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Purpose: Extracellular vesicles (EVs) are promising tools for nanomedicine and nanobiotechnology. The purification of mammalian- 
derived EVs involves intensive processes, and their therapeutic application raises multiple safety and regulatory issues. Plants have the 
potential to serve as nonconventional sources of therapeutically relevant EVs. In this context, we recently identified hairy roots (HRs) 
of medicinal plants as a novel biotechnological platform to produce EVs for human health.
Methods: Herein, we report the purification, omics profiling, and bioactivity of EVs isolated from HRs of the medicinal plants 
S. sclarea and S. dominica. EVs were isolated from conditioned media of HR cultures using differential ultracentrifugation (dUC) and 
size exclusion chromatography (SEC). The isolated EVs were characterized by nanoparticle tracking analysis (NTA) and electron 
microscopy. The proteomic and metabolomic profiles of the EVs were determined using mass spectrometry. Uptake studies and 
bioactivity assays, including confocal microscopy, MTT, flow cytometry, ROS quantification, and untargeted metabolomics analyses, 
were conducted in SH-SY5Y cells treated with the neurotoxin 6-hydroxydopamine (6-OHDA) to evaluate the therapeutic potential of 
EVs in an in vitro model of Parkinson’s disease.
Results: S. sclarea HRs released nanosized round-shaped EVs with a distinctive molecular signature. HR EVs from S. sclarea and 
S. dominica revealed conserved cargo of secondary metabolites, predominantly triterpenoids, which are known for their antioxidant 
properties. We showed that HR EVs are safe, enter the cells, and strongly inhibit apoptosis in a cellular model of Parkinson’s disease. 
Cellular metabolomics revealed that EVs preserved metabolic homeostasis and mitigated cellular oxidative stress when co- 
administered with 6-OHDA. Mechanistically, HR EVs inhibited 6-OHDA autoxidation and substantially reduced the accumulation 
of its oxidative products, which are responsible for 6-OHDA-induced toxicity.
Conclusion: Collectively, our findings provide compelling evidence that EVs isolated from the hairy roots of Salvia species are 
promising, non-mammalian alternative for the design of novel therapies targeting neurological disorders.
Keywords: non-mammalian EV source, Salvia extracellular vesicles, hairy roots, nanomedicine, neuroprotection, Parkinson’s disease

Introduction
Extracellular vesicles (EVs) are membrane-enclosed, non-replicating nano- to micro-sized particles naturally secreted by 
cells in diverse physiological and pathological contexts.1,2 By transporting proteins, lipids, nucleic acids, and metabolites, 
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EVs drive molecular information exchange, shaping the biological processes of recipient cells and generating a global 
network of intercellular communications that connects organisms across species and kingdoms.3–5

From a pharmaceutical perspective, EVs could represent next-generation nanocarriers with an innate capability to penetrate 
biological barriers, associated with good biocompatibility and the possibility of targeting specific cells.6,7 Nonetheless, isolating 
EVs from mammalian systems poses several challenges, including resource-intensive purification methods and consequent high 
production costs. This may hinder the large-scale manufacturing and integration of these nanocarriers into healthcare systems, 
thereby limiting their broader adoption in medical applications. Additional health concerns have been raised, such as immuno-
genicity and potential disease transmission linked to the cargo of mammalian EVs inherited from their parent cells, as reported for 
the seeding of toxic amyloid beta species in recipient neurons8 or the delivery of long non-coding RNAs involved in 
carcinogenesis.9 To bypass these potential risks, rigorous screening of biological sources, standardized procedures for EV 
purification/characterization and quality control measures are needed to maximize the reproducibility of EV preparations and 
mitigate any potential hazards. Currently, the EV research community is actively exploring non-conventional sources of EVs as 
viable alternatives to those derived from mammals for nanomedicine applications.10

Recently, plant-derived nano-and microvesicles (PDVs) have emerged as promising candidates for this purpose. Owing to 
their various molecular biocargos, including subsets of lipids, proteins, small non-coding RNAs (sncRNAs), and metabolites, 
PDVs exhibit a multitude of biological properties, such as antioxidant, antimicrobial, anti-inflammatory, anticancer, and 
wound-healing activities.11,12 Although these results hold clinical promise, it is important to note that PDVs are typically 
extracted from plant tissues and organs through destructive methods. Consequently, preparations often include a mix of EVs 
and other vesicles, including intracellular and artificially created nano- and microvesicles. Additionally, EV isolation from 

Graphical Abstract

https://doi.org/10.2147/IJN.S479959                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 9374

Vestuto et al                                                                                                                                                          Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


fresh fruits and vegetables does not permit standardization of EV preparations, which can significantly differ between batches 
owing to intraspecific genetic diversity, seasonality, plant treatments, soil chemical composition, and geographical origins.

Plant biotechnology tools, especially cell and tissue cultures, could overcome these limitations and represent a promising 
direction for future plant EVs research.13 In this scenario, we have extensively focused our studies on the use of hairy roots 
(HRs) as a biofactory to produce plant EVs and to assess their biomedical exploitation.14 HRs represent a fascinating 
biotechnological system involving the interaction between a soil bacterium, specifically Agrobacterium rhizogenes, and 
plants. During this interaction, A. rhizogenes transfers a fragment of DNA (T-DNA) into the plant genome, causing a hormonal 
imbalance that ultimately leads to the growth of ectopic roots, which can be excised and cultured in vitro.15 Nowadays, HRs 
are adopted as versatile sources of valuable secondary metabolites with a consolidated use in pharmaceutics, cosmetics and 
nutraceutics. HRs may also enhance EV production, encompassing enhanced quality, sterility, and absence of harmful 
contaminants. Furthermore, HRs offer scalability required for industrial production and extensive applications.16,17

Our group recently demonstrated that EVs isolated from the conditioned media of Salvia dominica HRs have selective pro- 
apoptotic activity in pancreatic and breast cancer cell lines. We also provided compelling evidence that HRs allow consistent 
purification of EVs, safeguarding their intrinsic biomolecular content and reproducible bioactivity.14

Here, we expanded our knowledge of the use of plant HRs as a non-conventional source of EVs and their potential 
therapeutic applications in Parkinson’s disease (PD). We conducted a comprehensive biophysical and biomolecular 
analysis of EVs extracted from the conditioned media of two medicinal plants, Salvia sclarea and Salvia dominica. This 
analysis includes the generation of extensive EV proteomic and metabolomic datasets. In an in vitro cellular PD model 
using 6-hydroxydopamine (6-OHDA) to simulate oxidative stress and neurodegeneration in neuroblastoma SH-SY5Y 
cells, we found that HR EVs exhibited significant pharmacological properties. In conclusion, our findings demonstrate 
that the HRs of Salvia spp. are reliable, non-conventional sources of EVs capable of neutralizing the toxic effects induced 
by 6-OHDA administration, thereby holding promise for their application in treating Parkinson’s disease.

