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Abstract

:

Exosomal nanoparticles (exosomes or nanovesicles) are biogenic membrane vesicles secreted by various cell types and represent a conservative mechanism of intercellular and interspecies communication in pro- and eukaryotic organisms. By transporting specific proteins, nucleic acids, and low molecular weight metabolites, the exosomes are involved in the regulation of developmental processes, activation of the immune system, and the development of a protective response to stress. Recently, the plant nanovesicles, due to an economical and affordable source of their production, have attracted a lot of attention in the biomedical field. Being a natural transport system, the plant exosomes represent a promising platform in biomedicine for the delivery of molecules of both endogenous and exogenous origin. This review presents current data on the biogenesis of plant exosomes and their composition, as well as mechanisms of their loading with various therapeutic compounds, which are determining factors for their possible practical use. We believe that further research in this area will significantly expand the potential of targeted therapy, particularly targeted gene regulation via the small RNAs, due to the use of plant exosomes in clinical practice.
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1. Introduction


The discovery and development of new effective pharmaceuticals are considered as priority outcomes of biomedical science, aimed to improve the quality of human life. In recent years, significant advances have been made in this field, which have led to the development of many new drugs, including low-molecular-weight compounds of natural and synthetic origin, therapeutic proteins, and nucleic acids [1,2,3,4]. However, an important issue of therapy is the delivery effectiveness of these molecules to target cells or tissues. The targeted delivery makes it possible to create the required dose of an effector in the right location, protects it from degradation, reduces the toxic impact, and makes the therapy process more economical [5,6].



Many materials and approaches for delivery have been developed to date by the means of inorganic and organic platforms. Inorganic carriers include various nanoparticles, mainly based on metals and silica, as well as various combinations thereof [7,8]. The particles are functionalized with active groups, such as amine, carboxyl, and thiol, that allow them to chemically bind bioactive substances [9]. In particular, the mesoporous silica nanoparticles attract a lot of attention as promising carriers due to their high surface area and pore volume [10]. The carbon-based nanomaterials, especially graphene and multi-walled carbon nanotubes, also have a great potential for encapsulation and controlled release of bioactive compounds [11]. Still, limitations, such as particle aggregation in biological fluids and high cost of production, may restrict their use in practical applications.



Organic nanocarriers based on proteins (e.g., zein, gliadin, albumin) and polysaccharides (e.g., chitosan, alginate, cellulose) are promising candidates for targeted drug delivery [12]. The natural biopolymers used for their fabrication ensure the improved biological compatibility of such platforms, along with other advantages of nanosized materials. However, the low stability may limit their medical application in particular cases. Liposomes are simple vesicular structures and have been widely used as transporters for about 40 years [13]. Due to the use of physiological lipids as building blocks, liposomes have many advantages in transdermal, topical, and pulmonary applications [5]. However, the short half-life and production cost of such systems limit their therapeutic use [14]. The lipid nanoparticles represent a new delivery method, with improved properties compared to liposomes, including the ease of fabrication processes and stability [15]. They became particularly well known worldwide due to their use as the mRNA-containing vaccines for coronavirus (COVID-19) developed by Moderna and BioNTech/Pfizer. Such problems as the low drug-loading efficiency and lack of sufficient clinical observation should be solved to promote further the benefits of these carriers [16]. In addition to the above-mentioned delivery methods, the biological vectors derived from bacteriophages, mammalian, and plant viruses are also clinically used [17].



Exosomal nanoparticles from various biological objects, including mammals, plants, fungi, and bacteria have emerged as a new category of membrane vectors [17]. The practical application of plant exosomes requires a solid scientific basis and understanding of their biogenesis, molecular composition, physical characteristics, and biological properties as well as safety and effectiveness in disease treatment. Actually, thorough research in this field has only recently begun and thus many questions remain unsolved. In this review, we aimed to review critically the current achievements and challenges in terms of the possible use of plant exosomes as potential therapeutic agents and regulators of cellular networks.




2. General Characteristics


Membrane vesicles (exosomes) are biogenic nano-formations with a characteristic size of 30–200 nm, which are released from the cell by fusion of the multivesicular body with the plasma membrane [18]. Other varieties of extracellular membrane structures differ from the exosomes by their size, origin, and function. For example, the particles of 200–1000 nm, formed by budding of the plasma membrane, are related to microvesicles, while the structures of more than 1000 nm are related to apoptotic bodies, the products of the cell decay via programmed cell death [19]. The existence of nanovesicles in plants was questioned until numerous studies proving their presence in all plant organs were carried out in the last decade [20]. Morphologically, the plant nanovesicles have a rounded shape formed by a phospholipid bilayer with an average thickness of 5.3 nm [21]. The exosomal membrane protects their molecular contents from enzymatic degradation, as well as from environmental influences (e.g., high and low temperatures, extreme pH, high salinity, moisture, and sunlight) [22,23,24]. Any parts of plants can serve as a source of nanovesicles for biomedical purposes, with the most preferred being the leaves, fruits, and apoplastotic fluid. It should be noted that the different plant organs produce different amounts of nanovesicles with unique compositions and properties, which may reflect their specializations in intercellular communications [25].




3. Mechanism of Nanovesicles Formation


The mechanism of nanovesicle formation in plants is not yet completely studied, but according to the available data, it is generally similar to the biogenesis of mammalian exosomes (Figure 1). The formation of exosomes is tightly connected with the cellular membrane transport and is initiated by the formation of an early endosome through the invagination of the plasma membrane cooperating with the regulatory components of the Golgi trans-network [26]. The early endosome undergoes maturation accompanied by invagination of the endosomal membrane with the formation of intraluminal vesicles (ILVs) that selectively accumulate various intracellular biomolecules. In mammals, this process is controlled by a special endosomal sorting complex, required for their transport (ESCRT), consisting of four proteins, ESCRT-0, -I, -II, and -III, and vacuolar protein sorting 4 (VPS4) ATPase [26]. As a result of these processes, the formation of a multivesicular body (MVB) occurs, which is a late stage in the development of endosomes. Plants contain most of the ESCRT proteins, as well as VPS4/SKD1 homologs, suggesting the common functions for membrane modifications and endosomal trafficking [27]. However, a certain part of the exosomes has the potential to be formed in an ESCRT-independent way [28]. For example, the formation of some ILVs was dependent on sphingolipid ceramide produced by neutral sphingomyelinases [29]. The protein sorting in exosomes can be mediated by major histocompatibility complex class II enriched in the lipid microdomains [30]. In the case of plants, no alternative mechanisms for the exosome biogenesis are currently known. At the next stage of the biogenesis, MVB merges with the plasma membrane or with lysosomes. In the case of fusion with the plasma membrane, the nanovesicles are released into the extracellular space [31]. The fusion process is regulated itself by two protein complexes from the GTPase family Rab and soluble NSF attachment receptor (SNARE), which are localized on the outer MVB membrane and remain there after the fusion for the next MVB [32,33]. Upon the fusion with lysosomes, the enzymatic decomposition of MVB occurs [34].




