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A B S T R A C T   

Cell-to-cell communication strategies include extracellular vesicles (EVs) in plants and animals. The bioactive 
molecules in a diet rich in vegetables and fruits are associated with disease-preventive effects. Plant-derived EVs 
(PDEVs) are biogenetically and morphologically comparable to mammalian EVs and transport bioactive mole-
cules, including miRNAs. However, the biological functions of PDEVs are not fully understood, and standard 
isolation protocols are lacking. Here, PDEVs were isolated from four foods with a combination of ultracentri-
fugation and size exclusion chromatography, and evaluated as vehicles for enhanced transport of synthetic 
miRNAs. In addition, the role of food-derived EVs as carriers of dietary (poly)phenols and other secondary 
metabolites was investigated. EVs from broccoli, pomegranate, apple, and orange were efficiently isolated and 
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characterized. In all four sources, 4 miRNA families were present in tissues and EVs. miRNAs present in broccoli 
and fruit-derived EVs showed a reduced RNase degradation and were ferried inside exposed cells. 

EVs transfected with a combination of ath-miR159a, ath-miR162a-3p, ath-miR166b-3p, and ath-miR396b-5p 
showed toxic effects on human cells, as did natural broccoli EVs alone. PDEVs transport trace amounts of 
phytochemicals, including flavonoids, anthocyanidins, phenolic acids, or glucosinolates. Thus, PDEVs can act as 
nanocarriers for functional miRNAs that could be used in RNA-based therapy.   

1. Introduction 

Cell communication is essential for organism development, and both 
plant and animal cells employ strategies to facilitate communication. 
Extracellular vesicles (EVs) are heterogenous non-viable lipid bilayer 
particles naturally released from cells [1,2], which include (but are not 
limited to) exosomes, microvesicles, and apoptotic bodies. EVs can 
transport bioactive molecules, including nucleic acids, such as micro-
RNAs (miRNAs), proteins, lipids, and other metabolites that function as 
cellular signals and play an important role in intercellular communica-
tion [1,3]. Plant cells secrete vesicles that are biogenically and 
morphologically comparable to mammalian-derived EVs [4,5]. Several 
terms are used in the literature to describe nano and micro-sized vesicles 
(50–1000 nm) isolated from plants, including plant-derived extracel-
lular vesicles (PDEVs). Various functions have been attributed to PDEVs, 
including unconventional protein secretion, RNA transport, and defense 
against pathogens [6–8]. PDEVs have also been found to transfer small 
non-coding RNAs (sRNAs) between cells and to be abundant in proteins 
with antipathogenic characteristics [6,9]. By virtue of their natural 
origin, and their physicochemical and biophysical features, PDEVs could 
represent a new class of biocompatible therapeutics [4]. Indeed, PDEVs 
can be internalized by mammalian cells via different mechanisms, which 
include clathrin- and caveolae-mediated endocytosis, membrane fusion, 
or interaction with cellular proteins, where they modulate cellular 
processes [10,11]. Characterization methods have shown that plant EVs 
have similar structures to mammalian EVs [5], which may facilitate 
their uptake, tissue distribution, and ability to produce biological effects 
in mammalian cells [12]. Moreover, a distinctive feature of 
vesicle-facilitated intercellular communication is related to the 
enhanced resistance of bioactive molecules to biodegradability and 
metabolism [13]. For instance, encapsulated RNA rests protected from 
RNases and other circulating molecules and can reach distant targets (as 
hormones do) in a functional state, even when administered orally 
[14–21]. 

Epidemiological evidence suggests that adherence to diets rich in 
vegetables and fruits has a preventive effect against the risk of devel-
oping non-communicable chronic diseases (NCDs), such as cardiovas-
cular disease and cancer. This effect has been traditionally associated 
with the bioactive molecules contained in these foods, including several 
classes of phytochemicals such as polyphenols, carotenoids, glucosino-
lates, vitamins, and many other plant secondary metabolites, as well as 
nucleic acids (i.e., RNAs). Nevertheless, the quantity of these molecules 
reaching host tissues may not be sufficient to exert bioactive effects [22, 
23]. Indeed, it is possible to encapsulate bioactive molecules in PDEVs to 
enhance their biological activity. In this context, strategies are currently 
being developed for enhancing the levels of particular miRNAs (sRNAs 
that regulate essential biological processes in plants and animals) inside 
food-derived EVs, which include mammalian milk [24] and 
edible-plants [4,20]. 

Previous studies have shown that certain phytochemicals can be 
naturally transported within PDEVs. For example, 6-gingerol and 6-sho-
gaol, the active constituents of ginger, are present within ginger-derived 
EVs [16], and naringin, a major flavonoid found in grapefruits, as well as 
its functional component naringenin, were present in grapefruit-derived 
PDEVs [14]. Moreover, glucosinolates, the active constituents of broc-
coli, including sulforaphane, erucin, iberin, or indole-3-carbinol, were 
present in broccoli-derived EVs [25]. However, not all secondary 

metabolites produced in plants are loaded into PDEVs, such as nar-
ingenin and vitamin C, since other active constituents of orange juice 
were absent within orange juice-derived EVs [26]. 

Despite the growing interest, research on the potential therapeutic 
use of PDEVs is still in its early phases. Two clear examples of the current 
gaps in knowledge include the inexistence of standardized protocols for 
PDEVs isolation and a clear understanding of the actual biological 
functions of PDEVs [4]. 

Given the aforementioned, we isolated four food-derived EVs, by 
combining ultracentrifugation and size-exclusion chromatography 
(SEC), and we evaluated them as vehicles for enhanced transportation of 
synthetic miRNAs. Transcriptomic analysis of a human intestinal cell 
line (Caco-2) was carried out to appraise the biological effects upon 
exposure to PDEV-loaded miRNAs. Finally, we assessed the endogenous 
transport of dietary polyphenols and other secondary metabolites (e.g., 
glucosinolates in broccoli) by food-derived EVs. 

2. Material and methods 

2.1. Isolation and purification of extracellular vesicles (EVs) 

2.1.1. Sample collection 
Broccoli, pomegranates, apples, and oranges were purchased from 

several local greengrocers and supermarkets (Madrid, Spain). These 4 
vegetables were selected because they are consumed all over the world. 
They also contain different polyphenols and phytochemicals. A citrus (i. 
e., orange), for its exclusivity in flavanones, apple for its content in 
phloretin/phloridzin, pomegranate for mono and diglucosylated an-
thocyanins and broccoli for glucosinolates, as well as other polyphenols. 
Thus covering a broad spectrum of bioactive molecules. Broccoli 
(Brassica oleracea L. var. Italica) flower heads were weighed (1 kg), 
washed with milli-Q water and, after excess water was removed, sam-
ples were homogenized at maximum velocity, for 2 min, in milli-Q water 
using a 1:1.5 wt to volume ratio (w/v). Pomegranate (Punica granatum 
L.) seeds (1 kg) were separated from the peel (exocarp and mesocarp) 
and homogenized at maximum velocity for 1 min to obtain the juice. 
Apples (Malus domestica, `Royal galá) were washed with milli-Q water, 
sliced in little portions (the peel was kept, but seeds were removed), and 
weighed (1.2 kg). Samples were homogenized at maximum velocity, for 
2 min, in a 2:1 (w/v) of milli-Q water. Oranges (Citrus sinensis) were split 
in half and squeezed until 1 L of juice was obtained. 

2.1.2. Isolation and purification of EVs 

2.1.2.1. Ultracentrifugation. To remove plant fibers, large particles, and 
cellular debris, homogenized samples were sequentially centrifuged 
(4ºC) at 5,000 x g, 10,000 x g, and 25,000 x g for 30 min, and at 35,000 x 
g for 60 min, in 250 mL containers (Beckman Coulter), using an Avanti 
Centrifuge J-26XPI (Beckman Coulter) with a JLA 16.250 rotor. Then, to 
precipitate extracellular vesicles, supernatants were ultracentrifuged at 
135000 x g, for 105 min at 4ºC, in 25 mL bottles (Beckman Coulter) 
using an OPTIMA L-90 K Ultracentrifuge (Beckman Coulter) with a 50.2 
Ti rotor. Supernatants were discarded, and EV-enriched pellets were 
dissolved in 700 µL of sterile PBS (pH 7.4) to obtain homogeneous 
suspensions. Samples were subsequently filtered (0.45 µm, Millex®-GP, 
Merck Millipore, Burlington, MA, USA) to eliminate large-size particles 
and stored at − 80ºC until used. 
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2.1.2.2. Size exclusion chromatography (SEC). SEC was performed after 
the first ultracentrifugation step (UC + SEC) to purify EVs from co- 
sedimented contaminants further, as previously described [20]. 
Briefly, thirty mL SEC columns were stacked with 20 mL of Sepharose 
CL-2B (CL2B300, Sigma-Aldrich) for a final matrix of 1.5 cm (diameter) 
x 12 cm (height). Columns were preserved with 0.02% azide in PBS at 
4ºC to prevent contamination. Before use, columns were equilibrated 
with filtered (0.22 µm) PBS (pH 7.4). Filtered extracellular vesicles (700 
µL) were loaded onto the columns. Elution was performed by gravity 
using filtered PBS (pH 7.4), and 40 sequential fractions of 500 µL were 
collected. 

2.2. EV detection and characterization 

2.2.1. Protein determination by the BCA assay 
Protein concentrations were determined using a BCA assay kit 

(Thermo Scientific, Waltham) according to the manufacturer’s in-
structions. For orange juice, due to color interference with the BCA 
quantification method, protein levels were assessed by the Lowry 
method [27], using Folin’s phenol reagent. 

2.2.2. Nanoparticle Tracking Analysis 
Particle size distribution and concentration of extracellular vesicles 

isolated from broccoli were measured by nanoparticle tracking analysis 
(NTA) with a LM10 nanoparticle characterization system (NanoSight, 
Malvern). Three replicates of 60 s capture videos were recorded using a 
638 nm laser. Analyses were performed using a NanoSight NTA 3.1. 
program. EV samples were appropriately diluted (1:100–1:1000) in PBS. 
Particle size distribution and concentration were analyzed at 23–27ºC. 
NTA analysis was performed on thawed samples. Zeta potential analyses 
of EVs were determined using the ZetaView Twin (Particle Metrix, 
Ammersee). Samples were diluted in pure water at room temperature 
and analyzed using pulse mode. 

