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A B S T R A C T

Brain metastases (BM) are frequently found in cancer patients and, though their precise incidence 
is difficult to estimate, there is evidence for a correlation between BM and specific primary 
cancers, such as lung, breast, and skin (melanoma). Among all these, breast cancer is the most 
frequently diagnosed among women and, in this case, BM cause a critical reduction of the overall 
survival (OS), especially in triple negative breast cancer (TNBC) patients. The main challenge of 
BM treatment is the impermeable nature of the blood-brain barrier (BBB), which shields the 
central nervous systems (CNS) from chemotherapeutic drugs. Extracellular vesicles (EVs) have 
been proposed as ideal natural drug carriers and these may exhibit some advantages over syn
thetic nanoparticles (NPs). In this work, we isolate breast cancer-derived EVs and study their 
ability to carry vCPP2319, a peptide with dual cell-penetration and anticancer activities. The 
selective cytotoxicity of anticancer peptide-loaded EVs towards breast cancer cells and their 
ability to translocate an in vitro BBB model are also addressed. Overall, it was possible to conclude 
that vCPP2319 naturally interacts with breast cancer-derived EVs, being retained at the surface of 
these vesicles. Moreover, the results revealed a cytotoxic activity for peptide-loaded EVs similar to 
that obtained with the peptide alone and the ability of peptide-loaded EVs to translocate an in 
vitro BBB model, which contrasts with the results obtained with the peptide alone. In conclusion, 
this work supports the use of EVs in the development of biological drug-delivery systems (DDS) 
capable of translocating the BBB.

1. Introduction

Brain metastases (BM) are a major clinical complication frequently found in patients with advanced stages of cancer, leading to 
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cognitive impairment, and reduced quality of life and lifespan [1,2]. BM are more frequently diagnosed than primary brain tumors and 
their incidence is increasing mainly due to improvements in diagnosis – allowing for early detection of BM – and treatment - increasing 
patient lifespan though also expanding the time frame for BM development [2,3]. Despite the advances in diagnosis and treatment, the 
prognosis remains poor, with extremely low 2-year overall survival [1,4,5]. The precise incidence of BM is not accurately determined 
but evidence from autopsy studies revealed an association between BM and certain primary cancers, namely lung, breast and skin 
(melanoma) [2,5]. Breast cancer is the most frequently diagnosed cancer among women and the overall survival (OS) of patients with 
breast cancer BM was described to be less than 1 year, which decreases to less than 6 months for triple negative breast cancer (TNBC) 
patients [6,7].

One of the main challenges in treatment of BM resides in the blood-brain barrier (BBB) and its impermeable nature, which protects 
the central nervous system (CNS) but also turns it into a “sanctuary” where metastatic tumor cells settle and proliferate, shielded from 
chemotherapeutic drugs [3,8]. Several invasive and non-invasive approaches have been investigated to overcome this limitation and 
improve drug delivery to the brain [9]. Invasive strategies usually have high costs, which together with the need for follow-ups, 
hardware complications and brain damage risks significantly compromise patient compliance [9]. Non-invasive strategies with tar
geted drug delivery are therefore advantageous and preferable. A recent review on the pharmacoeconomical impact of the use of 
nanocarriers as drug delivery systems (DDS) for cancer treatment pointed out that nanoencapsulation may improve the bioavailability, 
solubility, selectivity and pharmacokinetic (PK) profile of drugs, as well as facilitate biological barrier translocation, storage and in vivo 
stability [10]. All these improvements result in more efficient formulations, and reduction of dosage and toxicity, therefore reducing 
side effects and costs, and ultimately leading to a favorable impact on patients’ compliance [10]. Nanoparticles (NPs) have been 
promoted as novel strategies for drug delivery with improved efficacy and safety, such as the pegylated liposomal formulations of 
doxorubicin used to treat metastatic breast cancer (MBC) [11,12]. On the down side, unspecified cytotoxicity and rapid elimination by 
the phagocytic system are listed as frequent disadvantages of NPs [11].

Extracellular vesicles (EVs) have been portrayed as ideal natural DDS [13–15]. EVs are a broad population of vesicles naturally 
found in body fluids such as blood, and can be generally divided into two classes: exosomes and shedding microvesicles (MVs) [16,17]. 
This classification relies essentially on different biogenesis pathways and sizes [16,18,19]. Exosomes (30–120 nm) are initially formed 
as intraluminal vesicles (ILVs) within a multivesicular body (MVB), which then fuses with the plasmatic membrane, releasing its 
content into the extracellular space [15,16,18,20]. MVs are generally larger than exosomes (100–1000 nm) and assembled directly at 
the cell membrane level through the regulated outward budding of small membrane domains [16,18]. Exosomes, in particular, have 
received much attention in the last decades since they were found to be key participants in intercellular communication [21,22]. 
Moreover, intrinsic characteristics such as small size, native membrane components (protein and lipids), high biocompatibility and 
stability, and low immunogenicity and toxicity, confer exosomes evident advantages over synthetic DDS [21–23]. In particular, 
tumor-derived exosomes (TDEs) are easy to collect, being found at high concentration in malignant effusions, and are also described to 
interact more promptly with cancer cells due to their unique lipid composition [15,24]. Several works have explored the use of 
cancer-derived exosomes as DDS to effectively deliver anticancer drugs in what may be considered a “Trojan horse” approach [14,15,
24–27]. However, given their key role in metastatic cancer progression, the use of TDEs as DDS must be considered with caution. In this 
sense, many strategies have been used to engineer exosomes, aiming for the development of optimized DDS with effective anticancer 
activity, and showing promising results that constitute evidence of their potential in cancer treatment [22,24,28,29]. As a noteworthy 
example, a recent report on the encapsulation of pegylated liposomal doxorubicin in TDEs showed that not only did EVs fuse pref
erentially with cancer cells, but that they displayed enhanced therapeutic retention in tumor tissues [24].

In this work, we explored the use of EVs isolated from TNBC cells MDA-MB-231 to deliver vCPP2319, a peptide whose mode of 
action combines cell-penetrating (CPP) and anticancer (ACP) activities [30,31] resulting in tumor cell membrane-crossing properties, 
with subsequent impact on intracellular biomechanics [30]. As potential sources of novel drug leads, peptides are getting increased 
attention due to features such as small size –relative to proteins– and high specificity [32]. Nonetheless, their use in clinics still faces 
challenges such as instability, immunogenicity or limited ability to cross biological barriers such as the BBB [32,33]. A possible 
strategy to overcome these limitations is encapsulation of the peptide drug into carrier systems such as –in the present work–exosomes 
and other EVs that shield the peptide from early degradation until specific delivery to its target.