4. Biochemical Characterization of Nanovesicles


The composition of nanovesicles varies depending on the source of their isolation. However, all of them contain specific proteins, messenger RNAs (mRNAs), microRNAs (miRNAs), and other small non-coding RNAs, as well as lipids and low-molecular-weight metabolites. Some established proteins and miRNAs frequently found in the exosomes are given in Table 1 and Table 2.



The nanovesicles contain two main groups of lipids: phospholipids and glycolipids, which comprise their membrane and are necessary for proper formation, release, and targeted delivery. Many nanovesicles contain phosphatidic acid that modulates membrane fission and fusion [35]. The plant nanovesicles are also enriched in transmembrane proteins, such as tetraspanins (TETs), which are an integral part of the membrane and involved in the movement and recognition of the nanovesicles. TETs are analogues of animal protein markers of exosomes (CD9, CD63, CD81) [36]. In addition, the nanovesicles contain the plant-specific secretory syntaxin called penetration 1 (PEN1 = SYP121). The plant-specific protein PEN1, an important player in plant cell wall biogenesis and modification, is required for fungal pathogen resistance [37,38]. PEN1, together with the GTPase Rab, forms complexes in the exosomes that stimulate membrane fusion and regulate their transport [39]. The vesicles often contain proteins associated with the plant defense system, namely chitinases, peroxidases, β-glucosidases, and others [40]. Interestingly, a negative regulator of the plant immunity (the RPM1-interacting protein RIN4) which inhibits the development of the cell response towards the pathogen-associated molecular patterns (PAMP) has been also found in the nanovesicles [41]. Apart from the proteins listed above, the exosomes may contain a large number of unclassified proteins that have probably a random origin. Thus, more than 200 proteins were found in the nanovesicles from the model plant Arabidopsis thaliana, but most of them were present in trace amounts [35]. It is evident that the plant species, tissue, organ, physiological state, and other factors could influence both protein composition and high the variabilities of the published data (Table 1). In addition, the method used to isolate the nanovesicles influences their contents greatly. It is known that the highly purified fractions of the exosomes from the human placenta contain a relatively small amount of the main proteins, therefore other reported samples have rather impurities associated with their preparation [42]. Considering the fact that the study of plant exosomes is still at the initial stage, the number of proteins found in them can be greatly exaggerated.
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Table 1. Protein components of plant nanovesicles.
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	Plant Species
	Name of Protein
	Protein Function
	References





	Thale cress (Arabidopsis thaliana)
	ABC transporter G family member 36 (PEN3)
	Defense responses, transmembrane transport
	[35]



	Thale cress (A. thaliana)

Kenya violet (Craterostigma plantagineum)

orange (Citrus sinensis)

lemon (C. limon),

grapefruit (C. paradise)

bitter orange (C. aurantium)
	Tetraspanin-8 (TET8)
	Signaling pathway, defense response to bacterium
	[35,43,44,45]



	Thale cress (A. thaliana), Kenya violet (C. plantagineum), orange (Citrus sinensis)

lemon (C. limon)

grapefruit (C. paradise), bitter orange (C. aurantium)
	Annexin D1 and D5 (ANN1, ANN5)
	Phospholipids and calcium ions transmembrane transport
	[35,43,45]



	Thale cress (A. thaliana)
	RPM1-interacting protein 4 (RIN4)
	Defense responses, regulation of plant-type hypersensitive response
	[35]



	Thale cress (A. thaliana), Kenya violet (C. plantagineum), orange (Citrus sinensis)

lemon (C. limon)

grapefruit (C. paradise), bitter orange (C. aurantium)
	Patellin 1 and 3 (PATL1, PATL3)
	Cell division cycle
	[35,43,45]



	Thale cress (A. thaliana)
	Syntaxin-122 (SYP122)
	Defense responses, exocytosis, intracellular protein transport, vesicle fusion
	[35]



	Thale cress (A. thaliana), orange (Citrus sinensis)

lemon (C. limon)

grapefruit (C. paradise), bitter orange (C. aurantium)
	H(+)-ATPase 1 and 10 (AHA1, AHA10)
	Ion transmembrane transport, regulation of intracellular pH
	[35,45]



	Thale cress (A. thaliana), orange (Citrus sinensis), lemon (C. limon), grapefruit (C. paradise), bitter orange (C. aurantium)
	Phospholipase D alpha and delta (PLDα, PLDδ)
	Regulation of abscisic acid-activated signaling pathway, programmed cell death
	[35,45]



	Thale cress (A. thaliana)
	GDSL esterase/lipase ESM1 (ESM1)
	Glucosinolate and lipid catabolism
	[35]



	Thale cress (A. thaliana)
	Protein NRT1/PTR (NPF2.10)
	Glucosinolate transport
	[35]



	Thale cress (A. thaliana), Kenya violet (C. plantagineum), orange (Citrus sinensis), lemon (C. limon), grapefruit (C. paradise), bitter orange (C. aurantium)
	Heat shock 70 kDa protein 3 (HSP70-3)
	Chaperone cofactor-dependent protein refolding, stress responses
	[35,43,45]



	Thale cress (A. thaliana)
	L-ascorbate peroxidase 1 (APX1)
	Responses to oxidative stress, lignin and phenylpropanoid biosynthesis
	[35]



	Kenya violet (C. plantagineum)
	Beta-galactosidase 3 (BGal3)
	Carbohydrate metabolism in plants
	[43]



	Kenya violet (C. plantagineum)
	Peptidylprolyl isomerase (PPIase)
	Chaperone-dependent protein refolding
	[43]



	Kenya violet (C. plantagineum), orange (Citrus sinensis)

lemon (C. limon)

grapefruit (C. paradise), bitter orange (C. aurantium)
	Coatomer protein complex (COP) subunits α1, β1, β2, γ
	Membrane transport in the Golgi apparatus trans-network
	[43,45]








Moreover, the plant nanovesicles contain a significant amount of genetic material, represented mainly by small RNA patterns (Table 2). MicroRNAs (miRNAs) are of particular interest as important epigenetic regulators of cellular processes that can specifically suppress the work of genes by degradation of target mRNAs [18,46]. The miRNAs are frequently found in the extracellular fluids of plants in both freeform and protein-miRNA complexes due to the passive diffusion or active secretion [47]. The free miRNA molecules are unstable and susceptible to destructive effects, while their packaging inside the plant nanovesicles allows them to avoid these consequences and even to be transported to the external environment. Currently, several hundred representatives of the exosomal miRNAs from various plant species are known. However, the majority of these miRNAs were probably copurified with the exosomes associated with the RNA-binding proteins, and only a limited fraction were factually encapsulated inside the vesicles [48]. Thus, in Arabidopsis, only seven miRNAs, namely: miR157c, miR167a, miR168a, miR168b, miR169a, miR172e, and miR8175, were primarily accumulated in the nanovesicles, while the other 55 miRNAs were located outside [48]. This observation means that, as in the case of proteins, the content of plant exosomal miRNAs (and probably from other sources) could also be greatly overestimated. Moreover, the plant exosomes are enriched in the “tiny” RNAs of 10 to 17 nucleotides in the length, but their origin and functions still remain unknown [49].
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Table 2. Examples of miRNAs in plant nanovesicles.
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Plant Species

	
miRNA Name

	
miRNA Function

	
References






	
Thale cress (Arabidopsis thaliana)

	
miR396

	
Reduces stomata density, regulates leaf and flower development

	
[50]




	
miR156

	
Increases the accumulation of anthocyanin

	
[51]




	
miR398

	
Regulates the expression of superoxide dismutases

	
[52]