2.2.3. Transmission Electron Microscopy 
Extracellular vesicles were visualized using transmission electron 

microscopy (TEM) with negative staining. Samples were placed on 
copper grids (200 mesh) for 3 min and stained with uranyl acetate for 1 
min. Samples were examined (100 kV) on a JEOL JEM 1010 located at 
the Spanish National Centre for Electron Microscopy (ICTS, Madrid, 
Spain). 

2.2.4. Western Blot 
Determination of Evs’ distinctive proteins was performed by WB to 

confirm the isolation procedure was successful. Twenty µL of each SEC 
recovered fraction, or 50 µg/protein of each sample, were used for 
protein detection. Protein samples were lysed in reducing conditions 
and separated on 10% sodium dodecyl polyacrylamide/bisacrylamide 
gels. Then, proteins were transferred onto nitrocellulose membranes 
(0.22 µm Millipore) and blocked with 5% skimmed milk (Bio-Rad, 
Hercules, CA, USA) for 30 min at room temperature. Membranes were 
incubated with appropriate primary antibodies: anti-PEN1 (CSB- 
PA875527XA01DOA, Cusabio), anti-BiP (AS09 481, Agrisera), anti- 
HSP70 (AS08 371, Agrisera), anti-PDR8 (AS09 471, Agrisera), or anti- 
TET8 (PHY1490S, PhytoAB) at 4 ◦C (overnight). After incubation, 
membranes were exposed to secondary anti-rabbit or anti-mouse anti-
bodies conjugated with either Alexa FluorTM 680 or IRDye® 800, for 45 
min, at room temperature. Blots were washed three times with TBST 
buffer after each incubation step and visualized using an Odyssey® 
infrared imaging system (LI-COR, Lincoln, NE, USA). Image Studio Lite 
5.2.5 software was used for image processing. 

For Western Blot controls, extracellular vesicles were isolated from 
apoplast wash fluid (AWF) from Arabidopsis thaliana rosettes. AWF was 
isolated by the infiltration method as previously described [7,28]. 
Briefly, whole rosettes were vacuum infiltrated with vesicle isolation 
buffer (20 mM MES, 2 mM CaCl2, and 0.1 M NaCl, pH 6.0 and without 

β-mercaptoethanol) using a syringe, as previously detailed [28]. Infil-
trated plants were placed inside a 50 mL-syringe and centrifuged in 
50-mL conical tubes at 1000 g for 10 min at 4ºC. The resulting AWF was 
ultracentrifuged at 135,000 x g for 105 min at 4ºC, as described above, 
resuspended in PBS, and filtered through a 0.45-µm membrane. 

2.2.5. Phytochemical analysis of EVs 

2.2.5.1. Identification of phenolic compounds via HPLC-DAD-ESI/MSn. 
The phenolic compounds identification was performed in an Agilent 
HPLC 1100 series model equipped with a photodiode array detector 
(model G1315B), a mass detector in series (Agilent Technologies, 
Waldbronn, Germany), a binary pump (model G1312A), a degasser 
(model G1322A) and an autosampler (model G1313A), based on the 
method described by Migues et al. (2018) [29]. The mass detector was 
an ion trap spectrometer (model G2445A) equipped with an electro-
spray ionization interface and controlled by LC/MS software (Esquire 
Control Ver. 6.1. Build No. 534.1., Bruker Daltoniks GmbH, Bremen, 
Germany). A Nucleosil® 100–5 C18 column (25.0 cm × 0.46 cm; 5 µm 
particle size waters; Macherey-Nagel, Düren, Germany) was used, and 
the mobile phase was composed of two solvents: the eluent A consisted 
of water/formic acid (99:1, v/v), and the eluent B of acetonitrile. The 
solvent system started with 8% of B and reached 15% of B at 25 min, 
22% at 55 min, and 40% at 60 min, with a wash-out period of 5 min and 
return to initial conditions afterwards. The mass spectra were acquired 
with a scan range from m/z 100–1200, and the MS parameters were set 
as follows: the capillary temperature was 350ºC, the capillary voltage 
was set at 4 kV, the nebulizer pressure was 65.0 psi, and the nitrogen 
flow rate was 11 L/min. The flow rate was 0.8 mL/min during the whole 
run, all gradients were linear, and the injection volume was 20 µL. 
Collision-induced fragmentation experiments were performed in the ion 
trap using helium as the collision gas, with voltage ramping cycles from 
0.3 to 2 V. For anthocyanins, the mass spectrometry data were acquired 
in the positive ionization mode, while for non-colored phenolics, the 
acquisition was done in a negative ionization mode. The MSn was con-
ducted in the automatic mode on the more abundant fragment ion in 
MS(n-1). The HPLC system was controlled by ChemStation for LC 3D 
Systems software Rev. B.01.03-SR2 (204) (Agilent Technologies Spain S. 
L., Madrid, Spain). The phenolic compounds were tentatively identified 
based on their elution order, retention times, and ultraviolet-visible and 
mass spectra features as compared to authentic standards analyzed 
under the same conditions and data available in the literature [29,30]. 

2.2.5.2. Identification of isothiocyanates (ITCs) by UHPLC-QqQ-MS/MS. 
Twenty microliters of each sample were acquired in a UPLC/MS/MS 
(UPLC-1290 Series and a 6460 QqQ-MS/MS; Agilent Technologies, 
Waldbronn, Germany). The analytes concentration was calculated using 
standard curves prepared freshly each day. 

The GR and SFN were resolved chromatographically and identified 
by UHPLC-QqQ-MS/MS. Chromatographic separation was conducted on 
a ZORBAX Eclipse Plus C-18 Rapid Resolution HD (2.1 x 50 mm, 1.8 µm) 
(Agilent Technologies, Waldbronn, Germany). The column tempera-
tures were held at 10ºC (left and right). The Multiple Reaction Moni-
toring (MRM) dynamic mode was performed in the positive mode, 
assigning ± 0.650 min as δ interval time for each retention time and 
preferential transitions of the corresponding analytes. Dwell time was 
30 ms for all MRM transitions. The mobile phases employed were sol-
vent A: ammonium acetate, 13 mM (pH 4 with acetic acid), and solvent 
B: acetonitrile/acetic acid (99.9:0.1, v/v). The flow rate was 0.3 mL/min 
using the linear gradient scheme (t; %B): (0.0; 12), (0.2; 20), (1.0; 52), 
(2.5; 95), and (2.5; 12). The optimal ESI conditions for maximal detec-
tion of the analytes were: gas temperature, 225ºC; sheath gas tempera-
ture, 350ºC; capillary voltage, 3500 V; Nozzle voltage, 1250 V; sheath 
gas flow, 12%; gas flow, 10; nebulizer, 40. The acquisition time was 2.5 
min for each sample, with a post-run of 1.5 min for the column 

M.-C. López de las Hazas et al.                                                                                                                                                                                                              



Pharmacological Research 198 (2023) 106999

4

equilibration. The MS parameter fragmentor (ion optics capillary exit 
voltage) and collision energy were optimized for each compound to 
generate the most-abundant product ions for the MRM mode. Data were 
acquired using the MassHunter software version B.04.00 (Agilent, 
Waldbronn, Germany). The concentrations of GR and SFN were calcu-
lated from the area ratio of the ion peaks of the compounds to those of 
the corresponding standards. 

2.3. miRNA profiling 

2.3.1. RNA isolation 
Total RNA from samples selected for small RNA sequencing (RNA- 

seq) was isolated using miRNeasy® Mini kits (Qiagen), according to the 
manufacturer’s instructions. Total RNA for real-time PCR (qPCR) anal-
ysis was isolated with the chloroform/phenol method [31]. Before RNA 
isolation, 1 pmol of cel-miR-39 (Qiagen) was added to samples for 
spike-in normalization. 

2.3.2. Small RNA sequencing and data analysis 
Total RNA from broccoli/fruit tissues or broccoli/fruit-purified EVs 

was isolated following the standard QIAzol protocol (Qiagen). RNA 
quality and integrity were evaluated using a 4200 TAPE Station or a 
2100 Bioanalyzer (Agilent Technologies). A high degree of RNA integ-
rity (RIN quality score ≥ 8) was obtained in tissue samples. EV samples 
showed a scant amount (or absence) of 18 S and 28 S ribosomal RNA, yet 
many < 25 nucleotides (nt) fragments were present, which could indi-
cate successful miRNA extraction. 

Library preparation and sequencing were conducted at the 
“Fundación Parque Científico de Madrid” (Madrid, Spain). Briefly, total 
RNA from EVs and tissues was used as input for library preparation, 
using the NEBNext® Multiplex Small RNA Library Prep Set for Illu-
mina® (New England BioLabs) and following the manufactureŕs rec-
ommendations. Libraries were validated and quantified using a 2100 
Bioanalyzer (Agilent), and an equimolecular pool was prepared. Small 
RNA regions (< 200 nt) were purified by polyacrylamide gel electro-
phoresis and titrated by qPCR using the Kapa-SYBR FAST qPCR kit for 
LightCycler480 and a reference standard for quantification. The library 
pool was denatured and seeded on a NextSeq v2.5 flowcell (Illumina), 
where clusters were formed and sequenced using a NextSeq 500 High 
Output kit v2.5 (Illumina) in a 1 × 75 single-read sequencing run on a 
NextSeq 500 sequencer (Illumina). 

The resulting sequence reads were subjected to stringent filters, 
including removing low-quality reads, repeat sequences, and adaptor 
sequences, to generate cleaner data. Then, a bioinformatics pipeline 
(MIRPIPE) for miRNA discovery and profiling was applied as previously 
described [32]. In brief, filtered reads were aligned against known plant 
mature miRNAs in miRBase21.0 (November 2016; http://www.mir-
base.org/index.shtml) using a maximum of one mismatch criterion. The 
identified reads were considered as conserved miRNAs, and the number 
of reads per miRNA was normalized. 

