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Abstract 

 

The limited shelf-life of platelet concentrates (PC) produced in blood centers leads to a significant portion 

of platelet donations being discarded before being purposed for transfusion. Consequently, PC are an 

enormous financial burden for the healthcare system, so, new applications for expired PC have been 

growing over the past years. Inspired by the high amounts of platelet-derived extracellular vesicles (pEV) 

that are released during PC storage and by the natural appetency of pEV to interact with cancer cells, 

we investigated the efficacy of pEV from expired PC as carriers of paclitaxel (PTX), an anti-angiogenic 

and anti-cancer drug.  

In this thesis, pEV were isolated from expired PC using different methods (density gradient 

ultracentrifugation (DGUC); size exclusion chromatography and the combination of both methods). The 

highest EV yield (2.03x1011/100 mL PC) was obtained using DGUC, so this was selected as the most 

suitable protocol. Furthermore, a low level of contaminating protein, together with the detection of 

specific EV markers (CD9, CD63 and FLOT2) were observed. In addition, a typical EV size distribution 

profile (100-300 nm) with a typical cup-shaped morphology was achieved. By direct incubation, pEV 

were loaded with PTX (PTX-pEV), and their functionality was assessed on endothelial and breast cancer 

cell lines (basal, MDA-MB-231 and luminal B, BT474). 

Our findings suggest that PTX-pEV showed higher anti-migratory and anti-angiogenic activity than 

the free drug. A comparison of the cytotoxic effect of PTX-pEV on breast cancer cells was carried out, 

which identified a decrease in cell viability (21.05%) and proliferation (41.04%) only in BT474. PTX 

delivery pathways for MDA-MB-231 and BT474 were also distinctly affected by EV uptake inhibitors, 

between cell lines, showing that dynamin-dependent endocytosis and heparin sulphate proteoglycan-

dependent mechanism were only responsible by the PTX release on BT474.  

 

 

 

Keywords: expired platelet concentrates, platelet-derived extracellular vesicles, drug delivery 

system, paclitaxel, therapeutic effect, breast cancer 
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Resumo 

 

A data de validade limitada dos concentrados de plaquetas (PC) produzidos nos centros de transfusão 

de sangue, leva a que uma significante porção de doações de plaquetas seja descartada antes de 

serem transfundidas. Consequentemente, os PC são um enorme encargo financeiro para o sistema de 

saúde, e como tal, novas aplicações para PC expirados têm vindo a emergir nos últimos anos. 

Inspirados pelas elevadas quantidades de vesículas extracelulares derivadas de plaquetas (pEV) que 

são libertadas durante o período de armazenamento dos PC, e pela sua apetência natural para interagir 

com células cancerígenas, investigámos a eficácia das pEV de PC expirados como sistemas de entrega 

de paclitaxel (PTX), um fármaco anti angiogénico e anti cancerígeno.  

Neste trabalho, as pEV foram isoladas dos PC expirados através de diferentes métodos 

(ultracentrifugação em gradiente de densidade (DGUC); cromatografia de exclusão molecular e por 

combinação dos dois métodos). O maior rendimento em pEV (2.03x1011/100 mL PC) foi obtido por 

DGUC, e como tal, este foi selecionado o protocolo mais adequado. Adicionalmente, através deste 

obtiveram-se baixos níveis de contaminação proteíca, bem como se detetaram marcadores específicos 

de EV (CD9, CD63 e FLOT2). Para além disto, obtiveram-se pEV com um perfil de distribuição de 

tamanho típico (100-300 nm) e com uma morfologia típica. Por incubação direta, as pEV foram 

encapsuladas com o PTX (PTX-pEV), e a sua funcionalidade foi avaliada em células endoteliais e em 

duas linhas celulares de cancro da mama (basal, MDA-MB-231 e luminal B, BT474).  

Os resultados sugerem que as PTX-pEV apresentaram uma maior atividade anti migratória e anti 

angiogénica que o fármaco livre. Quando comparado o efeito citotóxico das PTX-pEV nas células de 

cancro da mama, identificou-se um decréscimo na viabilidade (21.05%) e proliferação (41.04%) 

celulares apenas para as BT474. Após incubação com inibidores de internalização de EV, as via de 

internalização celular das pEV foram também diferencialmente afetadas entre MDA-MB-231 e BT474, 

mostrando-se desta forma que as vias de endocitose dependente de dinamina e dependente de 

proteoglicanos heparina sulfato estavam apenas envolvidas na entrega do PTX nas BT474.  

 

 

Palavras-Chave: concentrados de plaquetas expirados, vesículas extracelulares derivadas de 

plaquetas, sistemas de entrega de fármaco, paclitaxel, efeito terapêutico, cancro da mama 
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CHAPTER   1  

1. Introduction 

Platelet concentrates (PC) are blood-derived products enriched in intact platelets from healthy donors. 

PC have been widely used to treat or prevent hematological diseases [1], however, their inherent short 

shelf-life leads to their periodic disposal [2]. In this regard, alternative therapeutic applications have been 

extensively reported, especially using PC as a growth factor (GF) source for regenerative medicine and 

cell therapy [3]. Besides, it is known that during PC storage, high amounts of platelet-derived 

extracellular vesicles (pEV) are released and accumulated, nevertheless, little research has explored 

its applicability. Concerning the therapeutic potential of pEV, recent trends have been investigated the 

beneficial use of EV over conventional carries for their application as drug delivery systems [4].  

In this chapter, a revision is presented by integrating two research topics - pEV as an alternative 

therapy for expired PC and pEV as drug vehicles.  

1.1. Platelets 
 

Platelets are small non-nucleated blood cells produced from megakaryocytes, with relevant functions 

regarding inflammation, immunity, and regenerative responses [5]. Due to their limited lifespan in 

circulation (approximately 7-10 days) [5], new platelets need to be produced every day to maintain a 

concentration of 150-400 × 109 platelets per liter of blood [6]. Thus, approximately one trillion of 

circulating platelets are present on a healthy individual [5,6], representing the second most prevalent 

cell type in human blood [7,8].       

Platelets are known to contain three main populations of granules, which differ in their composition, 

biogenesis and function: α-granules, dense granules, and platelet lysosomes. Platelet α-granules have 

spherical or oval morphology and represent the predominant population, with around 50-80 granules 

per platelet [9]. These granules are composed of a vast array of GF, proteins, coagulation factors, 

proteoglycans, and protease inhibitors. This includes platelet-derived growth factor (PDGF), 

transforming growth factor-β (TGF-β), fibroblast growth factor (FGF), membrane receptor molecules 

such as glycoprotein IIb/IIIa and P-selectin (CD62p) and proteins including albumin, factor V and von 

Willebrand antigen [9,10]. Dense granules, also known as δ-granules, are less abundant than α-

granules (3-8 granules per each platelet). These granules have a simpler composition, containing 

calcium, serotonin, pyrophosphate, ADP, and ATP [11]. Platelet lysosomes are less present in platelets 

(1-3 lysosomes per platelet) and are filled with digestive enzymes (e.g., glycosidases and proteases) 

[10,12] 
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1.1.1. The origin and need of platelet concentrates 
 

The origin of platelet transfusion therapy as a relevant procedure remote to the 1950s and 1960s, with 

the effective reduction of mortality in children with acute lymphoblastic leukemia. This illness was a 

major cause of mortality in 1955, given that chemotherapy treatment failure due to severe and frequently 

fatal hemorrhagic complications. Studies in leukemia patients demonstrate a quantitative relation 

between the occurrence of hemorrhage and the thrombocytopenia degree (platelet count < 10 × 109 

platelet/L) [13,14]. Patients with leukemia who had undergone chemotherapy treatments generally had 

a lower platelet count and consequently had a higher probability of bleeding episodes due to the primary 

role of platelets in blood clotting. For this reason, Dr. Emil Freireich was a pioneer in the treatment of 

thrombocytopenia condition and frequent hemorrhages in these children, by establishing the platelet 

transfusion approach [14,15]. However, the routine clinical practice of platelet transfusions faced 

obstacles concerning the storage conditions and quality of platelets. In 1969, Dr. Scott Murphy 

revolutionized platelet transfusion medicine by describing that methods of processing and storage of 

platelets at room temperature (RT, 22 °C) with continuous agitation were feasible, with maintenance of 

platelets viability for 1 to 3 days [15,16]. 

Nowadays, platelet transfusions have become crucial to modern clinical practice. According to the 

World Health Organization (WHO) [17], PC are considered an essential medical product. An increase 

platelet demand is expected in the upcoming years [18]. Currently, platelet transfusion therapy is 

recommended for hemorrhage treatment (therapeutic transfusion) or prevention (prophylactic 

transfusion) in patients with low platelet quantity or platelet function defects. Specifically, for the 

treatment of bone marrow failure or malignancies (e.g., leukemia, chronic and acute thrombocytopenia), 

hemopoietic stem cell transplantation, inherited or acquired function platelet defects (e.g., Glanzmann’s 

thrombasthenia), and patients undergoing invasive procedures (e.g., intracranial surgery) [13]. 

1.1.2. Platelet concentrates processing and storage 
 

Currently, several PC products are available for transfusion, which can be obtained from whole blood 

donations or single-donor apheresis (AP). The preparation of pooled PC from whole blood includes the 

buffy-coat (BC) and platelet-rich plasma (PRP) methods (Figure 1.1) [16]. These blood products are 

prepared under the healthcare system guidelines to assure the quality of these blood products [19].  

For the BC method, initially, the whole blood is centrifuged until it reaches a separation into three 

layers. A layer with cellular elements from the plasma (platelet-poor plasma), a BC layer, and 

underneath a layer with red blood cells (RBC). This BC layer contains 90-95% of platelets and white 

blood cells (WBC) [20,21]. After this first centrifugation, the layers can be separated manually, however, 

the most common system used is an automated technique so-called top-and-bottom system. The BC 

enriched in platelets is resuspended in platelet additive solution (PAS), a synthetic medium that supports 

platelet function, and less often in plasma. Further, four to six BC units are typically pooled and 

centrifuged to increase purity, removing the remaining WBC and RBC. To ensure a residual 

concentration of leukocyte content, pooled BC are processed through a filter [20,21].  
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The PRP method refers to the preparation of autologous plasma with a platelet concentration above 

the typical value in healthy individuals (1.5 × 108 - 4.0 × 108 platelets/mL) [6]. Currently, PRP has been 

established to have at least 1.0 × 109 platelets/mL in 5 mL of plasma. In the usual method of PRP 

preparation, anticoagulant solutions are added (e.g., citrate-based anticoagulants/citrate-phosphate-

dextrose) to whole blood, to chelate ionized calcium, inhibiting clotting factors and thrombin production 

[22]. Following this pre-treatment, two centrifugation steps are performed. The first separates the RBC 

from the plasma (consisting of platelets and WBC) and the second, consists of a soft spin to concentrate 

the platelets present in the plasma, resulting in the formation of platelet pellets. Following this, the 

volume above the pellets (platelet-poor plasma) is discarded and the pellets are resuspended with 

plasma or PAS to produce the PRP [23–25]. In agreement with the BC method, a therapeutic dose of 

platelets for the PRP procedure is also provided by pooling four to six units of donor platelets [26].  

The production of blood components by AP initially involved manual methods, but due to their limited 

use since 1960s, they were replaced by automated approaches. The apheresis device draws the blood 

donor, adds anticoagulant solutions, and afterward, the blood passes through filters and/or centrifuges, 

resulting in platelet collection [21,26]. The remaining blood components return to the donor and the 

apheresis platelets are resuspended in plasma or PAS [27]. One of the advantages of the AP method 

is that platelets derived from a single donor reach up to 10 times more levels than the values achieved 

by the BC and PRP methods [21,26].  

Platelet products represent one of the most expensive blood products [28,29], not only because of 

the optimal conditions required for platelet collection and processing, but also due to financial expenses 

necessary to maintain PC quality during storage time. Many factors are vital for maintaining the quality 

of platelets during an appropriate storing environment. Besides the PC preparation method chosen, an 

appropriate storage temperature, pH, bag plastic containers and agitation profile can influence the 

viability and quality of platelets. More specifically, the optimal temperature determined so far for platelet 

maintenance is 22 ± 2 °C. Moreover, pH values above 6.0 are required to avoid loss of platelet 

morphology and viability. Platelet plastic storage containers are specially designed to allow high gas 

permeability and diffusion, which is important to maintain pH values and supply sufficient O2 for platelet 

metabolism. Lastly, agitation is essential to certify effective gas exchange (oxygenation and CO2 

removal) during storage [30]. To prevent the contamination of PC with bacteria and/or viruses, pathogen 

inactivation methods have been developed. These include: (1) psoralen-based method, which exposes 

PC to a synthetic psoralen, called amotosalen, and a long-wave-length ultraviolet (UV) light, resulting in 

blocking DNA and RNA replication; (2) gamma irradiation, to prevent transfusion associated to graft-

versus-host disease [31,32]; (3) riboflavin-based method, which exposes PC to riboflavin (vitamin B2) 

[31,32] and to UV light, resulting in irreversible DNA and RNA damage; (4) illumination with short-wave 

ultraviolet light under agitation [31].  

Even though PC are stored under optimal conditions and pathogen inactivation technologies are 

employed, PC have a limited shelf-life of only 5 to 7 days (expiration date). After this date, questions 

around PC safety arise, especially owing to the storage conditions that favor the risks of microbial 

contaminations [33]. Consequently, 10-20% of platelet donations are discarded before they even had a 

transfusion purpose [2]. Combining the outdatedness with the financial costs involved in PC preparing 
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and storing, logistical and sustainability concerns are also raised (Figure 1.1). To face PC discarded 

questions, advances in PC storage methodologies and new alternative applications for these products 

are necessary.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.3. Alternative applications to outdated PC 

1.1.3.1.  Cell culture supplements and regenerative medicine applications 
 

Platelets contain α-granules that enclose a variety of GF [e.g., Vascular endothelial growth factor 

(VEGF), PDGF, TGF-β and FGF] that are well-established for use in ex vivo expansion of cells, 

angiogenesis, and wound healing support. The use of PC as a GF source has been employed as a 

solution to outdated PC [9,34,35]. 

Previous studies evidenced that platelet-derived components are a good alternative to xenogenic 

components, commonly used in cell cultures, due to the GF cargo released during PC storage. Human 

platelet lysates (HPL) produced from expired human PC have been used as a viable and safe alternative 

to gold standard fetal bovine serum (FBS) supplementation for ex vivo expansion of mesenchymal stem 

cell culture [36–38], human dermal fibroblasts [39] and adipose-derived stromal cells [38], among other 

Figure 1.1: Factors that raise awareness of the rate of platelet concentrate discarded in blood centers. Buffy 
coat (BC) PC are produced by initial centrifugation to separate the whole blood into three layers (plasma, BC, and 
RBC). BC from 4 to 6 donors are pooled to produce a therapeutic dose and pass through a filter to deplete leukocyte 
content. For PRP PC, whole blood is centrifuged to first separate the RBC from plasma (enriched in platelets) and 
the second soft centrifugation to pellets platelets. Four to six doses of platelets for PRP are pooled. PC from BC, 
PRP, and AP are resuspended in plasma or PAS. After PC preparation, during PC storage, (5 to 7 days, PC shelf-
life) an appropriate temperature and pH, such as specific plastic containers with gas permeability and constant 
agitation to certify effective gas exchange are required. Since PC storage conditions are bacterial growth favorable, 
pathogen inactivation is required to ensure PC safety. Since PC have a short shelf-life and during PC preparation 
storage, high financial expenses are required to maintain them transfusible, concerns arise in blood establishments, 
as expressed by 10-20% of platelets donations that are discarded. BC, buffy coat; PRP, platelet-rich plasma; AP, 

apheresis; RBC, red blood cells; PC, platelet concentrates; PAS, platelet additive solution. 
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primary cells. Even though PC derivatives reduce immune responses, concerns remain related to the 

possibility of blood-derived virus transmission [36,37].  