	
Honeysuckle (Lonicera xylosteum), Thale cress (A. thaliana)

	
miR2911

	
Suppresses some viral infections

	
[53]




	
Ginger (Zingiber officinale)

	
miR1078

	
Acts on the leptin gene, which is associated with lipopolysaccharide-induced expression of IL-6

	
[54]




	
miR7267

	
Modulates immunity by suppression of the Lactobacillus rhamnosus monooxygenase expression in the gut microbiome

	
[55]




	
Ginger (Z. officinale), grapefruit (Citrus paradisi)

	
miR-2911

	
Suppresses influenza virus (H5N1) infection, and suppresses SARS-CoV-2 virus replication

	
[55]




	
Cabbage (Brassica oleracea)

	
miR172

	
Promotes flowering by inhibiting the function of the APETALA2 family genes

	
[56]




	
Grapefruit (C. paradisi)

	
miR17

	
Suppresses the expression of the histocompatibility complex, thereby inhibiting tumor growth

	
[57]




	
Blueberry (Vaccinium spp.)coconut (Cocos nucifera)

ginger (Z. officinale), grapefruit (C. paradisi)

melon (Cucumis melo)

kiwi (Actinidia chinensis), orange (Citrus reticulata)

pear (Pyrus communis)

soybean (Glycine max)

tomato (Solanum lycopersicum)

	
miR168

	
Regulates the functions of the AGO2 protein complex

	
[51,58]




	
miR319

	
Acts on the transcription factor TCP, which controls leaf development

	
[51]




	
Soybean (G. max)

ginger (Z. officinale), grapefruit (C. paradisi)

tomato (S. lycopersicum)

pear (Pyrus communis)

	
miR530

	
Participates in defense reactions, circadian rhythm and secondary metabolism

	
[59]




	
Watermelon (Citrullus lanatus)

walnut (Juglans regia)

	
miR156

	
Regulates the mammalian TNF-α signaling pathway in adipocytes; found in human blood following oral administration

	
[59,60]









The composition of secondary metabolites in the plant nanovesicles is still not well understood, but it is assumed that their presence may be related to the hydrophobicity of the vesicles themselves [61]. In dependence on the biochemical characteristics of the source, they contain the flavonoids, such as naringin and naringenin, ascorbic acid, and other compounds [62]. In addition, several proteins whose function is associated with the secondary metabolism of plants have been identified in the nanovesicles (Table 1), thus indicating that plants can modify the biosynthesis of these compounds in the target cells via exosomal signalling. The nanovesicles have been also found to contain considerable amounts of carbohydrates (glucose, fructose, sucrose, etc.) and amino acids (alanine, asparagine, isoleucine, threonine, leucine, etc.), the concentration of which also varies and depends on the source of the material [26]. It is probable that these small molecules are encapsulated into the exosomes unspecifically via passive diffusion.




5. Functions of Plant Nanovesicles


The extracellular vesicles were previously believed to be mainly needed for cellular waste removal and do not have any important function. However, recent studies have shown that exosomes mediate intercellular communication by transporting various biologically active molecules in the organism. This issue is currently actively investigated in various animal and human models. Their exosomes play important roles in the regulation of developmental processes, activation of the immune system, and protective mechanisms in response to stresses, maintaining the pluripotency of embryonic stem cells, and in many other functions [63].



The functions of nanovesicles in plants are mostly considered in terms of their protective function in the system of plant-pathogen interactions. The ability of plants to quickly respond to various pathogens is essential for their survival. Restructuring the signaling pathways, cytoskeleton, and cell wall, as well as increased synthesis of the defense compounds, lead to the formation of physical (modification of plant cell wall) and biochemical (defense-related molecules) barriers that are designed to resist infection [64]. Such changes can be carried out through the rapid and targeted delivery of the necessary molecules by vesicles. It has been shown that the fungal infection enhances the rapid accumulation of exosomes between the plasma membrane and cell wall in plant cells, indicating their important role in the immune response [41,65]. For example, the vesicular structures containing polyphenolic metabolites and hydrogen peroxide prevented infection of the barley leaves by the powdery mildew fungus Blumeria graminis [66]. During the infection of Arabidopsis by a biotrophic fungus Golovinomyces orontii, the PEN1 and PEN3 proteins were transported by the exosomes and incorporated into the cell wall, acting as a protective barrier [67]. The transfer of miRNAs from the host plant to the pathogen, causing silencing of virulence genes, has also been described in the plant pathosystems, such as cotton/Verticillium dahliae and wheat/Fusarium graminearum [57,58]. At the same time, pathogens can transport their own miRNAs in the invaded area, contributing to the suppression of the immune response and defense systems of their host plant [39]. The grain yellow rust pathogen Puccinia striiformis produces miRNA-like RNA that suppresses the expression of defense genes in wheat [68]. The transfer of specific miRNAs of Hyaloperonospora arabidopsidis and Botrytis cinerea into the cells of Arabidopsis thaliana suppresses the expression of AGO1 protein, thus disrupting the loading of the plant nanovesicles with protective miRNAs [69]. Notably, the plant pathogenic fungi also widely utilize the extracellular vesicles to transport the effectors through host barriers aiming to suppress the plant immunity [40].




