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Abstract: Plant-derived exosome-like nanovesicles (EPDENSs) have recently been isolated and eval-
uated as potential bioactive nutraceutical biomolecules. It has been hypothesized that EPDENs
may exert their activity on mammalian cells through their specific cargo. In this study, we isolated
and purified EPDENSs from the strawberry juice of Fragaria x ananassa (cv. Romina), a new culti-
var characterized by a high content of anthocyanins, folic acid, flavonols, and vitamin C and an
elevated antioxidant capacity. Fragaria-derived EPDENs were purified by a series of centrifugation
and filtration steps. EPDENs showed size and morphology similar to mammalian extracellular
nanovesicles. The internalization of Fragaria-derived EPDENs by human mesenchymal stromal cells
(MSCs) did not negatively affect their viability, and the pretreatment of MSCs with Fragaria-derived
EPDENSs prevented oxidative stress in a dose-dependent manner. This is possibly due to the presence
of vitamin C inside the nanovesicle membrane. The analysis of EPDEN cargo also revealed the
presence of small RNAs and miRNAs. These findings suggest that Fragaria-derived EPDENs may be
considered nanoshuttles contained in food, with potential health-promoting activity.

Keywords: extracellular vesicles (EVs); edible plant-derived exosome-like nanoparticles (EPDENSs);
Fragaria x ananassa; miRNA; ascorbic acid; oxidative stress; mesenchymal stromal cells

1. Introduction

Extracellular vesicles (EVs) are heterogeneous, nanosized vesicles that are constitu-
tively released by almost all types of eukaryotic and prokaryotic cells [1,2]. They contain
metabolites, proteins, lipids, RNAs, miRNAs, mRNAs, and DNAs and can transfer their
cargo to recipient cells, playing a fundamental role as extracellular messengers to mediate
cell-cell communication [3]. The critical role played by EVs in the mediation of cell—cell
communication has been identified both in health and disease and in bacterial, fungal, and
animal kingdoms [4-8]. An increasing number of studies have shown the existence of plant-
derived nanosized particles, the characteristics of which resemble those of mammalian
exosomes [9-12]. Exosome-like nanoparticles (ELNs) may have originally evolved in plants
as a means of communication between plant cells and as a way of modulating the first-line
innate immune defenses that plants deploy upon pathogen invasion [13]. The release
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of ELNs has recently become a subject of increasing interest regarding the possibility of
intercellular communication, even between different species [7]. In this context, increasing
evidence suggests that edible plant-derived exosome-like nanovesicles (EPDENSs) can be
absorbed in the mammalian gastrointestinal tract and have the potential to mediate plant—
animal intercellular communication [13-17]. Mu et al. demonstrated that nanoparticles
from edible plants (grape, grapefruit, ginger, and carrot) have anti-inflammatory properties
and help to maintain intestinal homeostasis [10]. Moreover, ginger-derived nanoparticles
can protect against the development of liver-related diseases such as alcohol-induced dam-
age [16]. We recently demonstrated that EPDENSs from Citrus limon L. contain small RNA,
vitamin C, and citrate; this cargo is able to prevent oxidative stress in human cells and
modulate their differentiation versus the osteogenic lineage [12]. The potential health bene-
fit associated with dietary intake of fruit has attracted increasing interest. Among berries,
strawberry is a rich source of several nutritive and non-nutritive bioactive compounds,
which are implicated in various health-promoting and disease-preventive measures [18].

Strawberries are widely cultivated all over the world, with high appreciation by
consumers [19]. Among the different strawberry cultivars available on the market, Romina,
released in 2011, is a new cultivar and extensively studied to determine the compositional
and nutritional characteristics of the fruit [20]. This cultivar presents high adaptability
to nonfumigated soil and resistance to the major strawberry diseases. It is of interest to
producers and consumers due to its early ripening time and nutritional quality. Romina
fruit is acclaimed for its higher content of soluble solids combined with low total acidity,
which confer the fruit with a very high perception of sweetness [20]. Romina fruit also
combines a high content of anthocyanins, folic acid, flavonols, and vitamin C and an
elevated antioxidant capacity [20,21].