Materials and Methods
Hairy Roots Production
In this study, we used EVs freshly isolated from Salvia sclarea L., and Salvia dominica L. hairy roots. Salvia dominica HRs 
generation and characterization were broadly described in our previous study.14 S. sclarea seeds (Lot. # 2494) were purchased 
from B&T World Seeds, France. The fruits “nutlets” of S. dominica were collected in May 2022 at As-Subayhi, in the Balqa 
Governorate, 20 km northwest of As-Salt City, Jordan, and identified by Prof. Ammar Bader. A voucher specimen number JO/IT- 
2022/1 has been deposited in the Herbarium of Laboratory of Pharmacognosy at Umm Al-Qura University, Makkah, Saudi 
Arabia. To produce S. sclarea HRs, seeds were surface sterilized using a 70% ethanol solution for 2 min. After ethanol elimination, 
the seeds were transferred to a 10% sodium hypochlorite solution for 10 min. To eliminate residual bleach, seeds were washed 
with sterile water. Following sterilization, the seeds were sown in MS 30 medium containing 4.30 g/L Murashige and Skoog (MS) 
salts including vitamins (Duchefa Biochemie, Haarlem, Netherlands),supplemented with sucrose (30 g/L), microagar (9 g/L), . 
The final pH of the medium was adjusted to 5.8. The seedlings were then placed in a growth chamber maintained at 23 °C. The 
photoperiod was set to 8 h in the dark followed by 16 h of light (130 µmol m−2 s−1). To generate HRs, leaf explants of 20-day-old 
S. sclarea plants were transformed using Agrobacterium rhizogenes (ATCC® 15834). The explants were then dried, sterilized, and 
transferred onto an antibiotic-free MS 30 solid medium for 3 d at 26 °C. To eradicate A. rhizogenes, the explants were transferred 
to fresh MS 30 medium containing cefotaxime (100 mg/L) and kept in the dark at 23 °C. Weekly transfers to new medium with 
cefotaxime were performed for three weeks, with a reduction in antibiotic concentration to 50 mg/L. Healthy and differentiated 
hairy roots were excised, cultured individually on solid medium with cefotaxime (100 mg/L), and then transferred to hormone- 
free MS 30 liquid medium in 250 mL sterile glass jars with cefotaxime (50 mg/L). Both HR cultures were maintained in an 
incubator at 28 °C and with agitation (120 rpm).

Isolation of EVs from Hairy Roots-Conditioned Media
HR EVs were isolated from conditioned media of S. sclarea and S. dominica HRs using two widely used purification 
methods: Differential Ultracentrifugation (dUC) and Size Exclusion Chromatography (SEC).
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Differential Centrifugation
The dUC purification protocol involved two initial low-speed centrifugations, first at 500 × g for 10 min at 4 °C and then 
at 2,000 × g for 20 min at 4 °C, to remove cells released from the roots in the culture medium. The supernatants were 
then filtered using 0.45 μm pore size membrane filters (Merck Millipore) to eliminate cellular debris and organelles. The 
filtered solution was then transferred to 50 mL Beckman polypropylene tubes and centrifuged with a Beckman Type 70 
Ti fixed-angle titanium rotor (k-factor: 44) at 15,000 × g for 20 min to remove microvesicles, which typically have 
a diameter greater than 300–500 nm. The supernatant was transferred to new polycarbonate tubes (Beckman Coulter, 
No. 355631) in a Beckman Coulter Optima™ L-90K and ultracentrifuged at 100,000 × g for 3 h with a Type 70 Ti rotor 
to isolate extracellular vesicles of expected sizes between 50–200 nm. The obtained pellet was resuspended in 30–60 
microliters of MilliQ water and stored at −80 °C for subsequent biophysical analyses.

Size Exclusion Chromatography
Size exclusion chromatography (SEC) was used to isolate EVs from the conditioned media of HRs. First, the HR growth 
medium was centrifuged at a low speed to remove cell debris, and the supernatant was filtered using 0.45 μm filters. The 
eluate was separated using Izon’s qEV size-exclusion chromatography columns (Gen 2 qEV), and the EVs were eluted 
from the column filler with PBS according to the manufacturer’s instructions. EV preparations were stored at −80 °C for 
subsequent biophysical and bioactivity analyses. SEC purification was conducted in a laminar hood to maintain sterility.

Characterization of HR EVs
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Silver Staining
Ten microliters of S. sclarea HR EVs, purified as described in Section 2.2, were resolved by SDS-PAGE (10% 
polyacrylamide gel). The gel was then silver-stained as previously described for S. dominica.14

Determination of EV Size and Concentration – Nanoparticle Tracking Analysis (NTA)
Size distribution and concentration of Salvia spp. HR EVs were determined by Nanoparticle Tracking Analysis (NTA) 
using a NanoSight NS300 instrument (Malvern Instruments, Malvern, UK) equipped with a green laser and sCMOS 
camera. The samples were diluted 1:100 in Milli-Q water to obtain 20 number of particles per frame and were injected 
into the laser chamber for analysis. Data acquisition was performed using the following settings: camera level 15, 
acquisition time, 60s; detection threshold, 4. Three videos were recorded under RT and flow conditions at a syringe speed 
of 30 infusion rates. Subsequently, the videos were analyzed using NanoSight NTA 3.4 software to perform tracking 
analysis. All measurements were performed in biological triplicates.

Scanning Electron Microscopy (SEM)
Ten microliters of S. sclarea and S. dominica HR EV (1010 particles/mL) were diluted and fixed with 10 µL of a 4% 
paraformaldehyde solution and then maintained at 4 °C for a minimum of two hours. A suspension of this fixed 
preparation (5 µL) was applied to the carbon-coated electron microscopy stubs. Subsequently, the samples were dried 
using a nitrogen flux under a chemical fume hood. SEM images of the samples were captured using a Tescan Solaris 
instrument (Tescan Orsay Holding, Brno, Czech Republic). Analyses were carried out at 1.5 and 5.0 keV without 
applying any coating to the particles. SEM imaging was performed on EVs obtained from three distinct preparations.

Transmission Electron Microscopy (TEM)
Before using a grid of carbon film supported on a 300 mesh copper grid, a glow discharge was performed on it (30s 
15mA). Ten microliters of S. sclarea HR EVs (1010 particles/mL) were fixed using glutaraldehyde 2.5% in PBS and 
deposited on a parafilm. The grid was placed on the drop for 5 min, washed with distilled water for 1 min, and placed for 
1 min in a drop of 3 mL of 2% staining agent (Methylamine Vanadate, NanoVan) diluted in H2O before washing it with 
water for 1 min. TEM images were collected using a FEI Tecnai T20 (FEI Europe, Eindhoven, Netherlands) at the 
Laboratorio de Microscopias Avanzadas (Universidad de Zaragoza, Spain).
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Assessment of A. rhizogenes Contamination
To confirm the absence of A. rhizogenes contamination in the EV preparations, we conducted Polymerase Chain 
Reactions (PCR) using 5 µL HR EV preparations as templates. Bacterial genes (rolB, rolC and VirD2) were detected 
using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific Inc., Darmstadt, Germany) with the specific primers 
listed Table S1. The A. rhizogenes pRi15834 plasmid was extracted using the QIAprep® Spin Miniprep Kit (Qiagen, 
Hilden, Germany) and used as a positive control for PCR. DNA amplification was carried out under the following 
conditions: initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C for 30s, annealing at 
55 °C for 30 min, extension at 72 °C for 1 min, and a final extension at 72 °C for 5 min. Subsequently, the PCR-amplified 
products were analyzed on a 1% agarose gel.

Proteomic Profiling and Bioinformatic Analysis
Protein extracts from purified S. sclarea hairy roots (30 µg) and 50 µL of dUC-purified S. sclarea HR EVs (1010 

particles/mL) were separated by 12% SDS-PAGE. The gels were then sectioned into 10 pieces and each sample 
underwent a trypsin in gel digestion procedure. The obtained peptide mixtures were analyzed using an Orbitrap 
Q-Exactive Classic Mass Spectrometer (Thermo Fisher Scientific Inc., Darmstadt, Germany) coupled with 
a nanoUltimate300 UHPLC system (Thermo Fischer Scientific). Peptide separation was conducted on a capillary EASY- 
Spray PepMap column (0.075mmÅ~ 50 mm, 2 μm, Thermo Fisher Scientific) employing aqueous 0.1% formic acid (A) 
and CH3CN containing 0.1% formic acid (B) as mobile phases and a linear gradient from 3 to 40% of B in 45 min, and 
a 300 nL·min−1 flow rate. Mass spectra were acquired over an m/z range from 375 to 1500. To achieve sequence 
confirmation, MS and MS/MS data were analyzed using Mascot software (v2.5, Matrix Science) and the non-redundant 
Data Bank UniprotKB/Swiss-Prot (Release 2021_03), limited to green plant proteins (Viridiplantae). The parameter sets 
were trypsin cleavage, carbamidomethylation of cysteine as a fixed modification, methionine oxidation as a variable 
modification, a maximum of two missed cleavages, and false discovery rate (FDR), calculated by searching the decoy 
database at 0.05. Proteomic analyses were performed in duplicate on three different vesicle preparations and three 
S. sclarea HR extracts. Only proteins that were commonly identified in all the experiments were considered. Gene 
ontology analysis (Biological Process category) of identified proteins was carried out using the specific analysis tool 
ShinyGo 0.80 with a False Discovery Rate (FDR) cutoff of 0.05, taking into consideration only pathways involving more 
than two proteins.