2. Experimental section/methods

2.1. Reagents

Fmoc-protected amino acids, Fmoc-Rink amide (MBHA) resin, 2-(1H-benzotriazol-1-yl)-1, 1, 3, 3–tetramethyluronium hexa
fluorophosphate (HBTU), and N-hydroxybenzotriazole (HOBt) were from Iris Biotech GmbH (Marktredwitz, Germany). HPLC-grade 
acetonitrile (ACN), peptide-synthesis grade N,N-dimethylformamide (DMF), dichloromethane, N,N-diisopropylethylamine (DIEA), 
N,N-diisopropylcarbodiimide, trifluoroacetic acid (TFA), and triisopropylsilane (TIS) were from Carlo Erba Reagents GmbH (Sabadell, 
Spain). Quasar® 670 was obtained from LGC Biosearch Technologies (Hoddesdon, UK). Dulbecco’s Modified Eagle Medium (DMEM), 
DMEM:F12, heat-inactivated fetal bovine serum (FBS), penicillin and streptomycin solution, trypsin (TrypLE Express enzyme), trypsin- 
EDTA and exosome-depleted FBS (dFBS) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Mammary Epithelial Basal 
Medium (MEBM) and the SingleQuots hydrocortisone, bovine pituitary extract (BPE), epidermal growth factor human recombined 
(rhEGF), and recombinant human insulin were purchased as the clonetics MEGM™ BulletKit™ from Lonza Group AG (Basel, 
Switzerland). Cholera toxin from Vibrio cholera, trypsin inhibitor from Glycine max (soybean), glutaraldehyde solution (50 % in water), 
endothelial growth supplement (ECGS) and dimethyl sulfoxide (DMSO) suitable for cell culture were obtained from Sigma-Aldrich 
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(Madrid, Spain). DMSO spectrophotometric grade was purchased from Merck as Uvasol® DMSO for UV spectroscopy (≥99.8 %). MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) salt was purchased from Invitrogen™ (Carlsbad, CA, USA). CellTiter- 
Blue® Reagent was obtained from Promega (Madrid, Spain). 4-(2-[6-(dioctylamino)-2-naphthalenyl]ethenyl)-1-(3-sulfopropyl) pyr
idinium inner salt (di-8-ANEPPS) probe was purchased from Sigma-Aldrich. vCPP2319 was purchased from Bachem AG (Bubendorf, 
Switzerland) with a purity of >95 %. The peptide was synthesized with a N-terminal free amine and an amidated C-terminal. Total 
exosome isolation (from cell culture media) reagent was purchased from Invitrogen™. Micro BCA protein assay kit was obtained from 
Thermo Fisher Scientific (Waltham, Massachusetts, EUA). Antibodies Alexa Fluor® 647 Mouse anti-Human CD63, PerCP-Cy™ 5.5 
Mouse anti-Human CD105 and anti-EpCAM PE, the dye CFSE (carboxyfluorescein diacetate succinimidyl ester) and PE Mouse IgG1, κ 
Isotype Control were obtained from BD Biosciences (Franklin Lakes, Nova Jersey, EUA). The nanobeads calibration kit was purchased 
from Bangs Laboratories, Inc. Biacore sensor chip regeneration reagents 3-[(3-cholamidopropyl) dimethylammonio]-1- 
propanesulfonate (CHAPS), octyl β-D-glucopyranoside and methanol were from Sigma, and sodium hydroxide (NaOH) and sodium 
dodecyl sulfate (SDS) were from GE Healthcare (Little Chalfont, UK).

2.2. Peptide synthesis

vCPP2319 (WRRRYRRWRRRRRQRRRPRR-amide), and Q670-vCPP2319 (Quasar® 670-WRRRYRRWRRRRRQRRRPRR-amide) 
were synthesized in a Prelude instrument (Gyros Protein Technologies, Tuczon, Az, USA) running Fmoc solid phase synthesis pro
tocols at 0.1 mmol scale on a Fmoc-Rink-amide ChemMatrix resin. Side chain functionalities were protected with tert-butyl (Tyr), trityl 
(Gln), NG-2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Arg), and tert-butoxycarbonyl (Trp) groups. Eight-fold excess of amino 
acids and HBTU, in the presence of double molar amount of DIEA, were used for coupling, with DMF as solvent. After chain assembly, 
full deprotection and cleavage were carried out with 95:2.5:2.5 (% v/v) TFA:H2O:TIS for 90 min, at room temperature. The Q670- 
vCPP2319 peptide was similarly synthesized, except that Quasar® 670 (Q670) was coupled manually in a 4-fold molar excess with 
DIPCDI (4-fold molar excess) in DMF to the deprotected N-terminus prior to full deprotection and cleavage. Peptides were isolated by 
precipitation with cold diethyl ether and centrifugation at 4000 g, 4 ◦C for 20 min, taken up in H2O and lyophilized.

Analytical reversed-phase high-performance liquid chromatography (RP-HPLC) was performed on a Luna C18 column (4.6 mm ×
50 mm, 3 μm) (Phenomenex, USA). Linear gradients of solvent B (0.036 % TFA in acetonitrile) into solvent A (0.045 % TFA in H2O) 
were used at a flow rate of 1 mL min− 1 and with UV detection at 220 nm. Preparative HPLC runs were performed on a Luna C18 column 
(21.2 mm × 250 mm, 10 μm) (Phenomenex) using linear gradients of solvent B (0.1 % TFA in acetonitrile) into solvent A (0.1 % TFA in 
H2O) at a flow rate of 25 mL min− 1 and with UV detection at 220 nm. Fractions of adequate homogeneity and with the expected mass 
were combined and lyophilized. LC-MS was performed in a LC-MS 2010 EV instrument (Shimadzu, Kyoto, Japan) fitted with an 
Xbridge C18 column (4.6 mm × 150 mm, 3.5 μm) (Waters, Cerdanyola del Valles, Spain), eluting with linear gradients of formic acid/ 
acetonitrile (0.08 % v/v) into formic acid/H2O (0.1 % v/v) over 15 min at 1 mL min− 1. Peptide stock solutions (0.5 or 1 mM) in PBS 
were stored at − 20 ◦C.

2.3. Cell culture

Human breast cell lines MDA-MB-231 (ATCC® HTB-26™), MCF 10A (ATCC® CRL-10317™) and cerebral microvascular endo
thelial cell line HBEC-5i (ATCC® CRL-3245™) were purchased from American Type Culture Collection (ATCC). MDA-MB-231 breast 
adenocarcinoma cells were cultured as a monolayer in DMEM supplemented with 10 % FBS and 1 % penicillin-streptomycin. MCF 10A 
breast cells were cultured as a monolayer in MEBM supplemented with SingleQuots, cholera toxin 100 ng/mL and 1 % penicillin- 
streptomycin, according to ATCC instructions. HBEC-5i cells were cultured on 0.1 % gelatin-coated T-flasks in DMEM:F12 medium 
as a monolayer. The medium was supplemented with 10 % FBS, 1 % penicillin/streptomycin, and 40 μg/mL endothelial growth 
supplement (ECGS), according to manufacturer’s instructions. All cell cultures were maintained at 37 ◦C and 5 % CO2 in a humidified 
atmosphere, with the medium changed every other day.