In this study, for the first time, we isolated, purified, and characterized exosome-
like nanoparticles from the strawberry juice of Fragaria x ananassa (cv. Romina). We
demonstrated that Fragaria-derived nanovesicles possess a similar size and structure to
mammalian-derived exosomes. Fragaria-derived EPDENs were taken up and internalized
by human mesenchymal stromal cells and did not exert cytotoxic effects on the cells.
Moreover, Fragaria-derived EPDENs prevented oxidative stress in human cells. Analysis
of exosomal cargo revealed the presence of small RNAs, miRNAs, and a high content of
vitamin C. The potential impact of these findings on the progress toward health benefits
and food-derived technology is discussed.

2. Materials and Methods
2.1. Fruits Harvest and Sampling

Strawberry fruits (Fragaria x ananassa) of cultivar Romina were picked from plants
grown in the P. Rosati University experimental farm, Agugliano (Ancona, Italy), in open-
field conditions, according to the plastic hill culture production system. Strawberries for
analysis were harvested fully red, at the second, third, and fourth main pickings, and
stored at —80 °C until analyzed.

2.2. Cell Culture

Adipose-derived mesenchymal stem cells (ADMSCs) were purchased from the Amer-
ican Type Culture Collection (Milan, Italy). Cells were grown in a-minimum essential
medium (x-MEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin, and 0.1 mg/mL streptomycin (Sigma-Aldrich, Milan, Italy). Cells
were maintained at 37 °C in a humidified 5% CO, atmosphere. Passage 2-3 ADMSCs were
used in all experiments. FBS depleted of exosomes (FDE) was obtained via ultracentrifuga-
tion at 110,000x g overnight at 4 °C (Beckman Coulter, Milan, Italy). FDE was used for all
cell culture experiments.
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2.3. Isolation and Purification of Fragaria-Derived EPDENs

Strawberries (500 g) were washed with water, squeezed using a potato masher
(Tescoma, Brescia, Italy), and then strained with a colander. The collected juice (250 mL)
was differentially centrifuged at 3000x g (for 30 min) and 10,000x g (for 1 h) at 4 °C. The
supernatant was filtered using a cell strainer (100 mesh) and centrifuged at 16,500 g for
1 h at 4 °C three times. The supernatant was then filtered through a 0.45 pm pore-size
filter and ultracentrifuged at 110,000 x g for 1 h at 4 °C. The EPDEN pellet was washed
with phosphate-buffered saline (PBS) and ultracentrifuged at 110,000x g for 1 h at 4 °C.
The EPDEN pellet was resuspended in sterile PBS and stored at —80 °C until use. EPDEN
quantity was determined by the Bradford method (Bio-Rad, Milan, Italy).

2.4. Isolation and Purification of Citrus limon L.-Derived EPDENs

Citrus limon L. (500 g) was washed in cold water and squeezed using a Citrus sprayer
device (Tescoma), and 150-200 mL of juice was obtained. EPDENs were isolated as
previously described [12]. Briefly, the collected juice was differentially centrifuged at
3000 g (for 30 min) and 10,000 x g (for 1 h) at 4 °C. The supernatant was filtered by using
1.6 pm and 0.45 pm filters and centrifuged at 16,500 g for 3 h at 4 °C. The supernatant
was ultracentrifuged at 110,000 x g for 1 h at 4 °C. The EPDEN pellet was washed in cold
PBS and ultracentrifuged at 110,000x g for 1 h at 4 °C. The EPDEN pellet was resuspended
in sterile PBS and stored at —80 °C until use.