To identify conserved EV markers, Salvia sclarea and Salvia dominica EV proteomes were compared and the 15 
common proteins identified were compared with the apoplastic EV proteome of the model plant Arabidopsis thaliana, 
previously reported.18 FASTA sequences for the 15 common EV-associated proteins identified in Salvia sclarea and 
Salvia dominica proteins were obtained from UniProt database and aligned with those from humans (genome assembly 
GRCh38.p14) using the blastp mode of BLAST on Ensembl (https://www.ensembl.org/index.html). An alignment was 
considered to predict a homologue if the identity of at least 50% within this region was observed. The complete 
Vesiclepedia database (downloaded and accessed on April 23, 2024) was imported into the FunRich version 3.1.3. The 
list of the top 100 proteins identified in EVs according to Vesiclepedia was obtained from ExoCarta (http://exocarta.org/) 
and compared with the human homologues identified.

Metabolomic Profiling of HR EVs
EV preparations (1010 particles/mL) obtained through dUC from conditioned media of S. dominica and S. sclarea HRs 
were subjected to Liquid Chromatography-Mass Spectrometry (LC-MS) to identify specialized metabolites. The analy-
tical setup provides the used a Thermo Scientific UltiMate 3000 UHPLC system with a Luna® C18 150×2 mm, 3 µm (100 
Å) column (Phenomenex®, Castel Maggiore, Bologna, Italy) and as eluent acidified water with 0.1% formic acid (v/v) 
(solvent A) and acetonitrile (solvent B). The gradient used was as follows: a solvent B from 5 to 95% over 35 min. with 
a flow rate of 0.2 mL/min and a column oven at 30 °C. A Q Exactive™ Hybrid Quadrupole-Orbitrap™ Mass 
Spectrometer (Thermo Fisher Scientific Inc., Darmstadt, Germany) was used in negative and positive ion modes. 
Specialized metabolites were identified through accurate MS measurements by comparing both full and fragmented 
mass spectra against standard compounds and existing literature data. Sample preparation, experimental analysis, quality 
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control, metabolite identification, and data preprocessing were carried out according to the Metabolomics Standards 
Initiative.19

Bioactivity and Cellular Uptake of HR EVs
Cell Culture and Drug Treatment
The human neuroblastoma SH-SY5Y cell line was obtained from the American Type Culture Collection (ATCC, 
Rockville, MD, USA). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, 4500 mg/mL glucose) 
supplemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL 
streptomycin. Cells were routinely grown in culture dishes (Corning, Corning, NY) in an environment containing 5% 
CO2 at 37 °C and split every two days. In each experiment, cells were placed in fresh medium, cultured in the presence of 
S. sclarea and S. dominica HR EVs, and co-administered with different concentrations of neurotoxic agents: 50–100 µM 
6-OHDA (Sigma Aldrich, St. Louis, MO, USA), 1 µM mitoxantrone (Sigma Aldrich, St. Louis, MO, USA), 400 µM 
hydrogen peroxide (Sigma Aldrich, St. Louis, MO, USA), 40 µM amyloid β-peptide (1–42) (Anaspec, Campus 
Dr Fremont, CA, USA).

Cell Viability Assay
Cell viability was assessed by measuring mitochondrial metabolic activity with 3-[4,5-dimethylthiazol-2,5-diphenyl-2H- 
tetrazolium bromide (MTT).20 In brief, SH-SY5Y cells (5×104 cells/well) were plated in 96-well plates for 24 h. Then, 
dUC-purified or SEC-purified S. sclarea and S. dominica HR EVs (108–104 vesicles) were added either alone or in 
combination with 6-OHDA (100 µM) for 24 h. Vehicle controls were obtained by adding MilliQ water and PBS for dUC- 
or SEC-purified EVs, respectively. Equal volumes of MS 30 culture medium and EV-depleted medium were used as 
additional experimental controls. More specifically, MS 30 medium was used as the non-conditioned medium for HRs. 
The EV-depleted medium was obtained by collecting the supernatant from the final centrifugation step at 100,000 × g. 
Then, 100 μL per well of 0.1 M isopropanol/HCl solution was added to dissolve the formazan crystals. The absorbance 
was measured at 570 nm using a microplate reader (Multiskan Go, Thermo Fisher Scientific). Cell viability was 
expressed as a percentage relative to the untreated cells cultured in a medium with 0.1% DMSO and set to 100%, 
whereas 10% DMSO was used as positive control and set to 0% of viability.

Fluorescent Labelling of EVs and Cell Uptake analysis by Confocal Microscopy
S. sclarea HR EVs were labelled using BODIPY® FL N-(2-aminoethyl)maleimide (Thermo Fisher Scientific, MA, USA), 
spectrally similar to negatively charged fluorescein dye. Briefly, 10 mM BODIPY dye was added during the purification 
procedure after centrifugation at 15,000 × g to label the enriched fraction of the small EVs. After 15 min of incubation at 
room temperature, EVs were precipitated at 100,000 × g. The supernatant (EV-depleted medium) was removed and used 
as a labelling control in the confocal analyses. To rinse out the excess of free BODIPY, the EV pellet was washed by 
resuspension in 30 mL MilliQ water. Subsequently, EVs were purified using dUC, as described above. Fluorescently 
labelled HR EVs were administered to SH-SY5Y cells (seeding density: 5×104 cells/well) previously seeded in 24-well 
on 12 mm round cover glasses. After 24 h, the cells were stained for immunofluorescence as previously reported.21 

Briefly, cells were extensively washed with PBS-Tween 20 (0.1%), fixed with 4% paraformaldehyde for 20 min, 
permeabilized in 0.1% Triton-X-100 in PBS for 10 min, and then blocked for 1h in blocking buffer (0.5% BSA in PBS- 
Tween 20). Following overnight incubation with TRITC-Phalloidin 2 μg/mL, the slides were washed with PBS-Tween 20 
and nuclei were stained with 1 μg/mL 4.6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific). Images were 
finally acquired by using a Zeiss LSM 710 confocal microscope.

Apoptosis Analysis by Flow Cytometry
Hypodiploid nuclei were analyzed by flow cytometry using propidium iodide (PI) staining. SH-SY5Y cells (3 × 105 cells/ 
well) were grown in 12-well plates and allowed to adhere for 24 h. Subsequently, the medium was replaced and the cells 
were treated with HR EVs (108 particles/mL) and 6-OHDA (50 µM) for 24 h. After treatment, the culture medium was 
replaced, cells were washed twice with PBS and then suspended in 300 μL of a hypotonic staining solution containing 50 
µg/mL PI, 0.1% (w/v) sodium citrate, and 0.1% Triton X-100. The culture medium and PBS were centrifuged, and cell 
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pellets were pooled with cell suspensions to retain both dead and living cells for analysis. After incubation at 4 °C for 30 
min in the dark, cell nuclei were analyzed with a Becton Dickinson FACScan flow cytometer using the Cell Quest 
software version 4 (Franklin Lakes, NJ, USA). Cellular debris were excluded from the analysis by raising the forward 
scatter threshold, and the percentage of cells in the hypodiploid region (sub G0/G1) was calculated.