2.4. EVs isolation from human breast cells

MDA-MB-231 cell cultures with confluence over 80 % were washed with PBS and exosome-depleted media (DMEM with 10 % dFBS 
and 1 % penicillin-streptomycin) was added to the flasks. After 24–30 h, the media was collected and EVs were isolated using Total 
exosome isolation (from cell culture media) reagent, following the manufacturers’ instructions. Briefly, the media was centrifuged at 
2000 g, for 30 min at room temperature. The supernatant was collected, mixed with 0.5 vol of Total exosome isolation (from cell 
culture media) reagent and allowed to incubate overnight, at 4 ◦C. The samples were then centrifuged at 10 000 g, for 1 h at 4 ◦C. 
Finally, the supernatant was discarded, and the pellet was resuspended in PBS. MCF 10A cell cultures with confluence over 80 % had 
the media changed for fresh media and EVs were collected after 48 h, as described above. Protein concentration of the samples was 
determined using a Micro BCA™ protein assay kit, according to manufacturer’s instructions. A calibration curve was prepared every 
time using a standard bovine serum albumin (BSA) solution and EVs samples were diluted before adding the working reagent. Ab
sorbances were measured in a microplate reader Tecan Infinite® F500 (Männedorf, Zurich, Switzerland), at 570 nm.

2.5. EVs characterization by transmission electron microscopy (TEM)

TEM observations were performed on a Hitachi H-7000 instrument at an acceleration voltage of 100 kV, acquisitions and 
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measurements were performed using Megaview III side mount camera and iTEM software (Olympus®). To prepare the TEM samples, 5 
μL of aqueous MDA-MB-231-derived EVs (EVs-MDA) or MCF 10A-derived EVs (EVs-MCF) were deposited onto a formvar (Agar Sci
entific®)/carbon-coated 400 mesh copper grid (Agar Scientific®). After 5 min the grid was washed in pure water and negatively 
stained with 2 % (w/v) aqueous Uranyl Acetate (Agar Scientific®) for approximately 2 min. The copper grid was air-dried prior to 
visualization.

2.6. EVs characterization by flow cytometry

The labelling of the EVs with the carboxyfluorescein succinimidyl ester (CFSE) dye was achieved by incubating the cells with the 
dye. Briefly, MDA-MB-231 or MCF 10A cells were harvested and concentrated to 20.0 × 106 cell/mL in Dulbecco’s phosphate-buffered 
saline (DPBS). The cells were incubated with 100 μM CFSE in a water bath at 37 ◦C, for 15 min and then diluted 10 times. Labelled 
MDA-MB-231 and MCF 10A cells were centrifuged at 1250 and 1000 rpm, respectively, at room temperature for 5 min, resuspended in 
complete media, seeded, and allow to grow until EVs isolation, as described above. 100 μL of fresh samples with or without CFSE label 
were incubated with Alexa Fluor® 647 Mouse anti-Human CD63, PerCP-Cy™ 5.5 Mouse anti-Human CD105 and anti-EpCAM PE for 
20 min at room temperature, with orbital agitation. An isotype control was performed using PE Mouse IgG1, κ Isotype Control. After 
the incubation all the samples were diluted by adding 1 mL of PBS.

Flow cytometry was performed on a BD LSRFortessa (BD) using FACSDiva 6.2 software. The detection threshold was set in the FITC 
channel to 200 nm. For size calibration, 100 nm nanobeads with inherent fluorescence detectable through the FITC channel were used. 
All samples were analyzed using the same voltage settings. Data was processed with FlowJo version 10.3. After correction for auto
fluorescence, CD63, CD105 and EpCAM expression, as well as the presence of intraluminal CFSE were presented as fluorescence 
arbitrary units and positive events.

2.7. Zeta potential measurements

EVs-MDA and EVs-MCF were diluted in PBS buffer. Samples of EVs with and without the peptide were prepared and loaded into 
disposable zeta cells with gold electrodes and allowed to equilibrate for 15 min at 37 ◦C. Each experiment consisted in a set of 15 
measurements with automatically defined number of subruns (ranging from 10 to 100) performed on the Malvern Zetasizer Nano ZS 
(Malvern, UK), at a constant voltage of 40 V. The complete experiment was carried out at least two times using independent EVs 
samples and a control (EVs without peptide) was performed in each day.

2.8. Surface plasmon resonance (SPR) with EVs-MDA, EVs-MCF and vCPP2319

SPR experiments were performed in a Biacore ×100 (GE Healthcare). PBS was used as running buffer and temperature was set at 
37 ◦C for all experiments. The L1 sensor chip was used for all experiments. Previously to each experiment, the flow system was primed 
three times and the sensor chip surface was washed with three injections of 20 mM CHAPS. EVs were deposited in the L1 sensor chip for 
2400 s, at 2 μL/min flow rate. Loose EVs were removed by injecting 10 mM NaOH at 50 μL/min. A stabilization period of 2400 s was set 
to evaluate the stability of the deposited EVs’ layer. The protein concentration of the EVs samples ranged from 1 to 200 μg/mL for EVs- 
MDA and 1–75 μg/mL for EVs-MCF. vCPP2319 was injected over the pre-formed layer of EVs with a contact time of 250 s, at 5 μL/min, 
and allowed to dissociate for 800 s. The L1 sensor chip was regenerated after 3 cicles of 10 alternated injections of 80 mM gluco
pyranoside (5 μL/min, 60 s) and 0.5 % (w/v) SDS (5 μL/min, 60 s) followed by one injection of 20 mM CHAPS (5 μL/min for 60 s) and 
one injection of 10 mM NaOH containing 20 % (v/v) methanol (50 μL/min for 36 s). Baselines response values were compared before 
and after each measurement to assure surface regeneration effectiveness. SPR sensorgrams were collected for EVs deposition, 
vCPP2319 binding to the deposited layer of EVs and vCPP2319 injection in an L1 chip without previously deposited EVs. EVs 
deposition response was collected from the sensorgram after reaching a stable response. For the study of the interaction between EVs 
and vCPP2319, the dissociation data was collected from 250 to 1050s of each sensorgram.

2.9. Cellular proliferation assay

2.9.1. MDA-MB-231 and MCF 10A human breast cells
An MTT assay was used to evaluate the cytotoxic activity of vCPP2319 combined with EVs-MDA towards breast cell lines MDA-MB- 

231 and MCF 10A, as previously described [34]. Briefly, MDA-MB-231 and MCF 10A cells were seeded at 3.0 × 104 cells/mL and 5.0 ×
105 cell/mL, respectively, into a 96-well plate, with a volume of 100 μL/well, and incubated for 24 h. After media removal, cells were 
washed once with PBS and complete serum-free media with different EVs protein concentrations was added to cells followed by 
vCPP2319 in the selected concentration (5.2, 18.2 or 20 μM), in a final volume of 100 μL/well. The EVs protein concentrations ranged 
between 1 and 100 μg/mL. Following a period of incubation of 24 h, 10 μL of a 5 mg/mL solution of MTT was added to each well and 
allowed to incubate for 2 h. Finally, content was removed from each well, and 150 μL of spectrophotometric grade DMSO was added to 
each well, to dissolve the resulting formazan crystals. Absorbance was measured at 540 nm in a microplate reader Tecan Infinite® 
F500.

Positive control (100 % cell viability) was performed adding serum-free medium to the cells (untreated cells). Negative controls (0 
% cell viability) were performed adding serum-free medium with 20 % and 30 % DMSO to MDA-MB-231 and MCF 10A cells, 
respectively. Cell viability (%) was determined as: 
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Absorbancetreated cells

Absorbanceuntreated cells
× 100,

and cell death was assessed as follows: 

Cell death (%)=100 – Cell viability (%).