Additionally, the use of platelet material formulations in regenerative medicine and tissue engineering 

has been suggested. For instance, the application of a gelatin scaffold impregnated with expired PC-

derived HPL to a murine wound healing model promotes healing effects due to PDGF and TGF-β 

released from the scaffold [40,41]. However, a possible shortcoming is the insufficient release of GF 

that may not sustain tissue regeneration [42].  

Even though expired PC have proven to be a valuable source of GF, their use raises other concerns 

including, (1) GF instability and short half-life time in vivo due to an elevated proteolytic activity, (2) rapid 

diffusion from the delivery site and, (3) adverse effects associated with the application of 

supraphysiological doses to achieve a therapeutic dose [43]. Thus, new strategies to circumvent these 

limitations are needed.  

1.1.3.2.  Extracellular vesicles-based applications 
 

In 1967, for the first time, experiments performed by Peter Wolf described the progressive release of 

phospholipid enriched particles from platelets. This was observed by electron microscopy, which 

suggested that particles were originated from platelet granules during their storage [44]. Nowadays, 

these particles with a rich lipid content are known as platelet-derived extracellular vesicles (pEV).  

pEV are the most prevalent EV in the human blood of healthy individuals, with percentages between 

70-90% of total EV in the bloodstream [45]. The mechanism of pEV release was described in 1971 by 

Warren and Vales when studying the ultrastructure of platelets adhered to the vessel walls of human 

coronary arteries in vitro. The results indicated that during platelet activation (i.e., after interaction 

between platelets and vessel wall collagen), its structure changes and pEV were released from 

multivesicular membranous sacs of platelet pseudopods. In addition to collagen, other agonists are 

responsible for platelets activation and subsequently for pEV release [46]. Examples of different 

physiological agonists that bind to platelet adhesion receptors include ADP, thrombin, fibrinogen, 

fibronectin, serotonin, and platelet-activating factors [47]. Moreover, platelet activation can also occur in 

response to contact with surfaces and during platelets storage period, as indicated by a comparative 

study performed in 1991. In this report, the addition of platelet activation inhibitors combined with a 

decrease in the surface area of the storage container caused a reduction of almost 40% in pEV released 

[48]. Furthermore, it was found that the process of high shear stress in atherosclerotic arteries leads to 

platelet aggregation and the generation of microparticles [49]. Additionally, another study demonstrates 

that fluid shear stress at low temperatures increased platelet aggregation and induced the pEV release 

[50]. 

To evaluate the potential of pEV, it is useful to consider their biochemical characteristics. EV are 

defined as membrane vesicles delimited by a lipid bilayer and biochemically composed of proteins, 

lipids, and acid nucleic content [47,51] . EV seem to be produced and released by almost all cell types 

and are classified into three main subgroups based on their biogenesis and size: exosomes, 

microvesicles (MV), and apoptotic bodies (AB). Among these three EV subtypes, exosomes are the 

smallest vesicles with a typical diameter that comprises 40-120 nm. Exosomes have an endosomal 
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origin, meaning that they are generated from the invagination of endosomes membranes [52,53]. MV 

typically have a diameter that ranges between 50-1000 nm, so attend to be larger than exosomes. 

Conversely to exosomes, MV are released through outward budding from the plasma membrane (PM). 

For this process, cytoskeleton components are involved in the PM remodeling, including the 

phospholipid redistribution and the contraction of actin-myosin system [52,53]. Lastly, the AB represent 

the largest class of EV, with a diameter range of 500-2000 nm. AB are secreted during programmed cell 

death (apoptosis) through blebbing of PM into extracellular space [52]. Hence, AB include intact 

organelles and nuclear components, in contrast to exosomes and MV content. Although there are 

different subclasses of EV, it has been challenging to distinguish them due to common protein markers, 

including tetraspanins (CD9, CD63, CD81, and CD82) and cytosolic proteins (tumor susceptibility gene 

101 and Alix) [54], and biophysical properties overlapping all different subtypes. Generally, EV share 

the same composition with their parent cells. Therefore, platelet-specific proteins - CD31, CD41, CD42a, 

and CD62p - and GF - such as PDGF, FGF, and TGF-β - have been detected in both platelets and pEV 

[55,56]. 

1.2. Therapeutic applications of pEV 
 

PC represent an unexplored source of therapeutic pEV. However, platelets show several advantages 

as a cellular source of EV, such as (1) their collection is performed under well-defined and regulatory 

procedures; (2) their recognized clinical value; (3) their production in a concentrated form and, (4) the 

high production capacity of pEV directly from the collected PC [57]. This section reviews the main 

therapeutic applications of pEV in regenerative medicine field, and its use as a drug-delivery vehicle, 

especially in cancer treatment.  

1.2.1. pEV in regenerative medicine  
 

To accomplish the rapid longevity of the world population, it is extremely important to develop safe and 

effective therapies to treat the main aging-related diseases (e.g., heart disease, neurodegenerative 

diseases, or cancer) [58]. Therefore, regenerative medicine is essential, as it aims to develop 

approaches to restore damaged, nonfunctional, or missing tissues [59]. Recently, pEV have been 

gained an important position in regenerative medicine as a good alternative to cell-based therapies 

[57,59]. Mainly because great challenges have been reported for cell-based therapies, such as (1) loss 

of therapeutic potency due to long-term in vitro cells expansion and (2) potential side effects of 

exogenous cells after their clinical administration [57].  

Given the nature of pEV cargo, its use in tissue regeneration and wound healing processes has been 

demonstrated. In fact, provided evidence showed that pEV enhanced the vasoregenerative potential of 

cells after arterial injury [60]. The mechanisms responsible for these effects involve the supply of 

angiogenic growth factors, promotion of cells differentiation, and increased recruitment and migration of 

cells to the site of tissue damage [60]. Further, the pro-healing role of pEV has been associated to in 

vitro wound models using human keratinocytes [61] and human umbilical vein endothelial cells (HUVEC) 

[62]. In vivo experiments have also confirmed the regenerative potential of pEV to treat chronic wounds. 
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Treatment with pEV induced proliferation and migration of endothelial cells and fibroblasts, enhancing 

the cutaneous re-epithelialization in a diabetic rat model to a greater extent than PRP. These effects 

may have been mediated by the release of PDGF, VEGF, FGF, and TGF-β from pEV, which were 

greater than from PRP [63]. Additionally, pEV have been also involved in the neuroregenerative 

response. Neural stem cells treated with pEV promoted cell differentiation, proliferation, survival, and 

an increase in the number of newborn neurons. These effects were associated with VEGF, FGF, and 

PDGF, as individual blocking of these GF reduces the regenerative effects [64]. 

1.2.2. pEV as drug-delivery vehicles 
 

Platelets and pEV express several membrane integrins and receptors, namely GPIIb/IIIa, GPIaIIa, 

GPlba, P-selectin (CD62p), PECAM-1 (Platelet-endothelial cell adhesion molecule-1, CD31) and CD63 

[57]. These surface receptors are the scientific rationale behind the interaction of pEV with other cells, 

and consequently their use as targeted drug-delivery systems [57,65]. Studies with pEV to deliver anti-

viral drugs [66] and anti-inflammatory drugs in a model for severe pneumonia [67], have demonstrated 

the broad therapeutic applicability of pEV. However, its primary use is for cancer treatment [57]. The 

well-described appealing interaction between tumor cells and platelets/pEV, and the capacity of cancer 

cells to internalize pEV, represents the principle behind the applicability of pEV as drug delivery vehicles 

in cancer field [57].  

 Platelets directly interact with tumor cells through a vast range of surface receptors and 

glycoproteins, such as platelet P-selectin and GPIIb/IIIa. Indirectly, platelet GF are essential to regulate 

tumor growth and spread [68]. The tumor vascular environment and its high permeability attract platelets 

and activate them through the process of tumor cell-induced platelet aggregation. Therefore, platelet 

granule content is released, promoting the activation of more platelets through P2Y1 and P2Y12 

receptors and concomitantly the release of pro-angiogenic factors (e.g., VEGF, FGF, epidermal growth 

factors (EGF) and, TGF-β) and cytokines (interleukin-1β and interleukin-8), favoring angiogenesis, 

tumor growth, and metastasis [68,69]. TGF-β is an important GF released from α-granules, acting as an 

immunomodulator that suppresses the activity of cells from the immune system (e.g., natural killer cells) 

and alters the T-cell response. pEV share most of the biochemical composition with their parental cells 

and so, they also express an important role in tumor regulation. Therefore, platelets and pEV contribute 

to tumor cell dissemination since angiogenesis is a critical factor in cancer progression [68].  During the 

circulation of tumor cells, their interaction with platelets and pEV-form-heteroaggregates (containing 

tumor cells, platelet/pEV, and leukocytes) protects tumors cells from immune elimination and supports 

their attachment to the endothelium, contributing to the establishment of secondary invasions – 

metastasis [69].  

1.2.2.1. pEV and breast tumor microenvironment 
 

Breast cancer is one of the most prevalent cancers worldwide, a leading cause of death from cancer in 

less developed countries, and affects mainly women [70]. Breast cancer has been considered high 

heterogeneous in terms of histology, molecular and genetic profiles [71]. For this reason, breast tumors 

are classified into different subtypes to help clinicians with treatment strategies and prognostic 
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information. Molecular pathology methods are the most used to divide breast cancer into four main 

subtypes: luminal A, luminal B, HER2 overexpression, and triple-negative. This distinction is founded 

on estrogen receptor (ER) and progesterone receptor (PR) expression levels and on human epidermal 

growth factor receptor 2 (HER2) analysis [71,72]. Luminal breast cancers represent most of all 

diagnosed breast cancers and usually are associated with a better prognosis than non-luminal breast 

cancers [HER2 overexpressed and triple-negative breast cancers (TNBC)] [73]. An adverse prognostic 

factor in breast cancer progression is the physiological process, angiogenesis. Angiogenesis is the 

mechanism by which new blood vessels (composed of endothelial cells) are developed from preexisting 

capillaries. In healthy tissues, this process is regulated by the balance between angiogenesis inducers 

and inhibitors, however, tumors activate the angiogenic switch by dysregulation of this balance. New 

capillaries formation allows a constant oxygen and nutrients supply, necessaries for tumor growth and 

to increase their metastatic dissemination rate. Although several studies have been proposed anti-

angiogenic treatment in breast cancer as a promising strategy, drug resistance remains a challenging 

problem in breast cancer therapy [74]. 

Discovered in 1963 following a plant screening for anticancer activity, paclitaxel (PTX, commercially 

known as Taxol) was posteriorly approved for clinical trials and used in cancer therapies as the first-line 

therapeutic agent in breast or ovarian cancer [75]. Its mechanism of action involves microtubule 

stabilization and dysfunctionality, unlike other anti-microtubule drugs that promote microtubules 

destabilization. Microtubules are tube-shaped proteins of the cytoskeleton of all eukaryotic cells, with 

key functions in the maintenance of cell shape, cell division and mitosis, cell signaling transmission, 

intracellular movement of material, and cellular motility [75,76]. Similarly to other anticancer agents, the 

PTX mechanisms of cellular resistance have been characterized for certain types of cancer. A 

mechanism of acquired resistance that has been described involves the multiple drug resistance 

phenotype. Cells that express this form of resistance have been characterized to display concomitantly 

resistance to drugs with different molecular structures and functionalities; reduced drug accumulation 

drug; overexpressed P-glycoproteins (P-gp) and genetic alterations (e.g., gene amplification). Among 

these characteristics, the one widely mentioned is the overexpression of membrane glycoproteins since 

P-gp reduces drugs’ efficacy due to its role as drug efflux pumps [75,77].  

The use of pEV and platelets has been purposed as a possible solution to the posterior challenging 

problems in breast cancer therapy field, due to their targeting abilities [57], camouflage to the immune 

system [68], and potential mechanism to overcome drug resistance [78] . Firstly, studies have shown 

that EV carrying anti-tumor drugs increase the treatment effectiveness, overcoming drug resistance. 

Kim et al [79] reported increased cytotoxicity in multidrug-resistant cancer cells treated with PTX-loaded 

exosomes compared to those treated with free PTX. Further, Quiao et al [80], described that Doxil 

(chemotherapy drug) loaded exosomes enhanced therapeutic retention in tumors compared to free 

Doxil. EV carrying anti-tumor drugs are pivotal to increasing therapeutic efficacy, delivering a drug into 

tumors in a selective manner, and consequently showing an interesting strategy to overcome drug 

resistance. Secondly, engineered nanocarriers have been developed through the functionalization of 

platelet and pEV membrane receptors aiming to enhance targeting ability to tumor cells and 

simultaneously protect them against the immune system [81]. Synthetic nanocarriers functionalized with 
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whole platelet membrane [82–84] or with a few platelet membrane proteins [85,86] and encapsulated 

with anti-breast cancer drugs have been showing excellent targeting performance, able to escape of 

immune clearance and inhibiting drug-resistant, tumor growth and metastasis (Table 1.1). 

 

Table 1.1: Summary of selected studies on anti-cancer delivery strategies development via platelet membrane-
functionalized synthetic nanocarriers. 

 

 

 

 

Nanovehicle Drug Functionalization Target cells Effect Ref. 

Synthetic silica 

particles 

Tumor-

killing 

cytokine 

(TRAIL) 

Membrane-derived 

vesicles from activated 

platelets (with 

maintenance of whole 

platelet membrane 

features) 

Circulating breast 

cancer cells, MDA-

MB-231 and 

prostate cancer 

cells, PC3 (CTC) 

• Reduction of particle 

phagocytosis 

• Induction of apoptosis 

• Co-localization with CTC 

• Decrease in lung metastasis 

in a mouse breast cancer 

metastasis model 

[82] 

Liposomes DOX 

Few platelet membrane 

receptors (P-selectin 

and GPIIb-IIIa – like 

receptors) 

MDA-MB-231 (high 

metastatic) and 

MCF-7 (low-

metastatic) human 

breast cancer cells 

• Enhanced drug binding and 

delivery to MDA-MB-231, 

suggesting a promising 

approach for metastasis-

targeted drug delivery 

[86] 

Nanostructured 

lipid carrier 
PTX 

Platelet membrane 

proteins (platelet 

membrane integrity 

confirmed by CD41 

expression) 

SK-OV-3 cells 

(ovarian cancer cell 

line) 

• Avoid an immune response 

• Cytotoxic effects on cells 

• Targeting appetency 

verified through presence of 

CD41 on SK-OV-3 cells 

surface 

[85] 

Melanin 

nanoparticles 
DOX 

RGD peptides modified 

platelet vesicles 

Raw 264.7 (murine 

macrophages, 

immune cells), 

HUVEC, MDA-MB-

231 and MDA-MB-

231/ADR 

 

• Inhibit the growth and 

metastasis of drug-resistant 

breast cancer 

• Inhibition of VEGF 

(promotes tumor growth) 

and MMP2 and MMP9 

(metastasis-relevant gene) 

expression 

• Showing in vitro immune 

evasion potential 

 

[84] 

PLGA 

nanoparticles 
DOX 

Platelet vesicles 

obtained by repeated 

freeze and thaw cycles 

of PRP 

Raw 264.7 and 4T1 

mouse breast 

cancer cells 

 

• Actively target to 4T1 cells 

and showing escape ability 

from Raw 264.7 cells 

• High accumulation in tumor 

site 

• Good stability, retention 

time in blood and with 

reduced side effects 

 

[83] 

TRAIL, Tumor necrosis factor – related apoptosis inducing ligand; PTX, Paclitaxel; DOX, Doxorubicin; CTC, Circulating tumor 
cells; RGD, tripeptide Arg-Gly-Asp acid; MMP2, Matrix metalloproteinases 2; MMP9, Matrix metalloproteinases 9; VEGF, 
Vascular endothelial growth factor; HUVEC, Human Umbilical Vein Endothelial Cells; PLGA, Poly (lactic-co-glycolic acid); PRP, 
platelet-rich plasma 

 

 

TRAIL, Tumor necrosis factor – related apoptosis inducing ligand; PTX, Paclitaxel; DOX, Doxorubicin; CTC, Circulating tumor 
cells; RGD, tripeptide Arg-Gly-Asp acid; MMP2, Matrix metalloproteinases 2; MMP9, Matrix metalloproteinases 9; VEGF, Vas-
cular endothelial growth factor; HUVEC, Human Umbilical Vein Endothelial Cells; PLGA, Poly (lactic-co-glycolic acid); PRP, 
platelet-rich plasma 

 

 

TRAIL, Tumor necrosis factor – related apoptosis inducing ligand; PTX, Paclitaxel; DOX, Doxorubicin; CTC, Circulating tumor 
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Despite the promising effects of drug-loaded nanocarriers coated with platelet membranes, 

reinforcing the capacity of pEV as carriers of drugs against breast cancer, several limitations arise. 