2.5. Isolation and Purification of ADMSC-Derived EV's

ADMSCs were cultured until 70% confluence. Cells were washed with PBS and
incubated for 48 h with serum-free «-MEM (Sigma-Aldrich). The supernatant was collected
after two consecutive periods (18 h and an additional 18 h). The EVs were purified by
differential centrifugation: 500 x g for 10 min (two times), 2000 x g for 15 min (two times),
and 10,000x g for 30 min (two times) at 4 °C. The supernatant was then ultracentrifuged
at 110,000x g for 1 h at 4 °C. The EV pellet was resuspended in PBS and centrifuged at
110,000x g for 1 h at 4 °C. The EV pellet was resuspended in sterile PBS and stored at
—80 °C until use.

2.6. Transmission Electron Microscopy (TEM)

Fragaria-derived EPDENS, Citrus limon L.-derived EPDENs, and ADMSC-derived EVs
were resuspended in 2% paraformaldehyde (PFA) and loaded onto formvar carbon-coated
grids (Electron Microscopy Sciences, Hatfield, PA, USA). Subsequently, the EPDENs and
EVs were fixed in 1% glutaraldehyde, washed, and contrasted with a solution of uranyl
oxalate (pH 7) embedded in a mixture of 4% uranyl acetate and 2% methylcellulose before
observation with a Zeiss-EM 109 electron microscope (Zeiss, Oberkochen, Germany). The
diameter of EPDENs and EVs was measured, and the percentage of size distribution was
calculated.

2.7. Fragaria-Derived EPDENs Labeling and Uptake

Fragaria-derived EPDENs were stained with PKIH26 Red Fluorescent Cell Linker Kit
for General Cell Membrane Labeling (Sigma-Aldrich), according to the manufacturer’s
instructions, with minor modifications, as previously described [22]. Unincorporated dye
from EPDEN labeling reactions was removed using Exosome Spin Columns (MW 3000)
(Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instruc-
tions. PKH26-labeled EPDENSs (2 pug/L X 10* cells), or the same volume of the PKH26-PBS
control, were added to semiconfluent ADMSCs. After 4 h and 24 h of incubation, uptake
was stopped by washing and fixation in 3.7% PFA for 10 min. Cells were then stained with
a FITC-conjugated phalloidin (Sigma-Aldrich) and visualized with a Nikon Eclipse ES00M
fluorescence microscope (Nikon, Tokyo, Japan).
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2.8. Cell Viability Assay

To evaluate the possible cytotoxic effect of Fragaria-derived EPDENs, ADMSCs were
treated with nanovesicles at different concentrations (0-2-4-9 ug/1 x 10* cells) for 48 h
and 120 h. ADMSCs were harvested, and the number of viable cells was evaluated by the
erythrosine B (Sigma-Aldrich) dye vital staining. All experiments were performed two
times in triplicate.

2.9. L-Ascorbic Acid Detection

Fragaria-derived EPDENs were treated with protease inhibitors (Roche Diagnostics,
Monza, Italy) and sonicated in a sonicator bath (Bandelin Electronic GmbH & Co. KG,
Berlin, Germany) in the dark for a very short time. Fragaria-derived EPDENs and juice
were centrifuged at 13,000 g for 5 min at 4 °C to remove membrane debris. Ascorbate
(L-ascorbic acid or vitamin C) concentration was quantified using the ascorbate assay
kit (Cayman Chemical, Ann Arbor, Michigan, USA). Fluorescence was read utilizing a
microplate reader set to an excitation wavelength of 360 nm and an emission wavelength
of 465 nm (Tecan Infinite F200pro, Milan, Italy). The experiments were performed three
times in duplicate.

2.10. Determination of Antioxidant Activity

ADMSCs were pretreated with Fragaria-derived EPDENs (0.5-1-2 pg/mL) for 24 h
followed by 400 uM hydrogen peroxide (H,0O,) exposure for 24 h. The H,O, concentration
that caused the inhibition of 50% cell viability (IC50) was determined from the dose—
response curve ranging from 0 to 1000 uM H,O,. Cell viability was evaluated using the
acid phosphatase assay (Sigma-Aldrich), as previously described [12]. Optical density was
read at 405 nm using a microplate reader. Data were reported as cell survival with respect
to untreated cells (set = 100%).