IC50 values were assessed using GraphPad Prism 6.0 software package using log (inhibitor) vs. normalized response. The experi
ments were performed in different days with independently grown cell cultures.

2.9.2. HBEC-5i human brain endothelial cells
The cytotoxicity of vCPP2319 combined with EVs-MDA was determined using CellTiter-Blue® cell viability assay following a 

protocol previously optimized [35]. Briefly, cells were allowed to grow until 80 % confluence in a culture T-flask. Then, they were 
carefully harvested with trypsin-EDTA and seeded at 1.0 × 104 cells/well into pre-coated with attachment factor protein solution 
96-well clear flat-bottomed polystyrene plates (Corning, USA) for 24 h. Subsequently, they were washed two times with 1 × PBS and 
one time with DMEM:F12 medium, and 100 μL of previously diluted EVs-MDA samples, ranging from 1.0 to 100.0 μg/mL, with or 
without vCPP2319 5.2 μM in DMEM:F12 medium, were added to cells. After 24 h, cells were washed two times with 1 × PBS and one 
time with DMEM:F12 medium and 20 μL of CellTiter-Blue® Reagent (diluted in 100 μL of DMEM:F12 medium) was added to each well 
and incubated for 3 h in culturing conditions.

Fluorescence (λex = 560 nm, λem = 590 nm), was measured in a Thermo Fischer VarioskanTM LUX multimode microplate reader. 
Complete medium and medium containing 0.25 % Triton X-100 were used as positive and negative controls (100 and 0 % viability), 
respectively. Cell viability (%) was determined as: 

Cell Viability (%)=
Ftreated-Fblank

Funtreated-Fblank
× 100 

where Ftreated is the fluorescence intensity of treated cells, Fnon treated is the fluorescence of untreated cells and Fblank is the fluorescence 
of CellTiter-Blue® reagent in complete medium without cells. Experiments were performed in triplicates on different days using three 
independently grown cell cultures.

2.10. In vitro BBB translocation assay

The translocation ability of all samples was assessed using an in vitro BBB model previously optimized using HBEC-5i cell line [35]. 
Briefly, cells were allowed to grow until 80 % confluence in a culture T-flask. Then, they were carefully harvested with trypsin-EDTA 
and seeded at 8.0 × 103 cells/well into tissue culture inserts (transparent polyester (PET) membrane with 1.0 μm pores) for 24-well 
plates (BD Falcon, USA) pre-coated with attachment factor protein solution. The medium was changed every other day for 8 days, and, 
afterwards, cells were washed two times with 1× PBS and one time with DMEM:F12 without phenol red. Next, samples were prepared 
in DMEM without phenol red, at a final concentrations of 1 μg/mL CFSE labelled EVs-MDA and/or 5.2 μM of Q670-vCPP2319 and 
incubated for 1 h at 37 ◦C and 200 rpm, protected from the light. The samples were then added to the apical side of the in vitro BBB 
model and incubated for 24 h. Finally, samples from the apical and basolateral side were collected and fluorescence intensity of the 
samples, at λex = 492 nm, λem = 517 nm (λ492/517) for EVs-MDA or λex = 647 nm, λem = 666 nm (λ647/666) for vCPP2319 was 
measured.

EVs-MDA and vCPP2319 translocation was determined by fluorescence intensity (λ492/517 and λ647/666, respectively), using a 
Thermo Fischer VarioskanTM LUX multimode microplate reader. The percentage of EVs, vCPP2319 or EVs + vCPP2319 that trans
located the in vitro BBB model was obtained as samples recovery (%), being calculated as follows: 

Recovery (%)=
Fi-Fcells

Fsample-FMedium
× 100 

where, Fi is the fluorescence intensity of samples recovered, Fcells is the intrinsic fluorescence intensity of cells without samples in
cubation, Fsample is the intensity of total sample initially added to the transwell apical side, and FMedium is the intensity of DMEM:F12 
medium without phenol red. Experiments were performed in triplicates on different days using three independently grown cell 
cultures.

2.11. In vitro BBB integrity assay

After the in vitro BBB translocation assay, cells were washed two times with 1 × PBS and one time with DMEM:F12 medium without 
phenol red, and integrity of the barrier evaluated using tetramethylrhodamine isothiocyanate-4 kDa dextran (RD4) (Sigma-Aldrich, 
Spain), previously diluted in DMEM:F12 medium without phenol red to an absorbance below 0.1, for 2 h. Samples were collected from 
the apical and basolateral side and fluorescence intensity measured at λex = 550 nm, λem = 577 nm using a Thermo Fischer Vari
oskanTM LUX multimode microplate reader. The RD4 Permeability (%) was determined using the following equation: 
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RD4 Permeability(%)=
Fi-Fcells

FRD4-FMedium
× 100 

where: Fi is the fluorescence intensity of samples recovered, Fcells is the intrinsic fluorescence intensity of cells without samples in
cubation, FRD4 is the intensity of total RD4 initially added to the transwell apical side, and FMedium is the intensity of DMEM:F12 
medium without phenol red.

The integrity of the barrier is indirectly proportional to the percentage of RD4 recovered and was determined using the following 
equation: 

Recovery (%)= 100-RD4 Permeability (%)

Experiments were performed in triplicates on different days using three independently grown cell cultures.

3. Results and discussion

EVs refer to a broad population of vesicles, secreted by virtually all cells, that constitute a communication system that has been 
intensively studied, throwing new light into cell-to-cell communication and raising new perspectives for medical advance [16,36]. 
According to the latest position statement by the International Society for Extracellular Vesicles (ISEV), consensus on specific markers 
for EV subtypes, i.e., exosomes and MVs, specifically linking an EV to a specified biogenesis pathway, is yet to be achieved [37]. 

Fig. 1. TEM imaging of extracellular vesicles (EVs) isolated from MDA-MB-231 and MCF 10A cell cultures (EVs-MDA and EVs-MCF, respectively) 
and molecular characterization by flow cytometry. EVs were isolated from MDA-MB-231 and MCF 10A cell cultures using the Total Exosome 
Isolation reagent (Invitrogen) and samples were imaged by TEM (A). The displayed images were proportionally resized from raw images with an 
100 000 × magnification. The sizes of the vesicles, obtained by measuring the diameter of the vesicles in raw TEM images, are also shown (B). Five 
independent samples were analyzed through TEM for EVs-MDA and EVs-MCF in at least 3 different days. Significance was assessed by unpaired t-test 
and no significant differences were detected between the sizes of the EVs from both cell types. The EVs were also characterized by flow cytometry (C 
to F). CFSE was added to the cells in culture, and it was used as an intraluminal dye. The presence of CD63, CD105 and EpCAM at the surface of the 
vesicles was studied. Relative frequency of CFSE (C) and CD105 vs CD63 (D) are shown for EVs-MDA and EVs-MCF. Positive events (%) (E) and 
mean fluorescence intensity (MFI) (F) are shown for each marker. Flow cytometry characterization was repeated in three different days, with in
dependent samples, for each type of EVs. Significance was assessed by ANOVA followed by Tukey’s post-test. ** p-value ≤0.01, *** p-value ≤0.001.
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Therefore, in this work we will be using the term “extracellular vesicles” (EVs) to refer to lipid bilayer particles without a functional 
nucleus, naturally released from cells [37].