Initially, the isolation of platelet membranes and their functionalization into synthetic nanocarriers 

reveals to be a difficult procedure. Then, during platelet membrane isolation, modifications on 

membrane could alter the physiological clues of platelets for cell targeting and immune system 

clearance [81]. Moreover, the ability of interaction between platelets and tumor cells could not be fully 

present when synthetic nanocarriers are involved [81]. For these reasons, the use of platelets/pEV 

themselves has been purposed. Nonetheless, due to their smaller size, pEV show a higher ability to 

penetrate the tumor microenvironment than platelets. Additionally, pEV exhibit a higher stability in 

freezing-thawing cycles than platelets, enabling its storage and processing [57]. In conclusion, pEV have 

received a lot of attention in the breast cancer treatment field due to their interaction with cancer cells, 

their camouflage for the immune system, and their potential to overcome drug resistance (Figure 1.2), 

as well as, exploiting advantages over synthetic nanocarriers. 
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Figure 1.2: Role of platelets and pEV in the microenvironment and treatment of breast cancer. Breast cancer 
is a highly heterogeneous disease, mainly distinguished into four subtypes (Luminal A, Luminal B, HER2 
overexpression, and triple-negative), with different expression patterns of ER/PR and HER2. Along with the 
vascularization that accompanies breast cancer growth and progression, challenges in clinical therapeutic 
management are raised. With the formation of new capillaries, circulating tumor cells can interact with platelets and 
pEV through membrane receptors such as P-selectin and GbIIb/IIIa. During this interaction, GF and cytokines 
content is released, favoring tumor migration, proliferation, and metastasis. Interaction with platelets and pEV further 
allows a camouflage formation that will protect breast tumor cells from immune system recognition (e.g., natural 
killer cells). Combining pEV's natural targeting abilities, protection from the immune system, and capacity to 
overcome drug resistance (e.g., bypassing P-gp drug efflux pump), makes them a promising therapeutic approach 
in breast cancer treatment as drug-delivery vehicles. ER, estrogen receptor; PR, progesterone receptor; HER2, 
human epidermal growth factor receptor 2; EGF, epidermal growth factor; VEGF, vascular endothelial growth factor; 
TGF-β, transforming growth factor- β; FGF, fibroblast growth factor; pEV, platelet-derived extracellular vesicles. 
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1.3. Factors affecting the efficacy of EV as drug delivery 
platforms 
 

EV have been recognized as promising drug delivery platforms due to their intrinsic features, which offer 

them advantages compared to synthetic nanocarriers, such as cell targeting abilities, innate 

biocompatibility, non-immunogenic and non-cytotoxic properties [87]. As previously reviewed, pEV 

display receptors that interact with cancer cells and, consequently, are promising vehicles to deliver 

anti-cancer agents [81], although their use in clinical applications can be affected by different 

preconditions as summarized below.  

1.3.1.  Uptake of EV into the recipient cells 
 

The underlying mechanism involved in the interaction between EV and cells is undoubtedly important 

to understand the efficacy of therapeutic agent delivery. Despite challenges in clearly understanding 

how EV can interact with recipient cells, distinct pathways have been suggested. The mechanisms of 

EV uptake may involve the direct fusion of EV with PM or EV internalization via endocytic routes. A large 

number of studies suggest the endocytic mechanism as the predominant one. This is responsible for 

the generation of membrane vesicles that transport the EV to the cytoplasm. Different types of endocytic 

pathways have been presented, such as clathrin-mediated endocytosis, caveolin-dependent 

endocytosis, phagocytosis, macropinocytosis, and lipid-raft mediated internalization [88], which are 

described below and represented in Figure 1.3. 

 

Clathrin-mediated endocytosis begins with the recruitment of endocytic proteins (e.g., clathrin, 

clathrin adaptor proteins, and scaffold proteins) from the cytosol to the inner face of PM and 

subsequently their attachment to specific binding sites/ligands on EV, generating clathrin-coated 

endocytic vesicles. During this process, the polymerization of clathrin induces membrane curvature and, 

for this reason, the clathrin coating appears to be the key component of membrane bending. In addition, 

a network of actin filaments and scission proteins [e.g., BAR proteins (Bin, Amphiphysin and, Rvs)] are 

formed at the endocytic site and participate in the membrane curvature to complement the force needed 

to bend the membrane. Besides, BAR proteins participate in the recruitment of dynamin and other fission 

proteins. These proteins (BAR and dynamin) are essential to separate the clathrin-coated vesicle from 

PM, with vesicle scission mediated by GTPase dynamin 2 [89]. Lastly, the disassembly of the vesicle 

coat occurs and the EV is free to fuse with an early endosome, where its contents are deposited [89,88]. 

Treatments affecting the clathrin-mediated endocytosis process can be used to inhibit EV entry, such 

as dynasore, a specific GTPase dynamin 2 inhibitor [88]. 

 

Caveolin-dependent endocytosis is initially mediated by the assembly of integral membrane caveolin 

proteins, which are cholesterol-rich structures with lipid-binding activity, at the PM. The insertion of these 

proteins into PM leads to lipid enrichment and recruitment of cytoplasmic cavin proteins (e.g., Cavin1), 

which generates PM invaginations that can be internalized by the cell, known as caveolae [90]. The 

caveolae disassembled is mediated by the application of mechanical stress (membrane tension) or 
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nonmechanical stress (e.g., UV). Caveolin-1 (CAV-1) seems to be a fundamental player in caveolae 

formation, regulating the EV uptake by recipient cells [91]. Its role in EV internalization was documented 

when considerable inhibition of EV uptake by CAV-1 knockout HeLa cells was found [92].  

 

Phagocytosis is defined as a cellular process of ingesting large solid particles (≥0.5 𝜇m) into 

phagosomes, which result from the fusion of PM pseudopods [93]. Phagocytosis is well characterized 

for the engulfment of AB and cellular debris, however, exosomes and MV can also be internalized 

[88,94]. Initially, a recognition between specific receptors on the cell membrane and ligands on the target 

EV needs to arise. During receptor-ligand binding [e.g., TIM (T-cell immunoglobulin mucin)-PS 

(phosphatidylserine) binding], dynamic membrane extensions composed of phagocytic receptors and 

polymerized actin curves around the EV to create a cup-shaped form. In the receptor-mediated event, 

coordinated tyrosine kinases (e.g., SFKs, Src-family kinases) activation leads to lipid-modifying 

enzymes (e.g., PI3K, phosphatidylinositol 3-kinase) activity and GTPases stimulation, resulting in actin 

remodeling. Following this, sequential reactions occur to dissociate the phagosome from the surface 

membrane. Phagosomes undergo maturation stages, involving the fusion with early endosomes, late 

endosomes, and lysosomes. Antagonists of PI3K and PS have been described as capable to block or 

decrease EV phagocytosis [93,94].  

 

Macropinocytosis is a cellular process that begins with the formation of the macropinosome, an 

endocytic organelle responsible for uptake of extracellular fluid and material. Primarily, the 

macropinosome formation mechanism involves the actin polymerization bordering on the PM, causing 

waving extensions recognized as ruffles. The following stage is macropinosome maturation, which is 

mainly represented by enrichment in phosphoinositide 3-phosphate (PI3P), a PI3K enzymatic product. 

PI3P plays an important role in macropinosome maturation since recruits sorting nexins (SNX). The 

SNX family is responsible for intracellularly trafficking the macropinosome through the endocytic 

pathway [95]. Treatment with PI3K inhibitors has been effective in inhibiting macropinocytosis by 

blocking the cytoskeleton remodeling. Another treatment already described is the incubating of cells 

with a Na+/H+ exchanger pump inhibitor, because a functional PM is required for the actin polymerization 

and, consequent macropinosomes formation [96]. 

 

Lipid raft-mediated pathway is a cholesterol-dependent and clathrin-independent pathway that 

begins with the formation of lipid rafts. Lipid rafts have been defined as microdomains in the PM with a 

highly organized structure, enriched in sterols, cholesterol, and sphingolipids [97]. Thereby, EV binding 

sites interact with the PM lipid domains through lipid-lipid or lipid-proteins interactions, leading to lipid 

rafts formation  [98]. The accumulation of lipid domains with a different composition from the PM induces 

surface tension in the membrane, and ultimately promotes PM deformation (invagination). The gradual 

induction of membrane curvature by the attached EV leads to EV internalization and recruitment of 

scission machinery to generate endocytic vesicles that will end in the endocytic pathway [99]. As 

mentioned for the other endocytic pathways, the scission of vesicles is often catalyzed by dynamin, 

although it may be independent of this GTPase [99]. To understand the position of lipid rafts in EV 

uptake, a variety of cholesterol inhibitors (e.g., Methyl-β-cyclodextrin, filipin) have been tested, since 
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lipid raft-endocytosis is sensitive to cholesterol perturbation. However, perturbing the membrane 

cholesterol affects the membrane properties and, as a result, may affect other EV uptake pathways [98]. 
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Figure 1.3: Endocytic pathways that participate in EV uptake by recipient cells. EV have been demonstrated 
to be internalized via (A) clathrin-mediated endocytosis, (B) caveolin-dependent endocytosis, (C) phagocytosis, (D) 
macropinocytosis, or (E) lipid raft-mediated pathway. Internalized EV usually fuses with endosomal compartments. 
EV, extracellular vesicles; PI3P; phosphoinositide 3-phosphate. 
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Although endocytosis seems to be the most common route of entry, direct binding and fusion of EV 

with PM appears to be another way of EV uptake. Here, the EV lipid bilayer merges with the lipid bilayer 

of PM. The initial contact requires the affinity between the EV transmembrane glycoproteins syncytins 

(syncytin-1 and syncytin-2) and their cognate receptors [ASCT-2 (Human alanine serine cysteine 

transporter 2), and MFSD2a (Major facilitator superfamily domain containing 2a), respectively] at the 

PM surface. The ligand-receptor interaction leads to membrane reorganization and consequently, the 

hemi-fusion of membranes occurs. As follows, a continuous membrane connects the EV with the cell, a 

fusion pore opens, and the EV content is released into the cytosol [100].  

 

Summing up, to accurately understand the mechanism of EV uptake, some aspects must be 

considered. Firstly, the exact role of each pathway listed depends on the cell type and EV source. With 

that in mind, it is noticeable that the capability and potency of EV uptake inhibitors vary according to the 

recipient cells. Secondly, certain EV uptake processes have some overlapping biochemical or functional 

features, and therefore, some EV uptake inhibitors are not specific only for one pathway. Additionally, 

EV can enter into a cell through more than one pathway and, for this reason, more than one inhibitor 

must be tested [88]. 

1.3.2.  Techniques for EV isolation  
 

EV isolation methods available in the literature can affect EV integrity, functionality and, biodistribution, 

so, for therapeutic applications, it is critical to evaluate the optimal separation methodology. In particular, 

EV yield and purity are important parameters to consider for clinical application of EV as drug-delivery 

systems, in order to accurately interpret treatment findings. The common techniques used for EV 

isolation and the main advantages and limitations of each method are described below and summarized 

in table 1.2. 

 

Differential Centrifugation. Differential centrifugation enables EV separation based on size and 

density through successive centrifugation steps with consecutive increase in centrifugal force and 

duration. Initially, larger particles are sedimented (e.g., AB and cell debris) and as the centrifuge steps 

advance, smaller particles (e.g., EV) are isolated. However, co-isolation is a common limitation since 

not all EV are equally distanced to the pellet, and not all EV show equal mass and density in relation to 

the medium, being distinctively sedimented. Hence, to achieve good levels of EV purity, this method 

should be selected if the sedimentation rates between particles are significantly different [101,102].  

 

Density gradient Ultracentrifugation. There are two protocols available for density gradient 

ultracentrifugation (DGUC): top-down gradient and bottom-up gradient. These share the capability to 

separate EV according to their buoyant density, which implies the EV migration until reaching the 

position of the gradient solution with the same density as EV. Thus, in this technique, the starting position 

of particles in the gradient does not matter, because all EV will be positioned at the same band (1.1-

1.19 g/mL is the typical density of EV). There are two methods to carry out the gradient, specifically, 

continuous and discontinuous gradients. Concisely, discontinuous gradient involves layer solutions with 
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different densities, starting with the densest solution, and finishing with the lowest density solution on 

top. A continuous gradient can be produced from a discontinuous gradient, waiting at RT to the diffusion 

of molecules across the interface until reaching a linear gradient. Nevertheless, automated methods are 

also available [103]. Iodixanol and sucrose are the most recurrently used density media to prepare 

density solutions, although iodixanol has been described with more benefits (e.g., iodixanol is inert, less 

viscous and, nontoxic) [102].  

 

Size-exclusion chromatography. In size exclusion chromatography (SEC), EV are separated from 

other particles following physical size. The heterogenous solution passes through a chromatographic 

column packed with a porous stationary phase matrix and analytes higher than pore size are eluted first. 

On the other side, smaller molecules enter the pores and stay entrapped longer, eluting later. The 

column size cut-off is an important choice as, based on this, different chromatographic selectivity and 

resolution are achieved [104].     

 

Ultrafiltration. Ultrafiltration separates EV using an ultrafine nano-membrane with an adequate 

molecular weight cut-off. Two ultrafiltration devices are available based on different configurations: 

tandem-configurated microfilter and sequential ultrafiltration. Succinctly, in tandem-configuration 

microfilter, two filters with different size-exclusion limits (20 nm and 200 nm) are placed sequentially. 

Particles are separated as they pass through filters, with large particles (e.g., cell debris and AB) 

entrapped in the 200 nm membrane, and EV with 20-200 nm remaining between the two filters. In 

sequential ultrafiltration, the sample passes through three filters (1000 nm, 500 kDa cut-off and, 200 

nm). The first is to eliminate large particles (e.g., cell debris and AB), the second to remove small 

particles (e.g., free protein), and lastly, the 200 nm filter to collect EV [105]. 

 

Precipitation. Precipitation usually is induced with hydrophilic polymers, with polyethylene glycol 

(PEG) being the most used. Starting material is incubated with PEG overnight and during this incubation 

period, hydrophilic polymer interacts with water molecules surrounding EV, remodeling its water 

solubility. To collect the precipitated EV, low-speed centrifugation is performed. Although precipitation 

methods do not involve advanced equipment and achieve high EV yield, limitations arise. The use of 

hydrophilic polymers can promote co-isolation with other water-soluble particles, such as lipoproteins or 

proteins [105].  

 

Immunoaffinity capture. Immunoaffinity capture appropriates the presence of characteristic surface 

EV molecules to specifically capture them through interaction with ligands immobilized on a surface. 

Targeted molecules usually explored are EV-specific proteins (e.g., CD63, CD81, CD9, CD82, annexin) 

and ligands are the corresponding antibodies [104].  
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1.3.3.  Drug Loading Approaches  
 

Analogous to the EV isolation method, drug loading protocol can also affect EV integrity and, 

consequently, EV function. The EV loading methods have been distinguished into two main categories. 