6. Isolation and Purification of Plant Nanovesicles


Various parts of plants are used to isolate the nanovesicles, mainly the fruits, roots, and apoplastotic fluid from their leaves. Currently, five approaches are applicable for plant nanovesicle isolation, namely differential and gradient density ultracentrifugation, precipitation using highly hydrophilic polymers (e.g., protamine, dextran, polyethylene glycol), size exclusion chromatography, and immunoprecipitation (Figure 2), with preference of the methods based on ultracentrifugation [70]. The methods based on ultracentrifugation are preferred due to resulting in a larger amount of the material [42]. Differential ultracentrifugation includes series of centrifugation cycles with different centrifugal forces and durations, providing differences in the densities and sizes of nanovesicles and other cellular components, including organelles, microvesicles, and apoplastic bodies [71]. Typically, the biological fluids are successively centrifuged at 5000×, 10,000×, and 20,000× g, followed by the ultracentrifugation step. For ultracentrifugation, the speed in the range of 100,000× g to 120,000× g is sufficient to pellet nanovesicles [72]. However, for the study on extracellular vesicles from the apoplastic fluids of A. thaliana leaves, recovery efficiency and quality were maximally improved by the ultracentrifugation at 40,000× g that allowed them not to use the speed of 100,000× g [35]. Later, the research of Huang et al. demonstrated the opposite results for the same model plant [72]. In another study, the nanovesicles were isolated from Nicotiana tabacum L., Vinca minor L., and Viscum album L. by differential ultracentrifugation at 50,000× g (the optimal speed for the nanovesicles sedimentation), followed by agarose gel electrophoresis purification to increase their purity [73]. Additionally, the method was improved by adding a thin pad (Optiprep™) to the bottom of the centrifuge tube that prevented the damage of nanovesicles [74]. This means that the issue of the most suitable ultracentrifugation conditions is still open and they should obviously be optimized for each plant species and type of the biofluids as the starting material. Moreover, the differential ultracentrifugation method should be used in combination with the additional purification methods, since the disadvantage of this method is the contamination of the resulting vesicles with protein molecules similar in density and size to the nanovesicles [42].



Density gradient ultracentrifugation is based on the separation of nanovesicles depending on their size, mass, and density in a centrifuge tube with a pre-designed medium with a gradually decreasing gradient. The sample is subjected to a long cycle of ultracentrifugation, whereby the solutes of the sample, including the nanovesicles, move as separate zones through the medium with a density gradient to the bottom, each with its own specific sedimentation rate [71]. The samples of nanovesicles isolated by this method are much more homogeneous and of less foreign biomolecules. When both methods of ultracentrifugation are applied together, the yield of the purified nanovesicles is much higher. Thus, the ginger nanovesicles were isolated firstly by differential centrifugation and then purified in a sucrose gradient [75]. The nanovesicles from the plant Asparagus cochinchinensis were also obtained by a combination of differential and gradient ultracentrifugation methods [76]. The disadvantage of density gradient ultracentrifugation is the comparatively lower yield and contamination of the isolated nanovesicles, but their quality is higher than that of isolation by differential ultracentrifugation.



The polyethylene glycol (PEG) method is based on changing the solubility or dispersibility of nanovesicles using water-exclusive polymers, such as PEG, in the range of a molecular weight of more than 8000 [71]. This displacement agent can create a network-like structure, trapping nanovesicles before their precipitation. By adjusting the concentration of PEG from 8%, 10%, 12% to 15%, the nanoparticles of 365 nm, 304 nm, 256 nm, and 252 nm are able to be obtained, respectively, while the ultracentrifugation method results in the formation of nanoparticles of 403 nm [77]. The highest yield of nanovesicles from ginger using PEG with the different molecular weights (4000, 6000, and 8000) was observed with the use of PEG4000, with its residual concentration at the end of preparation remaining acceptable for consumption [78]. In general, this method results in high yield but low-quality isolation due to its non-specific mechanism. However, combining the PEG-based isolation with other isolation methods is an effective strategy to avoid the disadvantages associated with using PEG alone. There are many benefits of such a strategy providing the processing of multiple samples simultaneously: it is easier, faster, and is relatively low cost, without damaging the nanovesicles. However, lengthy sample preparation and purification procedures are needed, while the proper selective isolation mechanism is absent. These factors inevitably compromise the purity of the isolated nanovesicles, thereby impairing subsequent analysis [79].



Size exclusion chromatography (SEC) is based on the size separation of biomolecules. Sample components with a small hydrodynamic radius may pass through the pores, resulting in a late elution. The components with a larger hydrodynamic radius, including nanovesicles, cannot enter the pores, thereby eluting by the first washing solution volume [71]. For example, in one study, the nanovesicles were isolated from two types of cabbage using three methods, including SEC, and it was concluded that the nanovesicles isolated by SEC were the most homogeneous and purified from protein impurities, as well as retaining their biological activity [80]. This method of isolation can be used as an additional method for the purification of nanovesicles obtained by ultracentrifugation. Thus, the nanovesicles obtained from Cucumis sativus by differential ultracentrifugation was further successfully purified by SEC to remove the protein impurities [81]. The SEC isolation method has a great potential to produce highly-purified nanovesicles whose integrity and biological activity are largely preserved, probably because SEC relies on the use of gravity rather than centrifugal force reaching high values. Additionally, there are plenty of pre-packed commercial columns, specially designed for the isolation of exosomes from various biofluids. Nevertheless, its long runtime limits the SEC application in any large-scale production [79].



The method of immunoprecipitation or immunoaffinity consists of coating magnetic beads with the antibodies that target the proteins present on the surface of exosomes [71]. This method is based on the surface biomarkers that are uniquely expressed in nanovesicles, allowing the isolation of specific nanovesicles. Despite its high potential, the immunoaffinity method has not been extensively studied for the isolation of plant nanovesicles, probably due to the lack of extensive knowledge of the surface composition and antibody-antigen interactions that could be used to isolate them. However, in a study on the isolation of the nanovesicles from Arabidopsis thaliana, this method was used in conjunction with ultracentrifugation and, as a result, the nanovesicles were separated from the TET8 proteins mix by adding the appropriate antibodies, then passed through electrophoresis and isolated from the gel [82]. Although it provides high purity isolation, the overall yield of nanovesicles is reduced as only those recognized by the antibodies are captured. In addition, if the antibodies cannot be easily removed from the vesicles after the precipitation, this may disrupt their integrity. The specificity and quality of antibody is another issue that limits the use of this technique, since most antibodies commercially available for immunoprecipitation are non-specific. In general, the immunoaffinity method is one of the most expensive methods for isolating nanovesicles from a large sample volume since it requires a large number of antibody-conjugated vesicles which can limit its application. Therefore, it may only be suitable for studies with small sample volumes, which creates a barrier to any potential therapeutic use [79].




7. Characterization of Exosomes


The characterization of plant nanovesicles includes a wide spectrum of morphological, physical, and biochemical analytical approaches. One of the most common imaging techniques used is scanning and transmission electronic microscopy (SEM and TEM, respectively) [83]. SEM provides information about the three-dimensional structure of the exosome surface, however, as soon as drying is applied during sample preparation, their natural morphology could be changed, leading to the formation of cup-shaped structures [84]. In turn, TEM is a more accurate method, as nanovesicles are not deformed during processing. Moreover, staining with heavy metals, such as osmium tetroxide and uranyl acetate, creates lipid membrane contrasts allowing distinguishing exosomes from impurities [85]. Cryo-SEM, or cryomicroscopy, implies freezing and sample analysis at a very low temperature (below −100 °C) [86]. It is used to assess the morphology of nanovesicles in a state close to the native one due to their perfect preservation, as well as the absence of pre-fixation operations or the addition of heavy metals [21,83]. Atomic force microscopy can also be used as an additional indirect method for assessing the morphological and physical properties (e.g., adhesion and stiffness) of nanovesicles [87]. The method does not require extensive sample preparation: exosomes could be rapidly adsorbed and dried on glass or mica surfaces.