3.1. Characterization of breast cells’ EVs

EVs were isolated from culture media of MDA-MB-231 and MCF 10A cell cultures using Total Exosome Isolation reagent (Invi
trogen). The obtained samples were characterized by transmission electron microscopy (TEM) and flow cytometry (Fig. 1). TEM 
images (Fig. 1 – A) from MDA-MB-231 EV samples (henceforth EVs-MDA) and MCF 10A EVs (henceforth EVs-MCF) revealed small 
round vesicles with occasional formation of clusters that suggest a tendency to aggregate. Exosome aggregation has been described 
before and its extent may vary with the isolation method used and the sample concentration [38–40]. EVs-MDA and EVs-MCF had 
mean diameters of 33.2 ± 12.5 and 34.0 ± 25.1 nm, respectively, ranging from ca. 15–150 nm in both cases (Fig. 1 – B). These results 
are in line with other EV characterizations by TEM [41,42]. EVs-MDA and EVs-MCF were also characterized by atomic force micro
scopy (AFM), with results again in line with those from other studies [43].

To further characterize EVs-MDA and EVs-MCF from a molecular point of view, we used flow cytometry to detect CFSE and the 
presence of EpCAM, CD63 and CD105, previously used as EV markers [44–52] (Fig. 1 – C to F). The results show a significant difference 
in the number of CFSE-positive events for EVs-MCF vs. EVs-MDA, suggesting more extensive CFSE-labeling of EVs from MCF 10A than 
of those from MDA-MB-231 cells (Fig. 1 – C and E). The CFSE dye was added to the cells in culture and then detected within the lumen 
of the EVs isolated from the cell culture media. This observation supports the presence of biological vesicular particles obtained from 
the cell cultures [45]. As an intracellular dye, the CFSE signal will proportionally decrease each time the cells divide [53]. 
MDA-MB-231 are highly proliferative and invasive TNBC cells [54,55]. In agreement, the protein concentration of samples with 
EVs-MDA was consistently higher when compared to EVs-MCF (data not shown), which also agrees with previous studies showing that 
cancer cells release high amounts of EVs and cancer patients have higher levels of exosomes in their blood [56–58]. Therefore, it is not 
surprising to find fewer EVs-MDA with CFSE labelling and lower mean fluorescence intensity (MFI) values, since CFSE will be 

Fig. 2. Study of the interaction between vCPP2319 and extracellular vesicles derived from MDA-MB-231 through surface plasmon resonance (SPR). 
EVs isolated from MDA-MB-231 (EVs-MDA) and MCF 10A cells (EVs-MCF) were injected at several protein concentrations ranging from 1 to 75 μg/ 
mL over an L1 sensor chip and the sensorgrams were recorded (A and B). A comparison of the response between the EVs origin was obtained by 
plotting the final response values for each protein concentration (C). Several vCPP2319 concentrations ranging from 1.0 to 10.0 μM were injected on 
EVs-MDA deposited over the L1 sensor chip at a concentration of 75 μg/mL, sensorgrams were recorded and the final response values were plotted 
as function of the peptide concentration (D). A dissociation analysis was performed, and the peptide fraction associated to the deposited EVs (SL) was 
plotted as a function of the dissociation time. The curve represents the two-phase decay fit to the data and the respective residual plots are rep
resented. The sensorgrams in A, B and D and the dissociation analysis in E are representative replicates. Error bars in C and D correspond to the 
standard error of independent replicates. All experiments were performed in duplicate (n = 2).
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distributed throughout the cells in culture and the EVs released by these cells (Fig. 1 – E and F). Another significant difference was 
obtained for the MFI values of EpCAM in EVs-MDA and EVs-MCF (Fig. 1 – F), even though the presence of this marker was not 
significantly detected above the isotype control background. Nonetheless, despite the presence of EVs with EpCAM being very low in 
samples from both cell lines, EVs-MDA had higher levels of EpCAM when compared with EVs-MCF. EpCAM is a membrane protein that 
is often overexpressed in tumors and is recruited to exosomes, therefore it has been reported as a molecular marker for TDEs [59]. This 
result is in line with other studies displaying high levels of EpCAM for EVs-MDA [60]. The majority (around 60 %) of the EVs had CD63, 
CD105 or both surface markers (Fig. 1 – D). CD63 (also known as TSPAN30) is a tetraspanin widely used as an exosomal marker and it 
is involved in exosomes’ biogenesis [47,49,61–63]. CD105 (also known as endoglin) is a transmembrane glycoprotein involved in 
angiogenesis and its overexpression has been associated with tumor cell migration and intravasation via endothelium destabilization 
[50–52]. In a recent study, CD105 was identified as an EV protein adequate to be used as biomarker for MBC in EVs samples obtained 
from patients using a commercial kit [50]. Moreover, CD105+ EVs obtained from renal cancer stem cells were shown to participate in 
the lung metastization process, which is also a favorable metastatic site in MBC [6,64]. Therefore, CD105 was used as a biomarker for 
MBC-derived EVs, which was linked with the metastization process [50,64]. Interestingly, no significant differences between the 
presence of CD63 and CD105 in EVs-MDA and EVs-MCF were observed.

Overall, considering the results obtained from TEM imaging and flow cytometry, we conclude that the NPs obtained from MDA-MB- 
231 and MCF 10A cells have sizes and surface proteins consistent with EVs that can potentially contribute to the development of an 
efficient DDS. Hence, we decided to study the interaction between these EVs and vCPP2319.

3.2. Interaction between vCPP2319 and breast cells’ EVs

The binding of vCPP2319 to EVs-MDA and EVs-MCF was investigated using two biophysical techniques: surface plasmon resonance 

Fig. 3. Study of the interaction of vCPP2319 with extracellular vesicles isolated from breast cells through zeta potential. Zeta potential mea
surements were performed with EVs obtained from MDA-MB-231 (EVs-MDA) (A) and MCF 10A cells (EVs-MCF) (B) in the absence (n = 5 and n = 2, 
respectively) and presence of vCPP2319, at increasing peptide concentrations (n = 2). The zeta potential of EVs-MDA was also measured in the 
absence and presence of vCPP2319 at fixed concentrations of 5.2 (C, n = 3) and 20 μM (D, n = 2), in a range of protein concentration for EVs-MDA 
samples of 1–100 μg/mL. Error bars refer to the standard deviation. Significance was assessed by ANOVA followed by Sidak’s post-test. ***P-value 
≤0.001; ****P-value ≤0.0001.
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(SPR) (Fig. 2) and dynamic light scattering (DLS), namely zeta potential (Fig. 3). In these studies, EVs concentration will be taken 
implicitly from the EV-associated protein concentrations, as determined using a Micro BCA protein assay kit.