One is known as endogenous, passive, or pre-loading and the other as exogenous, active, or post-

loading (e.g., direct incubation, electroporation, freeze-thaw cycle, sonication, surfactant treatment, and 

extrusion). In the endogenous method, the cells responsible for the EV source (so-called parental cells) 

are biologically modified and so during the EV biogenesis, the modification is acquired. In the case of 

exogenous technique, the loading is performed directly on the EV after isolation [106–108].  

 

Endogenous methods have been described as the treatment of parental cells with drugs or the 

engineering of parental cells [108]. Distinct studies have been conducted as a resource of drug 

treatment, revealing the limitations and benefits of this approach. Pascucci et al. investigate whether 

PTX incorporated by MSC (mesenchymal stem/stromal cells) was also present in secreted EV. The 

group showed that EV morphology was substantially conserved, and strong anti-cancer activity in vitro 

and in vivo was demonstrated [109]. Although this method is relatively simple, the drug loading efficiency 

is impossible to control [108]. To engineer the parental cells, transfection with nucleic acids polymers 

(e.g., to enhance EV targeting to recipient cells) or therapeutic proteins is the most common technique 

employed [108]. 

 

Direct incubation is one of the less time-consuming and simpler exogenous loading methods. EV and 

drug are co-incubated, and the different drug concentration gradients inside and outside the EV 

represent the propulsion for loading [108]. PTX is one of the drugs that have been efficiently loaded into 

EV by direct incubation. Saari et al showed the incubation of 108-109 prostate cancer-cell derived EV 

with 5 𝜇M of PTX solution at 22 °C for 1 h. The present study revealed that 9.2 ± 4.5 % of the drug was 

loaded into the EV and that PTX loaded EV were able to increase the cytotoxic effect of PTX [110]. 

Another incubation protocol has been described for platelet microparticles used to deliver anti-viral 

drugs. Herewith, EV were incubated with the drugs at 37 °C for a period of 2 h, leading to an 

encapsulation efficiency of 25 to 68%, depending on the drug. The authors justify this difference in drug 

retention due to differences in hydrophobicity [66].  

 

Electroporation is a biophysical phenomenon that allows an increase in membrane permeability due 

to the application of a pulse electric field [111,112]. Hence, with this approach, lipid systems can be 

modeled because EV membrane structural changes occur with the creation of small pores, mainly 

hydrophobic pores (energetically more favorable). After the application of electrical pulses, the EV 

membrane undergoes rapid structural rearrangements, and the small pores disappear [112]. Kim et al 

evaluated the PTX loading capacity of exosomes released by macrophages, employing the 

electroporation method. Electroporation was performed at 1000 kV for 5 ms, following that, exosomes 

were placed at 37 °C to enhance the recovery of membrane integrity [79]. 
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Freeze-thaw cycle is an active-loading method mediated by thermal energy. Different protocols can be 

used, enabling a fast (e.g., -80 °C) or slow (e.g., -20 °C) freezing followed by a fast (e.g., 60 °C) or slow 

(e.g., RT) thawing [97]. In this physical treatment, likewise temperature, number of cycles, and cycle 

duration, must be controlled to optimize the drug loading efficiency and decrease the induction of EV 

aggregation [108,113].  

 

Sonication is an exogenous drug loading method that consists of the application of ultrasounds to EV. 

Sonication promote the agitation of EV particles, so, the integrity of EV membranes can be compromised 

[107]. The internalization of PTX into exosomes via the sonication method has also been described, 

particularly in macrophages-derived exosomes. In this study, an ultrasonic probe (sonicator) was used 

to apply 6 cycles with 20% of amplitude to exosomes and after an intermediate period for cooling down 

and a subsequent incubation of 1h at 37 °C, the amount of drug loading achieved was 28.29±1.38% 

[79]. 

 

Surfactant treatment is another approach to EV loading due to its capacity to disrupt EV lipid 

membrane architecture [107]. Surfactants are active agents that contain a hydrophilic head group and 

a hydrophobic tail (amphiphilic molecule). Thus, the surfactants interact with the phospholipid content 

and the lipid bilayer is penetrated and solubilized. The solubilization occurs due to the formation of hybrid 

micelles (surfactant and phospholipids), leading to the creation of bilayer pores. The type of surfactant 

and its concentrations must be selected carefully because specific surfactants can inactivate or degrade 

the drug cargo and at high concentrations, surfactants can irreversibly rearrange the lipidic membrane 

[114,115].  

 

Extrusion is a mechanical technique that involves a forced passage of EV through membranes with 

pores and, depending on pores size, different profiles of EV membrane disruption are obtained. It is a 

simple method that does not disrupt the phospholipids of the EV membrane and allows a homogeneity 

in the formed membrane pores [116]. The drug loading efficiency and the integrity of the membrane can 

vary depending on the flow rate that the solution passes through the membrane pores and the 

temperature at which the method is performed [117]. 
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CHAPTER   2  

2. Thesis Aims 

Due to their short shelf-life and the financial costs involved in their processing, alternative strategies 

have been studied to outdated clinical PC. PC have been recognized as a new source of pEV with 

therapeutic applicability in the regenerative medicine and drug delivery fields. Still, the therapeutic 

potential of pEV as natural drug delivery vehicles remains largely unexplored. 

 The main goal of this thesis was to evaluate the natural suitability of expired platelet donations as 

enriched sources of EV and the natural interactivity between pEV and cells (Figure 2.1), aiming to 

deepen the understanding of the therapeutic application of pEV.  

The first specific objective was to identify the most efficient physical-based methodology to isolate 

pEV from expired PC. Then, to assess the therapeutic potential of pEV as PTX delivery systems in 

different in vitro models (HUVEC and two breast cancer cell lines, MDA-MB-231 and BT474). We hope 

that this new therapeutic value given to an expired blood product can motivate others to the potential of 

these biological entities for cancer treatment.  

  

 
 

 
 
 
 

Figure 2.1: Schematic overview of the present thesis aims. Under the scope of developing new alternative 
applicability to expired PC, their derived EV were used as PTX delivery vehicles. To this purpose, will be evaluated: 
the most suitable EV isolation methodology and the therapeutic potential of PTX-EV into different cells present in 
the breast cancer microenvironment, such as HUVEC and two breast cancer cell lines: a triple negative and luminal 
B (MDA-MB-231 and BT474, respectively). PC, platelet concentrate; pEV, platelet-derived extracellular vesicles; 
PTX, paclitaxel; PTX-pEV, paclitaxel loaded pEV; HUVEC, human umbilical vein endothelial cell; BC, breast cancer. 
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CHAPTER   3  
3. Materials and Methods 

3.1. Isolation of pEV 

3.1.1. PC collection and processing 

PC derived from healthy volunteer donors were obtained from the Portuguese Institute for Blood and 

Transplantation (IPST, Lisbon, Portugal), 1-2 days after the expiration date. Blood donations were 

obtained according to the Portuguese and European regulatory legislation [19,118]. All donations were 

regularly tested for ABO group, RhD (Rhesus D) type and, infectious disease markers [(human 

immunodeficiency virus (HIV), hepatitis C virus (HCV) and, hepatitis B virus (HBV)]. Briefly, whole-blood-

derived PC were prepared by pooling 4 units obtained by BC or PRP methods. The BC and PRP polled 

units were blood group-compatible, and PC were re-suspended with 300-450 mL of a medium 

containing 30% (v/v) of plasma and 70% (v/v) of PAS (InterSol, 280 mL), to a minimum final content of 

2.0 × 1011 platelets per PC unit. PC were stored at 22 °C (± 2 °C), under constant agitation. After their 

expiration date, PC were centrifuged for 10 min at 1000 × g (5010R centrifuge, Eppendorf) at RT. The 

supernatants were stored at - 20 °C until further use.  

3.1.2. Methodologies for pEV isolation 

PC supernatants stored at -20 °C were thawing overnight at 4 °C and centrifuged at 2000 × g (5010R 

centrifuge, Eppendorf) for 10 min at RT and filtered through a 0.45 𝜇M filter (NalgeneTM Rapid-FlowTM, 

Thermo Fisher Scientific) to remove residual platelets, debris, and pEV aggregates. Filtered samples 

were transferred to conical polypropylene tubes (Beckman Coulter) and ultracentrifuged, using a SW28 

rotor, at 25.000 rpm for 2h45 at 4 °C (Ultracentrifuge OptimaTM LE-80K, Beckman Coulter). pEV pellets 

were resuspended in Dulbecco's phosphate-buffered saline (DPBS, Gibco) and used as starting 

material for the pEV isolation protocols. Three different pEV isolation strategies were evaluated, as 

indicated below. 

3.1.2.1. Isolation of pEV by iodixanol discontinuous density gradient ultracentrifuga-

tion (DGUC) 
 

pEV pellets were layered on a discontinuous 40-5% iodixanol gradient prepared from OptiPrep™ density 

gradient medium [60% (w/v) aqueous iodixanol solution, BioVision], as previously described [119] with 

minor modifications. OptiPrepTM stock solution (60% (w/v)) was diluted in sucrose buffer [60 mM 
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Tromethamine-hydrochloride acid (Tris-HCl), 6 mM ethylenediamine tetraacetic acid (EDTA), 0.25 M 

sucrose, pH 7.4] to obtain a 50% (w/v) iodixanol solution (working solution). Consequently, the 50% 

(w/v) working solution was mixed with a homogenization solution (10 mM Tris-HCl, 1 mM EDTA, and 

0.25 M sucrose, pH 7.4) to prepare iodixanol 5, 10 and 20% (w/v) gradient solutions. Lastly, the 40% 

(w/v) iodixanol solution was prepared by mixing the pEV pellet with 50% (w/v) working solution. The 

obtained gradient solutions were layered in open-top polypropylene tubes (Beckman Coulter): 4 mL 

layers of 10, 20 and 40% (w/v), 3.5 mL of 5% (w/v) and 1 mL of DPBS, as represented in Figure 3.1. 

Then, tubes were ultracentrifuged using a SW28 rotor, at 25.000 rpm, for 18 h at 4 °C (Ultracentrifuge 

OptimaTM LE-80K, Beckman Coulter). After centrifugation, 1 mL of gradient fractions were carefully 

collected from top to bottom of the tube (Figure 3.1). Fractions were pooled according to the subsequent 

ranges: 1-4, 5-7, 8-9, 10-12, 13-16, and concentrated using Amicon® Ultra-2 mL 10 KDa filter units (Merk 

Millipore). Negative control gradient was performed with DPBS (Gibco) (DPBS gradient), instead of pEV 

pellet.  

 

 

 

 

 

 

 

 

 

3.1.2.2. Isolation of pEV by size exclusion chromatography (SEC) 

pEV pellet was resuspended in DPBS to a final volume of 500 𝜇L and was loaded on top of a qEV/70nm 

column packed with a polysaccharide resin (Izon Science), equilibrated with DPBS (according to 

manufacturer's instructions). A total of 17 sample fractions of 500 𝜇L volume each were collected 

immediately after sample loading. The fractions 1-5, 6-7, 8-9, 10-13, and 14-17 were pooled and 

concentrated using Amicon® Ultra-2 mL 10 KDa filter units (Merk Millipore). 

3.1.2.3. Isolation of pEV by DGUC followed by SEC (DGUC-SEC) 

The pEV enriched fractions obtained by DGUC (see 3.1.2.1) were applied to a qEV/70 nm column and 

processed as explained above (section 3.1.2.2). 
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Figure 3.1: Schematic representation of pEV Isolation by DGUC. pEV pellet was placed onto 40-5% iodixanol 
gradient layers [respective density (left side) and volume (right side) of each layer]. Then, the tube was 
ultracentrifuged at 25.000 rpm for 18 h and 16 fractions were collected from top to bottom of the gradient. 
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Figure 3.2: Paclitaxel calibration curve used to estimate PTX concentration into pEV. n=3, n represents 
independent experiments carried out inter-days. 

3.2. pEV drug loading by direct incubation 

pEV were loaded with paclitaxel (PTX-pEV, Invitrogen) and PTX-conjugated dye (PTX488-pEV, Oregon 

GreenTM 488 Taxol, Flutax-2, Invitrogen), as previously reported in the literature with slight modifications 

[79]. Briefly, 20 𝜇M (25 𝜇g/mL, Loading A), 50 𝜇M (64 𝜇g/mL, Loading B) of PTX (5 mM stock solution) 

or DMSO vehicle (Dimethyl sulfoxide, CryoSure-DMSO, WAK-Chemie Medical GmbH) were mixed with 

5 × 1010 pEV, in DPBS (volume = 800 𝜇L). All samples were incubated at 37 °C for 1 h under continuous 

agitation at 350 rpm (ThermoMixer® C Eppendorf). The free drug was removed by DGUC as described 

in 3.1.2.1.  

 

A calibration curve for indirect quantification of PTX was prepared as previously published [120,121] 

(Figure 3.2). The stock solution of PTX was diluted with 30% (v/v) methanol in DPBS, to achieve a range 

of concentrations between 2.0-20.0 𝜇g/mL. The calibration values were measured by UV at 230 nm 

wavelength (Shimadzu UV-1603 spectrophotometer), with a correction for the blank. Once PTX was 

dissolved in DMSO the absorbance values were corrected against the corresponding values for DMSO.  

 

𝑦 = 0.0323𝑥 − 0.2630 

𝑅2 = 0.9707 

 

 

 

 

 

 

 
 

To measure the PTX concentration into pEV, approximately 2 × 109 PTX-pEV were treated with 100 

𝜇L of 1 × RIPA buffer (Sigma) and placed on a thermomixer (ThermoMixer® C Eppendorf) for 30 min, 

at 4 °C with shaking (650 rpm), as previously described [122]. Subsequently, the absorbance was 

acquired as explained above. Drug entrapment efficiency (%) analysis was assessed in triplicate and 

calculated using equation Eq 3.1: 

 𝐸𝑛𝑡𝑟𝑎𝑝𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑖𝑛 𝐸𝑉

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑑𝑟𝑢𝑔
× 100% (Eq 3.1) 

3.3. pEV Characterization  

3.3.1. pEV protein extraction and quantification 

pEV samples isolated by DGUC, SEC and, DGUC-SEC were lysed 1:1 in 1 × RIPA 

(Radioimmunoprecipitation assay, Sigma) buffer containing EDTA-free protease inhibitor cocktail 
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[Roche, 1:25 (v/v)], for preparing protein extracts. Total protein quantification of pEV protein extracts 

was determined with a bicinchoninic acid (BCA, Thermo Fisher Scientific) protein assay, following the 

manufacturer's instructions. Absorbances were measured at 562 nm in the microplate reader 

Infinite® 200 PRO NanoQuant (Life Sciences, Tecan).  

3.3.2. Western blot (WB) analysis of pEV  
 

Platelet lysates and pEV lysates with an equal amount of protein (20 𝜇g) or equal sample volume were 

mixed with 4 × NuPAGE® LDS sample buffer (Novex® ThermoFisher Scientific) supplemented with a 

reducing agent (10 × NuPAGE® reducing agent, Novex® ThermoFisher Scientific) for antibodies under 

reducing conditions (RC, Table 3.1). All samples were then denatured at 95 °C (ThermoMixer® C 

Eppendorf) for 5 min.  