2.4. cDNA and RT-qPCR 

cDNA synthesis was performed with 500 ng of RNA isolated from 
cultured cells or 10 µL of total RNA extracted from EVs using the miS-
cript II RT kit (Qiagen) according to the manufacturer’s instructions. The 
miScript SYBR Green PCR kit (Qiagen) and specific primers (Isogen 
LifeSciences, Netherlands) or LNA-specific oligos (Qiagen) were used to 
conduct qPCR using a 384-well plate format in a 7900HT Fast Real-time 
PCR system (Applied Biosystems). Relative expression of miRNAs was 
determined by normalizing data using cel-miR-39–3p as spike-in or 
RNU6B as reference. MiRNA expression was calculated using the 2− ΔΔCt 

method [33]. 

2.5. Selection of candidate miRNAs 

Four miRNAs were selected based on the results from two indepen-
dent small RNA-seq analyses of RNA isolated from either total tissue or 
EVs. Before further analyses, miRNAs with < 10 reads were discarded. 
miRNAs were grouped into families, and the most representative miR-
NAs of each family, presenting identical sequences to miRNAs identified 
in Arabidopsis thaliana, were selected as candidates. 

2.6. miRNA loading into broccoli and fruit-derived EVs 

Single-stranded miRIDIAN ath-miR159a, ath-miR162a-3p, ath- 
miR166b-3p, and ath-miR396b-5p mimics, presenting methylation at 
the 3 ́ -OH end (synthesized by Dharmacon®), were loaded into EVs 
isolated from broccoli/fruits. A solution containing 25 µM of each of 
these 4 miRNAs (total concentration = 100 µM) was diluted in siRNA 1 
× Buffer (Thermo Fisher) and incubated with Lipofectamine 2000 re-
agent (Invitrogen, Thermo Scientific) for 15 min at room temperature, 
according to the manufacturers’ guidelines. Filtered EVs were then 
incubated with the resulting mixture for 30 min at room temperature 
and kept at 4º C to minimize lipofectamine action until further purifi-
cation. EVs transfected with an equal concentration of non-targeting 
control mimic sequences (Dharmacon) were used as controls. After-
wards, samples were loaded onto the SEC column following the protocol 
described in the corresponding section. 

2.7. RNase A treatment 

To assess the protective role of EVs and also to confirm miRNA 
incorporation in EVs, transfected EVs or free miRNAs were incubated at 
37ºC for 30 min, with or without 10 µg/mL of RNase A (Ribonuclease A 
R6513, Sigma-Aldrich), or a combination of 10 µg/mL RNase A and 1% 
of TRITON 100-X (Sigma-Aldrich). Total RNA was subsequently purified 
using QIAzol Lysis Reagent (Qiagen) following the chloroform/phenol 
method. 

2.8. In vitro exposure to EVs 

2.8.1. Cell culture maintenance 
Human colorectal adenocarcinoma cells (Caco-2) were obtained 

from the American Type Culture Collection (ATCC) and used between 
passages 27 and 38. Cells were cultured in DMEM with high glucose 
(Lonza), supplemented with 10% FBS (Sigma-Aldrich), 1% L-glutamine 
(Gibco, Thermo Scientific), and 1% antibiotics (100 mg/mL penicillin 
and streptomycin) (Gibco). Cells were cultured at 37ºC in a 5% CO2 
humidified incubator. The culture medium was replaced every two days. 
Cell lines were seeded in 24-well plates (Corning Costar®, Sigma- 
Aldrich) at an initial density of 0.5 × 105 cells and maintained for 
approximately 24 h or 48 h until 70% of confluency was reached. 

2.8.2. Cell viability, cell cycle distribution, and apoptosis assays 
For cell viability analysis, 35,000 cells/well were seeded on 48-well 

plates. After 24 h, cells were treated with different concentrations of EVs 
for 24 h. Then, MTT (M2128, Sigma-Aldrich) was added to each well at a 
final concentration of 0.5 mg/mL for 2 h. Next, MTT was removed, 
DMSO was added to dissolve the MTT-formazan crystals, and absor-
bance was measured at 570 nm. Data are shown as the mean of 3 in-
dependent experiments performed in triplicates. Cell cycle distribution 
and apoptosis were analyzed by flow cytometry. For flow cytometry 
assays, 200,000 cells were seeded in 6-well plates. Cells were treated 
with different concentrations of EVs (0 (control), 0.1, 1% y 5%) for 24 h 
and collected using trypsinization. For cell cycle analysis, cells were 
fixed with 70% ethanol and stored at − 20ºC overnight. The next day, 
cells were dyed with a solution containing propidium iodide and RNAse. 
For apoptosis analysis, cells were stained with annexin V and propidium 
iodide. Results are shown as the mean of three independent experiments. 
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2.8.3. Cellular uptake of miRNAs transported by fruit-derived EVs 
Caco-2 cells were exposed up to 5% of natural (i.e., not artificially 

loaded) broccoli EVs or broccoli EVs loaded with selected miRNAs for 2 
or 24 h. Then, supernatants were discarded, cells were washed twice 
with PBS, collected in QIAzol Lysis Reagent (Qiagen), and stored at −
80ºC until RNA extraction. Five hundred ng of total RNA were used for 
RT-qPCR. Unexposed cells (basal culture media) were used as controls. 
Each experiment was performed in triplicate. 

2.9. Transcriptome analysis of Caco-2 cells exposed to exogenous 
miRNA-loaded and natural EVs isolated from broccoli/fruits 

RNA-seq was performed after Caco-2 cells were exposed to 5% of 
natural or exogenous miRNA-loaded EVs, isolated from broccoli, apple, 
orange, and pomegranate, to explore their potential impact on gene 
regulation. PBS-exposed cells were used as controls. Differentially 

expressed genes (DEG) were identified using the DESeq2 (version 
1.36.0) R package, which uses a negative binomial distribution to 
perform the analysis. Multiple testing correction was performed using 
false discovery rate (FDR) estimation, and genes displaying FDR values 
higher than 0.05 were excluded from further analysis. The remaining list 
of genes was further filtered to include only genes presenting fold 
changes greater than 1.5 (upregulated) and lower than − 1.5 (down-
regulated). Venn diagrams were assembled (using the ggplot R package, 
version 3.4.2) to identify common DEG among the 4 plant-derived foods. 
DEG Enrichment analysis was performed using the gene ontology (GO) 
resource (http://geneontology.org/), which connects to the analysis tool 
from the PANTHER Classification System [34,35]. 

2.10. Statistical analysis 

Statistical differences between groups were evaluated using one-way 

Fig. 1. : Characterization of broccoli/fruit-isolated EVs. A) Particle concentration, mean, mode size, and protein yield of EVs isolated with one cycle of ultracen-
trifugation (UC) or EVs isolated with UC combined with SEC (UC + SEC). B) Size distribution profile (NTA) and morphology (TEM) of EVs isolated by UC and UC 
+ SEC. Protein elution profile (BCA) of EVs isolated by UC + SEC. 
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analysis of variance (ANOVA), comparing the mean of each treatment 
with that of controls, followed by Dunnett’s or Bonferroni’s post hoc 
tests. Data were expressed as means ± SD unless stated otherwise. Sta-
tistically significant differences were considered at * P ≤ 0.05, ** P ≤
0.01, and *** P ≤ 0.001, **** P ≤ 0.0001. All analyses were performed 
using GraphPad Prism V.9. 

3. Results 

3.1. Fruit-derived EVs isolation and characterization 

Four fruits/vegetables (i.e., apple, orange, pomegranate, and broc-
coli) were selected to evaluate the potential therapeutic properties of 
isolated EVs. Differential ultracentrifugation (UC) was used as the 
starting method for isolating EVs. After the initial UC step, the particle 
size distribution of EVs ranged from 50 to 500 nm, with a mean size of 
213 ± 15 nm for broccoli, 268 ± 14 for pomegranate, 221 ± 7.2 nm for 
apple, and 191 ± 9.9 nm for orange (Fig. 1, A and B). The presence and 
morphology of food-derived EVs isolated by UC were confirmed by 
transmission electron microscopy (TEM) (Fig. 1B). To further purify EVs, 
SEC was performed after UC (UC+SEC). Protein analysis of the 40 
fractions collected revealed that most EVs were enriched in fractions 
F10-F14, while protein contaminants were present in fractions F16-F40 
(Fig. 1B). The profile of protein contaminants was heterogeneous be-
tween foods. For instance, broccoli presented higher protein levels in EV 
fractions, while orange samples had higher protein levels in the 
contaminant fractions. As expected, contaminant protein concentration 
considerably decreased after SEC purification (Fig. 1A). The NTA profile 
of the fractions presenting the highest protein concentration (F10–14) 
showed that EVs ranged from 70 to 300 nm with a mean size of 241 ±
6.8 nm for broccoli, 233 ± 2.6 for pomegranate, 253 ± 13 nm for apple, 
and 167 ± 5.7 nm for orange (Fig. 1, A and B). 

Furthermore, both protein and particle concentrations decreased 
after SEC. As performed for UC-isolated EVs, TEM was used to assess the 
size and shape of UC+SEC EVs and confirm they were surrounded by a 
plasmatic membrane (Fig. 1B). Characterization by Western blot 
confirmed the EVs isolation was accomplished successfully (Fig. 2). 
Broccoli EVs reacted for markers present in either Arabidopsis AWF or 
EVs, including TET8, PEN1, BIP, and HSP70, while pomegranate reacted 
against BIP and HSP70 and orange against HSP70. The z-potential of EVs 
was also evaluated and ranged from − 23.59 ± 0.93 mV for broccoli, 
− 26.33 ± 1.48 mV for pomegranate, − 21.26 ± 1.06 mV for orange, 
and − 19.65 ± 0.30 mV for apple. 