Two different experimental set ups were considered for the SPR experiments. In a first run, EVs samples with different protein 
concentrations were injected over the L1 sensor chip to evaluate deposition and establish an optimal concentration (Fig. 2 – A to C). 
Next, EVs at the optimal concentration were injected over the L1 sensor chip to ensure a saturated surface. Then, after a stable sen
sorgram baseline was achieved, vCPP2319 was injected (Fig. 2 – D and E). For EVs immobilization, the commonly used procedure for 
liposome deposition on L1, previously validated in our lab [62], was followed [65–67]. In this method, EVs bind to the hydrophobic L1 
surface, composed of alkyl groups covalently bound to a carboxymethylated dextran matrix [65,66]. The EVs-MDA gradually covered 
the dextran matrix to form a stable surface that was maintained after sample injection interruption (around 2500 s) and NaOH wash 
(which occurs within the gaps represented in the sensorgrams); (Fig. 2 – A). With EVs-MCF, a different behavior, with much lower 
increase in response over time was observed, becoming almost undetectable after injection interruption (around 2500 s), and sug
gesting rather poor EV deposition (Fig. 2 – B). Moreover, both EVs types have different impact on responses to concentration: while 
EVs-MDA show increased final baseline response with concentration, EVs-MCF do not show such effect (Fig. 2 – C). This difference 
suggests that EVs-MDA and EVs-MCF have different molecular compositions [68,69]. The fact that not only EVs-MCF covers the L1 
sensor surface deficiently but also that vCPP2319 binds strongly to the naked L1 surface (Figs. S1–A) makes the study of the interaction 
between vCPP2319 and EVs-MCF by SPR unfeasible (Figs. S1–B).

L1 sensor chip saturation by EVs-MDA was observed by increasing protein concentration up to 200 μg/mL (Figs. S1–C). For 
concentrations above 75 μg/mL the increase in response was not significant, therefore this concentration was selected. vCPP2319 was 
flown over EVs-MDA on the L1 chip, and the sensorgrams are shown in Fig. 2 – D. The response increased with vCPP2319 concen
tration until saturation at 5.2 μM. Interestingly, for 5.2 and 10 μM peptide, a sharp increase in the response right after injection (time 0) 
was observed, followed by a plateau until injection was interrupted (250 s). For concentrations below 5.2 μM, the increase in response 
was slower, with a smaller and shorter plateau at 4 μM, and no plateau for 1–3 μM vCPP2319. Moreover, after the plateaus at 5.2 and 
10 μM vCPP2319, a fast, short drop in response is observed after interrupting peptide injection, followed by stabilization until the end 
of the sensorgram. This dissociation profile suggests that, upon interrupting vCPP2319 flow, a fraction of the peptide interacting with 
immobilized EVs-MDA is flushed out while another fraction (SL) is retained and can be assessed by the dissociation model of Figueira 
et al. [65] (Fig. 2 – E). This analysis revealed that SL variation during dissociation fits well with a two-phase decay profile, with a final 
SL value around 0.6, suggesting that approximately 40 % of vCPP2319 molecules establish a transient interaction with the EVs-MDA 
surface that is lost when peptide injection stops, and approximately 60 % that remains bound even when vCPP2319 input is inter
rupted, a sufficiently large fraction to warrant the use of EVs-MDA as potential DDS for vCPP2319.

It is worth mentioning that, in most published works using SPR to characterize EVs, the deposition is done on a pre-functionalized 
sensor chip surface, a time-consuming process requiring additional reagents [69–74]. In contrast, in this work direct EVs immobili
zation with no supplementary chemicals has been applied. To our best knowledge, this is the first case where such approach has been 
used in SPR experiments (with EVs from two different cell lines and applying a dissociation model). To note, Thakur et al. investigated 
direct EVs interaction with either antibody-functionalized or naked sensor chips using localized SPR and were able to detect inter
action in a concentration-dependent manner [69]. Overall, these results support the use of the SPR as a versatile technique to study 
peptide-membrane interactions using EVs other than liposomes.

Considering the ability of EVs-MDA to bind vCPP2319, we hypothesized that direct incubation would suffice to assemble EVs- 
vCPP2319 nanoparticles, as previously used for other drugs such as doxorubicin, curcumin or paclitaxel [36,75–78]. To further 
explore the peptide-EV interaction and establish optimal conditions, we performed zeta potential measurements (Fig. 3). Results show 
that EVs have a negative net surface charge, as previously described [62,63,79–84]. We also confirmed that the zeta potential for 
EVs-MDA (− 20.7 ± 1.72 mV) is lower than that for EVs-MCF (− 16.0 ± 0.82 mV), as found in another study [84]. Importantly, this 
result supports the potential use of EVs in DDS since a considerable negative surface charge may contribute to improve stability and 
dispersibility in body fluids, therefore increasing the translatability to target tissues [82]. As the peptide concentration increases, there 
is an increase of the zeta potential value, which suggests an interaction between vCPP2319 and EVs-MDA (Fig. 3 – A). In both cases, 
there is a tendency for vCPP2319, which is cationic, to accumulate on the anionic surface of the EVs, leading to an increase of the zeta 
potential towards positive values, with an inversion of the overall surface charge of the EVs occurring between 2.5 and 5.2 μM for 
EVs-MDA. Curiously, 5.2 μM corresponds to the IC50 we previously assessed for vCPP2319 towards MDA-MB-231 cells [30]. Moreover, 
the surface of EVs-MDA appears to get saturated at 20 μM of vCPP2319, since above this concentration there is no significant increase 
of the zeta potential values with the increase in peptide concentration. To further test the hypothesis that EVs neutralization correlates 
to cellular IC50, we also tittered EVs-MCF with vCPP2319. Remarkably, neutralization occurred before 18.2 μM (Fig. 3 - B), the IC50 
obtained for MCF 10A cells [30]. Nonetheless, the correlation between the zeta potential values of EVs and their cells of origin has been 
addressed before [82,84]. This similarity may be explained by EVs biogenesis. Exosomes’ biogenesis initiates with invaginations of the 
endosome and MVs result from the direct shedding of the plasma membrane [15,16,18,20–22]. Interestingly, in a previous study with 
vCPP2319 and MDA-MB-231 and MCF 10A cells, zeta potential measurements were performed at the same peptide concentrations and 
no significant changes were observed [30]. These results are deemed important because despite being in line with evidence showing a 
certain degree of similarity between the membrane of EVs and respective cells of origin, they are also evidence of critical differences 
that lead to opposite responses obtained for EVs and respective cells of origin when in the presence of vCPP2319 [30].

Aiming for an optimization of the loading of EVs with vCPP2319 we performed additional zeta potential measurements, this time 
titrating the peptide with EVs-MDA. Considering the results discussed above, we selected two peptide concentrations: 5.2 μM, the 
neutralization concentration in the previous titration, and 20 μM, the saturation concentration in the previous titration (Fig. 3 - C and 
D). As expected, the results show a decrease in the zeta potential towards negative values. The peptide:EVs ratio at which 
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neutralization occurs is consistent in Fig. 3 – A, C and D: approximately 0.1 μM peptide per μg/mL of EVs proteins, which corresponds 
to 1 × 10− 4 mol of peptide per g of protein, or 0.32 g of peptide per g of protein, considering MW(vCPP2319) = 3179 g/mol. Saturation 
is achieved at 10-fold higher concentration of peptide, i.e.: 3.2 peptide:EVs protein mass ratio.

