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Abstract

:

(1) Background: Edible plant-derived nanoparticles contain large amounts of endogenous substances and can be used as carriers for disease treatment. However, the extraction rate and purity are not high. Raphani Semen, the dried seed of the Raphanus sativus L., has been used as food and medicine for clinical treatment and health care for many years. (2) Methods: This study began with the extraction of edible Raphani Semen-derived nanoparticles (ERDNs) by ultracentrifugation (UC). Then a new method was proposed for ERDNs to be extracted by polyethylene glycol (PEG) and purified by size exclusion chromatography (SEC), followed by SDS-PAGE for identified proteins. The stability of ERDNs was also verified in three digestion simulations. (3) Results: The PEG offered higher yields of 1.14–2.31 mg/g than UC. Transmission electron microscopy showed both UC and PEG with cup-shaped nanoparticles of around 200 nm. The SEC-purified ERDNs contained a range of proteins smaller than 70 kDa. The size stability of ERDNs in digestion solutions demonstrated their ability to withstand extreme conditions, confirming their potential as a nano drug delivery platform. (4) Conclusions: In conclusion, the data suggest that PEG+SEC could isolate ERDNs with high efficiency, providing a reference for the separation of other seed nanoparticles.
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1. Introduction


Cruciferae plants (also known as Brassicaceae) are considered to be one of the most widely consumed plants in the world, due to their extensive cultivation area and huge family system (about 338 genera and 3709 species) [1]. The proportion of plant-based foods in the diet is positively associated with human health, as many studies have shown. The cruciferous are rich in nutrients such as amino acids, glucose, vitamin C, tocopherols, calcium, magnesium, and fiber, as well as many biologically active substances, including phenolic compounds, flavonoids, anthocyanins and carotenoids [2]. Unusually, the hydrolysis products (mainly isothiocyanates) of glucosinolates, a secondary metabolite unique to the cruciferous family, are thought to have potent anti-inflammatory and anti-cancer properties and may be used to treat hepatitis, diabetes, cardiovascular disease, inflammatory bowel disease (IBD), and to prevent obesity, menopausal syndrome, colon cancer, etc. [3,4]. In addition to cruciferous vegetables, consumption of other types such as rapeseed and mustard oils is widespread in Asia and Europe, ranging from about 3–5 kg per capita per year, up to 20 kg in some regions [5,6]. Raphani Semen is the seed of Raphanus sativus L., a traditional Chinese food herbal medicine that has long been used throughout the world to treat clinical indigestion, constipation, diarrhea, dysentery cough with phlegm, anemia, and menstrual disorders after stir frying or not [7,8]. More pharmacological effects are now being explored for their therapeutic effects on other diseases, including metabolic diseases, inflammatory, tumor, neurodegenerative diseases, and hypertension [9,10,11,12,13]. Raphani Semen contains more than 70 constituents, including isothiocyanates, organic acids, and alkaloids, and stir frying increases the activity of isothiocyanates under appropriate conditions [14]. Although the health benefits of eating cruciferous vegetables are well known, the exact mechanisms and molecules by which they work are complicated, often involving a combination of components.



Exosomes are small extracellular vesicles (EVs) produced by living cells and enclosed in an outer phospholipid bilayer. Their structure was first discovered microscopically in plants but more definitive identification began with sheep reticulocytes [15,16]. Plant-derived extracellular vesicles (PDEVs) contain amino acids, nucleic acids, lipids, and bioactive substances that play an important role in the exchange of information between cells and organisms during growth [17]. Typically, animal exosomes are 30–150 nm in size, slightly smaller than PDEVs, and often contain cell membrane-specific marker proteins such as CD9, CD81, and CD63 as a result of secretion [18]. As exosomes are biologically derived, they often contain components specific from native cells. Animal exosomes have been used as general and cancer-specific surface-tethered molecules for early tumor monitoring [19]. Because of the protective properties of vesicle encapsulation around the contents, exosomes have been used to deliver drugs (including immunological modulators, therapeutic agents, and antisense oligonucleotides) to specific targets for the treatment of diseases [20]. However, disadvantages include low loading rates, poor stability, poor targeting, variable immunogenicity, and low economic viability. Plant-derived extracellular vesicles offer several advantages as a delivery platform. First, they have a higher extraction rate and could be produced economically on a larger scale. Second, they are highly stable during gastrointestinal digestion and in extreme environments. Finally, they could cross the blood-brain barrier and have lower biological toxicity and immunogenicity [21]. More importantly, the composition of PDEVs reflects the unique characteristics of each plant, which may also affect dietary health, such as different proteins, lipid profiles, and secondary metabolites, even miRNA. A variety of plant-derived exosome-like nanoparticles from lemon, mushroom, broccoli and grapefruit have antioxidant, anti-inflammatory, cross-talk modulating properties, and thermal and acid stability [22,23,24,25]. Zhang et al. found that rice-derived MIR168a could bind human/mouse LDLRAP1 mRNA and inhibit LDLRAP1 expression, thereby reducing LDL removal from mouse plasma [26]. This was the first evidence for the existence of cross-kingdom regulation of exogenous plant miRNAs, providing a possible mechanism by which plant exosome miRNAs may function. Ginger-derived exosome-like nanoparticles are taken up by intestinal macrophages without any negative effect on cell viability and they contain 6-gingerol, 6-shogaol, and mdo-miR7267-3p, which promotes mucosal tissue healing [22,27,28]. Thus, edible Raphani Semen-derived nanoparticles (ERDNs) may be a collection of beneficial substances such as carotenoids, miRNAs and proteins that enhance anti-inflammatory and anti-cancer effects from multiple angles. At the same time, the membrane structure facilitates the protection of beneficial components from being destroyed during digestion and thus reaching the site of disease.