ROS were detected by the 2/,7’-dichlorofluorescin (DCFH) method. Briefly, ADMSCs
were pretreated with EPDENSs (0.5 pg/mL) for 24 h followed by 600 uM H,O, exposure for
1 h. The H,O, concentration that significantly increased ROS production was determined
from a dose-response curve ranging from 0 to 800 uM H;O,. ADMSCs were washed and
then incubated with 10 uM 5- and 6-carboxy-2’,7’-dichlorodihydrofluorescein diacetate
(CM-H2DCFDA; Thermo Fisher Scientific, Monza, Italy) for 5 min at 37 °C. The fluorescent
signal of DCF obtained from the conversion of 2/,7-dichlorofluorescin-diacetate (DCFH-
DA) by the intracellular ROS produced was read at 485-535 nm using a microplate reader
(Tecan Infinite F200pro). The results were expressed as the mean of the relative fluorescence
units (RFUs).

2.11. RNA Sequencing Analysis

Total RNA was extracted from Fragaria-derived EPDENSs and Fragaria juice using the
mirVana™ miRNA Isolation Kit (Thermo Fisher Scientific), according to the manufacturer’s
protocol. Plant RNA Isolation Aid (Thermo Fisher Scientific) was used to remove common
plant contaminants such as polyphenols and polysaccharides. RNA-seq analysis was
performed by IGA Technology Services (Udine, Italy). The TruSeq Small RNA Sample
Prep kit (Illumina, San Diego, CA, USA) was used for library preparation, following
the manufacturer’s instructions. Both RNA samples and final libraries were quantified
using the Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA) and quality tested by
the Agilent 2100 Bioanalyzer RNA Nano assay (Agilent Technologies, Santa Clara, CA,
USA). Libraries were then processed with Illumina cBot for cluster generation on the flow
cell, following the manufacturer’s instructions, and sequenced on single-end mode at the
multiplexing level requested on HiSeq2500 (Illumina, San Diego, CA, USA). The CASAVA
1.8.2 version (Illumina) of the Illumina pipeline was used to process raw data for both
format conversion and de-multiplexing. To identify specific miRNA, the miRBase database
was used (www.mirbase.org).
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2.12. Statistical Analysis

Statistical analysis was performed by the Stat View™ 5.0.1 software (SAS Institute,
Cary, NC, USA). Quantitative results were expressed as arithmetic mean plus or minus
the standard deviation (SD). The Mann-Whitney U test was used in a paired analysis, and
p < 0.05 was considered statistically significant.

3. Results
3.1. Identification and Characterization of EPDENSs from Fragaria x Ananassa

EPDENSs were isolated from Fragaria x ananassa (cv. Romina) juice through a series
of differential centrifugation, ultracentrifugation, and filtration steps (Figure 1a). From
250 mL of juice, a yield of 18 + 3 pg nanovesicles was obtained, and based on their
characteristic round- or cup-shaped morphology and dimension, these were identified as
exosome-like nanovesicles. Indeed, transmission electron microscopy analysis showed that
the nanovesicles isolated from Fragaria were morphologically homogeneous, ranging from
30 to 191 nm in size, with a typical round- or cup-shaped appearance similar to those of
EVs from mammalian cells or EV-derived plant cells (Citrus limon L. juice) (Figure 1b—d).
The size distribution of EPDENs and EVs is described in Table 1.

Fragaria x Ananassa

\ W Potato masher

Colander cell strainer 100 mesh
> 3000 g x 30'4°C > —p 16500 g x 60' 4°C
10000 g x 60' 4°C (three times)
centrifugation centrifugation
filter 0,45 um
W <4—— 110000 g x 60' 4°C == 110000 g x 60' 4°C &=
wash in PBS
EPDENSs ultracentrifugation ultracentrifugation

pellet

(a)

(b) (©) (d

Figure 1. Isolation and characterization of Fragaria-derived exosome-like nanovesicles (EPDENS).
(@) Schematic representation of the method used to isolate and purify EPDENSs from Fragaria x ananassa.
Transmission electron microscopy analysis of nanovesicles isolated from (b) Fragaria x ananassa, (c) Citrus
limon L., and (d) adipose-derived mesenchymal stem cells (ADMSCs) (scale bar: 100 nm).
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Table 1. Nanovesicles size distribution of Fragaria x ananassa, Citrus limon L., and ADMSCs.