Reactive Oxygen Species (ROS) Quantification
Intracellular reactive oxygen species (ROS) levels were measured using 10 μM 6-carboxy-2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA; Sigma Aldrich, St. Louis, MO, USA) as previously described.22 To test the effects of Salvia spp. EVs on 
ROS neutralization, SH-SY5Y cells were seeded (5 × 104 cells/well) in 96-well plates and allowed to adhere for 24 h. The cells 
were then treated for 1 h with EVs (108 vesicles), 6-OHDA (100 μM), or a combined administration of both. After incubation, 
the medium was removed and the cells were washed twice with PBS. A staining solution containing DCFH-DA in serum-free 
medium without phenol-red was added for 30 min at 37 °C in the dark. Cells were detached manually, washed, centrifuged, 
and resuspended in a PBS/BSA (2% w/v) solution. Fluorescence signals were evaluated using a Becton Dickinson FACScan 
flow cytometer and analyzed using Cell Quest software, version 4 (Franklin Lakes, NJ, USA). A FSC-H (x-axis) Vs SSC-H 
(y-axis) plot was generated, and the cells were gated to exclude dead cells and debris.

RNA Extraction, Reverse-Transcription and Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)
SH-SY5Y cells (5×105 cells/well) were plated into 6-well plates for 24 h, and then HR EVs (108 particles/mL) were 
added either alone or in co-administration with 6-OHDA (50 µM) for 24 h. Total RNA was isolated from the treated cells 
with TRIzol (Thermo Fisher Scientific, MA, USA), according to the manufacturer’s instructions. The concentration and 
purity of RNA were determined spectrophotometrically by measuring the absorbance at 260/280 nm and 260/230 nm. 
RNA integrity was checked by 2% (w/v) agarose gel electrophoresis. One microgram of total RNA was treated with 
DNase I (Thermo Fisher Scientific) and reverse-transcribed using M-MLV Reverse Transcriptase using SuperScript III 
Reverse Transcriptase (Thermo Fisher Scientific) and random hexamers. Thermal conditions for reverse transcription 
were 25 °C for 10 min, 37 °C for 50 min, and 75 °C for 15 min. Gene expression analysis of (PTEN)-induced putative 
kinase 1 (PINK1; NM_032409.3) and Parkinson’s disease 2 (PARK2/parkin; AB245403.1) was carried out by qRT-PCR 
in a QuantStudio 5 Real-Time PCR Instrument. Each PCR reaction consisted of 1 μL of 1:20 diluted cDNA, 5 μL of 2X 
PowerUp SYBR Green Master Mix (Applied Biosystems, CA, United States), and 0.4 μM of each gene-specific primer 
in a total volume of 10 μL. Thermal cycling included an initial cycle at 50 °C for 2 min and 95 °C for 2 min, followed by 
40 cycles of denaturation at 95 °C for 15s, annealing at 56 °C for 15s, extension at 72 °C for 30s. Values were determined 
from standard curves generated from serial cDNA dilutions and normalized to glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH; GenBank: AY340484.1). The primers used are listed in Table S1. Expression changes were calculated by 
the 2−ΔΔCT method.23 Untreated cells were used as calibrator samples.

Metabolome Extraction and LC-MS/MS Analysis in Cells
The metabolites were extracted as follows: cell pellets were thawed on ice, and 300 µL of ice-cold MeOH/H2O (80:20) 
were added, vortexed for 30s, and subjected to 10 min of sonication in sweep mode. The samples were then centrifuged 
at 14,680 rpm for 10 min at 4 °C and the upper layer was collected and evaporated using a SpeedVacTM (SavantTM, 
Thermo ScientificTM, Milan, Italy). Subsequently, the dried samples were solubilized in an ACN/H2O solution (70:30) 
before injection into RP-UHPLC-ESI-HRMS.

Metabolome analyses were performed using a Vanquish™ UHPLC system coupled online with an Orbitrap 
Exploris™ 120 mass spectrometer (Thermo ScientificTM, Bremen, Germany) equipped with a heated electrospray 
ionization probe (HESI II).

The separation was performed in reversed phase mode, with an ACQUITY UPLC™ HSS T3 Column (150 × 
2.1 mm × 1.8 μm) (Waters Corp., Milford, MA, USA). The column temperature was set to 45 °C, and the flow rate 
was 0.3 mL/min. The mobile phase was (A): H2O with 0.1% HCOOH (v/v) and (B): ACN with 0.1% HCOOH (v/v) 
for positive ionization mode and (A) H2O + 1mM NH3F and (B) ACN for analysis in negative ion mode. The 
following gradient was employed: 0.01–9.00 min, 0–98% B; 9.01–10.00 min, 98% B isocratic; 10.01–10.50 min, 98– 
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0% B; then five min for column re-equilibration. 3 µL were injected. All additives and mobile phases were of LCMS 
grade and purchased from Merck (Milan, Italy).

The MS was calibrated by Thermo calmix Pierce™ calibration solutions for both polarities. Full MS (70–800 m/z) and 
data-dependent MS/MS were performed at a resolution of 15,000 and normalized collision energy (NCE) values of 20, 40, and 
60 were used. Source parameters were set as it follows: sheath gas pressure, 40 arbitrary units; auxiliary gas flow, 15 arbitrary 
units; spray voltage, +3.3 kV, −3.3 kV; capillary temperature, 280 °C; auxiliary gas heater temperature, 300 °C.

For data analysis, Compound DiscovererTM 3.1 software (Thermo Scientific) was used for raw data processing (baseline 
correction, noise filtering, spectral alignment, and peak detection) and tentative identification of metabolites based on 
molecular formula (matched), exact mass (mass tolerance of <2 ppm), and MS2 fragmentation pattern [Fragment Ion 
Search (FISh)], with a global database search (mzCloud, MassList, and ChemSpider). Statistical analysis was conducted 
using the online tool MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/). During this phase, a sequential application of 
normalization by median, logarithmic transformation, and autoscaling was performed. The autoscaling step entailed centering 
at the mean and scaling by the standard deviation for each variable. For the subsequent enrichment analysis, the identified 
metabolites were correlated with the Human Metabolome Database (HMDB) and KEGG IDs. This analytical step was also 
performed using MetaboAnalyst, utilizing the KEGG pathway library associated with Homo sapiens.

6-OHDA Auto-Oxidation Assay
Auto-oxidation of 6-OHDA was evaluated spectrophotometrically by monitoring the formation of p-quinone at 490 nm, 
as previously reported24 in a cell-free system under conditions corresponding to the cellular treatments reported above. 
DMEM without FBS containing Salvia spp. EVs (108 particles/mL) in a 96-well plate were thermostatically maintained 
at 37 °C during the experiment. NAC (1 mM) was used as positive control. The experiment was initiated by the addition 
of 6-OHDA to give a final concentration of 175 μM. Absorbance at 490 nm was monitored at 1h intervals for 8h.

Melanin Formation Assay
Melanin formation was evaluated spectrophotometrically at 405 nm in a cell-free system as previously reported.25 6-OHDA 
was incubated with or without FeSO4 (300 μM) and Salvia spp. EVs (108 particles/mL) in DMEM without FBS in a 96-well 
plate thermostatically maintained at 37 °C during the experiment. After incubation for various periods at 37 °C, the absorbance 
was measured at 405 nm. The experiment was initiated by adding 6-OHDA at a final concentration of 100 μM. Absorbance at 
405 nm was monitored at 1h intervals for 8h.

Statistics and Reproducibility
The sample size and number of replicates for each experiment are reported in the figure legends, where possible. 
Otherwise, these data were properly reported throughout the materials and methods section. Data are reported as mean ± 
standard deviation (SD) of results from at least three independent experiments. Analysis of variance (ANOVA) and 
multiple comparisons with the Bonferroni’s test employed to assess HR EV effects were carried out with GraphPad Prism 
8.0 software (San Diego, CA, USA). P-values ≤0.05 (*), ≤0.01 (**) and ≤0.001 (***) were considered to be statistically 
significant.