To increase the possibility of their use, the development of simple, rapid, and accurate methods for the isolation of plant-derived exosome-like nanoparticles is a necessity. Despite the advantages of PDEVs in terms of drug delivery, active ingredients and economic benefits, there have been no specific standard methods for extraction, identification and evaluation as there are for animals [29]. Taking advantage of the similarities in size and morphology, the isolation of PDEVs was based on established methods of animal EVs. These included ultracentrifugation (UC using differential and density gradient), volume exclusion polymer (polyethylene glycol) precipitation, size exclusion chromatography (SEC), ultrafiltration membrane isolation, flow field flow fractionation (FFFF) and commercial kit. None of these methods, based on the size, morphology and density of the nanoparticles, was perfect. In fact, a combination of methods may be more appropriate. The most common method used to isolate EVs is ultracentrifugation, involving a series of centrifugations at progressively higher speeds to separate coarse debris, large cells and nanoparticles. To separate the different types of nanoparticles, they are usually purified by sucrose or OptiPrep gradient ultracentrifugation after a centrifugal force of 100,000× g to 150,000× g, depending on the high g-force sedimentation and various gradient speeds [30,31]. However, repeated ultracentrifugation may lead to the destruction and aggregation of a large number of nanoparticles, which may affect downstream functional analysis and result in extremely low extraction rates [32]. In addition, an ultra-high-speed centrifuge is extremely expensive and can only be used for laboratory separations, so a more cost-effective polyethylene glycol (PEG) program is proposed. The polyethylene glycol program creates a net-like structure to precipitate the nanoparticles from the buffer and is often used to isolate large proteins and viruses [33,34]. Polyethylene glycol-isolated EVs are structurally similar to UC and have the potential to be economically produced on a large scale due to their ease of handling. However, the complexity of the plants tends to trap other impurities such as free proteins and pigments [35]. Further operations are usually required to improve their purity. Size exclusion chromatography is a multi-spaced stationary phase method for separating proteins and viruses according to molecular weight and size. Its innovative application to the separation of exosomes allows better preservation of structural integrity and biological activity due to its gravity-based guidance [36]. However, SEC takes longer to prepare and cannot be used in large batches. Therefore, it is usually used for the purification step in commercial kits (IZON qEV).



There are no studies that have confirmed the existence of Raphani Semen-derived nanoparticles. There is also no established method for extracting plant seeds derived nanoparticles due to the low water content and other characteristics. This study investigated (1) the possibility of ERDNs extraction; (2) whether animal EVs extraction methods, UC, PEG and SEC could be used to extract plant EVs; and (3) the stability of ERDNs in gastrointestinal digestion. This would provide the basis for further research into the pharmacology of Raphani Semen and the clinical applications of edible plant nanovesicle drug delivery platforms. In addition, this provided an opportunity for the development of functional food from Raphani Semen.