Nanovesicles Size

30-49 nm 50-100 nm 101-121 nm 122-191 nm
Fragaria x ananassa EPDENs 58.8% 35.6% 3% 2.6%
Citrus limon L. EPDENs 41.2% 45.5% 9% 4.3%
ADMSC 3% 44% 35.3% 17.7%
EVs

3.2. Uptake of Fragaria-Derived EPDENs

To examine whether Fragaria-derived EPDENSs could be taken up by mammalian cells,
PKH26 labeled nanovesicles were incubated with ADMSCs at different time points and
examined using fluorescence microscopy. After 24 h incubation, as shown in Figure 2a,
Fragaria-derived EPDENs were taken up by ADMSCs and accumulated mainly in the
cytoplasm. No fluorescent signal was detected in the control (PBS).

Fragaria EPDENs CTR

24h

(@)

807

0 ng EPDENs
2 ug EPDENs
= 4 ug EPDENs
W 9 ug EPDENs

Cell number (* 10E3)

TO 48h 120 h
(b)

Figure 2. Effects of Fragaria-derived EPDENs on ADMSCs. (a) Uptake of Fragaria-derived EPDENs by ADMSCs. The
uptake of the fluorescently labeled EPDENSs (red) was evident in ADMSCs after 24 h of incubation. No stain was revealed
in the untreated cells (CTR). Actin filaments were stained with a FITC-conjugated phalloidin (green). Scale bar: 10 um.
(b) Effect of Fragaria-derived EPDENs on ADMSC viability. Cells were treated with the indicated concentration of EPDENs
for 48 h and 120 h. Data are reported as the cell number (mean =+ SD, * » < 0.05).
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3.3. Effect of Fragaria-Derived EPDENs on Cells Viability

Since ADMSCs were shown to internalize Fragaria-derived EPDENSs, we attempted
to determine whether these nanovesicles have an effect on human cells. Cell viabil-
ity was examined in ADMSCs in the presence of increasing concentrations of EPDENs
(0-2—4-9 pug/mL) for 48 h and 120 h. The results showed that Fragaria-derived EPDENs
do not exert any significant toxicity on ADMSCs. Notably, ADMSCs exposed to 9 ug of
EPDEN:Ss for 48 h showed a significant increase (p = 0.0286) in viability when compared to
control cells (Figure 2b).

3.4. Fragaria-Derived EPDENs Contain Vitamin C

Strawberry fruit represents one of the most important sources of micronutrients,
including vitamin C, which is heavily concentrated in the juice of Fragaria fruit. On this
basis, we assessed whether vitamin C is also present in Fragaria-derived EPDENs. Our
results revealed that Fragaria-derived nanovesicles contain detectable levels of vitamin C
(416 nmoles/mg EVs). The Fragaria whole juice from which they were derived contains
1.990 uM vitamin C.

3.5. Antioxidant Activity of Fragaria-Derived EPDENs

As shown in Figure 3a, treatment with H>O, for 24 h reduced cell viability in a
concentration-dependent manner. We identified 400 pM H,O; as the concentration that
significantly decreased cell viability by approximately 50%. Therefore, we used this con-
centration to induce ADMSC oxidative stress in subsequent experiments. To evaluate
the protective effect of Fragaria-derived EPDENs, ADMSCs were pretreated for 24 h with
increasing concentrations of EPDENSs before the addition of HyO, for 24 h. Cell viability
results indicated that Fragaria-derived EPDENs improved ADMSC survival in a dose-
dependent manner, with a significant increase at the 1 and 2 pg/mL doses (p < 0.001
untreated cells (CTR) vs. HyO,, p <0.001 1 and 2 ug/mL vs. HyO,) (Figure 3b). Intracellu-
lar ROS production was evaluated in ADMSCs pretreated with Fragaria-derived EPDENS.
A slight decrease in ROS production was detected after the pretreatment with 0.5 pg/mL
EPDENSs (Figure 4).