3.2. Small RNA profiling of broccoli/fruit-derived EVs 

The expression profile of miRNAs in the whole fruit, broccoli in-
florescences, and UC + SEC-purified EVs was analyzed by small RNA 
sequencing. After normalization, miRNAs < 10 read counts were dis-
carded for subsequent analyses. miRNAs were then grouped into fam-
ilies, and the percentage represented by each family in the total number 
of miRNAs was calculated (Supplementary Fig. S1). From each food 
plant, the 10 most representative miRNA families were identified 
(Fig. 3A). Interestingly, EVs were enriched in 10 miRNA families, 
encompassing more than 80% of miRNAs identified by RNAseq. Four 
miRNA families were common to total tissue and isolated EVs (miR159, 
miR162, miR166, and miR396) for all 4 foods studied here (Fig. 3B). 
Finally, 4 miRNAs (i.e., ath-miR159a, ath-miR162a-3p ath-miR166b-3p, 
and ath-miR396–5p) belonging to the 4 common miRNA families 
identified above were selected for subsequent analyses based on 
abundancy (according to read counts) and identical sequence to those of 
Arabidopsis thaliana (ath) (Table 1). 

3.3. Endogenous miRNAs are transported in broccoli/fruit-derived EVs 

The levels of the 4 selected miRNAs were measured by RT-qPCR to 
verify their endogenous transport within natural (unloaded) broccoli/ 
fruit-derived EVs, isolated using UC and further purified by SEC. In 
general, miRNAs were enriched in fractions F10-F14 (Fig. 4). 

3.4. Exogenous miRNAs can be loaded into broccoli/fruit-derived EVs 

Broccoli/fruit-derived EVs were loaded (via lipofection) with the 4 
previously selected miRNA candidates to assess if they could be loaded 
with exogenous miRNAs. As anticipated, the levels of miRNAs trans-
fected into EVs were at least 20-fold higher than those found in natural 
(non-transfected) EVs (Fig. 5), indicating that loading exogenous miR-
NAs into EVs was effective. Moreover, unintended alterations in EVs’ 
size, shape, or protein profile, potentially resulting from the transfection 
process, were assessed. The protein profiles and the sizes and shapes of 
transfected EVs were similar to natural EVs (Fig. 5). Western blot 
analysis also showed no major changes in protein markers after loading 
with the 4-above mentioned miRNAs (Fig. 2). Zeta potential analyses 
showed no significant changes in PDEVs for broccoli (− 21.23 
± 1.45 mV), pomegranate (− 26.06 ± 3.39 mV), or orange (− 20.31 
± 0.60 mV), while apple (− 27.11 ± 1.01 mV) slightly changed their z- 
potential after miRNA loading. 

3.5. Fruit-derived EVs protect RNAs from RNase degradation 

Degradation of miRNAs after treatment with RNase A and (or) Triton 
X-100 was compared among 1) free (naked) miRNA, 2) native EVs, and 
3) miRNAs loaded into EVs. The survival percentage of each miRNA was 
calculated by comparing each sample type with its corresponding con-
trol, i.e., 1) untreated free miRNAs, 2) untreated natural EVs, or 3) un-
treated loaded EVs. As expected, free miRNAs were extensively 
degraded in the presence of RNase A, whereas RNA cargos were pro-
tected from RNase A degradation (Fig. 6). Treatment with Triton X-100 
(which decomposes vesicle structure, exposing its cargo) combined with 
RNase A resulted in substantial degradation in free and encapsulated 
miRNAs, suggesting that miRNAs were loaded inside the vesicles. In 
general, Triton X-100 treatment alone reduced surviving miRNAs but 
was not as extensive as that observed when RNAse A was applied 
simultaneously. 

3.6. Broccoli/fruit-derived EVs restrain proliferation in vitro 

3.6.1. Unloaded EVs 
Caco-2 cells were exposed to up to 5% of foodstuff-derived EVs iso-

lated by UC or UC + SEC for 24 h (Fig. 7). Broccoli-derived UC-isolated 

Fig. 2. : EV-associated proteins analyzed in Arabidopsis apoplast wash fluid 
(AWF), Arabidopsis extracellular vesicles (EVs), and natural and transfected 
food-derived EVs. Equal volumes of food-derived EVs were loaded. Samples 
were electrophoresed on 10% SDS− PAGE gels and analyzed by WB using anti- 
PDR8, anti-HSP70, anti-BiP, anti-PEN1, and anti-TET8 antibodies. Represen-
tative image of two independent experiments. Broc, broccoli; Pome, pome-
granate; Appl, apple; Oran, orange. 
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EVs reduced cell viability by 50%, and UC + SEC-isolated EVs by 
approximately 75%. However, no significant differences were found 
between UC and UC + SEC regarding cell viability (Fig. 7). As in the case 
of broccoli, exposure to pomegranate and apple UC-isolated EVs reduced 
survival percentages to around 60%, yet the effect caused by UC+SEC- 
purified EVs was marginal (Fig. 7). Both UC and UC + SEC-isolated 
broccoli EVs resulted in around 50% of cell survival when a different cell 
line (HepG2) was tested (Supplementary Fig. S2). HepG2 cell viability 

Fig. 3. : A) Selection of the 10 most representative miRNA families found for each foodstuff. “%” represent the relative amount of miRNA family present in each food. 
B) Identification of common miRNAs between the 4 selected foodstuffs, both in total tissue (left) and in isolated EVs (right). 

Table 1 
Name, sequence, and MIMAT of methylated miRNAs selected for further 
analyses.  

Name Sequence MIMAT 

ath-miR159a UUUGGAUUGAAGGGAGCUCUmA  0000177 
ath-miR162a-3p UCGAUAAACCUCUGCAUCCAmG  0000182 
ath-miR166b-3p UCGGACCAGGCUUCAUUCCCmC  0000190 
ath-miR396b-5p UUCCACAGCUUUCUUGAACUmU  0000945  
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was not affected by both apple-isolated EV types, whereas pomegranate 
EVs reduced cell viability by around 25% (Supplementary Fig. S2). 
Neither UC nor UC + SEC isolated orange EVs significantly affected cell 
viability in both cell lines. 

3.6.1.1. Apoptosis and cell cycle distribution analyses of broccoli EVs. As 
broccoli EVs showed the most consistent effect in cell viability for both 
cell lines tested, apoptosis (Annexin V staining) and cell cycle distribu-
tion analyses were performed using broccoli-isolated EVs. Exposure to 
5% of broccoli EVs led to around 50% of apoptosis induction (30% and 
20% of early and late apoptosis, respectively) in Caco-2 cells (Fig. 8A), 
which were mainly found at the sub-G1 stage (Fig. 8B). 

On the other hand, results confirmed that, compared to broccoli UC- 
isolated EVs, exposure to UC+SEC-isolated EVs produced a moderate 
apoptotic effect in Caco-2 cells (Fig. 9). 

3.6.2. miRNA-loaded EVs 
To check if miRNA-loaded EVs also affected the viability of Caco-2 

cells, these were exposed to increasing concentrations of loaded or 
unloaded EVs isolated from broccoli, apple, orange, or pomegranate and 
purified by SEC. In all cases, at the lowest tested concentration (1%), 
miRNA-loaded EVs significantly reduced cell viability compared to 
unloaded EVs (Fig. 10). However, this effect was not dose-dependent at 
the concentrations tested. Noteworthy, in the case of broccoli, unloaded 
(natural) EVs, per se, significantly affected cell viability in a dose- 
dependent manner. 

3.7. Exogenous miRNAs transported within broccoli/fruit-derived EVs are 
taken up by Caco-2 cells 

Caco-2 cells were exposed to 5% of natural broccoli EVs or loaded 
with selected miRNAs for 24 h (Fig. 11). As expected, cells did not take 
up free miRNA. As natural broccoli EVs contain endogenous miRNAs, it 
would be expected that some cellular uptake would be seen, as it did. 
Nevertheless, cells exposed to ath-miR159a, ath-miR162a-3p, ath- 
miR166b-3p, and ath-miR396b-loaded EVs showed uptake levels, at 
least 10-fold higher than natural EVs. 

3.8. Transcriptome analysis of Caco-2 cells exposed to miRNA-loaded 
and unloaded EVs isolated from broccoli/fruits shows a shared gene 
regulation impact 

Since broccoli/fruit-derived miRNA-loaded EVs seemed to exert a 
more drastic effect on Caco-2 cells, at least regarding cell viability, RNA- 
seq analysis was performed to explore if the underlying impact on gene 
regulation could help explain this finding. Thus, Caco-2 cells were 
exposed to 5% of miRNA-loaded or unloaded EVs isolated from broccoli, 
apple, orange, and pomegranate. PBS-exposed cells were used as con-
trols. Among the list of differently expressed genes found for each con-
dition, only a few were common to the four foodstuffs for natural EVs vs. 
control and transfected vs. control (Figs. 12A and 12B, respectively). 

For each foodstuff, differently expressed genes between control and 
miRNA-loaded and unloaded EVs were analyzed using gene ontology 
(GO) term enrichment using PANTHER gene list analysis tools. 
Regarding broccoli, the analysis revealed that miRNA-loaded and 
unloaded EVs had a similar gene regulation impact, affecting biological 
processes such as cellular response to xenobiotic (GO:0071466) and 

Fig. 4. : Elution profile of candidate miRNAs naturally transported (endogenous) in EVs isolated by UC + SEC.  

Fig. 5. : Size distribution profile (NTA) and morphology (TEM) of EVs isolated by UC + SEC and transfected with exogenous miRNAs. Elution profiles of protein 
(BCA) and selected miRNAs of EVs isolated by UC + SEC and transfected with exogenous miRNAs. 
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lipid (GO:0071396) stimuli and the corresponding metabolic processes 
(GO:0006805 and GO:0006629, respectively). The regulation of signal 
transduction (GO:0009966), the regulation of the MAPK cascade 
(GO:0043408), and the regulation of the endothelial cell apoptotic 
process (GO:2000351) were also identified. On the other hand, 

differently expressed genes were not found when comparing unloaded 
and miRNA-loaded EVs, suggesting that the impact on gene expression 
of the selected miRNAs loaded into broccoli-derived EVs was scarce, if 
any. 