2. Materials and Methods


2.1. Differential Ultracentrifugation for the Isolation of ERDNs


The programs used to isolate the ERDNs were based on the cruciferous plant broccoli [24]. The pre-treatment of the samples was different. Raphani Semen (mantanghong, Chinese Academy of Agricultural Sciences, Beijing, China) was specially treated before centrifugation due to its granularity and viscosity. First, the Raphani Semen was soaked in water for 2 h to carefully remove the seed coat [37]. The peeled seeds were then ground to powder in the presence of liquid nitrogen. Finally, the powder was dissolved in PBS in a 1:1 (v/v) ratio and incubated at 37 °C for 30 min [38]. The supernatant was collected separately after the differential centrifugation sequence at 1000× g for 10 min, 3000× g for 20 min and 10,000× g for 40 min. After the last centrifugation step, the supernatant was passed through a 0.22 µm filter membrane and then centrifuged for 90 min at 150,000× g with a type 70Ti rotor (Beckman Coulter, Brea, CA, USA). After this step, the sediment nanoparticles were collected and resuspended in PBS. Another centrifugation at 150,000× g for 90 min was performed to further purify the ERDNs. All centrifugation steps were performed at 4 °C to ensure the integrity of the nanoparticles. The final nanoparticles were resuspended in PBS (pH = 7) and the protein concentration of the ERDNs was measured using a BCA assay kit (Solarbio, China). Samples were stored at 4 °C for subsequent measurements. All samples should be stored for a maximum of one week to ensure a complete assay.




2.2. Polyethylene Glycol Solution for Precipitation ERDNs


Nanoparticles can be purified by virus isolation methods because they are similar in size and physiological properties. Polyethylene glycol of different molecular weights (Mn) had been used to isolate the virus and protein [39,40]. In this study, PEG 8000 (89510, Sigma-Aldrich, St. Louis, MO, USA) was prepared as a 40% (w/v) stock solution with ultrapure water after sonication for 30 min and passed through a 0.22 µm filter membrane to remove impurities. The PEG 8000 precipitation was identical to the UC method in the differential centrifugation steps. Unusually, after centrifugation at 10,000× g, the supernatant was passed through 0.22 µm membrane filtration. Then an equal volume of supernatant was mixed with PEG 8000 solution to a final concentration of 5%, 8%, 10%, 12%, 15% and 20% (w/v). The mixtures were incubated overnight at 4 °C for over 12 h. The PEG 8000 solution was thoroughly mixed with the supernatant, centrifuged at 4 °C for 30 min at 8000× g and again passed through a 0.22 µm filter membrane. The centrifuge tube was inverted for 5–10 min to completely remove the supernatant, and the precipitate was resuspended with 1 mL of PBS by shaking for 10 min. To improve the precipitation rate of ERDNs, sonication was used instead of incubation for 30 min in the pre-treatment phase. In addition, a final concentration of 100 mM sodium chloride (NaCl) was added during the overnight precipitation phase. The proteins of the samples were quantified using the BCA assay kit and stored at 4 °C for subsequent analysis.




2.3. Physical and Chemical Characterization of ERDNs


The nanoparticles obtained required further size and morphology measurements to determine their authenticity and stability. The size distribution of the ERDNs was measured by dynamic light scattering (DLS), which is related to the intensity of the light scattered by the particles, using the Zetasizer nano 3000 (Malvern, Southborough, MA, USA). The ERDNs were subjected to three consecutive hydrodynamic size measurements at 25 °C. In the experiment, the refractive index (RI) of PBS was chosen to be 1.338. The RI and absorption of ERDNs were set at 1.38 and 0.01, respectively, according to the previous protocol [41]. The reported values were the combined results of at least three different batches of samples and were analyzed using Zetasizer software (Malvern). The morphology of the ERDNs was observed using JEM 1200EX (JEOL Ltd., Akishima, Japan). The samples were negatively stained with 1% uranium acetate and dried at room temperature prior to imaging. Before physical characterization, all samples were diluted with PBS to the appropriate concentration and passed through a 0.22 µm filter membrane. PBS, PEG8000, NaCl and other solutions were all passed through the particle size measurement after preparation to ensure no new particles were introduced.



The elemental composition of the ERDNs surface was measured by X-ray Photoelectron Spectroscopy (XPS) using ESCALAB 250Xi (Thermo Scientific, Waltham, MA, USA). Freshly prepared ERDNs were dissolved in PBS and filtered through a 0.22 μm membrane. It was dropped onto a silicon wafer and dried at room temperature, and then it was vacuumed into the XPS test system. The sample was excited using Al Kα radiation at 1486.2 eV as a probe. The high-resolution spectra were measured at a flux energy of 20.0 eV, using an energy step of 0.1 eV. The main C1s peak of the carbon atom was used as a reference for all spectra with a value of 284.8 eV. Data were pooled in Thermo Avantage 5.992 software for analysis.