Samples were loaded (20 𝜇L per well) into a NuPAGE® 4-12 % Bis-Tris Mini-protein gel 

polyacrylamide 1.0 mm (Novex® ThermoFisher Scientific), as well as 8 𝜇L of molecular weight marker 

SeeBlueTM Plus2 Pre-Stained Protein Standard (Invitrogen). Electrophoresis was performed at 200 V 

for one hour in the 1 × NuPAGE MOPS SDS Running buffer (Novex® ThermoFisher Scientific). Proteins 

were transferred to polyvinylidene fluoride membranes (PVDF, iBlot 2 Transfer Ministack, Invitrogen) 

via dry electroblotting at 15 V for 7 min, using iBlot™ 2 Dry Blotting System (Invitrogen). Membranes 

were washed with Tris-buffered saline powder (Sigma, pH 8.0) dissolved in water and containing 0.1% 

(v/v) of Tween-20 (Merck) (TBST solution). Membranes were blocked with 5% (w/v) of nonfat dry milk 

(PanReac AppliChem) dissolved in TBST (blocking solution) for 1 h at RT. Subsequently, membranes 

were incubated with primary antibodies (Table 3.1) diluted in blocking solution, overnight at 4 °C. The 

following day, membranes were washed three times with TBST solution and incubated for 1 h at RT 

with a secondary antibody (see Table 3.1) diluted in blocking solution. Chemiluminescent signal was 

detected using the WesternBright® ECL (enhanced chemiluminescence detection, Advansta) using 

ChemiDoc XRS+ System (Bio-Rad Laboratories, Hercules). Primary and secondary antibodies are 

listed in Table 3.1. 

3.3.3. Nanoparticle tracking analysis (NTA) 

pEV size distribution and concentration were assessed by NTA using the NanoSight NS300 system 

(Malvern), equipped with a 405 nm blue laser light source and a high sensitivity sCMOS camera. pEV 

samples were diluted 1:2000 in DPBS 0.2 𝜇m filtered, to get a recommended concentration range of 

particles/mL, according to the manufacturer’s indications. Particle measurements were obtained by the 

analysis of 3 videos of 60 seconds each acquired at 25 °C, using the NanoSight NTA 3.3 software.  

3.3.4. Transmission electron microscopy (TEM) 

For morphological and structural studies, pEV isolated by the three different procedures (DGUC, SEC, 

DGUC-SEC) and PTX-pEV were observed by TEM. First, 100 mesh formvar-carbon coated copper 

grids were pre-treated by glow discharge to increase the hydrophilicity of the film surface. EV samples 

were mixed (1:1) with 4% (w/v) formaldehyde in 0.1 M phosphate buffer saline (pH 7.4), incubated during 
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5 min at RT, and adsorbed to the grid for 5 min. The grid was washed with 10 drops of distilled H2O and 

negative stained with 2 drops of 2% (w/v) uranyl acetate for 5 min at RT in dark. Grids were imaged with 

a TecnaiTM G2 Spirit BioTWIN (FEI Company, Hillsboro, OR) transmission electron microscope at 120 

kV. The images were acquired with a digital charge-coupled device camera (Olympus-SIS Veleta, 

Germany). This procedure was performed by the Electron Microscopy Facility at the Instituto Gulbenkian 

de Ciência (IGC,Oeiras). 

3.3.5. pEV labeling with a lipophilic membrane dye (PKH26)  

pEV and PTX488-pEV were fluorescently labeled with the PKH26 (PKH26-pEV and PKH26-PTX488-

pEV, respectively) lipophilic membrane dye (Red Fluorescent Cell Linker for General Cell Membrane 

Labeling Mini kit, Sigma-Aldrich) as described in the literature, with minor modifications [123]. Briefly, a 

stock solution of 0.1% (v/v) bovine serum albumin (BSA) in DPBS was prepared, transferred to open-

top polypropylene tubes (Beckman Coulter), and ultracentrifuged in a SW28 rotor at 25.000 rpm, for 20 

h at 4 °C (Ultracentrifuge OptimaTM LE-80K, Beckman Coulter). Following centrifugation, the 

supernatant was collected, filtered through a 0.22 𝜇m filter, and stored at 4 °C. For the labeling of pEV 

with PKH26 dye, 50 𝜇L of diluent C (component provided by manufacture’s kit) was added to 50 𝜇L of 

pEV stock and gently mixed. Then, 1.5 𝜇L of PKH26 were diluted in 100 𝜇L of diluent C and pEV were 

added to the diluted PKH26. The mixture was incubated for 5 min at RT and the labeling reaction was 

interrupted by adding 100 𝜇L of ultracentrifuged 0.1% (v/v) BSA. The protocol was executed in the dark 

and was repeated for the negative control, i.e., with DPBS. In order to separate labeled pEV and 

unbound dye, a DGUC was performed as described in 3.1.2.1. 

3.4. Functional assays using cell culture 

3.4.1. HUVEC culture 

Human umbilical vein endothelial cell (HUVEC) line (CC-2517A, Lonza) were thawed as recommended 

by the manufacturer and cultured in EBMTM-2 Basal Medium (Lonza) supplemented with EGMTM-2 

Endothelial SingleQuotsTM Kit [FBS, hydrocortisone, hFGF-B (human Fibroblastic Growth Factor B), 

VEGF, R3-IGF-1 (R3-Insulin-like Growth Factor-1), ascorbic acid, hEGF (human Epidermal Growth 

Factor), GA-1000 (Gentamicin/Amphotericin-B) and heparin] in T-175 tissue-culture flasks. Cells were 

maintained at 37 °C in a saturated humidified atmosphere with 5% (v/v) 𝐶𝑂2, and the culture medium 

was exchanged every 2-3 days. When cell confluency was reached, cells were harvested with TrypLETM 

Select (GibcoTM) and subcultured according to the subsequent assays. Cells until passage P5 were 

used for the experiments. 

3.4.2. Breast cancer cells (MDA-MB-231 and BT474) culture 

Luminal B BT474 (ATCC HTB-20) (ER+, PR+, HER2+) and triple-negative MDA-MB-231 (ATCC HTB-

26) (ER-, PR-, HER2-) breast cancer cell lines were grown at 37 °C in a humidified atmosphere with 5% 

(v/v) 𝐶𝑂2. Cells were cultured in phenol red-free Roswell Park Memorial Institute culture medium 
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(RPMI,1640 Medium, no phenol red, GibcoTM Invitrogen) with 10% (v/v) FBS in T-225 tissue-culture 

flasks. The medium was replaced every 2-3 days until they reached confluency. Cells were harvested 

with TrypLETM Select (GibcoTM) and subcultured according to the functional assays.    

3.4.3. Immunocytochemistry (IC) 
 

Sterilized glass coverslips were placed into each well of a 24-well plate and coated with 500 𝜇L of 0.1% 

(w/v) gelatin (from porcine skin, Type A) for 30 min at 37 °C. At the end of the experiment, cells were 

washed in DPBS, fixed in 4% (w/v) paraformaldehyde (PFA) for 15 min at RT and then blocked with 

0.2% (w/v) of FSG (Fish Skin Gelatin) in DPBS for 30 min at RT. Cells were incubated with primary 

antibodies (Table 3.1) diluted in 0.125% (w/v) of FSG in DPBS, overnight at 4 °C. Following this, cells 

were washed three times with DPBS (+/+) (Gibco) and incubated with secondary antibody (Table 3.1) 

diluted in 0.125% (w/v) of FSG in DPBS, for 1 h at RT. Then, the cells were washed three times with 

DPBS (+/+) and incubated for 5 min with DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) diluted 

in DPBS (1:2000). Three extra DPBS (+/+) washes were performed and finally, coverslips were mounted 

onto slides using ProLongTM Gold Antifade Kit (Molecular Probes, Invitrogen). Slides were stored at 4 

°C in the dark, until visualized in an inverted fluorescence microscope (DMI6000, Leica). Primary and 

secondary antibodies are listed in Table 3.1. 

 

 

Table 3.1: List of primary and secondary antibodies used for western blot under non-reducing conditions (WB, NC) 
or, under reducing conditions (WB, RC) and for immunocytochemistry analysis (IC). 

Primary Antibodies Host/type 
Manufacturer  

(Catalog number) 
Dilution 

anti-CD9 (WB, NC)  mouse, monoclonal Invitrogen (10626D) 1:1000 

anti-CD41 (WB, NC) rabbit, polyclonal Abcam (ab134131) 1:1000 

anti-CD63 (WB, NC) mouse, monoclonal Abcam (ab59479) 1:1000 

anti-Flotillin-2 (WB, RC) mouse, monoclonal  BD Biosciences (610383) 1:1000 

anti-Argonaute-2 (WB, RC) rabbit, polyclonal Abcam (ab32381) 1:1000 

anti-APOA1 (WB, RC) rabbit, polyclonal Abcam (ab20453) 1:1000 

anti-EGF Receptor (IC) rabbit, monoclonal 
Cell Signaling 

Technology (D38B1)  
1:100 

anti-HER2 (IC) rabbit, monoclonal Abcam (ab134182) 1:100 

Secondary Antibodies Host 
Manufacturer     

(Catalog number) 
Dilution 

 HRP-conjugated anti-rabbit 
(WB) 

Goat 
System Biosciences 

(EXOAB-KIT-1) 
1:10000 

HRP-conjugated anti-mouse 
(WB)  

Donkey (Amersham) 1:5000 

Alexa 488-conjugated anti-
rabbit (IC) 

Goat  
Molecular probes 

(A11008) 
1:200 
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3.4.4. pEV internalization 
 

HUVEC, MDA-MB-231 and, BT474 cells were seeded in 24-well plates containing a pre-coated glass 

coverslip (section 3.4.3) at a density of 2.5 × 104, 3.8 × 104 and 4.7 × 104 cell/well, respectively. After 24 

h of culture, fresh EBMTM-2 fully supplemented medium (see 3.4.1) and 10% (v/v) FBS RPMI medium 

(see 3.4.2) containing 6000 PKH26-pEV/cell or an equal volume of PKH26-DPBS (negative control) 

were added to HUVEC and to MDA-MB-231 or BT474, respectively. 

To confirm that PTX488 was internalized into pEV, HUVEC were also incubated with PKH26-

PTX488-pEV (see section 3.3.5) for 24 h.  

To elucidate the pEV uptake pathway in breast cancer lines, MDA-MB-231 and BT474 were simul-

taneously incubated with PKH26-pEV and EV uptake inhibitors: 100 𝜇M dynasore (Dynasore hydrate 

Sigma-Aldrich, D7693) or 500 𝜇g/mL heparin (STEMCELLTM Tecnhologies). Following 24 and 48 h of 

incubation with or without EV uptake inhibitors cells were gently rinsed with DPBS and fixed for 15 min 

at RT with 4% (w/v) PFA. Fixed cells were washed three times with DPBS and cell nuclei were stained 

with DAPI (as described above, section 3.4.3). The slides were mounted with ProLongTM Gold Antifade 

Kit (Molecular Probes, Invitrogen). Fluorescence images were acquired using an inverted fluorescence 

microscope (DMI6000, Leica), and signal intensity was quantified using ImageJ software. 

 

For flow cytometry analysis, HUVEC, MDA-MB-231 and, BT474 cells were seeded at a density of 

5 × 105 cell/well (6-well plate). The following day, HUVEC were incubated with PKH26-pEV or PKH26-

DPBS and breast cancer cells with PKH26-pEV or PKH26-DPBS, simultaneously with the EV uptake 

inhibitors. After 24 or 48 h of incubation at 37 °C in an atmosphere containing 5% (v/v) 𝐶𝑂2, cells were 

washed twice with DPBS, dissociated with TrypleTM Select at RT for 5 min, then centrifuged at 300 × g 

for 5 min and the pellet was resuspended in DPBS (this step was performed twice). The final cell pellet 

was resuspended in 1 mL of flow cytometry buffer [FC buffer, 2% (v/v) FBS in DPBS]. Samples were 

analyzed with the BD FACSCelestaTM (BD Biosciences) flow cytometer, with at least 20.000 events 

recorded per sample. Data was acquired using the BD FACS DIVA software and pEV uptake analysis 

was performed using FlowJo software (TreeStar).   

3.4.5.  Scratch wound assay 

HUVEC, MDA-MB-231, and BT474 were plated at a density of 3 × 104 (HUVEC), 4 × 104 (MDA-MB-

231), and 5 × 104 (BT474) cell/well in 96-well ImageLockTM microplates (Essen Bioscience) and cultured 

as described above (Sections 3.4.1 and 3.4.2) until reaching a 95-100% confluent monolayer. Cell 

monolayers were serum-starved with 0.1% (v/v) FBS EBMTM-2 basal medium (Lonza) and breast cancer 

cells with 0.5% (v/v) FBS exosome-depleted (Gibco) RPMI for 24 h. In parallel, cells were pre-treated 

with pEV or PTX-pEV and vehicle condition (DMSO-pEV). After 24 h, cell monolayers were scratched 

using a 96-pin mechanical wound making device (WoundMakerTM Essen Bioscience), washed with 

DPBS and incubated with positive control (fully supplemented EBMTM-2 and RPMI) or the following 

conditions: pEV, 8-9 fractions of DPBS gradient (negative control), PTX-pEV, DMSO-pEV and PTX as 

free drug and respective carrier’s conditions, diluted in starvation media. Plates were placed in the 
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IncuCyte ZOOM® (Essen Bioscience) and automatically scanned every two hours until wounds closed. 

The scratch area was determined with the aid of a wound healing size plugin [124] for ImageJ software 

(NIH,Bethesda,MD). The percentage of wound closure was estimated according to the following 

equation: 

 𝑊𝑜𝑢𝑛𝑑 𝐶𝑙𝑜𝑠𝑢𝑟𝑒 (%) = (
𝐴0 − 𝐴𝑡

𝐴𝑡
) × 100% (Eq. 3.2) 

where 𝐴0 is the initial wound area and 𝐴𝑡 is the wound area after a period of time 𝑡 of the initial scratch. 

3.4.6.  Tube formation assay 

HUVEC were seeded onto a 6-well plate at a density of 2 × 104 cell/well. One day after, cells were 

serum-starved with 0.1% (v/v) FBS EGMTM-2 basal medium with pEV, PTX-pEV, and vehicle condition 

(DMSO-pEV) for 24 h. HUVEC were detached with TrypLETM Select (GibcoTM) and 1.2 × 104 cell/well 

were seeded on 96 well-plates previously coated with 40 𝜇L/well of growth factor-reduced Matrigel 

(Corning® Matrigel® Growth Factor Reduced Basement Membrane Matrix, Phenol red-free, 356231). 

After 30 min of incubation at 37 °C, cells were treated with positive control (fully supplemented EBMTM-

2) and the subsequent conditions properly diluted in starvation media: pEV, 8-9 fractions of DPBS 

gradient (negative control), PTX-pEV and DMSO-pEV. Plates were placed in IncuCyte ZOOM® (Essen 

Bioscience) for up to 8 h and images were captured every two hours (5 images per well were acquired). 

The segments length, number of nodes, junctions, and branches were determined using Angiogenesis 

Analyzer plugin of ImageJ software [125]. Figure 3.3 demonstrates a representative image of the 

constitutive elements of the tube network formation:  

 

 

 

 

 

 

 

 

 

Figure 3.3: Representation of constitutive elements of the tube network. Segments (elements linked by two 
junctions) are represented in yellow, nodes (dots with at least three neighbors) in blue dark dots, branches 
(elements linked by a junction and an extremity) in green and junctions (groups of nodes creating a bifurcation) in 
pink [125,126].  
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3.4.7. Cytotoxicity assay 

Cell death induced by PTX treatment was assessed in MDA-MB-231 and BT474 cells by measuring 

changes in membrane integrity using the CellToxTM Green Cytotoxicity Assay (Promega). MDA-MB-231 

and BT474 cells were seeded in 96-well plates at a density of 6.8 × 103 cell/well and 8.5 × 103 cell/well, 

respectively, and allowed to adhere the well. To formulate the conditions groups, CellToxTM Green Dye 

was added to 10% (v/v) FBS RPMI medium (0.1 𝜇L/mL) with free PTX (0.01 𝜇M and 0.5 𝜇M), PTX-pEV 

(15000 PTX-pEV/cell), or negative controls (DMSO and DMSO-pEV). Plates were placed on the 

IncuCyte ZOOM® (Essen Bioscience), and the imaging was coursed after 24 h. After 24 h of treatment, 

cells were lysed with 0.5% (v/v) Triton X-100 (Sigma-Aldrich) to attain 100% cell death. Phase and 

fluorescence images were acquired after 24 h using IncuCyteTM Zoom (Essen BioScience). The number 

of dead cells was achieved by using IncuCyteTMZoom basic analyzer and green color (green object 

count/mm2). Percentage of cell death was calculated for each sample relative to the total number of 

cells (after treatment with Triton X-100). 