Results
Hairy Roots are Reliable Biotechnological Sources of Non-Mammalian EVs
In this work, EVs were purified from the HRs of two medicinal plants, Salvia dominica and Salvia sclarea. Full 
characterization of S. dominica HRs was previously reported by our group,14 whereas we report, for the first time, the 
purification and characterization of EVs derived from the conditioned medium of Salvia sclarea HRs. These HRs were 
obtained according to standard procedures by infecting S. sclarea leaf explants with a hypervirulent strain of 
Agrobacterium rhizogenes (ATCC 15834), as schematically illustrated in Figure 1A. Stable and A. rhizogenes-free 
HRs were then transferred to liquid medium and cultured for up to two months. Conditioned media of HRs were 
collected weekly for EV purification using differential ultracentrifugation (dUC) and size exclusion chromatography 
(SEC) (Figure 1B).
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Figure 1 Isolation and characterization of EVs from Salvia sclarea HR conditioned medium. (A) Representative image of S. sclarea HR culture employed as EV biofactory. (B) 
Conditioned media were collected from two-month-old HRs and used for the purification of EVs by differential ultracentrifugation (dUC) or size exclusion chromatography 
(SEC). (C) Protein profile analysis of HR-derived EVs visualized through SDS-PAGE and silver staining. (D and E) Nanoparticle Tracking Analysis (NTA) measurements depict 
the size distribution of S. sclarea HR EVs purified by dUC (dilution= 1: 100) and SEC (dilution= 1:5), respectively. (F) Scanning electron image showing a group of S. sclarea 
HR EVs. (G) and (H) Transmission electron microscopy (TEM) close-up images displaying the round-shaped morphology of S. sclarea HR EVs. (I) Amplification of rolB, rolC 
and virD2 genes, located in the pRi15834 agrobacterium-type Ri plasmid was carried out through PCR in HR EVs. pRi15834 plasmid extracted from A. rhizogenes was 
employed as template for positive PCR control. Scale bars: 200 nm in (F), 100 nm in (G), 200 nm in (H).
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SDS-PAGE and silver staining of dUC- and SEC-purified EVs revealed the presence of intact protein bands and well- 
defined migration patterns (Figure 1C), roughly indicating that both purification methods maintained the integrity of EV 
protein cargo. NTA of dUC-purified S. sclarea HR EVs showed a prominent peak at approximately 116 ± 15 nm (mode 
value) and a mean vesicle size distribution of 152 ± 12 nm (Figure 1D).

Approximately 90% of the detectable vesicles were within the 80–220 nm range. Furthermore, distribution analysis 
indicated that 67% of EVs had a hydrodynamic diameter <140 nm, whereas only 16% exceeded 200 nm, possibly due to 
EV aggregation. The EV concentration ranged from 1.5 × 1010 −7.8 x 1010 particles/mL. A comparable size distribution 
of EVs was obtained by SEC purification (Figure 1E), although the yield of EVs was much lower than that of dUC 
preparations (1.5 x 109 – 8.3 × 109 particles/mL).

Scanning (Figure 1F) and transmission electron micrographs (Figure 1G and H) of grouped and single S. sclarea EVs 
revealed round-shaped biogenic nanoparticles with the expected size. The size distribution, concentration, and morphol-
ogy of S. dominica EVs are detailed in Figure S1 and closely alignwith the findings reported in our previous study.

Finally, to assess the absence of A. rhizogenes contamination in the EV samples, PCR amplification of fragments of 
A. rhizogenes genes such as virD2 (317 bp), rolB (590 bp), and rolC (514 bp) was performed. As depicted in Figure 1I, 
EV samples derived from S. sclarea tested negative for A. rhizogenes genes, as also reported for S. dominica HR EVs14 

proving the absence of bacterial DNA in the HR EV preparations.

Protein Profiling of Salvia sclarea HR EVs
EVs contain unique sets of proteins that drive their biogenesis, release, and uptake by target cells, as well as other molecular 
signals that regulate various cellular functions in recipient cells. In our previous work, we reported a detailed proteomic 
characterization of S. dominica HR-derived EVs, showing that they carry typical EV-associated markers, such as cytoske-
letal components, chaperone proteins, glyceraldehyde-3-phosphate dehydrogenases, and integral membrane proteins.14

In this study, we aimed to gain a thorough understanding of the protein composition of Salvia sclarea HRs and HR 
EVs, using a gel-based proteomic approach. Owing to the limited data available for Salvia spp. proteomes, protein 
identification was conducted using the broader Green Plant (Viridiplantae) protein database, which allowed the identi-
fication of 167 proteins in HR EVs and 1,206 proteins in HRs (Supplementary Information; Tables S2 and S3, 
respectively).

The HR EVs proteome showed proteins typically associated with plant EVs, such as ATP synthase subunits, nucleic 
acid binding proteins, ribosomal constituents, cytoskeleton elements (eg, actin), elongation factors, histones, molecular 
chaperones (such as HSP70), and many other membrane proteins, including vacuolar protein sorting-associated proteins 
(VPS26A and VPS20) and members of sugar transporters and ABC transporters (Table S2). Notably, we observed many 
peroxidases that might confer antioxidant activity to Salvia HR EVs.

To further characterize and investigate the potential biological relevance of HR EVs, we carried out a gene ontology 
(GO) analysis of Biological Processes (BP). Most proteins in the EVs proteome are involved in “response to stress” and 
“response to abiotic stimulus” categories (Figure 2A). These findings confirm that plant EVs serve as essential mediators 
in plant responses and signalling to various environmental factors, encompassing both biotic and abiotic constraints, and 
emphasize their key roles in plant defense mechanisms and interactions with the environment. To validate these findings, 
the proteome of HRs originating EVs was also studied. Despite the limitations of the protein database discussed above, 
more than 1,200 proteins were identified (Table S3), and their biological functions were in agreement with those expected 
for the proteome of a complex tissue (Figure 2B). Indeed, the HR proteome displays a broad range of metabolic 
activities, particularly the metabolism of small molecules and organic compounds.

As there are no reliable markers for HR-derived EVs, we performed a comparative analysis between the proteomes of 
S. sclarea and S. dominica HR EVs. This analysis revealed 15 proteins common to both species (Table S4), providing an 
initial set of candidate markers for Salvia EVs. We then checked whether these shared proteins were also found in the 
proteome of apoplastic EVs isolated from the model plant species Arabidopsis thaliana. This comparison revealed nine 
common proteins, as listed in Table S5, including a 14-3-3 like protein GF14, an ABC transporter G family member, 
actin, an ATP synthase A, a calcium-dependent protein kinase 20, glyceraldehyde-3-phosphate dehydrogenase 2, heat 
shock 70, NADP-dependent malic enzyme, and ribulose bisphosphate carboxylase/oxygenase activase. These common 
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proteins in phylogenetically distant species may represent the conserved components of the plant EV proteome. Finally, 
eight out of 15 common proteins detected in Salvia sclarea and Salvia dominica EVs have human homologues with 
a sequence identity >50% (Table S6). These homolog proteins are included in the EVs public database ExoCarta (http:// 
www.exocarta.org).

S. sclarea and S. dominica HR EVs Transport Prevalently Terpenoids
Exploring the metabolomic profile of EVs holds the potential to elucidate their biological role in plant defense 
mechanisms and uncover potential human health benefits. To this aim, mass spectrometry-based metabolomic analyses 
were performed on both S. sclarea and S. dominica HR-EVs. The metabolic chromatograms of EVs derived from Salvia 
spp. exhibited a remarkable degree of similarity (Figure 3A).

These profiles were predominantly characterized by the presence of triterpenoid compounds, as shown in Figure 3B. 
More specifically, LC-MS analysis highlighted the presence of ursolic and oleanolic derivatives, particularly asiatic acid 
and its isomer (C30H48O5).

These compounds have been previously reported to have pharmacological activities, including antibacterial, anti- 
dermatophytic, antioxidant, anti-inflammatory, antineoplastic, and anti-aggregant properties. Interestingly, asiatic, ursa-
nic, and oleanolic acids have been documented to exert potent neuroprotective effects.