2.4. Stability of ERDNs In Vitro Simulated Digestion


The stability of the ERDNs was evaluated using the standard static in vitro digestion method applicable to food [42]. Briefly, salivary α-amylase (A0521, Sigma, Sigma-Aldrich, St. Louis, MO, USA), porcine pepsin (P7000, Sigma, Sigma-Aldrich, St. Louis, MO, USA), bile salts (G8310, Solarbio, Beijing, China) and pancreatin (P7545, Sigma, Sigma-Aldrich, St. Louis, MO, USA) were added to the simulated electrolyte stock solution to prepare simulated salivary fluid (SSF), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). All three digestion solutions were prepared at 1.25× concentration. The component digestion stock solutions were dispersed in distilled water into 80 mL to give a final volume of 100 mL of electrolyte stock solution. After adjustment to the appropriate pH, the electrolyte stock solutions, except for the CaCl2(H2O2)2, were stored at −20 °C. This is because precipitation may occur with the addition of CaCl2(H2O2)2. The enzymes, bile salts and CaCl2(H2O2)2 were dissolved in the electrolyte stock solutions to prepare them for use. The CaCl2(H2O2)2 was dissolved in water. The sum of the volume of water and calcium ion solution was a quarter of the electrolyte stock solution. Table 1 shows the amount of each component to be added when the final digestion solution is 50 mL. At each step, the ERDNs were added to the simulated digestion solution in the same volume (50:50, v/v) and incubated at 37 °C at 200 rpm. The pH of the digestion system was corrected at any time during the experiment. The ERDNs were incubated in SSF for 2 min for particle size measurements. At the same time, they were incubated in SGF and SIF for 2 h and were taken out every 30 min to measure particle size. Two successive digestion steps were performed. First, ERDNs were incubated in SSF for 2 min and then were incubated in SGF and SIF for 2 h. Secondly, ERDNs were incubated in SGF for 2 h and then in SIF for 2 h. In this process, half of the solution of the previous digestion stage was taken out and mixed with the digestion solution of the next stage in equal volume. All reagents required pre-warming at 37 °C. All digestion samples were diluted with PBS and passed through a 0.22 µm filter membrane prior to measurement.




2.5. Purification of ERDNs by Size Exclusion Chromatography


Size exclusion chromatography has traditionally been used to separate proteins of different molecular weights and to purify EVs in body fluids [43,44]. In this study, Sephacryl S-500 (Biotop, Beijing, China) was balanced at room temperature and cleaned with ultrapure water to remove the ethanol protective solution. Sephacryl S-500 (Sephacryl S-500: ultrapure water = 5:1, v/v) was then slowly introduced into the chromatographic column (φ16 mm, 20 cm) using a glass rod, taking care not to form bubbles. The chromatographic column was filled under gravity with 16 cm of Sephacryl S-500 for 2 h. After complete precipitation of the Sephacryl S-500, the column was equilibrated with at least three times the bed volume of ultrapure water and five times the bed volume of PBS (pH = 7). After passing through a 0.22 µm filter membrane, 0.5 mL of ERDNs was added to the top of the column and allowed to flow under gravity. When the liquid began to drop slowly, 0.5 mL of PBS buffer solution (pH = 7) was added to the top volume. Finally, a total of 25 consecutive fractions with 0.5 mL were collected in a centrifuge tube at the bottom. After use, the chromatographic column was cleaned with at least five times the bed volume of PBS (pH = 7). The protein concentration was determined by measuring the absorbance at 280 nm using Nano-300 (Jiapeng, Shanghai, China). The particle sizes of all 25 fractions were properly diluted and measured by DLS.




2.6. SDS-PAGE Analysis of ERDNs


To further determine the protein composition of ERDNs. The 25 fractions purified by SEC were mixed with a 5× SDS-PAGE loading buffer (Solarbio, Beijing, China) and boiled at 100 °C for 5 min to denature the protein. In total, 10 µL of the fractions were loaded onto a 5% polyacrylamide concentrated gel and the 10% polyacrylamide separated gel in 1× running buffer (25 mM Tris, 192 mM glycine and 0.1% SDS, pH 8.3) and then electrophoresed at 80 V for 30 min and 120 V until bromophenol blue migrated to the bottom. After electrophoresis, the concentrated gel was carefully removed and the separated gel was immersed in Coomassie Brilliant Blue ultrafast dye solution (Beyotime, Shanghai, China) and shaken slowly for 30 min to guide the development of visible bands. Finally, the gels were washed with ultrapure water for 8 h and photographed for documentation.