The hydrodynamic sizes of exosomes are evaluated by using dynamic light scattering (DLS) or nanoparticle tracking analysis (NTA). DLS measures the volumetric scattered light from nanovesicles when illuminated with a monochromatic light source. Since the particles are in Brownian motion, scattered light from all particles interferes and intensity fluctuates with time, and information about the particles is obtained from the autocorrelation of the oscillation intensity recorded during the experiment [88]. At the same time, NTA is based on the use of a concentrated beam of light to illuminate the particles in the sample. As the particles scatter light and undergo Brownian motion, the camera records the path of each individual particle to determine the average speed and size [85]. As the measurement of nanoparticles using the latter method is more accurate when analyzing polydispersed samples [89,90], NTA is now considered a gold standard for exosome characterization [91].



The identification of specific protein markers is one of the most important biochemical characteristics of exosomes. Usually, Western blotting with antibodies specific to such proteins as PEN3, TET8, and HSP70 indicates the plant-derived nanovesicle fraction [92]. However, in the case of exosomes from the non-model plants, the commercially available antibodies for Arabidopsis thaliana may have a low affinity to the proteins from evolutionarily distant species. Another versatile way to identify proteins, including marker ones, is mass spectrometry [93]. In addition to the purification, the peptide fractionation prior to mass spectrometric analysis is considered an important prerequisite for the identification of vesicular proteins with high confidence. In terms of detection sensitivity, mass spectrometry is not as sensitive as antibody-based methods, but it allows analysis of a whole spectrum of exosomal proteins at once [94]. As mentioned above, the purity of the exosomes must be checked very strictly, since the identification of many hundreds of proteins in exosomes is probably due to contamination [42]. Mass spectrometry can also be used to analyze the low molecular weight components, such as secondary metabolites, fatty acids, and sugars [95,96].



New generation sequencing (NGS) methods are used to identify the nucleic acid fractions, primarily the small RNAs [97]. Taking into account that a huge fraction of small RNAs is coprecipitated with exosomes in the complexes with proteins, protease trypsin digestion should precede RNase treatment to ensure degradation of RNAs located outside vesicles [48]. For low-scale analysis, quantitative real-time PCR, applying a stem-loop approach [98] or poly(A)-tailing [99] could be used to verify the individual miRNA representatives. In this term, an interesting question is whether there are inherent miRNAs that can be used as markers along with protein components.




8. Methods for Loading Biomolecules into Nanovesicles


For a long time, the presence in plant cells of a molecular mechanism that regulates the specific composition of the exosomes remained an unresolved issue. It was found that the profile of miRNAs in the nanovesicles is strikingly different from the profile of all miRNAs in the cells [44], indicating the selective nature of their transport. It turned out that the TET proteins fraction, associated with nanovesicles, contains several RNA-binding proteins: argonaute (AGO1), helicases, and annexins. Moreover, AGO1 is the only representative of this family of proteins that is secreted by nanovesicles and binds precisely to the exosomal, rather than cellular, miRNAs [82]. On the contrary, the annexins demonstrate a nonspecific binding to miRNAs, but play an important role in their stabilization in the exosomes. The ESCRT complex is simultaneously involved in the loading of intraluminal vesicles with both ubiquitinylated proteins, which are further broken down by lysosomes (Figure 1, 4b), and those secreted as a part of the exosomes (Figure 1, 4a). However, the exact mechanism of protein selection for one or another pathway still remains not fully understood [27]. An ESCRT-independent transport pathway has so far been described for a relatively small number of proteins and is likely to be involved in certain highly specialized processes [31] (Figure 3).



Currently, the largest number of studies is devoted to the use of native exosomes containing such biomolecules as proteins, miRNAs, and secondary metabolites inherent in certain plant species [62]. At the same time, the therapeutic potential of native nanovesicles is determined mainly by the plant species used for the isolation [26]. It should be noted that there is no information in the literature about any adverse reaction on the part of the recipient organism induced by the introduction of plant nanovesicles that indicates their safety and biocompatibility.



The composition of exosomes can also be artificially altered by introducing both high- and low-molecular-weight target molecules (Figure 3). There are two main methods of loading nanovesicles: active and passive. Active loading includes such methods as sonication, extrusion, and freeze and thaw cycles that temporarily disrupt the nanovesicle membrane, allowing various compounds to diffuse inwards, after which the membrane is repaired [100]. Passive loading is an incubation process during which the loading takes place. The incubation is carried out by two methods: incubation of nanovesicles with a compound [101], and incubation with donor cells of target molecules [102].




9. Routes of Exosome Administration


Plant nanovesicles have a number of advantages in the delivery of substances in comparison with existing analogues. Firstly, their small size, negative charge, affinity for the plasma membrane, and pronounced physicochemical stability at various pH values and temperatures allow the nanovesicles to penetrate effectively the target cells. At the same time, the phospholipid bilayer protects the content of nanovesicles from enzymatic degradation by proteinases and nucleases. Secondly, the nanovesicles have a high potential for targeted delivery of therapeutic agents, which reduces the probability of adverse reactions in clinical use. Thirdly, the nanovesicles successfully diffuse through the blood-brain barrier (BBB), avoiding an inflammatory response, unlike artificially made liposomes and animal exosomes [82]. Currently, the main obstacles for the use of plant nanovesicles are insufficient standardization levels of respective technologies and limited practical experience. Particularly, there is no universally recommended isolation protocol to date, while the existing ones still have their own drawbacks, such as high cost, the possibility of introducing contaminants, and the instability of exosomes during processing [103]. There is still a need for further development of the methods for precise quantification of the molecular and biochemical parameters of exosomes. The main disadvantage for promoting exosomes as therapeutics is the lack of a way to obtain a drug with a single potency, or at least containing a specific set of bioactive molecules. Effective technologies for obtaining exosomes in the amounts sufficient for a therapeutic application on humans are yet to be developed. Furthermore, the lack of a clear regulatory procedure (EMA/FDA) that is needed to move research into the production and commercialization phases, presents certain barriers to the development of exosome-based therapies.



Nevertheless, there are four main ways of introducing nanovesicles into the body at present, namely oral, transdermal, intranasal, and intravenous. The choice of a specific method depends on the purpose of therapy and the administered substance, as well as the target organ of the patient.



Oral administration is the simplest method in comparison with others. When nanovesicles are not cleaved by food enzymes, they can be preserved in the recipient’s body for a long time. This method is preferred for the targeted therapy of the stomach, colon, upper ileum, and liver [104]. However, the surface properties of exosomes, particularly their membrane proteins, could be partially altered by interactions with other substances in the digestive tract [105]. Moreover, it is difficult to select the exact dose of the drug, since oral absorption is variable and incomplete. The oral route of administration is not applicable in emergency situations because the process of absorption is time consuming and the patient must be able and compliant to take the drug.