HR EVs Enter Dopaminergic Neurons and Alleviate 6-OHDA-Induced Neurotoxicity
To evaluate the potential neuroprotective properties of HR EVs, we tested them in SH-SY5Y cells, a human neuro-
blastoma derivative that offers a practical and sustainable alternative to primary human dopaminergic neurons. Widely 
utilized in studying neurological disorders, SH-SY5Y cells combined with neurotoxin treatments serve as an in vitro 
model for investigating the cellular and molecular basis of neurological disorders and for preliminary drug screening in 
Parkinson’s disease (PD).

To test the safety of EVs, SH-SY5Y cells were treated with increasing concentrations of HR EVs (104–108 particles/ 
mL) for 24 h, and cell viability was assessed using an MTT assay. As shown in Figure S2, application of HR-derived EVs 
had no detrimental effects on SH-SY5Y cells.

Subsequently, we examined the cellular uptake of HR-derived extracellular vesicles by exposing SH-SY5Y cells to 
BODIPY-labelled EVs (1.2 x 108 particles/mL) for 24 h. As expected, control cells did not show fluorescence in the 
green channel (Figure 4A–D), whereas confocal microscopy revealed extensive and diffuse EV uptake in SH-SY5Y 
(Figure 4E–H). Internalized HR EVs appeared to be uniformly distributed in the cytoplasm and perinuclear regions of the 
recipient cells. As an additional control, EV-depleted medium containing excess free dye was added to the cells. This 
resulted in a distinct staining pattern characterized by large fluorescent spots (Figure S3), likely due to the aggregation or 
cellular compartmentalization of residual BODIPY.

Biological process of EV proteome Biological process of HR  proteome

A B

Figure 2 Results of gene ontology analysis of the HR EV and HR proteomes. Proteins identified in the HR EVs (A) and HR (B) proteomes were classified based on their 
biological functions. The number of proteins identified, fold enrichment, and the FDR are indicated.
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Then, we co-administered to SH-SY5Y cells EVs derived from S. sclarea along with various neurotoxic agents, such 
as 1 µM mitoxantrone (Figure 4I), 40 µM Aβ (1–42) (Figure 4J), 400 µM H2O2 (Figure 4K), and 100 µM 6-OHDA 
(Figure 4L), and tested the cell viability using the MTT assay. Overall, HR EVs significantly alleviated neurotoxicity in 
all the tested treatments. Impressively, HR EVs almost completely suppressed the toxicity of 6-OHDA. More specifically, 
we found that the incubation of SH-SY5Y cells with only 6-OHDA reduced cell viability to 10.02 ± 0.25% and 13.12 ± 
1.52% (Figure 4F) compared to control cells, whereas co-administration of HR EVs completely preserved cell viability 
up to 97.15 ± 2.41% (p< 0.001 vs 6-OHDA; (Figure 4F) and 95.52 ± 1.97% (p < 0.001 vs 6-OHDA; Figure 4D), 
respectively. HR non-conditioned medium and EV-depleted media of S. sclarea and S. dominica were used as experi-
mental controls, which showed no significant reduction in 6-OHDA toxicity (Figure S4). Worth noting, protective effects 
were not observed when HR EVs were administered 24 h before or 24 after 6-OHDA treatment, as shown in Figure S5. 
Taken together, these data suggest that neuroprotective effects are specifically associated with the presence of EVs, which 
can directly neutralize the detrimental effects of 6-OHDA.

EVs bioactivity was also evaluated by flow cytometry to corroborate their protective effects against 6-OHDA-induced 
apoptosis. The incubation of SH-SY5Y cells with 6-OHDA for 24 h increased the percentage of hypodiploid nuclei. On 
the other hand, co-administration of HR EVs reduced the number of cells undergoing apoptosis from 38.44 ± 3.21% 
(6-OHDA alone) to 7.12 ± 4.10% (S. sclarea EVs/6-OHDA co-administration) (p < 0.001 vs 6-OHDA) (Figure 4M) and 
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Figure 3 Metabolomic analysis of EVs of S. sclarea and S. dominica hairy roots. (A and B) Representative chromatograms showing the metabolomic profiles of S. sclarea and 
S. dominica HR EVs, respectively. (C) List of specialized metabolites detected in HR EVs of S. sclarea and S. dominica by UHPLC-HR-ESI-Orbitrap/MS. MSI status# in c: 
Metabolomics Standards Initiative.
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Figure 4 Evaluating neuroprotective effects of S. sclarea and S. dominica EVs against 6-OHDA-induced SH-SY5Y. (A–D) Representative confocal microscopy imaging of SH- 
SY5Y control cells. (E–H) Representative confocal microscopy analysis of SH-SY5Y cells treated with BODIPY -stained EVs (1.2 × 108 particles/mL) of S. sclarea HRs for 24 
h. Cells have been stained with phalloidin-TRITC (actin, red). Nuclei were stained with DAPI. Magnification 63×/1.4 numerical aperture. Scale bar = 20 mm in (D) and (H). 
(I–M) Neuroprotective effects of S. sclarea and S. dominica upon administration of 1 µM mitoxantrone (I), 40 µM Aβ (1–42) (J), 400 µM H2O2 (K) and 100 µM 6-OHDA (L). 
The viability variations were determined by calculating the percentage of viable cells in treated cultures in comparison to untreated ones. (M and N) Evaluation of apoptosis 
in SH-SY5Y cells by propidium iodide assay through flow cytometry upon co-administration of S. sclarea and S. dominica HR EVs, respectively. Data are expressed as 
percentage of hypodiploid nuclei. (O and P) PINK1 and PARK2 mRNA levels by qRT-PCR in SH-SY5Y cells upon co-administration of S. sclarea and S. dominica EVs, 
respectively. GAPDH was used as housekeeping control. The 2–∆∆CT method was employed to calculate the expression fold changes relative to untreated cells. (Q) 
Spectrophotometric fluorescence intensity measurement showing the protective role of HR EVs in SH-SY5Y treated with 100 µM 6-OHDA. All results are showed as mean 
± standard deviation from three independent experiments conducted with dUC and SEC-purified EVs. *, **, ***Denote respectively p < 0.05, p < 0.01 and p < 0.001 vs Ctrl; 
# and ###Denote respectively p < 0.05 and p < 0.001 vs 6-OHDA.
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from 41.12 ± 2.89% (6-OHDA alone) to 4.88 ± 3.11% (S. dominica EVs/6-OHDA co-administration) (p < 0.001 vs 
6-OHDA; Figure 4N). Thus, when treated with 6-OHDA and HR EVs, the observed apoptosis levels in cells were not 
significantly different from those in control cells.

We then evaluated the expression of (PTEN)-induced putative kinase 1 (PINK1) and Parkinson’s disease 2 (PARK2/ 
parkin) genes, which are typically involved in the clearance of damaged mitochondria via mitophagy.26 As expected, the 
exposure of SH-SY5Y cells to 6-OHDA for 24 h significantly enhanced the levels of PINK1 and PARK2 genes (p < 0.01 
vs Ctrl) (Figure 4O and P). The levels of PINK1 and PARK2 transcripts were not significantly altered by EV treatment 
alone (1.3 ± 0.15-fold down; p < 0.01 vs 6-OHDA for PINK1, 1.3 ± 0.1-fold down, p < 0.01 vs 6-OHDA for PARK2). In 
contrast, co-administration of EVs derived from both S. sclarea and S. dominica HRs prevents the overexpression of 
PARK2, implying a potential mitigating role against 6-OHDA-associated mitochondrial damage in an in vitro model of 
Parkinson’s disease.

Finally, due to the well-known detrimental effects of ROS in neuronal cells exposed to 6-OHDA, we assessed the 
ability of HR EVs to mitigate the production of these oxidative molecules. The data shown in Figure 4Q demonstrate that 
the co-administration of HR EVs effectively reduced 6-OHDA-induced ROS levels back to endogenous cell levels (p < 
0.05, 6-OHDA). Collectively, these data demonstrated that HR EVs inhibited the development of Parkinson’s disease 
cellular changes in 6-OHDA-treated SH-SY5Y cells.