3.3. Cytotoxicity of vCPP2319 combined with TNBC EVs

To further explore the potential anticancer activity and selectivity of the previously identified combinations, we incubated breast 
cancer and healthy cells with EVs-MDA combined with 5.2 or 20 μM vCPP2319. This procedure was repeated with MCF 10A cells but 
18.2 μM was used instead of 20 μM because it corresponds to the IC50 obtained for vCPP2319 towards this cell line [30]. The cytotoxic 
activity of the EVs-MDA with protein concentration ranging from 1 to 100 μg/mL, with or without vCPP2319, was evaluated through 
MTT assay (Fig. 4). In these experiments, the EVs and the peptide were added directly to the cells in the well, without being 
pre-incubated. The results show that EVs-MDA are slightly more toxic towards MCF 10A than MDA-MB-231 cells. Interestingly, by 
analyzing the results obtained with EVs-MDA and 5.2 μM vCPP2319 (Fig. 4 – A and D), we can clearly observe a different response for 
cells treated with EVs-MDA at protein concentrations below 20 μg/mL. For MDA-MB-231 cells (Fig. 4 – A) treated with EVs-MDA and 
5.2 μM vCPP2319, the cell death increases with lower protein concentrations, while for MCF 10A cells, in the same conditions, (Fig. 4 –
D), cell death decreases. Although this may seem like a promising effect, suggesting that the combination of EVs-MDA and vCPP2319 
could result in a more potent and more selective cytotoxic activity of the peptide towards cancer cells, the results obtained for the cells 
treated with peptide alone show a very similar percentage of cell death (Fig. 4 – C and F). Therefore, the combination does not result in 
a more potent nor selective cytotoxic activity: the presence of EVs-MDA at 1 μg/mL does not impact peptide’s activity at 5.2 μM 
towards MDA-MB-231 or MCF 10A cells. Similarly, for the highest peptide concentrations – 20 and 18.2 μM – we observe a constant 
percentage of cell death throughout the range of EVs-MDA protein concentration, suggesting that the presence of EVs-MDA did not 
impact on the peptide’s activity at these concentrations (Fig. 4 – B and E). However, since the presence of EVs-MDA did not improve the 
selective cytotoxicity, we ruled out 18.2 μM when preparing an EVs-based DDS. Therefore, 5.2 μM was the peptide concentration 
selected to proceed, combined with EVs-MDA at 1 μg/mL. At this concentration, in the absence or presence of EVs-MDA it is possible to 
achieve a considerable percentage of cell death in MDA-MB-231 cells while sparing MCF 10A cells. Moreover, even though no sig
nificant advantage was obtained by using 5.2 μM vCPP2319 in combination with EVs-MDA at 1 μg/mL, there might be an advantage 
when using this system in terms of drug delivery. Therefore, the next step was to evaluate if the combination of EVs-MDA with 
vCPP2319 would allow for brain delivery.

Fig. 4. Cytotoxic activity of breast cancer and healthy cells treated with vCPP2319 and breast cancer extracellular vesicles (EVs), added simul
taneously to the well. MDA-MB-231 (A, B and C) and MCF 10A cells (D, E and F) were treated with vCPP2319 at the concentrations of 5.2 μM and 20 
or 18.2 μM, in the presence (A, B, D and E) and absence (C and F) of EVs isolated from MDA-MB-231 (EVs-MDA), in concentrations ranging from 1 to 
100 μg/mL. Error bars refer to the standard deviation. All experiments were performed in triplicate (n = 3).
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3.4. BBB translocation of vCPP2319 combined with TNBC EVs

Amongst the several features that make EVs potential carriers, perhaps the most remarkable one is their natural ability to trans
locate biological barriers [85]. From all these barriers, the BBB has been the most extensively studied and it is also the most difficult 
challenge for a DDS [85]. In fact, 98 % of small drugs and practically 100 % of large drugs cannot cross the BBB [86]. Despite the 
classification of the EVs subclasses remaining a topic opened for debate, several studies show evidence which demonstrate the ability 
of exosomes to translocate through the BBB and deliver their cargo in the brain [22,75,85,87]. Therefore, the final step of this study 
was to evaluate if EVs-MDA could carry vCPP2319 through an in vitro BBB model.

Fig. 5. Translocation of an in vitro monoculture BBB model by extracellular vesicles isolated from MDA-MB-231 cells (EVs-MDA) combined with 5.2 
μM vCPP2319. The cytotoxic activity of EVs-MDA (1–100 μg/mL) towards human brain endothelial cells HBEC-5i was evaluated, with and without 
vCPP2319 5.2 μM (A). A scheme of the experimental setup of the BBB model is shown (B): HBEC-5i are cultured as monolayer on the apical side of a 
polyester (PET) transwell insert with 1.0 μm pore size. The BBB model translocation by the EVs-MDA, vCPP2319 and the combination of both was 
then evaluated by adding them at the apical side and measuring their presence on the apical and basolateral side after 24 h (D). EVs-MDA were 
labelled with CFSE and vCPP2319 was labelled with Quasar® 670 to allow for fluorescent detection. Error bars refer to standard deviation. These 
experiments were performed with independently grown cultures in three different days. Significance was assessed by two-way ANOVA followed by 
Tukey’s post-test (C) and one-way ANOVA followed by Dunnett’s post-test (D). ****P-value ≤0.0001.
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First, the cytotoxicity of EVs-MDA with protein concentration ranging from 1 to 100 μg/mL was studied towards HBEC-5i, in the 
presence or absence of vCPP2319 at 5.2 μM, and no significant effects were observed (Fig. 5 – A). Therefore, since EVs-MDA, vCPP2319 
or their combination did not reveal any significant cytotoxicity towards HBEC-5i we are able to use these cells in a BBB in vitro 
monoculture model. EVs-MDA labelled with CFSE were incubated with vCPP2319 labelled with Quasar® 670 for 1 h and then added to 
the apical side of a transwell (Fig. 5 – B). After 24 h, the samples were collected from both the apical and the basolateral side and the 
presence of EVs-MDA-CFSE (λ492/517) or vCPP2319-Q670 (λ647/666) was detected by measuring the fluorescence intensity of the 
samples. The results (Fig. 5 – C) show a very similar percentage of EVs-MDA (λ492/517) in the basolateral and apical side for EVs-MDA 
1 μg/mL + vCPP2319 5.2 μM in comparison with the EVs-MDA 1 μg/mL control. The percentage of clearance in the apical side en
compasses the recovery in the basolateral side, for both EVs-MDA 1 μg/mL and EVs-MDA 1 μg/mL + vCPP2319 5.2 μM, suggesting that 
the translocation of the BBB by EVs-MDA alone or in combination with vCPP2319 occurs without retention in BBB cells. Interestingly, a 
different behavior was observed when analyzing the vCPP2319 translocation of the BBB (λ647/666). While vCPP2319 5.2 μM control 
showed a much lower percentage of recovery in the basolateral side (below 20 %), when combined with EVs-MDA 1 μg/mL, the 
percentage of recovery was significantly higher and very similar to that obtained for EVs-MDA 1 μg/mL + vCPP2319 5.2 μM or EVs- 
MDA 1 μg/mL at λ492/517. Importantly, these results demonstrate the ability of EVs-MDA to carry vCPP2319 across an in vitro 
monoculture BBB model. Moreover, since the percentage of vCPP2319 in the apical side is very similar for EVs-MDA 1 μg/mL +
vCPP2319 5.2 μM and the peptide alone, the difference in the basolateral side translates into a significantly different percentage of 
retention in cells, which is much higher for the peptide control. This suggests that intracellular retention of vCPP2319 is the major 
cause for its inability to successfully translocate the BBB model. Overall, these results are striking as they unravel the ability of EVs- 
MDA to deliver vCPP2319 beyond an in vitro monoculture BBB model, which supports the use of these natural nano-sized vesicles as 
drug carriers capable of translocating the BBB.