3.4.8. Cell proliferation assay 

MDA-MB-231 and BT474 cells were seeded in a 24-well plate with coated coverslips at a density of 

3.8 × 104 and 4.7 × 104 cell/well, respectively. After cell adhesion, cells were treated for 48 h with free 

PTX conditions (0.01 𝜇M and 0.5 𝜇M), PTX-pEV (15000 PTX-pEV/cell), DMSO and, DMSO-pEV, in a 

humidified incubator [37 °C, 5% (v/v) 𝐶𝑂2]. EdU (5-ethynyl-2’-deoxyuridine) solution (Component A of 

Click-itTM EdU Cell Proliferation Kit for Imaging, Alexa FluorTM 488 dye, Thermo Fisher Scientific) was 

added to each well at a dilution of 1:1000, for the lasted 24 h. At the end, cells were fixed with 4% (w/v) 

PFA for 15 min at RT and washed twice with 3% (v/v) BSA in DPBS. To permeabilize the cell membrane, 

cells were incubated with 0.5% (v/v) Triton X-100 (Sigma-Aldrich) in DPBS for 20 min at RT. After two 

washing steps with 3% (v/v) BSA in DPBS, Click-iTTM Plus reaction cocktail (prepared according to the 

manufacturer instructions) was added for 30 min at RT in the dark, followed by 3% (v/v) BSA in DPBS 

washes. Nuclei were stained with DAPI, and coverslips were mounted, as described above (3.4.3). 

Fluorescence images were acquired using an inverted fluorescence microscope (DMI6000, Leica). 

Images were further analyzed using ImageJ software to count the EdU- and DAPI-positive nucleus. The 

percentage of proliferative cells was calculated for each sample relative to the total number of DAPI-

positive nuclei. 

3.5. Statistical analysis 
 

Data are shown as mean ± standard deviation, where n represents the number of independent 

experiments performed (indicated in figure legends). Statistical significance was determined by 

Student's T test, by two-way or by one-way analysis of variance (ANOVA) with Tukey's multiple 

comparison test or Bonferroni's post hoc test using the GraphPad Prism 8 software. * p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001 were considered significant. 
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CHAPTER   4  

4. Results and discussion 

4.1. Establishment of an efficient pEV isolation protocol, pEV          

characterization and pEV bioactivity 
 

4.1.1. Assessment of pEV yield and purity  

 

Since blood is the most complex body fluid and PC is a blood-derived product, the presence of co-

isolated non-EV components during pEV isolation is expected [127,128]. Therefore, the choice of 

isolation method is a determinant factor using PC as starting material. However, there is no consensus 

on the ideal EV isolation and purification method [129]. In this study, three pEV separation methods 

exploring different physiochemical properties of EV were compared, namely DGUC, SEC, and DGUC-

SEC (Figure 4.1 A).  

 

To select the ideal pooled pEV fractions obtained by DGUC and SEC methods, pEV yield and purity 

were investigated. As such, particle concentration was evaluated by NTA, and the level of contaminating 

protein was quantified by BCA assay. As shown in Figure 4.1 B and C, a similar profile between DGUC 

and SEC protocols was observed. More specifically, protein concentration peaks occurred mostly in 

later fractions, whereas the highest pEV yield was detected in fractions 8 and 9 (1.3 × 1011 particles/100 

mL PC, Figure 4.1 B and 8.6 × 1010 particles/100 mL of PC, Figure 4.1 C). Furthermore, when compared 

to fractions 8-9, an increase in particles to protein ratio of ~75% and ~80% was observed for fractions 

10-12 from DGUC and fractions 10-13 from SEC, respectively. This evidences an increase in non-

vesicular nature particles. Therefore, fractions 8-9 represented the best balance between yield and 

purity in both methodologies, so they were selected to further analysis. In fact, fractions 8-9 from DGUC 

(Fr.8-9 interfacing 1.08 g/mL - 1.13 g/mL densities) encompass the density range of the EV 

preponderance (1.10 g/mL) usually reported [130] and SEC fractions 8-9 comprise the typical EV 

enriched fractions eluted from a qEV column. The qEV column manufacturer’s instructions [131], 

indicate that typical EV elution occurs 1 mL ± 0.5 mL after the column void volume (3 mL, i.e., 6 

fractions) and the elution of proteins occurs 2.5-7.0 mL after the void volume (later fractions). Given that 

the bulk of lipoproteins and soluble proteins present in blood-derived products, generally have a size 

distribution between 8-40 nm [132], they are capable to penetrate within the pores of the column resin 

(pore size of 70 nm), showing a longer retention time.   
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However, a slight co-isolation with proteins was visible in fractions 8-9 (Figure 4.1 B and C). Since 

single methods evidenced a light co-purification of proteins, and the combination of multiple isolation 

methods was purposed as a solution to obtain higher purity levels [106,133], DGUC-SEC protocol was 

evaluated (Figure 4.1 A).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

According to some studies, the ratio of particle to protein content has been purposed as an 

insufficient approach for measuring the purity of plasma EV preparations, as BCA assay assesses total 

protein concentrations [133,134]. Consequently, western blot assay was performed to identify the 

expression of specific EV and non-EV markers (Figure 4.2 A). Both isolation techniques confirmed the 

previously established pEV recovery profile (Figure 4.1 A and B), with the highest expression levels of 

tetraspanins CD63 and CD9 and cytosolic protein flotillin-2 (FLOT2) in fractions 8 and 9 (Figure 4.2 A). 

Overall, DGUC revealed the highest expression of EV markers, in contrast to DGUC-SEC, where only 

the presence of CD63 and CD9 was observed, although CD9 was scarcely detected. This lower 

expression in DGUC-SEC reveals a clear decrease in pEV yield, which is reliable with previous results 

Figure 4.1: Characterization of isolated fractions in terms of yield and purity to identify optimal pooled pEV 
fractions. (A) Schematic overview of the pEV isolation methods used: DGUC, SEC and, DGUC-SEC. (B) pEV 
yield, measured as isolated particle number normalized per 100 mL of platelet concentrate (bars) and pEV purity 
measured as contaminating protein (line) concentration from pooled DGUC and (C) SEC fractions. Fractions 8 and 
9 were considered pEV-enriched; Data are represented as mean. 
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[127,135,136], indicating that more labor-consuming protocols (i.e., with more processing steps) 

negatively impact the EV yield [137]. The presence of platelet-specific surface marker CD41 [55] in all 

pEV-enriched fractions, confirmed the cellular origin of isolated EV. The non-EV markers apolipoprotein 

A1 (ApoA1) and argonaute-2 (Ago2) were detected to identify the presence of HDL and RNA-binding 

proteins contaminations, respectively. Of note, residual amounts of Ago2 in EV have been previously 

described, however, other studies indicate that Ago2 can be considered as a marker to estimate 

contamination levels on EV preparations [119,138].  
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Figure 4.2: Characterization of pEV fractions isolated by DGUC, SEC, and DGUC-SEC, in terms of purity 
and yield. (A) Western blot analysis of specific EV markers (tetraspanins CD63 and CD9, and cytosolic protein 
flotillin-2), platelet-specific marker (CD41), and non-EV markers [apolipoprotein A1 (ApoA1) and argonaute 2 
(Ago2)] of pooled fractions and platelet lysate (PLTS). (B) pEV-enriched samples (fractions 8 and 9) were analyzed 
using nanoparticle tracking analysis. Particle number was normalized to platelet concentrate (PC) volume (100 mL) 
and (C) to platelet count (103 platelets). n=3, n represents biologically independent replicates. Data are represented 
as mean ± S.D. *p < 0.05, n.s. not significant, determined by one-way ANOVA followed by Tukey's multiple 

comparison test. 
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Non-EV contaminants were undetectable for DGUC-SEC and mainly detected in DGUC and SEC later 

fractions, as previously described [119,135,138]. In fact, small particles such as HDL (8-16 nm) [132], 

reach their buoyant equilibrium position later [139,140], and are lastly eluted from qEV column. These 

findings also suggested that 18 hours of ultracentrifugation was an ideal time, consistent with a previous 

study, indicating that HDL required 65 h of centrifugation time until reach its equilibrium density [139].  

The high degree of purity of DGUC-SEC pEV preparations could be justified by the fact that this method 

separates pEV by exploiting two different physical properties of EV: size and density. Considering this, 

particles overlapping in diameter with EV but with different density (e.g., chylomicrons; ρ< 0.930 g/mL 

and 75-1200 nm) or overlapping in density with distinct size (e.g., HDL; ρ=1.063-1.210 g/mL and 8-16 

nm) were expected to be removed [128,132].  

 

The nanoparticle recovery was compared between fractions 8-9 isolated by each method. DGUC-

SEC showed the lowest pEV yield and DGUC revealed a trend toward higher pEV yield with 

2.03 × 1011 ± 1.08x1011 particles/100 mL of PC (Figure 4.2 B) and 3.01 × 103 ± 2.89 × 103 particles/103 

platelets (Figure 4.2 C), and as previously suggested by western blot analysis. Although vesicle’s 

concentration difference was not statistically significant between DGUC- and SEC-isolated pEV  

(1.29 × 1011 ± 3.46 × 1010 particles/100 mL of PC and 2.38 × 103 ± 8.46 × 102 particles/103platelets, 

Figures 4.2 B and C, respectively), the lowest pEV concentration was attained using SEC methodology. 

These differences may be associated with pEV losses due to non-specific binding to SEC column resin. 

This could be avoided if columns were equilibrated with DPBS containing BSA, to block the non-specific 

binding sites. However, with this treatment, the protein contamination profile could not be evaluated 

[139].  

4.1.2. pEV size and morphology characterization 

 

According to minimal requirements reported by International Society for Extracellular Vesicles (ISEV) to 

characterize EV, morphology and size distribution are two critical parameters recommended to monitor 

the impact of each isolation method on EV preparations [4,102].  

 

For DGUC and SEC, the representative size distribution profiles were similar, with a bimodal 

distribution ranging between 100-300 nm, as previously described [141]. Particularly, the main peak was 

at 148 nm and 128 nm, and the lower peak was at 202 nm and 223 nm, for DGUC and SEC, respectively 

(Figure 4.3 A). Thus, two pEV populations appear to be isolated, with the largest pEV population ranging 

between 100-200 nm, as the expansion of the peak around the main mode was broader than that around 

the smaller mode. In contrast, the combined method (DGUC-SEC) showed a more heterogeneous 

profile with numerous peaks (Figure 4.3 A). This result can be related to the higher variability associated 

with this protocol, requiring longer processing times and multiple steps [133]. Although several peaks 

were observed, the two pEV populations seen in DGUC and SEC can also be identified in the combined 

method. The apparent presence of two pEV populations seems to be justified by other studies that 

evidence the existence of two major pEV populations, small and large [142,143].  
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Figure 4.3: Size distribution and morphological characterization of pEV isolated by DGUC, SEC and DGUC-
SEC. (A) Representative size distribution profiles of pEV preparations analyzed by nanoparticle tracking analysis. 
Size distribution is represented as a mean (black line) ± S.D. (colored shaded area). (B) Relative pEV distribution 
ranged into three different size classes: <100 nm, 100-200 nm and >200-300 nm; n=3 (C) Mean and (D) mode 
particle size (nm) of pEV samples; n=3 (E) Representative negative staining transmission electron microscopy 
(TEM) images. Higher magnification images detailing the morphology of pEV. Scale bars: 500 nm, 200 nm (high 
magnification). n represents biologically independent replicates. Data are represented as mean ± S.D. *p < 0.05, 

n.s. not significant, determined by one-way ANOVA followed by Tukey's multiple comparison test. 
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Of the applied methods, SEC was the one with the largest portion of particles in the <100 nm range 

(11.08%) and DGUC was the one that isolated the largest particles, with 27.08% of particles in the >200-

300 nm range (Figure 4.3 B). The same trend is observed for mean particle size, with the pEV isolated 

by SEC the ones with the lowest mean particle size (150.33 ± 17.54 nm, Figure 4.3 C), which is 

consistent with previous findings isolating pEV with a sepharose column [144]. Contrarily, pEV isolated 

by DGUC showed the highest mean size value of 190.23 ± 17.45 nm (Figure 4.3 C), since a possible 

constraint of centrifugation-based isolation methods is potential vesicle aggregation due to 

centrifugation at high forces for long-lasting periods [102,145]. Comparing the three methodologies, we 

observed that the modal size was similar between methods, as the most common pEV size range (100-

200 nm, Figure 4.3 B) intersected all methods (142.16 ± 21.22 nm, 141.87 ± 17.27 nm, and 138.20 

nm ± 16.85 for DGUC, SEC, and DGUC-SEC, Figure 4.3 D). 

 

TEM characterization of fractions 8-9 isolated by each method confirmed the typical EV morphology 

[144,146] with their preserved structural integrity, as shown by the presence of a heterogeneous sphere 

or cup-shaped EV (Figure 4.3 E) [147]. For DGUC-SEC, only a few particles could be identified in pEV 

enriched sample, supporting the low yield observed for this isolation protocol (Figure 4.2) [148]. For all 

pEV isolation methodologies, a background without granularity was observed and this may be another 

indication of low co-isolation in proteins. In fact, in TEM images, white ragged structures and white 

spheres are not present, which are commonly representative of lipoproteins and proteins [144].   
 

Taken together, the results presented above, especially considering the EV yield obtained, the 

DGUC method was selected for EV isolation in the following studies.   

4.1.3. pEV cellular uptake by endothelial cells 

 

To investigate the functionality of pEV upon uptake on HUVEC and its specificity to these recipient cells, 

a cellular uptake assay was performed. One of the broadest defining features of EV is their lipid 

membrane, thus, a lipophilic membrane dye (PKH26) was used to label and track them. Previous studies 

showed that steps such as simple washing by sedimentation through ultracentrifugation were ineffective 

in removing dye aggregates, whereas sucrose density gradient ultracentrifugation showed its 

effectiveness [149]. Hence, excess of unbound or aggregated dye was removed through a DGUC step 

to avoid non-specific fluorescence signals. In addition, to ensure that the observed results were from 

the PKH26 labeled pEV (PKH26-pEV), in parallel, a PKH26-DPBS control was used. In pEV samples, 

the presence of two dye bands on the density gradient was observed, one at the level of fractions 8-9, 

indicating PKH26-pEV, and a second band on denser fractions, representing the unbound dye 

(Supplementary information Figure 7.1). For PKH26-DPBS control, only the band on denser fractions 

was detected, indicating the absence of nanoparticles formation from fluorescent dye.  