2.7. Statistical Analysis


All data were analyzed using SPSS software (IBM SPSS Statistics 19) and expressed as mean and SEM unless otherwise stated. Figures were generated using Origin software (Origin 2022b). Shapiro-Wilk and Kruskal-Wallis tests were used to test whether the data were normally distributed. A two-sample t-test was used to compare the means of two groups. One-way ANOVA was used to evaluate three or more experimental groups with LSD and Games-Howell tests for significance level. The results presented were the mean of at least three independent experiments. The p-value less than * 0.05 was considered statistically different.





3. Results and Discussion


3.1. ERDNs Isolated by Ultracentrifugation


In this study, the nanoparticles extracted from the seeds of the Raphanus sativus L., Raphani Semen were successfully used. The results showed that ERDNs particles were obtained after UC with a yield of 0.17 ± 0.017 mg/g and the mean size of the ERDNs was 193.4 ± 8.60 nm with a peak diameter of 164.2 nm from DLS (Figure 1). The morphology and size of the particles were observed using transmission electron microscopy (TEM) in Figure 1, which shows that the ERDNs were wrapped in a phospholipid bilayer membrane with a typical cup-like appearance. The size of the electron microscopy results was around 200 nm.



Ultracentrifugation is considered the gold standard for conventional exosome isolation and has been used in most studies of animal or plant EVs. Due to the complex diversity of proteins, miRNAs, lipids and bioactive substances of PDEVs, there is no uniform and established method for their identification [45], although plant and animal EVs have shown similarities in protein composition. To distinguish their differences in biogenesis, most plant EVs are referred to PDEVs or plant-derived exosome-like nanoparticles (PELNs) [22,46,47,48]. The ERDNs were isolated with reference to several previous studies [24,37,38,49]. Due to the low water content, Raphani Semen cannot be directly juiced like grapes and ginger. At the same time, in order to avoid impurities introduced by the skin, the seed coat of the Raphani Semen was removed by soaking it in water for 2 h. Then the peeled Raphani Semen was completely dissolved and dispersed in PBS at 37 °C for 30 min after sufficient grinding at low temperatures. For low-speed centrifugation, large particles of contaminants, fibers and cell debris were removed after centrifugation at 1000× g, 3000× g and 10,000× g, respectively. Depending on the general diameter range of PDEVs’ 30–200 nm, the supernatant collected after low-speed centrifugation was passed through a 0.22 µm filter membrane to remove large molecules such as free protein aggresomes from the fragmented cells to improve the extraction rate of ERDNs [33].



The yields in this study are slightly lower than in previous studies. Plants usually secrete high levels of nanovesicles, for example, 1.76 mg/g in grapes, 2.21 mg/g in grapefruit and 0.44 mg/g in tomato [50]. This may be because mature plants have more intercellular communication. The size of PDEVs tends to vary. Wang et al. isolated grapefruit-derived nanovesicles with 210.8 ± 48.62 nm [49]. In another study, the average diameter of nanovesicles isolated from broccoli was only 32.4 nm [24]. Vesicles extracted from ginger were purified to yield two populations of different sizes (about 294 nm and 386 nm), with a peak average size of approximately 400 nm [33]. The size of ERDNs in this study was around 200 nm, which was within the normal range of most EVs. The slightly smaller size observed by TEM compared to DLS may be due to the different test environments. The DLS measured the hydrodynamic diameter while TEM measured it in a dehydrated state [51].




