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Fig.1 Core pathways for plant—derived extracellular

vesicles from extraction to biological function
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Fig. 2 Engineering strategies for efficient loading and targeted delivery of plant—derived extracellular vesicles
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Abstract Plant-derived extracellular vesicles (PDEVs) are nanoscale extracellular vesicles secreted by plant
cells, characterized by a lipid bilayer structure. These vesicles carry a variety of bioactive molecules, including
proteins, nucleic acids, and lipids, and play essential roles in intercellular communication and physiological
regulation in plants. Compared to animal-derived extracellular vesicles, PDEVs offer several advantages, such as

a broad range of sources, high biocompatibility, low immunogenicity, and low production costs. Furthermore,
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PDEVs have demonstrated remarkable potential as natural nanocarriers for drug delivery, due to their ability to
efficiently traverse biological barriers, such as the blood-brain barrier, making them promising candidates for drug
delivery systems. This review systematically elaborates on the complex composition of PDEVs, which consists of
lipids, proteins, and nucleic acids, the typical structural characteristics of their lipid bilayers ranging from 30 to
150 nm, and their versatile loading capabilities as drug carriers, efficiently encapsulating various types of
therapeutic agents such as hydrophilic small molecules, hydrophobic drugs, nucleic acids, and proteins. We
systematically summarize the recent advancements in strategies for enhancing the loading efficiency of PDEVs,
which include methods such as co-incubation, ultrasound-assisted loading, electroporation, freeze-thaw cycles,
and microfluidic technology. These techniques are evaluated based on their underlying principles, suitable drug
types, and their respective advantages. In addition to loading strategies, we focus on the engineered approaches to
achieve targeted delivery using PDEVs, such as genetic engineering modifications, chemical ligand conjugation,
membrane fusion technology, and polyethylene glycol (PEG) modification. We discuss the mechanisms of these
strategies in enhancing targeting efficiency, prolonging in vivo circulation time, and improving therapeutic
efficacy. Further, this review highlights the application of PDEVs in various disease models, including tumor, skin
inflammation, metabolic disorders, and neurodegenerative diseases, showcasing their therapeutic potential as
multifunctional delivery platforms. The ability of PDEVs to encapsulate diverse therapeutic agents and target
specific tissues or cells opens up new avenues for the treatment of complex diseases, offering advantages over
conventional drug delivery systems. However, despite the promising applications of PDEVs, several challenges
remain in their development and clinical translation. These challenges include variability in source materials,
standardization of preparation processes, quality control, scalability of production, and the need for clinical
validation. To overcome these obstacles, the integration of advanced technologies such as artificial intelligence-
assisted design and multi-omics analysis is proposed as a way to facilitate the precise development of PDEVs.
These emerging technologies hold the potential to further enhance the precision and effectiveness of plant-based
drug delivery systems, ultimately advancing the field of precision medicine. In conclusion, the use of PDEVs as a
platform for drug delivery represents a promising area of research with the potential to revolutionize therapeutic
strategies. Their ability to encapsulate and deliver a wide variety of bioactive molecules, along with their inherent
advantages in biocompatibility and versatility, makes them a valuable tool in the development of more efficient
and targeted therapeutic interventions. Continued research and innovation in this field will pave the way for the
clinical implementation of PDEVs in the treatment of various diseases, offering new hope for more effective and

sustainable therapeutic options.

Key words plant-derived extracellular vesicles, drug delivery system, nanocarriers, targeted modification,
therapeutic strategies
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