 

After 24 and 48 h of incubation with PKH26-pEV, fluorescent PKH26-pEV were imaged in these cells 

using fluorescence microscopy and measured quantitatively by flow cytometry. PKH26-pEV uptake was 

evident in cells incubated with labeled pEV, being located in cell periphery and perinuclear regions 

(Figure 4.4 A), as previously reported [150]. This could be an indicator of endocytic internalization, as  
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Figure 4.4: Cellular uptake of PKH26-pEV into HUVEC. (A) Representative immunofluorescence images of 
PKH26-pEV uptake. HUVEC were incubated with PKH26-pEV (Red, at a density of 6000 pEV/cell) for 24 and 48 
h. As a negative control, HUVEC were incubated with PKH26-labelled DPBS (PKH26-DPBS). Cell nuclei were 

stained with DAPI (blue), and cells were analyzed by fluorescence microscopy. Scale bars: 50 𝜇m, 20 𝜇m (high 

magnification). (B) Flow cytometry analysis of pEV-internalized HUVEC after 24 and 48 h. PKH26-positive cells 
were measured quantitatively by flow cytometry, using the same gating strategy for each sample. HUVEC were 
incubated with PKH26-pEV (at a density of 6000 pEV/cell) for 24 h (upper graphs) or 48 h (lower graphs). PKH26-
DPBS was used as a negative control for both time points. Corresponding histograms showing the PKH26-DPBS 
control (blue) and PKH26-pEV population (red) after an incubation period of 24 h (upper graph) or 48 h (lower 

graph). The x-axis represents the detection by the DsRed-A filter and y-axis represents pEV counts. 
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pEV appears to pass through the periphery, rich in early endosomes towards the perinuclear region, 

enriched in late endosomes [151]. Even so, to confirm the intracellular trafficking and internalization 

pathway of pEV, live-cell microscopy and the use of EV uptake inhibitors will be necessary to elucidate 

these processes, correspondingly. On the other side, the absence of fluorescence in cells incubated 

with PKH26 labeled DPBS (PKH26-DPBS, Figure 4.4. A, B), proved a specific pEV internalization by 

HUVEC due to an efficient remotion of unbound PKH26. Our results also showed that HUVEC 

internalized pEV in a time-dependent manner, with 99.4% of cells showing internalization with PKH26-

pEV after 48 h of incubation (Figure 4.4 B). 

4.1.4. Migration and angiogenic potential of pEV 

 

To investigate the effect of pEV on the angiogenesis process, more precisely, on endothelial cells 

migration and tube-like structures network formation, a wound healing assay and a tube formation assay 

were performed with HUVEC, respectively. To reduce the influence of cell proliferation interfering with 

the observed effects and to ensure that results were due to pEV presence, serum starvation media was 

used during these assays. We performed the scratch assay for 16 h since we noticed that HUVEC 

needed approximately that time to close the scratch wound. For tube formation assay, we determined 

that 8 h was the optimal time point, since after this period a regression in the tubular structures was 

identified. This regression in a time-dependent manner is a common phenomenon in tube formation 

[152], since during angiogenesis three key steps are involved: endothelial cell proliferation and 

migration, sprouting of vessels and capillaries, and vasculature regression [153].  

 

The cells' ability to migrate into the scratch wound was enhanced after pEV treatment (Figure 4.5 A-

C). Overall, wound closure percentage reveals that pEV promotes a dose-dependent enhancing effect 

on cell migration compared to CTL- cells (Figure 4.5 B), with the highest wound closure effect achieved 

at 6000 pEV/cell (1.91 ± 0.55; p= 0.5419; Figure 4.5 C). Still, during the initial 6 hours of the assay, 

slight differences in the percentage of wound closure between CTL- and pEV conditions were observed. 

This may be due to an incomplete internalization of pEV by HUVEC, since a complete uptake is only 

achieved after 48 h of incubation (Figure 4.4 A, B). 

 

Data on the angiogenic potential of pEV are in line with the migration results, with a tubule formation 

promotion in vitro in the presence of 6000 pEV/cell (Figure 4.5 D-G). The number of junctions increased 

from 261.66 in the CTL- (or 284.75 for CTL+) up to 400.66 at 6000 pEV/cell (Figure 4.5 D), and from 

908.33 for CTL- (or 1076.33 for CTL+) up to 1358 number of nodes at 6000 pEV/cell (Figure 4.5 E). The 

total segments length increased to 27735 𝜇m at 6000 pEV/cell (18699 𝜇m for CTL- and 20757 𝜇m for 

CTL+, Figure 4.5 F). 

 

Angiogenic potential of EV has been mainly attributed to the EV ability to transfer GF and other 

bioactive molecules that stimulate phenotypical and functional changes of recipient cells, like signal 

transduction pathways, promoting cell-to-cell communication involved in modulation of the angiogenic 

process [154]. Previous studies have reported the release of VEGF, TGF-β, and PDGF present in pEV 

as the essential GF to promote angiogenesis [55,62,154,155]. VEGF binds to tyrosine kinase receptors 
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Figure 4.5: Effect of pEV on HUVEC angiogenesis (A) Representative images of cell migration at the initial time 
(0 h) and 16 h of wound healing assay of pEV-treated HUVEC (1500,3000 and 6000 pEV/cell) or with controls, 

CTL+ (cells cultured in supplemented media) and CTL- (8-9 fractions of DPBS gradient). Scale bars: 200 𝜇m. (B) 

Quantitative analysis of the wound closure percentage throughout culture time; n=3. (C) Fold change of wound 
closure at 16 h (relative to CTL-) in the presence of distinct pEV concentrations; n=3. (D) Number of junctions, (E) 

nodes and (F) total segments length (𝜇m) of HUVEC incubated with pEV or with controls, CTL- and CTL+. (G) 

Representative images from tube formation assay of HUVEC cultured on growth-factor reduced matrigel with CTL+, 
CTL-, and pEV (6000 pEV/cell) for 8 h. n represents biologically independent replicates. Data are represented as 
mean ± S.D. ***p < 0.001, ****p < 0.0001, determined by two-way ANOVA followed by Bonferroni's post hoc test 
(B) 6000 pEV/cell versus CTL-. n.s. not significant, determined by one-way ANOVA followed by Tukey's multiple 
comparison test (C).  

 

0 5 10 15

0

50

100

Time (h)

W
o

u
n

d
 C

lo
s

u
re

 (
%

)

CTL+

CTL-

6000 pEV/cell

3000 pEV/cell

1500 pEV/cell

***
****

****

****
****

****

C
TL+ 

C
TL- 

60
00

 p
E
V
/c

el
l

30
00

 p
E
V
/c

el
l

15
00

 p
E
V
/c

el
l

0

1

2

3

4

W
o

u
n

d
 C

lo
s

u
re

(F
o

ld
 C

h
a

n
g

e
 a

t 
1

6
h

) p = 0.5419

C
TL+ 

C
TL- 

60
00

 p
E
V
/c

el
l

30
00

 p
E
V
/c

el
l

15
00

 p
E
V
/c

el
l

0

10000

20000

30000

40000
T

o
ta

l 
S

e
g

m
e

n
ts

 L
e

n
g

th
 (

µ
m

)

C
TL+ 

C
TL- 

60
00

 p
E
V
/c

el
l

30
00

 p
E
V
/c

el
l

15
00

 p
E
V
/c

el
l

0

100

200

300

400

500

N
u

m
b

e
r 

o
f 

ju
n

c
ti

o
n

s

C
TL+ 

C
TL- 

60
00

 p
E
V
/c

el
l

30
00

 p
E
V
/c

el
l

15
00

 p
E
V
/c

el
l

0

500

1000

1500

2000

N
u

m
b

e
r 

o
f 

n
o

d
e

s

C
TL

+ 

 C
TL

-

CTL-  

 

CTL+  

 

6000 pEV/cell 

 

D 

G 

6
0

0
0

 p
EV

/c
el

l 

 

C
TL

- 

 C
TL

-(
b

as
al

) 

0 h 

 

16 h 

 

A B 

C 

E F 

8
 h

 

 



 40 

on the surface of HUVEC and promotes their recruitment, initiating the angiogenesis process. TGF-β is 

capable to induce PDGF expression and PDGF induces cell migration [155,156]. Additionally, a study 

demonstrated that the inhibition or neutralization of these stimulators in separate eliminated the pro-

angiogenic effect of platelet-derived microparticles, evidencing the dependence of the mutual action of 

these factors in angiogenesis induction [157]. Thus, we can propose that these GF were the main drivers 

of the pro-migratory effect of pEV on HUVEC. To confirm this, further experiments will be required, such 

as the use of enzyme-linked immunosorbent assay (ELISA) kits to determine the release kinetics of 

these GF.  
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4.2. Development of pEV as drug delivery vehicles for breast    

cancer therapy 

The potential of pEV as drug-delivery vehicles to block cancer progression has been evidenced [57]. 

The reason behind that is the biochemical lipid membrane composition of this EV type, which enhances 

their interaction with cancer cells [57]. Although pEV has been demonstrated to infiltrate solid tumors 

and transfer its content to tumor cells [158], the delivery of drugs loaded into pEV to tumor cells has 

been understudied [57]. Therefore, in this second part of this thesis project, we were particularly 

interested in evaluating, for the first time to our knowledge, the potential of pEV as a paclitaxel-delivery 

system.  

4.2.1. Loading of PTX into pEV and PTX-pEV characterization 

The choice of drug loading protocol plays a critical role in the development of EV as drug delivery 

systems. The available drug loading protocols are known to differently influence the entrapment 

efficiency, structural integrity of EV, and the functional properties of the therapeutic drug [159]. 
 

For this work, the incorporation of PTX into pEV (PTX-pEV) was done by direct incubation, exploring 

the high hydrophobicity of PTX [160], and PTX-pEV were further characterized. Briefly, pEV (5 × 1010 

pEV) were incubated with two different concentrations of PTX [25 𝜇g/mL (20 𝜇M) and 64 𝜇g/mL (50 𝜇M), 

hereafter named as loading A (lA) and loading B (lB), respectively], for 1 hour at 37 °C (Figure 4.6 A). 

In parallel, the same approach was adopted for pEV incubated with DMSO, to ensure that results 

obtained were not a consequence of the vehicle solution.  
 

The quantification of entrapped PTX, was performed using UV-VIS spectrophotometry, as described 

in other works [161]. Data showed that similar values (without statistical differences) of PTX entrapment 

efficiency were observed for both loading conditions (10.12 ± 1.90% for loading A and 5.92 ± 0.01% for 

loading B; p=0.0616, Figure 4.6 B), therefore, loading B had a higher PTX concentration (3.79 

𝜇g/mL ± 0.04; Figure 4.6 C) than loading A (2.53 ± 0.47 𝜇g/mL; p=0.0436; Figure 4.6 C). The amount 

of PTX loaded within pEV increased with the enhancement of the initial PTX concentration used for 

incubation, and this dependence has been reported in other studies [161,162]. With respect to 

entrapment efficiency, similar values have previously been reported using the passive diffusion 

technique to load PTX into EV [110].  
 

Drug loading into EV could have broad consequences on the vesicles' size and morphology. 

Although direct incubation is not the most aggressive method (i.e., contrary to transfection, 

electroporation, ultrasound, extrusion, or freeze-thaw cycle [163]), the integrity of vesicles needs to be 

ensured after drug loading. TEM results confirmed that there were no changes in morphology between 

samples obtained after drug loading A and B, and pEV incubated with vehicle solution (DMSO-pEV) 

(Figure 4.6 D). Besides, PTX-pEV morphology was similar to pEV before drug loading (as seen in Figure 

4.3 E). Additionally, no substantial differences were observed in mean particle size (177.20 ± 8.28 nm, 

167.63 ± 8.15 nm, 158.76 ± 8.69 nm and 157.13 ± 4.05 nm for pEV, DMSO-pEV, PTX-pEV, and PTX-

EV, respectively; Figure 4.6 E) or in mode particle size (136.20 ± 18.91 nm, 125.33 ± 5.51 nm,   
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115.63 ± 16.85 nm and 116.96 ± 9.75 nm for pEV, DMSO-pEV, PTX-pEV lA and PTX-EV lB, 

respectively; Figure 4.6 F), before and after drug loading.  

Taking into consideration the previous results, loading B was selected to prepare PTX-pEV for the 

following studies. Since no significant differences were observed in the entrapment efficiency and PTX-

pEV integrity between loading A and loading B, our choice was based on the amount of therapeutic 

cargo that best fit the doses required for the functional assays. 

Having verified that drug loading did not affect pEV integrity, to certify PTX entrapment into pEV and 

PTX-pEV uptake by cells, labeled pEV and PTX were used. As shown in figure 4.6 H, a high co-

localization between pEV (red) and PTX488 (green) in cells was observed, confirming that PTX was 

effectively entrapped into pEV. 

4.2.2. PTX-pEV effect on endothelial cells angiogenic potential 

 

Considering that tumor growth and progression are favored by angiogenesis and PTX has been 

described as an angiogenic inhibitor [164,165], the effect of PTX-pEV on angiogenesis was evaluated. 

To investigate the PTX-pEV functionality, the effect of PTX-pEV on HUVEC migration capacity was 

quantified by the wound healing assay. Moreover, the capacity of free PTX to inhibit HUVEC migration 

has been established [164,165].  The tube formation capacity of HUVEC upon PTX-pEV treatment was 

also evaluated. In this study, to ensure that observations from PTX-pEV were caused by the PTX 

presence, two control conditions were included: DMSO-pEV and pEV. 
 

As seen in Figure 4.7 A-C, a clear inhibition in wound closure capacity of HUVEC after 16 h of PTX-

pEV treatment was obtained, validating the efficacy of the drug loading approach. On the contrary, 

DMSO-pEV and pEV conditions promote a similar effect, (72.51% and 60.62% for pEV and DMSO-pEV, 

respectively, at 16 h; Figure 4.7 B) evidencing the pro-migratory effect of pEV, as noted above (section 

4.1.4). Additionally, the effect of PTX-pEV showed a higher anti-migratory effect, i.e., lower wound 

closure, when compared to free PTX (Figure 4.7 C). In effect, the theoretical drug entrapped 

concentration in PTX-pEV for 1.8 × 108 pEV added to cells was lower than 0.5 𝜇M, approximately 0.4 

𝜇M (20.83 ± 8.96 for PTX-pEV and 22.87 ± 3.15 for 0.5 𝜇M PTX; Figure 4.7 C). The use of EV as  drug 

delivery carriers has been presented to be more advantageous compared to free drug applications, due 

to their higher safety, stability in circulation or high biocompatibility, mainly due to its endogenous origin 

[87]. 

 

Figure 4.6: Loading of paclitaxel into pEV and characterization of PTX-pEV. (A) Schematic representation of 
PTX-loaded pEV by direct incubation via loading A (lA) or loading B (lB). (B) Entrapment efficiency of PTX in pEV 

by lA and lB; n=3 (C) PTX concentration encapsulated by 2x109 pEV for lA (20 𝜇M or 25 𝜇g/mL) and lB (50 𝜇M or 

64 𝜇g/mL); n=3 (D) Representative negative staining transmission electron microscopy (TEM) images of DMSO-

pEV, PTX-pEV lA and PTX-pEV lB. Scale bars: 500 nm, 200 nm (high magnification). (E) Mean and (F) mode 
particle size (nm) of pEV, DMSO-pEV, PTX-pEV lA and PTX-pEV lB measured by NTA; n=3. (H) HUVEC were 
treated with pEV-loaded fluorescence-labeled PTX488 (green, PTX488-pEV) and PTX488-pEV labeled with PKH26 
(red) (PTX488-PKH26-pEV), for 24 h. Cell nuclei were stained with DAPI (blue), and cells were analyzed by 

fluorescence microscopy. Scale bars: 50 𝜇m. n represents biologically independent replicates. Data are 

represented as mean ± S.D. *p < 0.05, n.s. not significant, determined by one-way ANOVA followed by Tukey's 

multiple comparison test. 
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The improved effect of PTX-pEV compared to free drug can be explained by the ability of pEV to 

carry more drug into HUVEC, compared to the ability of cells to uptake conventional therapeutic drugs 

from the medium, as previously shown [166]. Another hypothesis could be related to differences in the 

uptake pathway, resulting in possible different subcellular locations of drug. It is described that the 

endocytic pathway is the most effective site for drug delivery, maximizing its therapeutic activity [167]. 

In fact, data from section 4.1.3 suggest the internalization of pEV into HUVEC via endocytic pathways, 

although further studies are required to elucidate this assumption.  
 