HR EVs Prevent Metabolome Changes Induced by 6-OHDA
Given the intricate interplay between metabolites, redox homeostasis, and bioenergetics in Parkinson’s disease, metabo-
lomics may be instrumental in understanding the distinctive cellular features of this disease and may contribute to the 
development of new therapeutic interventions. Therefore, we profiled metabolomic changes in our experimental system. 
The metabolites were extracted from the cell pellets and analyzed in both polarities using UHPLC-ESI-MS/MS. 
Significant metabolomic variations were observed specifically in the metabolome acquired in the positive ionization 
mode. Principal component analyses (PCA) displayed in Figure 5A and B showed significant metabolomic dysregulation 
in SH-SY5Y cells treated with 6-OHDA, which was not detected upon EV co-administration. Notably, HR EVs alone did 
not significantly modify cell metabolic homeostasis compared to control cells.

Among the metabolic pathways mainly affected by 6-OHDA, we observed enrichment in glutathione metabolism, 
showing a disruption in the cellular redox balance, as expected. Notably, within the key metabolites of glutathione 
metabolism, our analysis revealed the abundance of L-cystathionine, gamma-glutamylglutamic acid, S-(hydroxymethyl) 
glutathione, and both oxidized and reduced forms of glutathione (Tables S7 and S8).

Interestingly, we also observed many other metabolites involved in the cell stress response and detoxification, 
including N-acetyl-L-histidine, L-methionine, L-glutamine, imidazoleacetic acid, and hypotaurine. Furthermore, we 
observed the impairments in other interconnected pathways, such as “Nicotinate and nicotinamide metabolism”, 
“Pentose and glucuronate interconversions”, and numerous pathways involved in amino acid biosynthesis and metabo-
lism impacting fundamental cell processes including cellular energy, antioxidant defenses, protein homeostasis and 
mitochondrial function. Lastly, increased levels of dimethylethanolamine and sn-glycero-3-phosphoethanolamine were 
found, indicating alterations in the membrane composition and integrity.

Collectively, these findings demonstrated the efficacy of HR EVs from S. sclarea and S. dominica in mitigating the 
detrimental effects of 6-OHDA by efficiently reducing oxidative stress and significantly preventing metabolic shifts 
induced by 6-OHDA.

HR EVs Inhibit 6-OHDA Autoxidation and p-Quinone Formation
The next question we addressed aimed to understand the potential mechanism by which EVs derived from Salvia HR 
prevent oxidative stress. One of the well-characterized oxidation products of 6-OHDA is p-quinone, a primary mediator 
of ROS production that contributes to nerve cell damage and neurotoxicity.27,28 Therefore, we monitored its formation in 
a cell-free system over time, both with and without HR EVs. The antioxidant NAC (N-acetyl cysteine) was used as 
a positive control. Notably, EVs exhibited a potent antioxidant effect in vitro, prompting an extension of the time course 
beyond the durations described in previous studies that used NAC as a reference antioxidant because its effect was only 
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observed within the first 10 min of 6-OHDA autoxidation. In contrast, both S. sclarea (Figure 6A) and S. dominica EVs 
(Figure 6B) prevented autoxidation, with a unique feature that their defensive effects remained significant at 8 h. To 
eliminate the potential interference of fetal bovine serum components (EVs, lipids, lipoproteins, etc).,29 we conducted 
this assay in a serum-deprived medium. These data indicate that S. sclarea and S. dominica EVs offer neuroprotection, 
likely by acting on 6-OHDA autoxidation in a more effective way than NAC, which is one of the most potent inhibitors 
of p-quinone formation.24,30

To further test this hypothesis, we evaluated in vitro the conversion of p-quinone into non-toxic melanin. Based on 
EVs’ strong ability to neutralize p-quinone, we expected minimal melanin formation because the levels of p-quinone, the 
precursor of melanin, would already be reduced. As shown in Figure 6C and D, the presence of ferrous ions indeed 
increased melanin formation, consistent with previous research.25 However, the presence of HR EVs significantly 
reduced melanin formation, even below the levels seen with 6-OHDA alone. This confirmed the selective counteraction 
mechanism of S. sclarea and S. dominica EVs in p-quinone formation.

Discussion
Plant EVs represent a safe, viable and effective alternative to mammalian EVs in nanomedicine.13 Large-scale production 
of plant EVs can benefit from the use of cell cultures and hairy roots, which are widely used as biofactories to produce 
commercially interesting bioactive ingredients with pharmaceutical, nutraceutical and cosmetic value. These plant 
biotechnological platforms offer a plethora of advantages such as cost-effectiveness, scalability, contaminant-free 
conditions, and bio-sustainable processes for the production of desired compounds applicable at an industrial scale.17
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Figure 5 Untargeted metabolomics profiling to study the neuroprotective effects of HR EVs. (A and B) Principal component analysis of metabolomic data demonstrating 
good separation of 6-OHDA-treated groups with respect to treatments with S. sclarea and S. dominica HR EVs, respectively. (C and D) Enrichment analysis to functionally 
classify the differentially expressed metabolites in 6-OHDA compared to treatments with S. sclarea and S. dominica HR EVs, respectively. The enrichment ratio, beside the 
plots, is indicated by the proportional diameter size of the black circles.
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Here, we report the use of HRs from Salvia spp. as an alternative source of EVs and their potential applications in 
neuroprotection. The choice to study EVs released from Salvia species was based on their long-standing applications in 
traditional medicine, owing to the well-proven bioactivity of their secondary metabolites against different human 
diseases. S. sclarea is regularly consumed as a food product, and its essential oils are generally recognized as safe by 
the Food and Drug Administration.31 S. dominica is currently considered an important wild genetic resource within 
Salvia genus as a source of health-promoting compounds.32

We set up a reproducible purification of EVs released from HRs either from S. dominica or S. sclarea, having size and 
morphology comparable to those of EVs purified from different plant species.33–35 We compared well-established EV 
purification techniques and found that overall dUC isolation method ensures higher EV yield with respect to SEC in our 
experimental system. However, we expect that methods suitable for large-scale research applications (eg, tangential flow 
filtration) and novel strategies (eg, HR elicitation by biological, chemical, and physical stimuli) may further maximize the 
EV yield, as reported in mammalian systems.36

Proteome comparative analysis clearly showed that S. sclarea EVs carry a specific protein biocargo that differs from 
the protein composition of the HRs from which they are released. The enrichment analysis of GO terms and protein 
domains indicated that many proteins carried by EVs participate in diverse plant stress responses, defense mechanisms, 
and intercellular communication, as extensively reported in recent years.3,18,35,37,38

We also identified ATP synthase subunits, ribosomal constituents, cytoskeletal elements (eg, actin), elongation 
factors, molecular chaperones (such as HSP70), vacuolar protein sorting-associated proteins (VPS26A and VPS20), 

Figure 6 Biochemical effects of S. sclarea and S. dominica HR EVs against 6-OHDA autoxidation. The formation of p-quinone was monitored at 490 nm in DMEM without serum 
with S. sclarea (A) or S. dominica (B) HR EVs using NAC (1 mM) as a positive control. The melanin formation assay was performed in a cell-free system, and the product was 
spectrophotometrically measured every 1 h. Melanin formation was monitored at 405 nm in DMEM without serum with S. sclarea (C) or S. dominica (d) HR EVs, using Fe2+ (300 µM) 
as a positive control. The results are presented as mean ± standard deviation (SD) from two independent experiments. *, **, *** denote respectively p < 0.05, p < 0.01 and p < 0.001 
vs Ctrl; # and ## denote respectively p < 0.05, p < 0.01 and p < 0.001 vs 6-OHDA.
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and members of sugar transporters and ABC transporters (Table S3), which have been recurrently found in plant EV 
proteomes39 and in the Exocarta and Vesiclepedia databases.

By comparing the proteomes of S. sclarea and S. dominica HR EVs, we identified a shared set of proteins. In addition 
to frequently associated EV proteins, such as Actin, Elongation factor 1-alpha, ATPase subunit alpha, HSP 70, and 
glyceraldehyde-3-phosphate dehydrogenase 2, our results revealed novel potential specific markers of Salvia EVs, 
including TIFY 10A, alpha-mannosidase, and berberine bridge enzyme-like. These findings expand our understanding 
of plant EV biomarkers and provide new anchor proteins for EV bioengineering.