In the case of orange, the GO analysis revealed that miRNA-loaded 

Fig. 6. : RNase A protection assay. Survival percentage for free miRNA, natural EVs and transfected EVs (miRNA-enriched EVs) after treatment with RNase A, Triton 
X-100 or both, compared to untreated samples (controls, considered as 100%). Values represent means ± SEM; n = 3 independent experiments. * ** * P ≤ 0.0001; 
* ** P ≤ 0.001; * * P ≤ 0.01; * P ≤ 0.05. 
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and unloaded EVs had a similar gene regulation impact affecting bio-
logical processes related to ATP synthesis (GO:0015986, GO:0042776) 
and ATP biosynthetic (GO:0006754) and metabolic (GO:0046034) 
processes, as well as oxidative phosphorylation (GO:0006119) and 
nucleoside triphosphate biosynthetic processes (GO:0009142), among 
others. As in the case of broccoli, differently expressed genes were not 
found when comparing unloaded and miRNA-loaded EVs, further sug-
gesting that the impact on gene expression of the selected miRNAs 
loaded into orange-derived EVs was also very limited, if any. Concerning 
pomegranate EVs, the GO analysis revealed that the differently 
expressed genes found between unloaded EVs and controls were asso-
ciated with humoral immune response (GO:0006959) and response to 
chemokine (GO:1990868). On the other hand, no statistically significant 
results were found for the very few differently expressed genes found 
between miRNA-loaded EVs and controls nor between loaded and 

unloaded EVs. Finally, although differently expressed genes were found 
between miRNA-loaded and unloaded apple-isolated EVs and controls, 
the GO analysis did not bring back statistically significant associations 
with biological processes or pathways. 

3.9. Broccoli/fruit-derived EVs transport residual amounts of dietary 
(poly)phenols 

As seen in the previous section, miRNA-loaded EVs and unloaded EVs 
caused an analogous impact on gene regulation, suggesting that the 
selected miRNAs had minor effects on the observed transcriptomic al-
terations, at least at the concentration tested. The (poly)phenolic cargo 
of broccoli/fruit-isolated EVs was assessed in three fractions (i.e., juice, 
supernatant, and EVs) to explore if other bioactive molecules (such as 
(poly)phenols) naturally present in unloaded EVs could be associated 

Fig. 7. : Survival percentages of Caco-2 cells exposed to UC-isolated EVs before or after SEC purification for 24 h. Values are means ± SEM (n = 3).  

Fig. 8. : Apoptosis (A) and cell cycle (B) distribution analyses of Caco-2 cells exposed to different concentrations of broccoli-derived EVs isolated by 
ultracentrifugation. 

Fig. 9. : Apoptosis (A) and cell cycle (B) distribution analyses of Caco-2 cells exposed to different concentrations of broccoli-derived EVs isolated by ultracentri-
fugation and further purified by SEC. 
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with their biological actions. Phytochemical analyses revealed that the 
large majority of detected (poly)phenols were present in juice and su-
pernatant, whereas most (poly)phenols were not detected or present in 
trace amounts in EVs (Table 2 and Supplementary Figs. S3-S6), which 
suggests (poly)phenols are likely minor actors in the actions of the EVs 
derived from these plant foods. For instance, broccoli sulforaphane 
(SFN) and indole-3-carbinol (I3C), two well-known isothiocyanates 
(ITCs) with antiproliferative properties in colon cancer cells were pre-
sent in the juice and supernatant, while only residual amounts were 
detected in the EVs (Fig. 13). 

4. Discussion 

PDEVs are biogenically and morphologically comparable to 
mammalian-derived EVs and have attracted much attention as poten-
tially scalable and sustainable alternatives to the latter. In vitro and in 
vivo findings have demonstrated that PDEVs possess intrinsic thera-
peutic activities and can also be used as efficient and biocompatible 
nanocarriers of bioactive molecules. However, there are still several 
challenges to address before basic EV research can be translated into 
clinical applications. Currently, major hurdles include the lack of stan-
dardized isolation and bioactive molecule-loading protocols, as well as 
solid methods for the characterization of EVs from various plant sources. 
In this sense, results consistency regarding the downstream applications 
of EVs will depend on developing more efficient, specific, reliable, and 
reproducible EV extraction and purification methods. Indeed, the sci-
entific community calls for rigor and standardization in plant EVs 
research [36]. In this context, the International Society of Extracellular 
Vesicles (ISEV) has recently updated the guidelines for minimal infor-
mation for studies of extracellular vesicles (MISEV) [37], which have 

been taken into consideration here. However, in contrast to what hap-
pens with mammalian EVs, there are no specific guidelines for research 
on PDEVs. 

The growing research interest in mammalian-derived EVs has led to 
the promotion of numerous EVs isolation methods, such as ultracentri-
fugation, ultrafiltration, size-exclusion chromatography (SEC), precipi-
tation, and immunoaffinity capture [38–40]. The idea is to take 
advantage of the physical properties of EVs, such as size, density, charge, 
solubility, and surface-exposed proteins, to isolate these vesicles from 
other biological contaminants [41]. Both differential and (or) gradient 
ultracentrifugation have been widely reported in PDEVs research [14, 
16,25]. Here, we used ultracentrifugation as the first step to isolate and 
concentrate broccoli/fruit-derived EVs. As mentioned, ultracentrifuga-
tion has been widely used to isolate EVs, but this procedure has 
important shortcomings, such as co-sedimentation of non-EV-associated 
proteins and protein aggregates. As the ISEV highly advises the use of 
more than one purification method to obtain mammalian EVs [37,42], it 
seems reasonable to consider these recommendations regarding the 
isolation and characterization of PDEVs. SEC has been applied to EV 
isolation from various sources [4,43] and was tested here as a comple-
mentary method for further purification of broccoli/fruit-derived EVs. 
EV characterization results, including size, shape, concentration, and 
protein yield, indicated that combining these purification methods led to 
successfully isolating EVs from broccoli, pomegranate, apple, and or-
ange. Previous studies have shown that these vegetables/fruits are valid 
sources of EVs. For example, methods such as ultracentrifugation have 
been used to isolate apple EVs [44,45], a combination of tangential flow 
filtration and SEC was applied to recover pomegranate EVs [43], and, in 
the case of orange EVs, ultracentrifugation alone [15,18], ultracentri-
fugation followed by SEC [26,46], and ultrafiltration followed by 

Fig. 10. : Survival percentages of Caco-2 cells exposed to EVs, either unloaded (natural) or loaded with selected miRNAs, for 24 h. Values are means ± SEM (n = 3). 
miRNA-enriched EVs vs. control: ****P ≤ 0.0001; *** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; miRNA-enriched vs natural EVs: §§§§P ≤ 0.0001; §§§P ≤ 0.001; 
§§P ≤ 0.01; §P ≤ 0.05. 

Fig. 11. : Relative levels of selected miRNAs found in Caco-2 cells exposed to 5% of broccoli EVs, either unloaded (natural) or loaded (transfected) with selected 
miRNAs, for 24 h. Non-treated cells were used as controls. Values are means ± SEM; n ≥ 3 independent experiments. Transfected EVs vs. control: **** P ≤ 0.0001; 
*** P ≤ 0.001; ** P ≤ 0.01; * P ≤ 0.05; Transfected vs natural EVs: §§§§P ≤ 0.0001; §§§P ≤ 0.001; §§P ≤ 0.01; §P ≤ 0.05. 
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Fig. 12. : A) Common differently expressed genes between natural EVs and controls. Upregulated (left) and downregulated (right). B) Common differently expressed 
genes between miRNA-transfected EVs and controls. Upregulated (left) and downregulated (right). 

Table 2 
Phytochemical analysis of phenolic compounds in EVs isolated from broccoli and selected fruits.  

Source Compound M-/Mþ (m/z) Rt (min)a Concentration (µmol/mL)b 

Juice Supernatant EVs 

Orange p-Coumarate M- 355  9.4 0.0256 ± 0.012 0.0323 ± 0.003 N.D. 
Ferulate M- 385  9.7 0.0548 ± 0.003 0.0732 ± 0.029 N.D. 
Feruloyl-glc M- 355  12.3 0.1239 ± 0.088 0.0715 ± 0.018 N.D. 
Sinapoyl-glc M- 385  12.5 0.0495 ± 0.006 0.0442 ± 0.013 N.D. 
Vicenin 2/Apigenin 6–8-di-C-glc M- 593  13.5 0.6663 ± 0.471 0.6868 ± 0.035 N.D. 
3-FeruloylQA M- 367  23.1 0.0422 ± 0.025 0.0523 ± 0.011 N.D. 
Hesperidin M- 609  26.7 1.324 ± 0.687 1.600 ± 0.288 0,0942 ±

0067 
Dehydrotrimer FA M- 575  30.5 0.0245 ± 0.003 0.0245 ± 0.003 N.D. 

Broccoli p-coumaroylQA M- 325  7.4 Traces Traces N.D. 
3-FeruloylQA M- 367  11.1 Traces Traces N.D. 
K-3-(sinap)diglc-7glc M- 977  12.2 0.0406 ± 0.002 0.0405 ± 0.002 N.D. 
K-3diglc M- 609  17.2 0.0421 ± 0.039 0.0434 ± 0.039 N.D. 
K-3glc M- 447  26.6 0.0409 ± 0.002 0.0406 ± 0.002 N.D. 

Pomegranate 3-FeruloylQA M- 367  12.4 0.0468 ± 0.001 0.0045 ± 0.006 N.D. 
6’-β-hexopyranosyloeoside M- 551  14 0.0299 ± 0.002 0.0015 ± 0.002 N.D. 
6’-β-hexopyranosyloeoside M- 551  14.8 0.0121 ± 0.000 Traces N.D. 
Caffeic acid hex-deriv. M- 533  25.9 0.0107 ± 0.002 0.0021 ± 0.003 N.D. 
Dp-3,5diglc M+ 627  4.9 0.0288 ± 0.019 0.058 ± 0.006 N.D. 
Cy-3,5diglc M+ 611  6.8 0.2102 ± 0.158 0.2802 ± 0.063 0,0026 ±

0004 
Pg-3,5diglc M+ 595  8.6 0.0054 ± 0.000 0.0129 ± 0.012 N.D. 
Cy-3glc M+ 449  11.3 0.0829 ± 0.032 0.0819 ± 0.087 0.0096 ± 0.0008 
Pg-3glc M+ 433  13.6 Traces Traces N.D. 