3.2. PEG8000 Can Be Used for the Enrichment of ERDNs


As shown in Figure 2, when PEG 8000 was used, the yield of ERDNs was 1.14–2.31 mg/g, significantly higher than the UC method (even at 5%). The yield of ERDNs was lowest at 5%, and when the concentration was increased further, the yield was slightly but not significantly higher(p > 0.05). Generally speaking, the incubation time was proportional to the production [52]. The incubation time of this study was more than 12 h. When the concentration of PEG 8000 was increased from 5% to 8%, the concentration of ERDNs increased significantly, suggesting that there may be a critical micelle-like concentration between them [53]. The PEG 8000 precipitation results were slightly higher than those for ginger edible nanoparticles (an efficiency of 60–90% for PEG6000 compared to UC) [33]. To further improve the yield of ERDNs, 37 °C incubation was replaced by sonication during pre-treatment (5 s intervals for every 10 s of work for 30 min). The high oil content of the Raphani Semen itself reduced the solubility in the PBS buffer. Sonication significantly improved the homogeneity of the system compared to incubation. The results in Figure 2 also showed that the yield of ERDNs was significantly higher in the sonication group than in the incubation group for PEG8000 of 5% and 8% (p < 0.05). In combination with NaCl, PEG was used for virus precipitation or secondary concentration [54]. Whether the ionic strength during PEG8000 incubation could improve ERDNs extraction was also studied. In this study, the addition of 100 mM NaCl did not increase the yield of ERDNs in most cases. However, in operation, it did increase the clarity of the PEG8000 after overnight incubation. Sonication and NaCl did not change the particle size of PEG 8000 at low concentrations (8%, 10% and 12%), but increased it at 15% and 20%. Therefore, NaCl will not be used for future research. The peak particle size of ERDNs also remained stable under a low concentration of PEG 8000(Figure 2).



Figure 3 shows a TEM image of 8% PEG8000 extracted ERDNs. The results of this study also confirm the possibility that PEG could be used to extract EVs. Plants often contain large molecules such as starch, cellulose and tannins, which increase viscosity and make centrifugation difficult [55]. Thus, PEG is used as a lubricant for medical devices and a food additive [56]. Polyethylene glycol solutions have been used to concentrate and purify viruses for more than 50 years [57]. Viruses are thought to emerge from exosomes and vice versa and the hydrophobic nature of the lipid bilayer makes the use of PEG to precipitate exosomes a cost-effective method [58,59].



Previous studies have shown that the mean size of recovered exosomes is the same at each concentration of PEG, and that the mode particle size is negatively correlated with PEG concentration [58]. Surprisingly, the mean particle size of the ERDNs increased at higher concentrations (12%, 15% and 20%) and was larger than the ERDNs of UC (Figure 2). This may be because the residual PEG 8000 in the precipitate affected the measurement of the hydrodynamic diameter. In addition, the precipitation of other impurities (pigments, phenols and flavonoids) could bind to the ERDNs during the overnight incubation [53]. To obtain ERDNs similar to UC, further purification of the PEG8000-precipitated ERDNs was necessary. In some studies, residual PEG may interfere with certain analyses that require high-purity products such as mass spectrometry. Size exclusion column chromatography, dialysis, SDS-PAGE, cesium chloride and potassium chloride precipitation methods were used to eliminate these effects [60,61,62].




3.3. Sephacryl S-500 Column for Purification of ERDNs


The acceptable daily intake (ADI) of polyethylene glycol (E1521, molecular weight 300–10,000) for use as a food additive was established by JECFA at 10 mg/kg bw per day in case of possible overestimation [52]. The final residual PEG content of the nanoparticles inevitably increased with the concentration of PEG added during the incubation and the use of higher concentrations of PEG (12% and 15%) significantly inhibited the contents (total polyphenols, antioxidant capacity and RNA) [33]. In addition, the viscosity of the system gradually increased with increasing PEG8000 concentration, which was detrimental to the subsequent dispersion of the ERDNs-precipitated aggregates. Therefore, in line with previous studies (8%, 10% and 12%) PEG8000 had a significantly increased yield and the particle size distribution of 8% PEG 8000 was relatively stable; the 8% was used in follow-up experiments.



In this work, the Sephacryl S-500 stationary phase was used for the purification of ERDNs from an 8% PEG 8000 precipitation. As shown in Figure 4, the proteins started to appear in fraction 14 and the ERDNs in fraction 15. The PEG-precipitated ERDNs were passed through the SEC column at room temperature for approximately 50 min. The ERDNs of different particle sizes were present between fractions 15–24, with the larger particles appearing before the smaller ones. The result of this macromolecule flowing out first and small molecule flowing out later conformed to the manufacturer’s instructions. It allowed rapid and reproducible purification of proteins, polysaccharides and other macromolecules on a laboratory and industrial scale [63]. You JY et al. found that SEC gave higher purity and extraction rates compared to UC and PEG precipitation [36].



