and well-designed clinical trials. Therefore, 
establishing regulatory guidelines and quality 
standards specific to PDNVs could facilitate their path 
to clinical applications. Collaboration between 
research and regulatory bodies may help in 
developing frameworks for safe and effective 
PDNV-based therapies.  

Additionally, a significant challenge in the 
large-scale production and clinical application of 
PDNVs is batch-to-batch variability, which can arise 
from factors such as plant species, seasonal variations, 
and cultivation conditions. These variables can impact 
the size, composition, and yield of PDNVs, 
introducing inconsistencies that hinder 
reproducibility and scalability. Currently, due to the 
small-scale production of most PDNV research, few 
methods are available to address these issues directly. 
However, exploring standardized cultivation 
practices and advanced purification protocols shows 
promise for reducing variability. For example, 
controlled growth environments and genetically 
engineered plant lines are being investigated to 
produce more uniform PDNVs with consistent 
therapeutic profiles. Quality control measures, such as 
regular biochemical profiling and the use of molecular 
markers, are also being developed to monitor and 
ensure the consistency of PDNV batches. These 
approaches are paving the way for more reliable and 
scalable production, essential for clinical applications. 

Perspectives 
Despite these challenges, there are several 

promising avenues for advancing PDNV-based gene 
therapy. Improving the methods for isolating and 
purifying PDNVs is a critical first step. Developing 
more efficient, scalable, and standardized processes 
will enhance the reproducibility and quality of 

PDNVs, facilitating their clinical use. Additionally, 
surface modification techniques can be employed to 
functionalize PDNVs by targeting ligands [123], 
peptides, or antibodies, thereby improving their 
specificity for diseased cells or tissues [70]. Such 
modifications could significantly enhance the 
therapeutic efficacy of PDNVs and minimize 
off-target effects. Hybrid PDNV formulations, which 
combine natural and synthetic materials, offer another 
promising strategy. These hybrid systems could 
leverage the biocompatibility of PDNVs and the 
robustness of synthetic carriers to create more 
versatile delivery platforms. In terms of nucleic acid 
modifications, integrating chemical modifications like 
2’-O-methylation or phosphorothioate linkages could 
improve the stability and reduce the immunogenicity 
of the therapeutic cargo. Co-delivery strategies that 
combine multiple types of nucleic acids, such as 
miRNA and mRNA, within a single PDNV 
formulation could provide synergistic therapeutic 
effects, addressing multiple disease pathways 
simultaneously. 

Expanding the therapeutic applications of 
PDNV-based gene therapies is another exciting 
perspective. While much of the current research 
focuses on cancer and inflammatory diseases, there is 
potential for PDNVs in regenerative medicine, 
neurological disorders, and metabolic diseases. A 
deeper understanding of PDNV biodistribution and 
their interaction with various tissues will enable the 
development of more targeted and effective therapies 
for these conditions. On the regulatory and clinical 
front, establishing clear guidelines for PDNV-based 
therapies will be essential. Collaboration between 
researchers, industry stakeholders, and regulatory 
agencies can help develop standardized protocols for 
the production, characterization, and clinical 
evaluation of PDNVs. Comprehensive preclinical 
studies focusing on the pharmacokinetics, 
biodistribution, and safety of PDNVs are needed to 
support clinical trials. Early-phase clinical trials 
should prioritize the assessment of safety and 
preliminary efficacy in specific diseases to establish a 
foundation for broader applications. Engaging with 
the public and addressing ethical considerations are 
also important. Public perception and ethical concerns 
regarding the use of plant-derived materials must be 
managed to facilitate the acceptance of PDNV-based 
gene therapies. Discussing potential environmental 
impacts and demonstrating the safety and efficacy of 
these therapies will be crucial for gaining public trust. 

In conclusion, PDNVs offer a promising and 
biocompatible platform for nucleic acid-based gene 
therapy, with the potential to revolutionize the 
treatment of various medical conditions. Addressing 
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the current challenges through advances in isolation 
techniques, surface modification, and hybrid 
formulations, along with robust regulatory and 
clinical efforts, will be key to unlocking their full 
therapeutic potential. Continued research and 
multidisciplinary collaboration will be essential to 
advance PDNV-based therapies into next-generation 
gene therapy solutions. 

Conclusion 
In this review, we have comprehensively 

explored the potential of PDNVs as innovative 
delivery systems for nucleic acid-based gene 
therapies. As the field of gene therapy evolves beyond 
traditional methods of direct gene correction, the 
focus has shifted towards employing nucleic acids 
such as mRNA, miRNA, siRNA, and DNA to 
modulate gene expression and deliver functional 
genetic material without altering the genome. We 
have highlighted the unique advantages of PDNVs in 
addressing the limitations of conventional delivery 
systems, including their biocompatibility, low 
immunogenicity, and natural targeting capabilities. 

We began by discussing the biological origins 
and properties of PDNVs, emphasizing their 
production from various plant sources like ginger, 
grapefruit, garlic, and ginseng. These vesicles have 
shown the ability to encapsulate and protect 
therapeutic nucleic acids, enhancing their stability 
and bioavailability in biological environments. The 
review also detailed the isolation and purification 
processes for PDNVs, along with their inherent 
challenges in standardization and quality control. In 
the context of gene therapy, we examined the current 
applications of PDNVs in delivering different nucleic 
acids for the treatment of a wide range of diseases, 
including cancer, inflammatory conditions, and 
genetic disorders. Studies on siRNA delivery using 
PDNVs have demonstrated promising results in 
cancer therapy and inflammatory disease models. 
Similarly, PDNVs have been investigated as carriers 
for miRNA therapeutics, showing potential in 
regulating key signaling pathways involved in 
disease progression. We also explored the emerging 
applications of PDNVs for delivering mRNA and 
DNA, discussing their potential in areas such as 
vaccine development and genetic disease treatment. 

Despite the promising data, several challenges 
remain. The review identified key issues such as the 
variability in PDNV isolation methods, the need for 
efficient and stable nucleic acid loading, and 
achieving specific targeting and biodistribution. We 
also addressed the immunogenicity and safety 
concerns associated with PDNVs, which are crucial 
for their clinical translation. Looking forward, we 

discussed perspectives for advancing PDNV-based 
gene therapy. Enhancements in isolation and 
purification techniques, the development of hybrid 
PDNV formulations, and surface modifications for 
targeted delivery are promising strategies to 
overcome current limitations. Additionally, 
innovations in nucleic acid design and the co-delivery 
of multiple therapeutic agents could further expand 
the therapeutic scope of PDNVs. Regulatory and 
clinical efforts will be essential to establish 
standardized protocols and ensure the safe and 
effective use of these novel delivery systems. 

In conclusion, this review underscores the 
transformative potential of PDNVs in nucleic 
acid-based gene therapies. By leveraging the natural 
properties of plant-derived vesicles, PDNVs offer a 
promising platform that combines biocompatibility 
with effective gene delivery. As research progresses, 
multidisciplinary collaboration and technological 
advancements will be crucial to unlock the full 
potential of PDNVs, paving the way for 
next-generation gene therapy solutions that are safer, 
more effective, and accessible for a broader range of 
diseases. 
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