The transdermal method is used primarily for delivery to the skin and circulatory system. There are two routes of nanovesicle penetration during transdermal application: using physical channels of the skin with a sufficient micrometer diameter to pass to the vessels and through the stratum corneum. It is assumed that after applying nanovesicles to the skin, they penetrate through the surface of lipid-rich channels on the hair follicles. These nanovesicles can reach the hair shafts by entering the hair matrix cells and moving further by cell differentiation or by the direct penetration into the hair shafts from the hair tip. Another method of penetration into the dermis is through the stratum corneum. Nanovesicles are able to penetrate the skin through trans-follicular pathways, since their surface has a bilayer flexible structure [106]. Formulations for the transdermal route should avoid the risk of irritation and inflammation. Despite the universal penetration mechanisms, a significant proportion of the drug will remain inaccessible due to the barrier function of the skin, which varies from patient to patient by different parts of the body and the patient’s age, which also creates problems for the dosage selection [107].



Intranasal delivery requires lower doses and leads to a faster effect due to the absorption of a therapeutic agent through the nasal mucosa, cumulating in a high concentration of nanovesicles in the system and avoiding the first-pass effect of the drug through the liver, which, in turn, leads to using lower concentrations of the substance [108]. This route of injection is predominantly chosen for targeted therapy of the lungs and brain. For the nasal route, however, only a very limited volume (25–200 μL) can be administered to a relatively small absorption area for a short period of time due to the mucociliary clearance process [109], requiring a stable formulation with a high concentration of exosomes. In addition, this method may not be available in the case of certain respiratory diseases like the common cold, for example. While the single application is sufficiently safe, the continuous intranasal route may be associated with additional risks to the health of the nasal mucosa.



The least common way to inject nanovesicles is intravenous. This type of injection allows you to quickly create the required concentration of the drug in the blood and the target organ, but at the same time carries a certain risk of side effects [110]. Another disadvantage of this method is the rapid clearance of a drug from the blood after its administration [111,112].




10. Therapeutic Effects of Plant Nanovesicles


In the last decade, the attention of researchers has been attracted by the possibility of using plant exosomes as a drug delivery system. The plant origin and high biocompatibility, as well as the universal therapeutic potential of the exosomes, make them advantageous over synthetic liposomes used as nanocarriers.



It was found that the plant exosomes participate in the regulation of the immune response and have a pronounced anti-inflammatory effect. Due to the interspecies translocalization ability of exosomes, the molecules they contain can regulate the interaction between the intestinal microbiota and the host immune system, resulting in a homeostatic balance [113]. In a recurrent inflammatory bowel disease, such as colitis, the intestinal macrophages lose their tolerogenic abilities. Wang and co-authors showed that grapefruit-derived exosomes have a beneficial effect on the gut immune homeostasis by enhancing the anti-inflammatory capacity of intestinal macrophages, ultimately alleviating colitis in mice. After exosome capture by the intestinal macrophages, these nanocarriers increased the expression of heme oxygenase-1 and interleukin (IL)-10, but at the same time suppressed IL-6, IL-1b, and tumor necrosis factor (TNF) [45]. In addition, the nanovesicles delivered naringin, a key flavanone in grapefruit. Upon release, naringin is hydrolyzed by the gut microbiota to its active metabolite naringenin. The exosomes have been shown to exhibit antitumor activity in a mouse model of dextran sodium sulfate-induced colitis [101]. It has also been reported that miRNAs of the exosomes isolated from ginger and grapefruit specifically downregulated some genes of the intestinal probiotic Lactobacillus rhamnosus in mice [67].



A great number of studies are devoted to the nanovesicles isolated from ginger [74,82,102,104,110]. When ginger nanovesicles are loaded with doxorubicin for delivery to colon tumor cells, they effectively invade colon tumors and suppress their growth [82]. Probably, the nanovesicles release doxorubicin at the acidic pH of the tumor extracellular microenvironment, reducing the side effects of the drug [82]. Moreover, the ginger exosomes have shown promising results in reducing colorectal tumorigenesis in mice by decreasing the level of pro-inflammatory cytokines, as well as suppressing the intestinal epithelial cells proliferation and apoptosis by reducing the cyclin D1 expression, which is a marker in the early stages of cancer development [102]. Along with the above effects of ginger exosomes, successful suppression of tumor growth has been shown by reducing the level of survival genes expression using intravenous nanovesicular microRNA delivery [104]. The grape nanovesicles also exhibited an antitumor activity. The effect was achieved by increasing the expression of the Lgr5 and BMI1 genes, which serve as the intestinal stem cell markers and are the genes that regulate the growth and proliferation of stem cells [106]. Other researchers have found that the lemon juice nanovesicles are able to inhibit the proliferation of the A549 (human lung carcinoma), LAMA84 (chronic myeloid leukemia), and human colorectal adenocarcinoma cell lines. The inhibition of proliferation occurred due to the activation of apoptotic cell death mediated by an apoptosis-inducing ligand associated with TNF [108].



It should be noted that in addition to the antitumor effects, the plant exosomes are known to be used in regenerative medicine. It was shown that the grape nanovesicles are able to penetrate into intestinal stem cells, induce their proliferation by regulating the expression of genes responsible for pluripotency (Oct4, SOX2, and Klf4), and thereby regenerate epithelial tissue [110]. At the same time, the ginger nanovesicles exhibited the hepatoprotective activity by reducing the generation of reactive oxygen species in alcohol-damaged mouse livers. Due to their bioactive components, the exosomes can influence the nuclear factor NRF2. The activation of NRF2 is known to increase the expression of liver detoxification genes and antioxidants, which together promote hepatoprotection [82].



In addition, in a similar study, the nanovesicles isolated from broccoli were shown to have a preventive and therapeutic effect on acute and chronic colitis by increasing the level of anti-inflammatory cytokines. The exosomes preserved the intestinal environment with minimal adverse reactions due to the regulation of AMP-activated kinase, which controls the cell energy balance [100]. The ginseng root nanovesicles exerted the anti-aging and anti-pigmentation effects on the ultraviolet-treated human dermal fibroblasts by inhibiting the activity of age-related β-galactosidase and melanogenesis proteins [110]. The nanovesicles have also been isolated from wheat to study their effect on the skin regeneration using primary human dermal fibroblast (HDF), human keratinocyte (HaCaT), and human umbilical vein endothelial cells (HUVEC) in in vitro studies. The results of the study showed an increase in the expression level of type 1 collagen. In addition to their proliferative and migratory effects, the nanovesicles are pro-angiogenic in nature, causing the formation of a tubular structure in human HUVEC lineage. Probably, the nanovesicles have the ability to induce the vascular formation during wound healing [113].