|

1507
*kk
iy < 100 T
dkk "E\'
T S
e S 501
100 300 600 800 1000 - ® & i R
- - 2 1 05 EPDENSs

(a) (b)

Figure 3. Effect of Fragaria-derived EPDENSs on oxidative stress in human ADMSCs. (a) Dose-dependent effect of H,O,
on cell viability (n = 3) (*** p < 0.001 vs. CTR); (b) Dose-dependent effect of Fragaria-derived EPDENs (ug/mL) on H,O,
(400 pM)-induced cytotoxicity (n = 4) (*** p < 0.001).
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A B

6000 = *% 5000 1
* %
T 4000 1
i *

. 4000 _ 30004

4 4
— 2000 1
1000 -
04 0.

[H:0:uM] - 100 300 600 800 + + GO0 [NLEEER

= - 0.5 ug EPDENs

Figure 4. Effect of Fragaria-derived EPDENs on ROS production in human ADMSC. (A) Dose-dependent effect of H,O, on
ROS production (* p < 0.05 vs. CTR and ** p < 0.01 vs. CTR); (B) Effect of Fragaria-derived EPDENSs (0.5 pug/mL) on H,O,
(600 uM)-induced ROS production (* p < 0.05 vs. HyOy).
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12000

10000

8000

6000
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3.6. Content of Small RNAs in Fragaria-Derived EPDENs

Small RNAs isolated from Fragaria EPDENs or whole juice show a very different size
distribution pattern. We identified small RNAs in EPDENs with a specific length size
distribution that was distinguishable from that of the whole juice from which they were
derived. Our results showed a selective enrichment of four nucleotide small RNAs and a
minor class of 23-29 nucleotide small RNAs in EPDENs. The majority of the small RNAs
derived from Fragaria whole juice ranged in size between 17 and 30 nucleotides in length
(Figure 5).

EPDENs Juice
2
5000
4000
3000
2000
1000
b La il o |
10 20 30 40 50 0 10 20 30 40 50
Lenght [bp] Lenght [bp]
(a) (b)

Figure 5. Cont.
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EPDENSs Juice
GC distribution over all sequences GC distribution over all sequences
GC count per read GC count per read
1.0E7 4.5E6|
' Theoretical distribution Theoretical distribution

4.0E6

8.0E6 3.5E6|
3.0E6

6.0E6 2 5E6
2.0E6|

4.0E6
1.5E6

2 0E6 1.0E6
0.5E6

04 35 43 51 5559 63 7 79 87 9599 04 8 15 23 27 35 43 51 5559 63 4l 79 87 95 99
Mean GC content (%) Mean GC content (%)
(c) (d)

Figure 5. Size distribution of small RNAs of (a) Fragaria-derived EPDENs with respect to (b) Fragaria whole juice. GC
frequency of sequences of (c) Fragaria-derived EPDENSs with respect to (d) Fragaria whole juice.

3.7. Identification of miRNAs in Fragaria-Derived EPDENs

To investigate whether Fragaria-derived nanovesicles also contain miRNAs, we iso-
lated RNA from nanovesicles and compared the miRNAs sequences found in Fragaria
EPDENSs with its juice and the miRNA library of Arabidopsis thaliana. The comparison of
the identified sequences in Fragaria-derived EPDENs with the miRNA library of Arabidopsis
thaliana (427 miRNA) permitted the identification of different miRNAs in the whole juice
from Fragaria and only one miRNA in EPDENSs (Table 2). In fact, miR166g was found both
in EPDENs and in the whole juice, although in a lower concentration (lower number of
reads).