It is worth stressing that the BBB model integrity was evaluated after the translocation assay using tetramethylrhodamine 
isothiocyanate-4 kDa dextran (RD4) (Fig. 5 – D). The results revealed no significant impact on the BBB model integrity after treatment 
with EVs-MDA 1 μg/mL combined with vCPP2319 5.2 μM or respective components. Ethylene glycol tetraacetic acid (EGTA) was used 
as a negative control for BBB integrity. Therefore, we may exclude the paracellular route for BBB translocation of EVs-MDA alone or 
combined with vCPP2319. This is deemed important because evidence points do EVs being able to compromise tight junctions, hence 
leading to a more permeable BBB in some cases [22,88–90].

4. Conclusion

In this work, we successfully isolated EVs from human breast cells. Upon characterization of the obtained samples using TEM and 
flow cytometry, we confirmed the presence of heterogenous populations of EVs with favorable characteristics to constitute a DDS, both 
in terms of size and specific molecular markers, such as CD63 – an exosomal marker - and CD105 – associated to the metastization 
process and recently referred to as a potential biomarker for MBC [47,49,50,61–64]. Aiming for the loading of EVs-MDA with 
vCPP2319, the interaction between both was studied and a strong interaction was detected. vCPP2319 strongly interacts with 
EVs-MDA resulting in abrupt response signals in SPR sensorgrams and significant alterations in the zeta potential values of the EVs in 
the presence of the peptide. Additionally, by applying a dissociation model to the dissociation phase response data in the SPR sen
sorgrams, we could estimate the fraction of the peptide that is retained at the surface of EVs-MDA, which is approximately 60 %. This 
evidence supports the use of EVs-MDA in combination with vCPP2319 as a potential DDS for MBC treatment. Nevertheless, further 
pharmacokinetics studies must be conducted in order to characterize the stability of this potential DDS in physiological conditions, 
since EVs modifications with small molecules may change their properties [91].

The combination of EVs-MDA with vCPP2319 did not impact the peptide’s cytotoxicity nor selectivity. Importantly, translocation 
assays using an in vitro monoculture BBB model revealed that, at variance with the peptide alone, it translocated when previously 
incubated with EVs-MDA. Therefore, and since there was no significant impact in the BBB model integrity upon EVs-MDA + vCPP2319 
translocation, EVs-MDA have the potential to safely carry the ACP vCPP2319 across the BBB. In conclusion, in a broader sense, the use 
of EVs obtained from TNBC cells cultures are promising carriers of anticancer drugs, with the potential to translocate the BBB and reach 
the brain parenchyma.
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[26] H. Saari, E. Lázaro-Ibáñez, T. Viitala, E. Vuorimaa-Laukkanen, P. Siljander, M. Yliperttula, Microvesicle- and exosome-mediated drug delivery enhances the 
cytotoxicity of Paclitaxel in autologous prostate cancer cells, J. Contr. Release 220 (2015) 727–737, https://doi.org/10.1016/j.jconrel.2015.09.031.

[27] H. Liu, M. Shen, D. Zhao, D. Ru, Y. Duan, C. Ding, H. Li, The effect of triptolide-loaded exosomes on the proliferation and apoptosis of human ovarian cancer 
SKOV3 cells, BioMed Res. Int. 2019 (2019), https://doi.org/10.1155/2019/2595801.

[28] Y. Ma, Z. Yang, K. Huntoon, W. Jiang, B.Y.S. Kim, Advanced immunotherapy approaches for glioblastoma, Adv. Ther. 4 (2021), https://doi.org/10.1002/ 
adtp.202100046.

[29] M. Zhang, S. Hu, L. Liu, P. Dang, Y. Liu, Z. Sun, B. Qiao, C. Wang, Engineered exosomes from different sources for cancer-targeted therapy, Signal Transduct. 
Targeted Ther. 8 (2023) 124, https://doi.org/10.1038/s41392-023-01382-y.

[30] F.D. Oliveira, M. Cavaco, T.N. Figueira, J. Valle, V. Neves, D. Andreu, D. Gaspar, M.A.R.B. Castanho, The antimetastatic breast cancer activity of the viral 
protein-derived peptide vCPP2319 as revealed by cellular biomechanics, FEBS J. 289 (2022) 1603–1624, https://doi.org/10.1111/febs.16247.

[31] J.M. Freire, S. Almeida Dias, L. Flores, A.S. Veiga, M.A.R.B. Castanho, Mining viral proteins for antimicrobial and cell-penetrating drug delivery peptides, 
Bioinformatics 31 (2015) 2252–2256, https://doi.org/10.1093/bioinformatics/btv131.

[32] Ü. Langel, Therapeutic potential of CPPs, in: CPP, Cell-Penetrating Pept, Springer Singapore, Singapore, 2019, pp. 409–461, https://doi.org/10.1007/978-981- 
13-8747-0_12.

[33] D.W. Hoskin, A. Ramamoorthy, Studies on anticancer activities of antimicrobial peptides, Biochim. Biophys. Acta Biomembr. 1778 (2008) 357–375, https://doi. 
org/10.1016/j.bbamem.2007.11.008.
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B. Bussolati, E.I. Buzás, J.B. Byrd, G. Camussi, D.R.F. Carter, S. Caruso, L.W. Chamley, Y.-T. Chang, C. Chen, S. Chen, L. Cheng, A.R. Chin, A. Clayton, S. 
P. Clerici, A. Cocks, E. Cocucci, R.J. Coffey, A. Cordeiro-da-Silva, Y. Couch, F.A.W. Coumans, B. Coyle, R. Crescitelli, M.F. Criado, C. D’Souza-Schorey, S. Das, 
A. Datta Chaudhuri, P. de Candia, E.F. De Santana, O. De Wever, H.A. del Portillo, T. Demaret, S. Deville, A. Devitt, B. Dhondt, D. Di Vizio, L.C. Dieterich, 
V. Dolo, A.P. Dominguez Rubio, M. Dominici, M.R. Dourado, T.A.P. Driedonks, F.V. Duarte, H.M. Duncan, R.M. Eichenberger, K. Ekström, S. El Andaloussi, 
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