Apple Q-glc M- 463  22.3 0.039 ± 0.000 0.0392 ± 0.001 N.D. 
Q-pent M- 433  25.9 0.0388 ± 0.000 0.0389 ± 0.000 N.D. 
Q-rhamnoside M- 447  26.6 0.0393 ± 0.001 0.0394 ± 0.001 N.D.  

a Retention time; 
b Mean±SD; N.D., not detected. glc= glucoside, QA= quinic acid, FA= ferulic acid, diglc= diglucoside, K= Kaempferol, Q= quercetin, hex= hexose, deriv.= de-

rivative, Dp =Delphinidin, Cy= cyanidin, Pg= pelargonidin, pent= pentoside, rham= rhamnoside 
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ultracentrifugation [47], have all been used. The values obtained here 
for the z-potential, a parameter used for assessing EVs condition, were 
generally similar to other studies [25] [26]. Even though SEC is one of 
the most efficient techniques for exosome purification because of its 
ability to remove contaminants and preserve the integrity of exosomes, 
its use for large-scale separations requires careful handling. For 
example, any separation into fractions requires further characterization 
of each fraction and elution of the sample, generating - as a by-product - 
the mobile phase. Moreover, the discontinuity of the process for EV 
separation may limit the use of this technology for large-scale 
productions. 

Although the general principles of MISEV guidelines seem to be 
applicable to the field of PDEV research, recommendations regarding 
specific protein markers for mammalian EVs cannot be applied to plant 
EVs [36]. In this context, we analyzed, by Western Blot, proteins pre-
viously described to be present in extracellular vesicles (including 
apoplastic fluids) and found that PEN1, TET8, or HSP70 could be valid 
candidates as protein biomarkers of broccoli EVs, and HSP70 also for 
pomegranate and orange EVs. HSP70 has been previously found in 
several EV proteomic studies performed with Arabidopsis, Nicotiana, 
olive, or sunflower [36]. One possible explanation of why antibodies 
work better for broccoli EVs than the selected fruits might be that 
broccoli belongs to the Brassicaceae family, as does A. thaliana, which is 
used to generate most plant antibodies. Other common proteins found in 
plant EVs, including PDR8/ABCG36, only reacted to A. thaliana EVs and 
not the food-derived EVs tested here. 

Following small RNA sequencing analysis in whole tissue and SEC- 
purified EVs, the most abundant common miRNA families (based on 
read counts) found in the four plant foods, i.e., miR159, miR162, 
miR166, and miR396, were selected for further analysis. These miRNAs 
were confirmed to be naturally (endogenously) transported within pu-
rified broccoli/fruit EVs. As endogenous miRNAs may not be present in 
sufficient amounts to exert biological effects, we evaluated whether 
broccoli, pomegranate, apple, and orange EVs could be enriched with 
exogenous miRNAs with potential bioactivity and act as protective 
nanocarriers. Loading of the four above-mentioned miRNAs (using lip-
ofection) did not cause major changes in the purified EVs’ size, con-
centration, or shape. As expected, exogenous miRNA levels were several 
fold-times higher than endogenous miRNAs. In addition, RNase pro-
tection assays confirmed that exogenous miRNAs were predominantly 
located within EVs. Successful examples of the incorporation of bioac-
tive molecules within food-derived extracellular vesicles or membrane 
vesicles include astaxanthin [48] and sulforaphane [25] for broccoli EVs 
and mRNA vaccines and dexamethasone for orange EVs [15,18,49]. 
Here, we show that extracellular miRNAs with potential therapeutic 
purposes can also be efficiently loaded into PDEVs. 

miR159 is one of the most abundant miRNAs present in the four 
PDEVs studied here, especially in broccoli EVs. Since plant miR159 was 
previously shown to affect the proliferation of breast cancer cells [50], it 
seemed reasonable to test whether EVs could influence the viability of 
other types of cancer cellular models. We found that most EVs exerted 

cytotoxic effects when ultracentrifugation was the sole method of 
isolation; however, when a SEC purification step was added, only 
broccoli EVs persisted in causing cytotoxic effects, thus, reinforcing the 
need for standardization of the methodology used in plant-derived EVs 
research. 

Exposure to exogenous miRNA-loaded EVs (miR159a, miR162a, 
miR166b, and miR396b) had a toxic effect on Caco-2 cells (5% of EV 
volume was sufficient to reduce their viability), suggesting that these 
miRNAs might contribute to the cytotoxic effects of PDEVs. In previous 
studies, broccoli membrane vesicles [25,51] or EVs [52] were found to 
exert in vitro antiproliferative activity. 

RNA-seq analysis was performed to explore if the underlying impact 
on gene regulation could help explain why broccoli/fruit-derived 
miRNA-loaded EVs seem to exert a more drastic effect on the viability 
of Caco-2 cells compared to natural EVs. However, only a very reduced 
number of differently expressed genes were common to the four food-
stuffs analyzed, suggesting that a shared mechanism of action is un-
likely. Similarly, for each foodstuff, when DEG found for control vs. 
miRNA-loaded and control vs. unloaded EVs were analyzed using bio-
informatic tools, a shared mechanism of action could not be detected 
between the different EV sources. Regarding broccoli, GO term enrich-
ment results seem to reinforce the observations that unloaded (natural) 
broccoli EVs can affect cellular viability per se (Fig. 10), as DEG were, 
among other processes, associated with the regulation of the MAPK 
cascade, which plays a key part in translating extracellular inducements 
to a widespread diversity of cellular responses, including cell growth, 
migration, proliferation, differentiation, and apoptosis [53]. In this re-
gard, processes associated with regulating endothelial cell apoptosis 
were also identified here. On the other hand, transcriptomic results do 
not seem to be associated with apoptosis or other non-apoptotic cel-
l-induced death mechanisms that could help explain the decrease in 
cellular viability seen in cells exposed to orange-, apple- and 
pomegranate-isolated EVs transfected with selected miRNAs (Fig. 10). 
Most surprisingly, DEG could not be identified between unloaded and 
loaded EVs, preventing further comparison between both types of EVs 
using bioinformatic tools. Thus, further studies are needed for 
clarification. 

As mentioned above, some of the bioactive properties of broccoli 
have been associated with miRNAs [50,54]. Still, this vegetable is 
greatly recognized as a source of health-promoting phytochemicals, 
including phenolic compounds (flavonoids, chlorogenic and sinapic acid 
derivatives), nitrogen-sulfur derivatives (i.e., glucosinolates (GSLs), 
which can be hydrolyzed to generate bioactive isothiocyanates (ITCs)), 
vitamins (A, C, K, and B6) and minerals (selenium, potassium, and 
manganese). For instance, the ITCs sulforaphane (SFN) and 
indole-3-carbinol (I3C) have been shown to exert beneficial health 
properties [55], particularly in cancer research [56,57]. SFN, erucin, 
iberin, and I3C have been previously found in broccoli membrane ves-
icles at low concentrations [25]. Here, SFN and I3C were also detected in 
SEC-purified EVs, as well as trace amounts of other (poly)phenols. One 
possible explanation for the differences found regarding the concen-
tration of glucosinolates is that most studies used bulk methods for EVs 
isolation, including discontinuous sucrose gradient ultracentrifugation 
[58], while ultracentrifugation plus an additional step of purification 
(SEC) were used here. 

Although some other polyphenols, including naringin or naringenin, 
were present in grapefruit-derived PDEVs [14], information on the 
transport of other polyphenols in PDEVs is scarce. Here, we show that 
other polyphenols are also transported in SEC-purified EVs from fruits, 
including cyanidin 3-glucoside and cyanidin 3,5-diglucoside in pome-
granate EVs or hesperidin in orange EVs. Why and how some (poly) 
phenols and not others are incorporated within EVs is unknown and 
deserves further investigation. Moreover, whether these contribute to 
the reported biological effects has been poorly described [14,59] but 
warrants further research. In this context, recent data suggest that 
mammalian (including humans) EVs might transport dietary 

Fig. 13. : SFN and I3C present in different broccoli fractions, determined by 
UHPLC 3Q-MSMS. 
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polyphenols [60,61], but whether the amount transported is relevant for 
biological effects to occur is unknown. 

While preclinical studies with plant- or fruit-derived EVs have shown 
promising results, there are still several challenges and knowledge gaps 
that have to be addressed for the successful translation of PDEVs into 
clinical applications. For example, in addition to the pitfalls described 
above, limitations in the large-scale production of biocompatible PDEVs 
for commercial applications exist. The methods we used, i.e. ultracen-
trifugation and SEC have limited scalability potential. While different 
other methods of PDEVs purification have been described [4] none of 
them alone reaches the desired levels of yield, purity, scalability, 
sutainability, or throughput. Moreover, for therapeutic applications, the 
isolation of PDEVs would need to meet current good manufacturing 
practices, which is rare in pre-clinical studies. 

There is also a need to find suitable and reliable markers of PDEVs. 
One reason for this is the relatively small number of PDEVs proteomics 
analyses and proper databases. Clearly, additional plant EV proteomics 
datasets are needed to start establishing a set of reliable markers [36]. 
The use of reliable markers will also help to detect contaminations from 
cytosolic or enzyme proteins during the isolation procedure. Indeed, the 
destructive procedure (different from that of extracellular apoplastic 
fluid content isolation) could artificially produce nano-
particles/microsomes or release other contaminants [36]. As for other 
food-derived EVs, e.g. milk-derived EVs, one possible contaminants is 
proteins. While the protein content of PDEVs appears to differ among 
species [4], their proportions are typically lower than those of 
mammalian EVs. Hence, further proteomic analyses will help to uncover 
protein contaminants during the isolation procedures. In summary, we 
report here that PDEVs (i.e., broccoli, pomegranate, apple, and orange) 
have the potential to be versatile nanoplatforms for the delivery of 
extracellular miRNAs. Our findings suggest that PDEVs increase the 
biological stability of exogenous miRNAs against RNase degradation and 
ferry miRNAs toward cellular uptake in vitro, regulating gene expression 
and exerting biological activity. Broccoli EVs stand out for their effect on 
cell viability, whereas this effect only seemed to occur for fruit-derived 
EVs when they were transfected with miR159a, miR162a-3p, 
miR166b-3p, and miR396b-5p. Results also show that PDEVs transport 
low levels of phytochemicals, including flavonoids, anthocyanidins, 
phenolic acids, or glucosinolates. As duly noted, some results will 
require further investigation, and we stand by the appeal for rigor and 
standardization in plant EVs research to facilitate solid comparisons 
between different studies and sources. As the pharma industry searches 
for scalable, sustainable, cost-effective, stable, and low immunogenic 
drug delivery nanovesicles, PDEVs might be suitable candidates for 
future RNA-based therapies. 
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M.-C. López de las Hazas et al.                                                                                                                                                                                                              

https://doi.org/10.1016/j.phrs.2023.106999
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref1
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref1
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref2
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref2
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref3
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref3
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref3
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref4
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref4
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref4
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref4
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref5
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref5
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref6
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref6
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref7
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref7
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref8
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref8
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref9
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref9
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref9
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref10
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref10
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref10
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref11
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref11
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref11
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref12
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref12
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref12
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref13
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref13
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref13
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref13
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref14
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref14
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref14
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref14
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref15
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref15
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref15
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref16
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref16
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref16
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref16
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref17
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref17
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref17
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref18
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref18
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref18
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref18
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref19
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref19
http://refhub.elsevier.com/S1043-6618(23)00355-9/sbref19