An SDS-PAGE analysis of all the fractions showed significant protein bands in fractions 15 to 18, with molecular weights concentrated in the 70 kDa range (Figure 5). The molecular weight of exosomal proteins found in human cerebrospinal fluid was also concentrated in the range of 70 kDa [43]. Zu et al. showed that the nanoparticles of tea leaves contained a population of proteins with a molecular weight of between 10 and 15 kDa [51]. Meanwhile, exosome-like nanoparticles from ginger and oat contain a protein composition similar to that of the tissue [28,57]. The expected molecular weight of the protein was observed in the vesicular fractions of sunflower apoplastic fluids and compared with sunflower lectin and FSGTP1 [37]. As in these results, the low molecular weight protein bands may also contain markers for PDEVs.



The surface element content and composition of the ERDNs extracted by the three methods were measured by XPS. Figure 6 and Table 2 showed that UC, PEG and PEG+SEC all exhibited characteristic signals corresponding to C1s, N1s and O1s. The high content of N elements in PEG may indicate interference from free proteins. Purification by SEC reduced the N content and increased the C and O content. High-resolution mapping showed that the ERDNs extracted by all three methods had peaks corresponding to C-C, C-O-C, O-C=O, C=O and C-O, which may correspond to aliphatic and aromatic Cs such as flavonoids and polyphenols [64]. The peaks corresponding to C-NH2 may include amino acids and peptide backbone [65].




3.4. Stability of ERDNs in Simulated Gastrointestinal Digestion


Stability studies were performed by sequentially exposing the ERDNs to SSF (pH = 7, 2 min), SGF (pH = 3, 2 h) and SIF (pH = 7, 2 h). The particle size of the ERDNs represents the stability in the simulated digestion process in Figure 7. As shown in previous studies, the particle size and extraction rate of exosomes may be related to the pH of the solution [66,67]. In this study, the size of the ERDNs did not change significantly during the 2 h of gastric digestion, 2 h of intestinal digestion and 2 min of oral digestion (p > 0.05). This suggests that ERDNs are stable in extreme environments and help to protect the miRNAs, proteins and bioactive compounds they contain from damage. Furthermore, the ability of PDEVs to withstand mechanical and enzymatic adversity has been shown to provide new evidence for the basis of dietary miRNAs mediating cross-kingdom communication via food intake [68]. For example, miR166b-3p, miR159b-3p, miR159a and miR403-3p from broccoli-isolated EVs improved their survival compared to the naked (free) form [69].



In order to simulate the digestive environment more realistically, the digestive processes from the mouth (where the ERDNs are ingested in solid form) and the stomach (where the ERDNs are ingested in liquid form) were performed separately. The mean size of ERDNs did not change significantly during the continuous digestion of SGF+SIF. However, multiple peaks in the system obtained after SSF+SGF+SIF may be due to the addition of multiple enzymes. Salivary amylase was inactivated in an acidic environment and by pepsin hydrolysis. At the same time, pepsin was mainly active in a slightly acidic environment of pH = 2 to pH = 4, much less than in the digestive environment of the intestine (pH = 7) [42]. The stability of different sources of nanoparticles may vary. Grapefruit-derived nanoparticles show high tolerance to gastrointestinal enzymes and bile extracts, but the size of ginger-derived nanoparticles increased in SGF and further increased in SIF [49,70]. Usually, the resistance of the carrier drug to the adverse conditions of digestion (oral, gastric and intestinal) is crucial for its therapeutic effect. The stability of PDEVs themselves during digestion favor their use as a nano drug delivery platform. This results showed that ERDNs could be used as drug carriers.