Grapefruit nanovesicles loaded with methotrexate have been used to study immunological responses. When administered orally, these vesicles have been shown to effectively target the mouse F4/80 macrophages located in the gut via micropinocytosis and clathrin-dependent cellular uptake pathways. After the application of nanovesicles, weight loss and reduction in the length of the large intestine stopped. Along with the apparent anti-inflammatory response, the production of pro-inflammatory cytokines TNF-a, IL-1b, and IL-6 decreased. The side effects of methotrexate in the composition of nanovesicles were significantly reduced [45]. In addition, miRNAs in the ginger- and grapefruit-derived nanovesicles targeted the genes of the mice intestinal probiotic L. rhamnosus, increasing its growth and stimulating the antimicrobial immunity to promote the gut microbiota well-being [114]. Similar studies with nanovesicles from broccoli, grapes, and carrots are also known, confirming the significant potential of nanovesicles as modulators of immunological reactions [67]. Some examples of the therapeutic effect of plant nanovesicles are summarized in Table 3.




11. Targeted Gene Regulation via Engineered Exosomes


The most promising direction might be the investigation of the potential for the use of exosomes in the targeted delivery of genetic material into the cells, particularly when the exosomal vesicles, loaded with the specific microRNA or CRISPR/Cas9, are delivered to regulate the expression of target genes (Figure 4).



Although the native miRNAs contained in the plant vesicles are mainly delivered, the exogenous miRNAs and siRNAs (small interfering RNAs) have already been reported to be used for loading exosomes and targeted delivery. Thus, the isolated grapefruit exosomes, passively loaded with siRNAs, are directed against the luciferase reporter gene stably expressed in the GL26-Luc and A549-Luc cell cultures. It has been found that the luciferase siRNAs carried by the grapefruit exosomes effectively inhibited the gene expression compared to the native plant exosomes and free miRNAs of luciferase itself [120]. In a similar study, the targeting was improved for the grapefruit exosomes by dimethyl sulfoxide [121]. The exosomes were loaded by incubation with therapeutic miRNA17 (miR17), whose genomic target is antigenic peptide MHC-1 expressed on tumor cells. They were injected intranasally into a mouse with a brain tumor GL-26. As a result, mouse survival was increased, probably due to the selective uptake of exosomes by the GL-26 cells, subsequently inhibiting the MHC-1 expression that caused natural killer cells to become activated to kill tumor cells [121]. In another study, exosomes isolated from ginger were loaded with siRNA-CD98 by sonication and administered orally. The exosomes accumulated in the colon and ileum, while free siRNAs as a control were retained only in the stomach, proving the effective targeting of the exosomes to the intestine. In addition, the delivered siRNAs specifically reduced the expression of CD98 gene, the excess accumulation of which causes inflammatory bowel disease, attenuated the inflammatory response, and effectively alleviated colitis and cancer associated with colitis [122]. Thus, studies in the field of targeted delivery of miRNAs and siRNAs prove the promise of using the exosomal plant vesicles for this purpose. For mammalian exosomes, the studies on the delivery of the CRISPR/Cas9 system are prevalent. For example, the exosomes isolated from the tumor cells SKOV3 were used as the CRISPR/Cas9 delivery platform, which was loaded by electroporation to inhibit the cancer cell proliferation by activating the apoptotic pathway. More specifically, the exosomes loaded with CRISPR/Cas9 could inhibit polymerase-1 (PARP-1) expression and induce apoptosis in ovarian cancer cells. In addition, the inhibition of PARP-1 by CRISPR/Cas9, mediated by genome editing, increased the cell sensitivity to cisplatin (an oncocytotoxic drug) [123]. In another study, the exosomes from the HEK 293T cells, previously transfected with the plasmids containing sgRNA and spCAS9, and the exosomes with the fused exosomal membrane protein CD63 with GFP, which can bind to the GFP antibody fused with Cas9 protein, were isolated. The A549 cells were then treated with exosomes, and the efficiency of their delivery was assessed by fluorescent signals (the reporter gene-GFP), thereby confirming that the exosomes were taken up by the recipient cells. This loading of the CRISPR-Cas9 components contributed to efficient genome editing in the reporter cells [124]. Although the data on the plant exosomal vesicles are still absent, the opportunity of their use in the similar research should also be realized.



Exosome-mediated methods are advantageous compared to the alternative methods for genetic material delivery (mainly liposomes and viral vectors) for several reasons. The first factor is that exosomes have extremely low immunogenicity, which increases the effectiveness of therapy and, most importantly, makes repetition possible [125]. Secondly, exosomes are able to penetrate the blood-brain barrier, as well as other biological barriers, opening up the possibility of targeting hard-to-reach disease cases [126]. Thirdly, the half-life of exosomes in the blood is longer than that of artificial liposomes, which is achieved due to the presence of various transmembrane and membrane-bound proteins on the exosome surface, allowing them to avoid phagocytic clearance [127]. The effective targeting by exome-based vectors may be possible in the future by engineering the composition of specific proteins on their surfaces. For the purposes of genome editing technology, exosomes can be loaded not only with a plasmid containing the CRISPR/Cas9 system, but also in a more advanced way, namely Cas9 ribonucleoprotein (RNP), which allows avoidance of the undesirable consequences of bacterial gene expression in patient cells [124]. All of these advantages will allow the creation of more effective and safer drugs for patients.




12. Conclusions


In the last two decades, there has been an exponential increase in the number of studies devoted to the biological characterization of nanovesicles (the most important carriers of biological information) but significant interest in plant-derived nanovesicles has only appeared in recent years. The endogenous nature of plant nanovesicles formation is their natural and unique advantage for intercellular communication and a wide range of biological activity. Nanovesicles can be taken up selectively by both nearby and distant cells, reprogramming them with their biologically active contents, primarily due to the proteins and ribonucleic acids.



The regulated formation of nanovesicles, the possibility of imparting to them specific biological activity and cell targeting, as well as the potential of their scale production, are of great interest for practical use. Along with the fact that the use of human exosomes in some cases is on a par with stem cell therapy in terms of its effectiveness, there are already a number of successful examples of medical application of plant nanovesicles. However, since the properties and composition of nanovesicles from many plant species remain incompletely understood, further studies are required to standardize protocols for their isolation and characterization, to develop storage technologies and efficient loading, and to improve the targeting to certain cell types.



Currently, new information about the biogenesis of exosomes of the plant origin is required due to the relative lack of knowledge of the processes underlying their formation in different species. A deeper understanding of the mechanisms of nanovesicles formation in plants, as well as environmental factors affecting their number and the content of their biologically active molecules, is necessary to optimize the production of drugs based on plant exosomes. Further study of regulation of the plant nanovesicles properties, using the methods of metabolic and genetic engineering of the plant producers, is of particular relevance, in view of the possibility of controlling the amount and composition of such natural components of exosomes as low-molecular-weight biologically active substances and small RNAs. Since the oral administration of exosomes would require huge amounts of purified preparation, the technology for the production of various types of exosome preparations should be optimized as much as possible. For the same reasons, it is extremely important to confirm the stability and safety of natural nanovesicles in numerous experiments when using them as delivery vehicles in various food matrices.