Pharmacological Research 198 (2023) 106999

15

[20] L. Del Pozo-Acebo, M.C. Lopez de Las Hazas, J. Tome-Carneiro, A. Del Saz-Lara, 
J. Gil-Zamorano, L. Balaguer, L.A. Chapado, R. Busto, F. Visioli, A. Davalos, 
Therapeutic potential of broccoli-derived extracellular vesicles as nanocarriers of 
exogenous miRNAs, Pharm. Res 185 (2022), 106472. 

[21] D. Li, X. Yao, J. Yue, Y. Fang, G. Cao, A.C. Midgley, K. Nishinari, Y. Yang, Advances 
in Bioactivity of MicroRNAs of Plant-Derived Exosome-Like Nanoparticles and 
Milk-Derived Extracellular Vesicles, J. Agric. Food Chem. 70 (21) (2022) 
6285–6299. 

[22] M.C. Lopez de Las Hazas, L. Del Pozo-Acebo, M.S. Hansen, J. Gil-Zamorano, D. 
C. Mantilla-Escalante, D. Gomez-Coronado, F. Marin, A. Garcia-Ruiz, J. 
T. Rasmussen, A. Davalos, Dietary bovine milk miRNAs transported in extracellular 
vesicles are partially stable during GI digestion, are bioavailable and reach target 
tissues but need a minimum dose to impact on gene expression, Eur. J. Nutr. 61 (2) 
(2022) 1043–1056. 

[23] J.W. Snow, A.E. Hale, S.K. Isaacs, A.L. Baggish, S.Y. Chan, Ineffective delivery of 
diet-derived microRNAs to recipient animal organisms, RNA Biol. 10 (7) (2013) 
1107–1116. 

[24] L. Del Pozo-Acebo, M.L.L. Hazas, J. Tome-Carneiro, P. Gil-Cabrerizo, R. San- 
Cristobal, R. Busto, A. Garcia-Ruiz, A. Davalos, Bovine Milk-Derived Exosomes as a 
Drug Delivery Vehicle for miRNA-Based Therapy, Int J. Mol. Sci. 22 (3) (2021). 

[25] L. Yepes-Molina, M. Carvajal, Nanoencapsulation of sulforaphane in broccoli 
membrane vesicles and their in vitro antiproliferative activity, Pharm. Biol. 59 (1) 
(2021) 1490–1504. 

[26] E. Berger, P. Colosetti, A. Jalabert, E. Meugnier, O.P.B. Wiklander, J. Jouhet, 
E. Errazurig-Cerda, S. Chanon, D. Gupta, G.J.P. Rautureau, A. Geloen, S. El- 
Andaloussi, B. Panthu, J. Rieusset, S. Rome, Use of Nanovesicles from Orange Juice 
to Reverse Diet-Induced Gut Modifications in Diet-Induced Obese Mice, Mol. Ther. 
Methods Clin. Dev. 18 (2020) 880–892. 

[27] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with 
the Folin phenol reagent, J. Biol. Chem. 193 (1) (1951) 265–275. 

[28] B.M. O’Leary, A. Rico, S. McCraw, H.N. Fones, G.M. Preston, The infiltration- 
centrifugation technique for extraction of apoplastic fluid from plant leaves using 
Phaseolus vulgaris as an example, J. Vis. Exp. (94) (2014). 

[29] I. Migues, N. Baenas, A. Girones-Vilaplana, M.V. Cesio, H. Heinzen, D.A. Moreno, 
Phenolic Profiling and Antioxidant Capacity of Eugenia uniflora L. (Pitanga) 
Samples Collected in Different Uruguayan Locations, Foods 7 (5) (2018). 

[30] A. Gironés-Vilaplana, N. Baenas, D. Villaño, H. Speisky, C. García-Viguera, D. 
A. Moreno, Evaluation of Latin-American fruits rich in phytochemicals with 
biological effects, J. Funct. Foods 7 (2014) 599–608. 

[31] P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by acid 
guanidinium thiocyanate-phenol-chloroform extraction, Anal. Biochem. 162 (1) 
(1987) 156–159. 

[32] C. Kuenne, J. Preussner, M. Herzog, T. Braun, M. Looso, MIRPIPE: quantification of 
microRNAs in niche model organisms, Bioinforma. (Oxf., Engl. ) 30 (23) (2014) 
3412–3413. 

[33] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using real- 
time quantitative PCR and the 2(-Delta Delta C(T)) Method, Methods (San. Diego, 
Calif. ) 25 (4) (2001) 402–408. 

[34] C. Gene Ontology, S.A. Aleksander, J. Balhoff, S. Carbon, J.M. Cherry, H. 
J. Drabkin, D. Ebert, M. Feuermann, P. Gaudet, N.L. Harris, D.P. Hill, R. Lee, H. Mi, 
S. Moxon, C.J. Mungall, A. Muruganugan, T. Mushayahama, P.W. Sternberg, P. 
D. Thomas, K. Van Auken, J. Ramsey, D.A. Siegele, R.L. Chisholm, P. Fey, M. 
C. Aspromonte, M.V. Nugnes, F. Quaglia, S. Tosatto, M. Giglio, S. Nadendla, 
G. Antonazzo, H. Attrill, G. Dos Santos, S. Marygold, V. Strelets, C.J. Tabone, 
J. Thurmond, P. Zhou, S.H. Ahmed, P. Asanitthong, D. Luna Buitrago, M.N. Erdol, 
M.C. Gage, M. Ali Kadhum, K.Y.C. Li, M. Long, A. Michalak, A. Pesala, 
A. Pritazahra, S.C.C. Saverimuttu, R. Su, K.E. Thurlow, R.C. Lovering, C. Logie, 
S. Oliferenko, J. Blake, K. Christie, L. Corbani, M.E. Dolan, H.J. Drabkin, D.P. Hill, 
L. Ni, D. Sitnikov, C. Smith, A. Cuzick, J. Seager, L. Cooper, J. Elser, P. Jaiswal, 
P. Gupta, P. Jaiswal, S. Naithani, M. Lera-Ramirez, K. Rutherford, V. Wood, J.L. De 
Pons, M.R. Dwinell, G.T. Hayman, M.L. Kaldunski, A.E. Kwitek, S.J. 
F. Laulederkind, M.A. Tutaj, M. Vedi, S.J. Wang, P. D’Eustachio, L. Aimo, 
K. Axelsen, A. Bridge, N. Hyka-Nouspikel, A. Morgat, S.A. Aleksander, J.M. Cherry, 
S.R. Engel, K. Karra, S.R. Miyasato, R.S. Nash, M.S. Skrzypek, S. Weng, E.D. Wong, 
E. Bakker, T.Z. Berardini, L. Reiser, A. Auchincloss, K. Axelsen, G. Argoud-Puy, M. 
C. Blatter, E. Boutet, L. Breuza, A. Bridge, C. Casals-Casas, E. Coudert, A. Estreicher, 
M. Livia Famiglietti, M. Feuermann, A. Gos, N. Gruaz-Gumowski, C. Hulo, N. Hyka- 
Nouspikel, F. Jungo, P. Le Mercier, D. Lieberherr, P. Masson, A. Morgat, 
I. Pedruzzi, L. Pourcel, S. Poux, C. Rivoire, S. Sundaram, A. Bateman, E. Bowler- 
Barnett, A.J.H. Bye, P. Denny, A. Ignatchenko, R. Ishtiaq, A. Lock, Y. Lussi, 
M. Magrane, M.J. Martin, S. Orchard, P. Raposo, E. Speretta, N. Tyagi, K. Warner, 
R. Zaru, A.D. Diehl, R. Lee, J. Chan, S. Diamantakis, D. Raciti, M. Zarowiecki, 
M. Fisher, C. James-Zorn, V. Ponferrada, A. Zorn, S. Ramachandran, L. Ruzicka, 
M. Westerfield, The Gene Ontology knowledgebase in 2023, Genetics 224 (1) 
(2023). 

[35] P.D. Thomas, D. Ebert, A. Muruganujan, T. Mushayahama, L.P. Albou, H. Mi, 
PANTHER: Making genome-scale phylogenetics accessible to all, Protein Sci. 31 (1) 
(2022) 8–22. 

[36] M. Pinedo, L. de la Canal, C. de Marcos Lousa, A call for Rigor and standardization 
in plant extracellular vesicle research, J. Extra Vesicles 10 (6) (2021), e12048. 

[37] K.W. Witwer, D.C. Goberdhan, L. O’Driscoll, C. Thery, J.A. Welsh, C. Blenkiron, E. 
I. Buzas, D. Di Vizio, U. Erdbrugger, J.M. Falcon-Perez, Q.L. Fu, A.F. Hill, 
M. Lenassi, J. Lotvall, R. Nieuwland, T. Ochiya, S. Rome, S. Sahoo, L. Zheng, 
Updating MISEV: Evolving the minimal requirements for studies of extracellular 
vesicles, J. Extra Vesicles 10 (14) (2021), e12182. 

[38] S. Giancaterino, C. Boi, Alternative biological sources for extracellular vesicles 
production and purification strategies for process scale-up, Biotechnol. Adv. 63 
(2023), 108092. 