In the broader context of the Salvia genus, terpenoids and polyphenols have been reported as the main specialized 
metabolites. Previous studies have identified phenolic acids, flavonoids, and terpenoids in aerial parts, whereas oxyge-
nated abietane-type diterpenes with a common ortho- or para-quinone chromophore are more prevalent in the roots.40 

HRs of S. sclarea are recognized for the production of various diterpenoids and triterpenoids, including ferruginol, 
salvipisone, aethiopinone, 1-oxoaethiopinone, oleanolic acid, ursolic acid, 2α,3α-dihydroxy-urs-12-en-28-oic acid, and 
2α,3α,24-trihydroxy-urs-12-en-28-oic acid.41,42 The current understanding of specialized metabolites transported by plant 
EVs is still limited, and the factors influencing this process remain underexplored. Our results provide evidence for 
a straightforward connection between EV metabolomic profiles and tissue of origin and subcellular compartments. 
Specifically, the metabolomic profiles of S. sclarea and S. dominica HR EVs revealed high similarity in their metabo-
lomic profiles, with triterpenoids being the predominant constituents of the EVs’ metabolomic cargo. The data indicate 
a shared mechanism in different species for incorporating molecules into EVs, likely influenced by the high concentration 
and hydrophobic or amphiphilic nature of these molecules in Salvia HRs. This assumption aligns with previous 
observations reporting similar enrichment of lipophilic molecules in EVs derived from various plant sources, including 
apoplastic fluid, cell culture media, and homogenized plant tissues.34 However, it is important to consider that alternative 
loading mechanisms might play a role in concentrating specialized metabolites within plant EVs. Notably, ATP-Binding 
Cassette transporters (ABC transporters), identified in the HR EVs proteome and also observed in other plant EVs18,35 

could potentially contribute to facilitating the targeted loading of metabolites in EVs. Future studies employing genetic 
mutants of these transporters are required to validate this hypothesis.

The prevalence of triterpenoids in the metabolomic cargo of HR EVs also suggests a functional implication in plant 
defence mechanisms against harmful pests and pathogenic microbes, which might also have potential benefits for human 
health. Indeed, given their intricate chemical structures, triterpenoids exhibit interesting biological activities including 
antitumor, antiviral, antibacterial, and antioxidant properties.43–45

In this study, we focused on the possible beneficial effects of plant EVs on cellular and metabolic changes associated 
with PD, one of the most common neurodegenerative disorders, characterized by the progressive loss of dopaminergic 
neurons in the substantia nigra, leading to motor and non-motor dysfunction. It has been proposed that the PD onset 
might be triggered by oxidative damage, neuroinflammation, exposure to environmental toxins, genetic predisposition, 
and accelerated aging and other factors.46

Nanosized EVs have emerged as innovative carriers of therapeutic drugs and bioactive proteins for the treatment of 
PD. However, the concrete risk that mammalian-derived EVs carry pathological miRNAs and/or proteins47,48 involved in 
the spread of neurological diseases has prompted research toward the identification of alternative EV sources.

In this study, we assessed the protective activity of HR EVs in neuroblastoma SH-SY5Y cells, an in vitro model widely 
used in PD research. To induce the manifestation of a PD-like phenotype in these cells, we administered 6-OHDA, which 
triggers neurotoxicity by preferentially accumulating within catecholaminergic neurons via dopamine transporters. This 
accumulation disturbs metabolic homeostasis, induces mitochondrial dysfunctions, and ultimately leads to significant 
neuronal damage.49 Although this in vitro model does not completely mirror the complexities of PD, it is a fundamental 
tool to study the cell and molecular basis of PD pathogenesis and to test the efficacy of novel therapeutic interventions.50

We report the widespread uptake and safety profile of HR EVs in SH-SY5Y cells. When co-administered with 
6-OHDA, HR EVs demonstrated significant neuroprotective activity, effectively inhibiting cellular damage and the 
metabolic alterations associated with PD. HR EVs preserved cell viability and dramatically reduced 6-OHDA-mediated 
apoptosis in SH-SY5Y cells. The involvement of mitochondrial damage in PD pathogenesis is well-established51 and our 
findings revealed that treatment with HR EVs prevents the overexpression of PARK2 gene, which encodes a protein 
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associated with mitochondrial dysfunction,52 leading to neuronal death in PD, suggesting a potential mitigating role 
against 6-OHDA-associated mitochondrial damages.

Oxidative stress and metabolic dysregulation areinherent features of PD. Our data confirmed this correlation, since 
6-OHDA treatment elevated ROS levels and profoundly altered cellular metabolism, impacting essential biological 
pathways, including amino acid biosynthesis, cellular energy, antioxidant defenses, protein homeostasis, and mitochon-
drial function. Remarkably, co-administration of HR EVs significantly contributed to the preservation of metabolic 
homeostasis, which was severely affected by 6-OHDA treatment.

As the HR EVs of these two Salvia species exhibit shared metabolic cargo, the mitigation of oxidative stress could be 
attributed to the presence of therapeutic triterpenoids in the EV biocargo. Notably, among the transported triterpenoids in 
HR EVs, asiatic acid,53,54 ursolic acid,55,56 maslinic acid57 and oleanolic acid,58–60 have been well-documented for their 
robust neuroprotective activity in vitro and in vivo. Additionally, the antioxidant activity of enzymes delivered by HR 
EVs (eg, peroxidases) may exert a synergistic effect in preventing neuronal oxidative damage in response to 6-OHDA.

6-hydroxydopamine is a relatively unstable molecule that is prone to both enzymatic and nonenzymatic oxidation 
processes. For example, monoamine oxidase oxidizes 6-OHDA to produce H2O2, which initiates the production of 
oxygen radicals. Additionally, 6-OHDA’s auto-oxidation generates H2O2, ROS, and catecholamine quinones, resulting in 
rapid depletion of endogenous antioxidant enzymes. It has been reported that in cellular models that express diminished 
levels of dopamine transporters (DAT), such as undifferentiated SH-SY5Y cells, in combination with elevated concen-
trations of 6-OHDA (ranging from 100 to 150 μM), the auto-oxidation of the toxin predominantly takes place in the 
extracellular medium.61 By using a cell-free system, we effectively showed that HR EVs inhibit the auto-oxidation of 
6-OHDA and the subsequent formation of p-quinone. This led to the conclusion that the antioxidant bioactivity of HR 
EVs is likely initiated at the extracellular level. This finding is of significant pharmacological interest, implying that HR 
EVs have an inherent capacity to neutralize neurotoxic metabolites in the circulation.

Furthermore, our data revealed that HR EVs penetrated cells, delivering a rich array of antioxidants. This intracellular 
cargo might play a crucial role in combating oxidative stress in cells. It helps to preserve the function of various 
organelles and supports the maintenance of metabolic equilibrium in a Parkinson’s disease model. This dual action, both 
extracellular and intracellular, of HR EVs emphasizes their potential as a novel therapeutic tool for managing neurode-
generative disorders, such as Parkinson’s disease.

Conclusion
The use of HRs as an alternative source of plant EVs offers significant advantages in terms of industrial production and 
therapeutic potential. We provide straightforward evidence that HR EVs from Salvia spp. have strong and multifaceted 
neuroprotective effects, including the inhibition of toxicity, modulation of mitochondrial function, metabolic regulation, 
and neutralization of neurotoxic molecules. Building on these findings, HR EVs from S. sclarea and S. dominica deserve 
clinical investigation as promising candidates for developing new pharmaceutical and nutraceutical strategies to prevent 
and mitigate the effects of neurotoxins. However, it is crucial to first conduct rigorous preclinical studies to thoroughly 
evaluate their safety, efficacy, and mechanisms of action before advancing to human trials.
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