In general, the plant vesicles are characterized by low immunogenicity, lack of cytotoxicity, natural anti-inflammatory activity, and high biocompatibility. All together, these qualities will enable the plant-derived nanovesicles to make important contributions to the development of nanomedicine therapeutics.
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Figure 1. Mechanism of nanovesicles formation. 1—early endosome formation through the invagination of the plasma membrane cooperating with the regulatory components of the Golgi trans-network; 2—endosome maturation accompanied by invagination of the endosomal membrane with the formation of intraluminal vesicles that selectively accumulate various intracellular biomolecules by a special endosomal sorting complex: ESCRT-0, -I, -II, -III, and vacuolar protein sorting 4 (VPS4) ATPase; 3—formation of a late endosome or multivesicular body (MBT); 4a—fusion with the plasma membrane accompanied by the release of exosomes, regulated by two protein complexes from the GTPase family Rab and soluble NSF attachment receptor; 4b—fusion with lysosome and further degradation. 
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Figure 2. Schematic flow diagram of the isolation and purification of plant nanovesicles. 
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Figure 3. Methods for loading biomolecules into nanovesicles. 
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Figure 4. The use of exosomal vesicles for genetic material delivery. 1—exosome loading with therapeutic macromolecules; 2—exosome delivery; 3—genetic material release upon fusion of the exosome with the cell plasma membrane; 4—miRNA—mediated regulation of gene expression through activation of the RNA-induced silencing complex (RISC); 5—nuclear import of Cas9—ribonucleoprotein (RNP) and plasmid DNA; 6—mRNA nuclear export for translation. 
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Table 3. Therapeutic effects of plant-derived nanovesicles.
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	Plant Species
	Exosomes Characteristics
	Therapeutic Effects
	References





	Lemon (Citrus limon)
	Sizes from 50 to 80 nm
	Antitumor activity
	[115]



	Grapefruit (Citrus paradisi)
	The characteristic size is 83 nm

the charge is −13.9 mV
	Targeted delivery of miRNAs, antimicrobial activity
	[57]



	Ginger (Zingiber officinale)
	The characteristic size is 189 nm

the charge is −5 mV
	Targeted therapeutics delivery, antitumor, hepatoprotective and antimicrobial activity
	[116]



	Wine grape (Vitis vinifera)
	The characteristic size is 37 nm

charge in the range from −69.6 mV to +2.52 mV
	Antitumor, antimicrobial and regenerative activity, induction of stem cell proliferation
	[117]



	Carrot (Daucus carota)
	The characteristic size is 150 nm

the charge is −10.2 mV
	Antioxidant system stimulation, activation of intestinal epithelium regeneration and antimicrobial activity
	[104]



	Wheat (Triticum aestivum)
	Sizes from 40 to 100 nm, contain the HSP70 protein
	Wound healing
	[118]



	Broccoli (Brassica oleracea)
	Sizes from 18.3 to 118.2 nm

the charge is −17.1 mV
	Preventive and therapeutic effects on acute and chronic colitis
	[113]



	Asian ginseng (Panax ginseng)
	The characteristic size is 92 nm
	Anti-aging and anti-pigmentation effect on human dermal fibroblasts and melanocytes
	[119]
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-12-08262


  
    		
      applsci-12-08262
    


  




  





media/file8.jpg
\\ /’ Protein synthesis

;““NA Cas9RNP ‘mediated \
ce2 ﬂ DNA cleavage \

| Nucleus Transcription | Cytoplasm

mlRNA RISC-
/a@L





media/file6.jpg
—( Approaches for drug loading into exosomes )

Artificial
cla Freeze / thaw
H exosome s
packaging o

Incubation of nanovesicles
with therapeutic substance
Passive

Incubation with
drug donor cells

L Natural ESCRT- and AGO1-mediated
drug encapsulation loading






media/file7.png
—( Approaches for drug loading into exosomes

| Active I— —( Sonication

Extrusion
Artificial
Freeze / thaw
— exosome
. cycles

packaging

I Incubation of nanovesicles

with therapeutic substance

| Passive I—

— I\ \/

Incubation with
drug donor cells

Natural ESCRT- and AGO1-mediated
drug encapsulation loading






media/file9.png
i @y
Cas9 RNP Plasmids ..
-------- S miRNAs
2\ '
...‘.\\2
T ‘\)j” o l"-._/ e O
G ~
4 4 % z@
| & 5\ Protein synthesis

miRNA-RISC- / \
mediated '

?RNA /Cas9 RNP . mediated \
] ﬂ DNA cleavage \
[

Cytoplasm

0 Nucleus Transcription





media/file5.png
g

Differential ultracentrifugation

+ Simple procedure

+ Suitable for large sample volume

+ Cheap consumables

— May co-precipitate contaminants
— May cause disruption of exosomes

— Time-consuming

Density gradient ultracentrifugation

+ High purity
+ Non-destructive

—Time- and labour-consuming

—Low yield

Ao

Polyethylene glycol precipitation

Fruit Roots Leaves

+ Simple procedure

+ Suitable for large sample volume
+ No special equipment reuired
—Low purity

—Time-consuming

Y-

Immunoprecipitation

Homogenization

Centrifugation
(7~10) X 1000 g

To remove large organelles
and cellular debris

+ High purity

+ Possibility to specifically isolate
subtypes of exosomes

+ Intact exosomes

— Expensive

—Not universal for exosomes

of different origin

Size exclusion chromatography

A

+ High purity .Q — Requires special consumables

+ Relatively simple procedure (sorbent and columns)

— O , ;
+ Intact exosomes — — Medium yield (depends on column volume)






media/file3.png
. » \\Pa
Endocytosis o Exosomes

Plasma membrane &%

Biomolecules ==~ | %2

0.4
\
l\ ;

O)
Oof:

S oy
J 4b k\ .
Q)N |

Intraluminal

Golgi vesicles

apparatus

-
|

firs My
\

-






media/file0.png





media/file4.jpg
polyethyiene gcolpreciiation
+ Smpl procedure

+ Suftable or large sample volume
+ Nospecl equipment eied
“Lowpuriy

i conming

NS
rd

Immunoprecipiation

Oiferentiluteacenifgation
« Simple procedure

« Sutableforrge sample olume.
© Cresp consumables

Moy co-precpate contaminanis
= May cause disupton of excsomes
“Time-consuming

ceniogaion Slih ity
Density gradient centifoaton @0 x 000 *Rosibiy Lo specicl slte
o emove e organetes subypes of cxosomes
 bigh purt
*Nowdescive et des + imactexciomes
“Epemine

Zrime. nd sbaur-consuming ook

o ofdiferen oign
Sizeexclusion hromtography

< i sy .Q R ———
Y.

« Relatvelysimple procedure (sorbentand coloms)
*itoct exosomes - Medum i depends o conn vokume)






media/file2.jpg
Endocytosis

Intraluminal
vesicles

P