Table 2. miRNAs that were identified in Fragaria-derived EPDENSs after a comparison with the
miRNA library of Arabidopsis thaliana. The mapping of the number of reads against each miRBase is
shown (only exact matches were allowed).

miRNA Name Fragaria-Derived EPDENs Fragaria Juice
(Accession Number) (n. of Reads) (n. of Reads)
miR166g

(MIMAT0000195) 1 37
miR168b-5p (MIMAT0000199) 0 25
miR396a-5p (MIMAT0000944) 0 4
miR159b-3p (MIMAT0000207) 0 4
miRNA159a (MIMAT0000177) 0 14

4. Discussion

Dietary intake of fruits and vegetables has consistently emerged as an effective strategy
to promote human health. Consumption of fruits and vegetables is associated with a
reduced risk of chronic diseases, such as cardiovascular disease, diabetes, cancer, and
age-related functional decline [23-25]. Brondani et al. [26] showed that dietary patterns
rich in fruits and vegetables are associated with a reduced risk of bone fractures and the
prevention of osteoporotic fractures. However, the mechanisms through which plant-rich
diets achieve such effects are still unclear. Bioactive components present in plants, such as
flavonoids, phenolic acids, and carotenoids, seem to play an important role in lowering the
risks of major chronic diseases [27]. However, there is an intriguing phenomenon in which
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the synthetic supplements of phytochemicals are often not as efficient as complex plant
materials, such as vitamins. This may imply the presence of diverse bioactive substances in
plants and the existence of certain unidentified bioactive components. Interestingly, recent
studies have shown the presence of exosome-like nanoparticles in different plants and
fruits as well as the ability of these nanoparticles to carry bioactive compounds [17,28,29].
Exosome-like nanoparticles involved in plant cell-cell communication could potentially
regulate the innate immunity of plants and can also transport mRNAs, miRNAs, bioactive
lipids, and proteins to recipient cells in different contexts [30]. Ju et al. [13] reported
that exosome-like nanoparticles can penetrate the intestinal mucus barrier and can be
taken up by mouse intestinal stem cells. Furthermore, in some fruits, such as lemons and
blueberry fruit, cross-kingdom biological effects have been identified, suggesting new
possible applications for fruit-derived nanovesicles [12,31].

In this study, we reported, for the first time, the isolation, purification, and characteri-
zation of EPDENSs from strawberry fruits of Fragaria x ananassa (cv. Romina). Strawberries
may be classified as functional foods because they are rich sources of phytochemicals and
vitamins with well-known health benefits [32,33]. Romina is recognized for its high content
of micronutrients and bioactive compounds, which confer interesting biological activities
to the fruits [19]. Their antioxidant capacity and hypolipidemic and antiatherosclerotic
effects, as well as their antitumor activities, have been highlighted in our recent papers by
using whole Romina extracts or its anthocyanin fraction [34-37].

Here, we demonstrated that Romina fruits contain a homogeneous population of
nanovesicles, with a dimension and structure attributable to exosome-like nanoparti-
cles [11]. Fragaria-derived EPDENSs show size and morphology similar to those of EVs from
mammalian cells and EV-derived plant cells [12], even if their size distribution showed a
higher percentage of smaller vesicles in EPDENs compared to EVs samples. Interestingly,
Fragaria-derived EPDENS are internalized by human MSC and do not exert any significant
toxicity on cells.

Given the significant content of Romina fruit of vitamin C, folic acid, and flavonols
combined with a high content of anthocyanin and an elevated antioxidant capacity [21],
we hypothesized that EPDENSs released from Romina may contain molecules associated
with oxidative stress. Our results revealed that Fragaria-derived EPDENSs are able to protect
the response of human MSCs to oxidative stress. Interestingly, analysis of EPDENSs cargo
revealed the presence of a high content of vitamin C (0.416 nmoles vitamin C/ug EPDENS).
We previously found that Citrus limon L.-derived EPDENSs also contain vitamin C but
in lower amounts (0.009 nmoles vitamin C/ug EPDENSs) [12]. This might explain the
higher efficacy of Fragaria-derived EPDENSs to prevent oxidative stress in human cells
when compared with Citrus limon L.-derived EPDENSs.