[39] K. Brennan, K. Martin, S.P. FitzGerald, J. O’Sullivan, Y. Wu, A. Blanco, 
C. Richardson, M.M. Mc Gee, A comparison of methods for the isolation and 
separation of extracellular vesicles from protein and lipid particles in human 
serum, Sci. Rep. 10 (1) (2020), 1039. 

[40] A. Chen, B. He, H. Jin, Isolation of Extracellular Vesicles from Arabidopsis, Curr. 
Protoc. 2 (1) (2022), e352. 

[41] M.Y. Konoshenko, E.A. Lekchnov, A.V. Vlassov, P.P. Laktionov, Isolation of 
Extracellular Vesicles: General Methodologies and Latest Trends, Biomed. Res Int 
2018 (2018) 8545347. 

[42] C. Thery, K.W. Witwer, E. Aikawa, M.J. Alcaraz, J.D. Anderson, 
R. Andriantsitohaina, A. Antoniou, T. Arab, F. Archer, G.K. Atkin-Smith, D.C. Ayre, 
J.M. Bach, D. Bachurski, H. Baharvand, L. Balaj, S. Baldacchino, N.N. Bauer, A. 
A. Baxter, M. Bebawy, C. Beckham, A. Bedina Zavec, A. Benmoussa, A.C. Berardi, 
P. Bergese, E. Bielska, C. Blenkiron, S. Bobis-Wozowicz, E. Boilard, W. Boireau, 
A. Bongiovanni, F.E. Borras, S. Bosch, C.M. Boulanger, X. Breakefield, A.M. Breglio, 
M.A. Brennan, D.R. Brigstock, A. Brisson, M.L. Broekman, J.F. Bromberg, P. Bryl- 
Gorecka, S. Buch, A.H. Buck, D. Burger, S. Busatto, D. Buschmann, B. Bussolati, E. 
I. Buzas, J.B. Byrd, G. Camussi, D.R. Carter, S. Caruso, L.W. Chamley, Y.T. Chang, 
C. Chen, S. Chen, L. Cheng, A.R. Chin, A. Clayton, S.P. Clerici, A. Cocks, E. Cocucci, 
R.J. Coffey, A. Cordeiro-da-Silva, Y. Couch, F.A. Coumans, B. Coyle, R. Crescitelli, 
M.F. Criado, C. D’Souza-Schorey, S. Das, A. Datta Chaudhuri, P. de Candia, E.F. De 
Santana, O. De Wever, H.A. Del Portillo, T. Demaret, S. Deville, A. Devitt, 
B. Dhondt, D. Di Vizio, L.C. Dieterich, V. Dolo, A.P. Dominguez Rubio, 
M. Dominici, M.R. Dourado, T.A. Driedonks, F.V. Duarte, H.M. Duncan, R. 
M. Eichenberger, K. Ekstrom, S. El Andaloussi, C. Elie-Caille, U. Erdbrugger, J. 
M. Falcon-Perez, F. Fatima, J.E. Fish, M. Flores-Bellver, A. Forsonits, A. Frelet- 
Barrand, F. Fricke, G. Fuhrmann, S. Gabrielsson, A. Gamez-Valero, C. Gardiner, 
K. Gartner, R. Gaudin, Y.S. Gho, B. Giebel, C. Gilbert, M. Gimona, I. Giusti, D. 
C. Goberdhan, A. Gorgens, S.M. Gorski, D.W. Greening, J.C. Gross, A. Gualerzi, G. 
N. Gupta, D. Gustafson, A. Handberg, R.A. Haraszti, P. Harrison, H. Hegyesi, 
A. Hendrix, A.F. Hill, F.H. Hochberg, K.F. Hoffmann, B. Holder, H. Holthofer, 
B. Hosseinkhani, G. Hu, Y. Huang, V. Huber, S. Hunt, A.G. Ibrahim, T. Ikezu, J. 
M. Inal, M. Isin, A. Ivanova, H.K. Jackson, S. Jacobsen, S.M. Jay, M. Jayachandran, 
G. Jenster, L. Jiang, S.M. Johnson, J.C. Jones, A. Jong, T. Jovanovic-Talisman, 
S. Jung, R. Kalluri, S.I. Kano, S. Kaur, Y. Kawamura, E.T. Keller, D. Khamari, 
E. Khomyakova, A. Khvorova, P. Kierulf, K.P. Kim, T. Kislinger, M. Klingeborn, D. 
J. Klinke 2nd, M. Kornek, M.M. Kosanovic, A.F. Kovacs, E.M. Kramer-Albers, 
S. Krasemann, M. Krause, I.V. Kurochkin, G.D. Kusuma, S. Kuypers, S. Laitinen, S. 
M. Langevin, L.R. Languino, J. Lannigan, C. Lasser, L.C. Laurent, G. Lavieu, 
E. Lazaro-Ibanez, S. Le Lay, M.S. Lee, Y.X.F. Lee, D.S. Lemos, M. Lenassi, 
A. Leszczynska, I.T. Li, K. Liao, S.F. Libregts, E. Ligeti, R. Lim, S.K. Lim, A. Line, 
K. Linnemannstons, A. Llorente, C.A. Lombard, M.J. Lorenowicz, A.M. Lorincz, 
J. Lotvall, J. Lovett, M.C. Lowry, X. Loyer, Q. Lu, B. Lukomska, T.R. Lunavat, S. 
L. Maas, H. Malhi, A. Marcilla, J. Mariani, J. Mariscal, E.S. Martens-Uzunova, 
L. Martin-Jaular, M.C. Martinez, V.R. Martins, M. Mathieu, S. Mathivanan, 
M. Maugeri, L.K. McGinnis, M.J. McVey, D.G. Meckes, K.L. Jr, I. Meehan, Mertens, 
V.R. Minciacchi, A. Moller, M. Moller Jorgensen, A. Morales-Kastresana, 
J. Morhayim, F. Mullier, M. Muraca, L. Musante, V. Mussack, D.C. Muth, K. 
H. Myburgh, T. Najrana, M. Nawaz, I. Nazarenko, P. Nejsum, C. Neri, T. Neri, 
R. Nieuwland, L. Nimrichter, J.P. Nolan, E.N. Nolte-’t Hoen, N. Noren Hooten, 
L. O’Driscoll, T. O’Grady, A. O’Loghlen, T. Ochiya, M. Olivier, A. Ortiz, L.A. Ortiz, 
X. Osteikoetxea, O. Ostergaard, M. Ostrowski, J. Park, D.M. Pegtel, H. Peinado, 
F. Perut, M.W. Pfaffl, D.G. Phinney, B.C. Pieters, R.C. Pink, D.S. Pisetsky, E. Pogge 
von Strandmann, I. Polakovicova, I.K. Poon, B.H. Powell, I. Prada, L. Pulliam, 
P. Quesenberry, A. Radeghieri, R.L. Raffai, S. Raimondo, J. Rak, M.I. Ramirez, 
G. Raposo, M.S. Rayyan, N. Regev-Rudzki, F.L. Ricklefs, P.D. Robbins, D. 
D. Roberts, S.C. Rodrigues, E. Rohde, S. Rome, K.M. Rouschop, A. Rughetti, A. 
E. Russell, P. Saa, S. Sahoo, E. Salas-Huenuleo, C. Sanchez, J.A. Saugstad, M. 
J. Saul, R.M. Schiffelers, R. Schneider, T.H. Schoyen, A. Scott, E. Shahaj, S. Sharma, 
O. Shatnyeva, F. Shekari, G.V. Shelke, A.K. Shetty, K. Shiba, P.R. Siljander, A. 
M. Silva, A. Skowronek, O.L. Snyder 2nd, R.P. Soares, B.W. Sodar, C. Soekmadji, 
J. Sotillo, P.D. Stahl, W. Stoorvogel, S.L. Stott, E.F. Strasser, S. Swift, H. Tahara, 
M. Tewari, K. Timms, S. Tiwari, R. Tixeira, M. Tkach, W.S. Toh, R. Tomasini, A. 
C. Torrecilhas, J.P. Tosar, V. Toxavidis, L. Urbanelli, P. Vader, B.W. van Balkom, S. 
G. van der Grein, J. Van Deun, M.J. van Herwijnen, K. Van Keuren-Jensen, G. van 
Niel, M.E. van Royen, A.J. van Wijnen, M.H. Vasconcelos, I.J. Vechetti Jr., T. 
D. Veit, L.J. Vella, E. Velot, F.J. Verweij, B. Vestad, J.L. Vinas, T. Visnovitz, K. 
V. Vukman, J. Wahlgren, D.C. Watson, M.H. Wauben, A. Weaver, J.P. Webber, 
V. Weber, A.M. Wehman, D.J. Weiss, J.A. Welsh, S. Wendt, A.M. Wheelock, 
Z. Wiener, L. Witte, J. Wolfram, A. Xagorari, P. Xander, J. Xu, X. Yan, M. Yanez- 
Mo, H. Yin, Y. Yuana, V. Zappulli, J. Zarubova, V. Zekas, J.Y. Zhang, Z. Zhao, 
L. Zheng, A.R. Zheutlin, A.M. Zickler, P. Zimmermann, A.M. Zivkovic, D. Zocco, E. 
K. Zuba-Surma, Minimal information for studies of extracellular vesicles 2018 
(MISEV2018): a position statement of the International Society for Extracellular 
Vesicles and update of the MISEV2014 guidelines, J. Extra Vesicles 7 (1) (2018), 
1535750. 

[43] C.M. Sanchez-Lopez, M.C. Manzaneque-Lopez, P. Perez-Bermudez, C. Soler, 
A. Marcilla, Characterization and bioactivity of extracellular vesicles isolated from 
pomegranate, Food Funct. 13 (24) (2022) 12870–12882. 

[44] M. Trentini, I. Zanolla, F. Zanotti, E. Tiengo, D. Licastro, S. Dal Monego, L. Lovatti, 
B. Zavan, Apple Derived Exosomes Improve Collagen Type I Production and 
Decrease MMPs during Aging of the Skin through Downregulation of the NF- 
kappaB Pathway as Mode of Action, Cells 11 (24) (2022). 
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