4. Conclusions


In this study, ERDNs were successfully extracted from Raphani Semen. The PEG8000 method, using inexpensive and non-specialist equipment, gave higher yields than the conventional UC method, but was less specific and required other purification methods. For highly viscous substances, the use of sonication in the pre-treatment may assist in the dispersion of the system. The 8% PEG8000+SEC method extracted high-purity ERDNs and showed a range of proteins, suggesting that it could be used as a target for further downstream analysis. At the same time, the ERDNs were able to maintain stability during digestion in the stomach and intestine. Considering the similarity of exosome structures, this protocol could serve as a reference for the extraction and purification of other plant exosomes and provide ideas for the future development of functional foods with edible plant nanoparticles.
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Figure 1. Characterization of ERDNs separated by UC: (a) Transmission electron microscopy (TEM) characterization of edible Raphani Semen-derived nanoparticles (ERDNs). (b) The mean particle size of ERDNs was measured by dynamic light scattering (DLS). All samples were diluted to the appropriate concentration with PBS. 
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Figure 2. The ERDNs were precipitated by PEG8000: The yield, mean particle size and peak particle size of ERDNs extracted by PEG8000 with different concentrations (%, w/v). The mass of ERDNs was calculated by protein and the mass of Raphani Semen was calculated by powder. The dotted line in the graph shows the yield, mean particle size and peak particle size of ERDNs extracted by ultracentrifugation. 
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Figure 3. TEM characterization of ERDNs precipitated by PEG8000. 
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Figure 4. The protein content and mean particle size of each component after separation by SEC. The protein content was calculated by the absorbance value at 280 nm. 
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Figure 5. SDS-PAGE shows that proteins with different molecular weights appeared in the 15–24 fraction in the same volume. 
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Figure 6. X-ray Photoelectron Spectroscopy (XPS) of UC, PEG, PEG+SEC methods of ERDNs extraction: High-resolution spectra of C 1 s, N 1 s and O 1 s obtained by (a) UC, (b) 8% PEG8000 and (c) PEG+SEC. (d) Full spectrum scan results. 
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Figure 7. Particle size changes of ERDNs after vitro digestion simulation: (a) Particle size of ERDNs after 2 min of digestion in simulated salivary fluid (SSF). (b) Particle size changes of ERDNs at 2 h of digestion in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). (c) Particle distribution of ERDNs after continuous digestion in SSF, SGF and SIF by DLS. (d) Particle distribution of ERDNs after continuous digestion in SGF and SIF. The digestion times of the ERDNs in SSF, SGF and SIF were 2 min, 2 h and 2 h respectively. 
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Table 1. Preparation of simulated digestion stock solution. Simulated salivary fluid (SSF, pH = 7, 2 min), simulated gastric fluid (SGF, pH = 3, 2 h) and simulated intestinal fluid (SIF, pH = 7, 2 h) were prepared at 1.25× concentration.
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SSF(pH = 7)

	
SGF(pH = 3)

	
SIF(pH = 7)




	
Constituent

	
Stock Solution

	
Volume

	
Concentration

	
Volume

	
Concentration

	
Volume

	
Concentration




	

	
g/500 mL

	
mol/L

	
mL

	
mmol/L

	
mL

	
mmol/L

	
mL

	
mmol/L






	
KCl

	
18.5

	
0.5

	
3.02

	
15.1

	
1.38

	
6.9

	
1.36

	
6.8




	
KH2PO4

	
34

	
0.5

	
0.74

	
3.7

	
0.18

	
0.9

	
0.16

	
0.8




	
NaHCO3

	
42

	
1

	
1.37

	
13.7

	
2.55

	
25.5

	
8.5

	
85




	
NaCl

	
58.5

	
2

	

	

	
2.36

	
47.2

	
1.92

	
38.4




	
MgCl2(H2O)6

	
15.25

	
0.15

	
0.1

	
0.15

	
0.08

	
0.1

	
0.22

	
0.33




	
NH4Cl

	
26.75

	
1

	
0.012

	
0.12

	
0.1

	
1

	

	




	
Add H2O2 to

	

	

	
80

	

	
80

	

	
80

	




	
Composition of the final solution




	
Electrolyte stock solution

	
40

	

	
40

	

	
40

	




	
CaCl2(H2O2)2

	
44.1

	
0.3

	
0.25

	
1.5

	
0.025

	
0.15

	
0.2

	
0.6




	
α-amylase

	

	

	
0.0025 g

	
150 U/mL

	

	

	

	




	
Pepsin

	

	

	

	

	
0.8 g

	
4000 U/mL

	

	




	
Pancreatin

	

	

	

	

	

	

	
0.05 g

	
200 U/mL




	
Bile

	

	

	

	

	

	

	
0.629 g

	
20 mM




	
Add H2O2 to

	

	

	
50

	

	
50

	

	
50
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Table 2. Elemental content of ERDNs obtained by the UC, PEG, and PEG+SEC measured by XPS.
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	UC
	Binding Energy(eV)
	Atomic%



	C1s
	285.27
	64.67



	N1s
	399.72
	13.84



	O1s
	531.53
	21.49



	PEG
	Binding Energy (eV)
	Atomic%



	C 1s
	284.85
	64.79



	N 1s
	399.56
	15.4



	O 1s
	531.3
	19.81



	PEG+SEC
	Binding Energy (eV)
	Atomic%



	C 1s
	284.8
	67.26



	N 1s
	399.63
	12.42



	O 1s
	531.29
	20.32
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