Vitamin C, also known as ascorbic acid, is a natural free radical scavenger that protects
plant cells from oxidative stress [38]. Vitamin C is an essential nutrient for humans and a
cofactor in different enzymatic reactions, participating in a variety of biological functions,
both in mammals and plants [39].

In the human diet, ascorbic acid has gained popularity as an antioxidant for its capac-
ity to counteract the production of free radicals in cells and as a natural chemopreventive
for the reduction of risk factors for cardiovascular diseases and cancer [38,40]. Our results
identified a new emerging role for Fragaria-derived EPDENS as transporters of vitamin C
and their antioxidant capacity. Oxidative damage has many pathological implications in
human health, and, in this respect, the beneficial effects of food intake of vitamin C have
important implications in aging, bone health, cardiovascular disease, neurodegenerative
diseases, and cancer [41-43]. It is thus important to consider these plant-derived nanovesi-
cles as new components of our food since nanovesicles can preserve antioxidant properties
longer than free antioxidant substances. Furthermore, EVs are able to resist gastric pepsin
solutions and intestinal pancreatic and bile extract solutions [10]. The untimely degradation
and the lack of intestinal absorption of vitamin C might thus be overcome by its loading
in extracellular vesicles to be used as a safe dietary supplement or as a therapeutic agent.
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Collectively, these characteristics of EPDENs could promote their use in clinical strategies
or support traditional therapies. However, further studies are required to understand the
mechanisms and factors underlying the efficacy of strawberry biocompounds.

The analysis of Fragaria-derived EPDENSs cargo also revealed the presence of small
RNAs encapsulated in the nanovesicles. Small RNAs play essential roles in the regula-
tion of plant development and immunity during abiotic and biotic stress responses [44].
The characteristic 2’-O-methylation of plant miRNAs enhances their stability in harsh
environments and might protect them from enzymatic digestion [45]. Moreover, plant
miRNAs have been found to be associated with RNA-binding proteins or enveloped
in nano and microvesicles, which, additionally, protect them from degradation [46,47].
Baldrich et al. [47] demonstrated that specific miRNAs and siRNAs are preferentially
loaded into plant EVs. This selective loading into extracellular vesicles similarly occurs
in mammal-derived EVs [48]. Accordingly, we found a specific enrichment of miR166g
in Fragaria-derived EPDENS. Specific activities were identified for miR166g in plants. In
Arabidopsis jabba-1D, the overexpression of miR166g causes morphological defects in shoot
apical meristems and stem vasculature, disrupting the morphogenesis of leaves [49]. Leaf
curvature was also affected by miR166g in Brassica rapa [50].

However, the possibility of cross-kingdom miRNA activity is still highly debatable.
Zhang et al. [51] identified exogenous miRNAs both in human and animal sera, but
this finding has not been confirmed by subsequent studies [52,53], and several doubts
related to the biological relevance of the reported copy number of individual sequences
have been raised. Conversely, Link et al. [53] found detectable levels of plant miR-168 in
human feces, normal gastric, and colon cancer mucosa, suggesting potential interspecies
activity. Interestingly, a therapeutic effect of plant miRNAs in the prevention of chronic
inflammation has been shown in a mouse model of human multiple sclerosis. Unexpectedly,
the biological activity of plant-derived miRNA was exerted with a sequence-independent
mechanism [54].

A better understanding of the possible cross-talk between exogenous miRNA and
human pathophysiological conditions will open new opportunities for the development of
plant-based nutraceutical approaches.

5. Conclusions

In this study, we isolated, purified, and characterized exosome-like nanoparticles from
Fragaria x ananassa (cv. Romina) juice. These EPDENSs can be internalized by human cells,
without exerting toxic effects. Fragaria-derived EPDENs prevent oxidative stress on human
cells, possibly through the activity of vitamin C, which we found preserved in their cargo.
Moreover, Fragaria-derived EPDENSs carry small RNA, and potential activity on human
cells will open new nutraceutical approaches and enable discussions on the possibility of
cross-kingdom miRNA activity.
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