The different angiogenic parameters (junctions, nodes, branches, and segments length) showed that 

the formation of tridimensional vessels in vitro was also compromised after 8 h of HUVEC incubation 

with PTX-pEV, compared to DMSO-pEV control group (Figure 4.7 D-H). Accordingly, PTX-pEV caused 

irregular and broken tubes (Figure 4.7 D), confirming their anti-angiogenic effect.   

4.2.3. Pathways involved on pEV uptake by breast cancer cells 

The effect of PTX-pEV was also evaluated in two breast cancer cell lines: the triple-negative MDA-MB-

231 (ER-, PR-, HER2-), and the luminal B BT474 (ER+, PR+, HER2+).  
 

EV seem to be more powerfully internalized by recipient cells than synthetic therapeutics and this 

advantage should be given to the endogenous mechanisms that are involved in their cellular uptake 

[168]. Furthermore, it has been shown that EV from the same cellular source can express different 

intercellular communications and traffic to different types of recipient cells [88,168]. Therefore, to better 

understand possible variations in the therapeutic potential of PTX-pEV between MDA-MB-231 and 

BT474, it is important to elucidate the mechanisms of EV uptake. For the purpose of this work, two 

different chemical inhibitors of EV uptake were investigated to characterize the pathways responsible 

for pEV internalization by MDA-MB-231 and BT474, namely dynasore [88] and heparin [169], previously 

described to be able to impair EV uptake. Dynasore is a dynamin 2 inhibitor that blocks the activity of 

this GTPase, thereby, stopping the vesicle scission from PM during clathrin or caveolin mediated 

endocytosis [116]. Heparin targets are heparan sulphate proteoglycans (HSP), which are predominant 

receptors of the cell membrane-EV surface cluster and are directly involved in EV uptake by recipient 

cells [169], especially in cancer cells [170]. Both inhibitors have been defined as endocytosis inhibitors 

and so we chose them because EV are generally internalized by this mechanism [88]. 

Figure 4.7: Effect of PTX-pEV on HUVEC angiogenesis (A) Representative images of cell migration at the initial 
time (0 h) and 16 h of wound healing assay of HUVEC treated with pEV, DMSO-pEV and PTX-pEV at a density of 

6000 pEV/cell. Scale bars: 200 𝜇m. (B) Quantitative analysis of the wound closure percentage throughout culture 

time; n=3. (C) Bar graph illustrating percentage of wound closure at 16 h for cells treated without PTX, with PTX-

pEV and, free PTX (0.5 𝜇M or 0.6 𝜇g/mL and 1 𝜇M or 1.3 𝜇g/mL); n=3. (D) Representative images of tube formation 

assay of HUVEC cultured on growth-factor reduced matrigel in CTL+ (cells cultured in supplemented media), 

DMSO-pEV and PTX-pEV at a density of 6000 pEV/cell for 8 h. Scale bars: 200 𝜇m. (E) Number of junctions, (F) 

nodes (G) branches and (H) total segments length (𝜇m), after 8 h of treatment; n=2. n represents biologically 

independent replicates. Data are represented as mean ± S.D. Two-way ANOVA followed by Bonferroni's post hoc 
test (B) PTX-pEV/cell versus pEV. One-way ANOVA followed by Tukey's multiple comparison test (C, E-H) *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. not significant. 
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Cells were simultaneously incubated with PKH26-pEV and the inhibitors to analyze cellular uptake 

blockage. Immunofluorescence images and flow cytometry analysis showed that pEV internalization 

pathway was different between MDA-MB-231 and BT474 (Figure 4.8 A and B). 
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More specifically, pEV uptake by MDA-MB-231 was neither inhibited by dynasore nor significantly 

affected by heparin, whereas in BT474 a noted decrease in pEV uptake was observed in cells treated 

with both inhibitors (MDA-MB-231: 98.2%, 93.6% and 84.9% for CTL+, Dynasore and heparin 

conditions, respectively; and, BT474: 68.9%, 29.2% and 14.9% for CTL+, Dynasore and heparin 

conditions, respectively, at 24 h; Figure 4.8 B and Supplementary information Figures 7.2 and 7.3). 

These data suggest that pEV may be entering in BT474 cells via clathrin or caveolin mediated 

endocytosis and HSP-dependent mechanism, while in MDA-MB-231 cells these pathways seem not to 

be involved in pEV internalization.  
 

Still, we cannot assume with complete certainty that pEV do not enter MDA-MB-231 by clathrin or 

caveolin mediated endocytosis, since dynamin has been involved in other biochemical pathways and 

processes, so it has been considered an unspecific target for these pathways [171]. Furthermore, to 

ensure that HSP-dependent mechanism was not a crucial process for pEV uptake by MDA-MB-231, 

further investigations should be taken. Indeed, for MDA-MB-231, heparin at the doses and incubation 

times employed in this assay seems to be cytotoxic, as corroborated by the cell loss observed in these 

cells (Figure 4.8 A). We considered that a possible explanation for this cell loss observed only in MDA-

MB-231 could be related to the disruption of CXCL12/CXCR4 interaction, caused by heparin. 

CXCL12/CXCR4 signaling plays a critical role on metastatic breast cancer cells (e.g., MDA-MB-231), 

and its disruption is known for the loss of metastatic potential, cell migration, proliferation, and survival 

[172]. To examine the effect of heparin on CXCL12/CXCR4 disruption between the two cell lines, 

quantitative reverse transcription polymerase chain reaction (qRT-PCR) and WB of downstream target 

genes should be performed, as well as test the effect of heparin on CXCL12 and CXCR4 knockout or 

knockdown MDA-MB-231.   

4.2.4. PTX-pEV effect on breast cells migration 

 

The effect of PTX-pEV treatment on MDA-MB-231 and BT474 migration ability was evaluated by wound 

healing assay.  
 

For BT474, 48 h of incubation with PTX-pEV was performed, whereas 24 h was established for the 

MDA-MB-231 (Figure 4.9 A and D). The rationale behind the selection of incubation times is in line with 

the metastatic potential of MDA-MB-231 due to its higher migratory capacity when compared to other 

breast cancer cell lines [173]. For both cell lines, the migration ability of PTX-pEV treated cells was 

significantly decreased compared to those treated with control conditions (pEV and DMSO-pEV; Figure 

4.9 A and D). In fact, at the end of the assay, the results indicate that PTX-pEV was able to markedly 

Figure 4.8: Assessment of chemical inhibitors in pEV uptake blockage in breast cancer cells. (A and B) 
MDA-MB-231 and BT474 cells were incubated only with PKH26-pEV (CTL+, at a density of 6000 pEV/cell) or 

simultaneously with PKH26-pEV (6000 pEV/cell) and dynasore (100 𝜇M) or heparin (500 𝜇g/mL). (A) 

Representative images of PKH26-pEV uptake (red) were acquired by fluorescence microscopy 24 h post-treatment. 
MDA-MB-231 and BT474 were stained for EGFR and HER2 (green), respectively, and for nuclei (DAPI, blue). Scale 

bars: 50 𝜇m. (B) PKH26-pEV positive cells were quantitatively measured by flow cytometry, 24 and 48 h post-

treatment. (A and B) Cells completely untreated were used as a negative control. Data are represented as 

mean ± S.D. *p < 0.05, **p < 0.01, n.s. not significant, determined by two-way ANOVA followed by Tukey's multiple 

comparison test.   
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inhibit MDA-MB-231 and BT474 migration by ~50%, compared to pEV control (44.39 ± 11.35 for PTX-

pEV and 96.38 ± 2.01 for pEV, Figure 4.9 B and 40.84 ± 10.02 for PTX-pEV and 88.54 ± 2.50 for pEV, 

Figure E). 
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For the free PTX experiment, two doses of PTX were evaluated, with our special interest in 0.5 𝜇M 

PTX, because the concentration of drug entrapped into pEV was close to this value. As estimated, 

treatment with free PTX reduced the ability of MDA-MB-231 and BT474 cells to regenerate the 

monolayer scratch compared to DMSO control (26.24 ± 2.90% for 0.5 𝜇M PTX, and 75.30 ± 22.46% for 

DMSO; Figure 4.9 C and 30.85 ± 7.27% for 0.5 𝜇M PTX, and 64.76 ± 14.56% for DMSO; Figure 4.9 F). 

In our data we could observe that the use of pEV in BT474 as a drug delivery system increases the anti-

migratory effect of the free drug. However, no significant difference was observed for PTX-pEV when 

compared to 0.5 𝜇M PTX in MDA-MB-231 cells.  

4.2.5. PTX-pEV effect on breast cells viability and proliferation  

PTX has been demonstrated not only to affect the cell migration and angiogenesis process, but also cell 

viability (through apoptosis induction) and cell proliferation [164,165]. To study the effect of PTX on 

cancer cell viability, MDA-MB-231 and BT474 cells were incubated with PTX-pEV and free PTX for 24 

h. Cell death was measured through the binding of CellToxTM Green dye to the DNA of cells with a 

compromised membrane.  
 

 Comparing death cell values between cell lines, a higher effect was observed in BT474 cells 

incubated with PTX-pEV (Figure 4.10 A). Particularly, cytotoxicity values for BT474 were 

78.95% ± 27.36 for 15000 pEV/cell whereas for MDA-MB-231 only 10.68% ± 2.03 for 15000 pEV/cell 

was observed.  
 

These findings are in accordance with those reported in the literature, which demonstrated a 

significant increase in cytotoxicity in drug resistant P-gp positive cells incubated with PTX-loaded 

exosomes [79].  Furthermore, it has been described that most patients with HER2-positive breast cancer 

cells (e.g., BT474) expressed drug resistance due to high levels of P-gp (drug transporter) once it 

reduces drug intake [75,77] distribution and toxicity [174]. In fact, exosomes have been proposed as 

interesting drug carriers to reverse drug resistance [175]. Thus, in BT474, pEV could deliver its cargo 

mainly bypassing P-gp drug efflux pump, through interaction with bilayer membrane phospholipids, 

avoiding drug sequestration in lysosomes and consequently, PTX elimination. To confirm the hypothesis 

of bypassing the drug efflux system, cells should be treated with a P-qp inhibitor to understand whether 

the effect of PTX-pEV is maintained in the presence of P-gp inhibitor [75,79,176].  

 

Figure 4.9: Effects of PTX-pEV on breast cancer cell migration. (A and D) Representative images at the initial 
time (0 h) and wound healing of 24 h for MDA-MB-231 and 48 h for BT474 cells incubated with PTX-pEV (6000 
pEV/cell). As controls, pEV and DMSO-pEV (treatment vehicle) were used at a density of 6000 pEV/cell. Scale 

bars: 200 𝜇m. (B and E) Quantitative analysis of the wound closure percentage throughout culture treatment with 

PTX-pEV, or with controls, DMSO-pEV and pEV for (B) MDA-MB-231 and (E) BT474. (C and F) Bar graph illustrat-

ing percentage of wound closure for cells treated without PTX, with PTX-pEV, and free PTX (0.5 𝜇M or 0.6 𝜇g/mL 

and 1 𝜇M or 1.3 𝜇g/mL), (C) MDA-MB-231 at 24 h and (F) BT474 at 48 h. n represents biologically independent 

replicates. Data are represented as mean ± S.D. n=3 (B and C) and n=2 (E and F). Two-way ANOVA followed by 

Bonferroni's post hoc test (B and E), 6000 pEV/cell versus PTX-pEV; One-way ANOVA followed by Tukey's multiple 

comparison test (C and F). *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant. 
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Figure 4.10: In vitro cytotoxicity and proliferation of breast cancer cells treated with PTX-pEV. (A and B) 

MDA-MB-231 an BT474 cells were treated with PTX-pEV (15000 pEV/cell) and free PTX (0.01 and 0.5 𝜇M) for (A) 

24h and (B) 48 h. (A) Cell death was measured using CellTox Green Dye; n=3, and (B) cell proliferation by EdU 
dye staining; n=2. (C) Representative images of EdU (green) immunofluorescence staining of breast cancer cells 

after 48 h of incubation. Nuclei were stained with DAPI (blue). Scale bars: 50 𝜇m. n represents biologically inde-

pendent replicates. Data are represented as mean ± S.D.*p < 0.05, **p<0.01, ns. not significant, determined by 

one-way ANOVA followed by Tukey's multiple comparison test. 



 51 

 The effect of free drug was similar for MDA-MB-231 (39.97 ± 8.38 for 0.01 𝜇M PTX and 

51.61 ± 10.31 for 0.5 𝜇M) and BT474 (44.81 ± 0.19 for 0.01 𝜇M PTX and 57.53 ± 1.33 for 0.5 𝜇M). 

These results are in accordance with a previous study reporting that almost no difference in cytotoxicity 

was observed in drug-resistant and drug-sensitive cells treated with free taxol [75]. Still, in BT474, PTX-

pEV appears to be more cytotoxic than the free drug, and we possibly attributed this result to differences 

in pEV uptake and synthetic drug uptake. Indeed, previous studies revealed that PTX alone enters cells 

without requiring ligand-receptor-mediated endocytosis pathway, so, less variability was expected in 

PTX free uptake between different recipient cells [177].  
 

In order to complement the anti-cancer properties of PTX-pEV, we evaluated the cell proliferation 

rate using a thymidine analogue, specifically EdU, which is incorporated into the DNA of proliferating 

cells. Similar to the cytotoxic effect, a lower cell proliferation was observed for BT474 treated with PTX-

pEV. Thus, an apparent higher sensitivity to PTX for BT474 (41.04 ± 3.06 for 15000 pEV/cell, Figure 

4.10 B) relative to MDA-MB-231 (71.27 ± 5.80 for 15000 pEV/cell, Figure 4.10 B) was observed. The 

relationship between cell proliferation and susceptibility to cell death has been evidenced for a long time 

[178]. 
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CHAPTER   5  

5. Conclusion  

5.1. Concluding Remarks 

 

In this thesis, we evaluated a promising therapeutic application for expired PC by exploring the potential 

of pEV as PTX delivery vehicles to target breast cancer cells. pEV are key mediators in intercellular 

communication and exhibit a natural propensity to enhance their interaction and targeting ability to 

cancer cells. 

pEV were efficiently isolated from expired PC using all the three methods (DGUC, SEC and, DGUC-

SEC), as confirmed by the identification of pEV with a typical cup-shaped morphology in the expected 

size range and expressing specific EV markers (CD9, CD63, FLOT2). The combined methodology, 

DGUC-SEC, showed the purest pEV preparation although with a significant decrease in EV recovery 

whereas the DGUC protocol was selected as the most suitable approach as it allowed higher pEV yields. 

Furthermore, pEV isolated by DGUC showed bioactivity, as revealed by its successful internalization 

into recipient cells, as well as a pro-migratory and pro-angiogenic ability. 

pEV were successfully loaded with PTX (PTX-pEV) by direct incubation and expected entrapment 

efficiencies were achieved. PTX-pEV integrity (size and morphology) was not compromised and its 

uptake capacity into recipient cells was maintained. The biological functionality of PTX-pEV was 

assessed in HUVEC, showing a higher wound healing inhibition than free PTX treatment and pEV. In 

addition, the formation of HUVEC tridimensional vessels in vitro was also compromised in the presence 

of PTX-pEV treatment. HUVEC are key cells in angiogenesis, favoring the tumor progression [74], and 

so affecting these cells in anticancer therapy reveals an important advantage.  

The pEV uptake mechanism by BT474 and MDA-MB-231 seemed to be distinct, with different 

pathways responsible for pEV entering. Similar anti-migration effects between breast cancer cell lines 

were demonstrated, with a clear decrease in cell migration after PTX-pEV treatment. However, only 

BT474 showed sensitivity to PTX-pEV in terms of viability and proliferation and with promising effects, 

since better results were obtained in comparison to the free PTX incubation condition.  

5.2. Future Prospects 

 

Drug delivery vehicles in tumor treatment represent a flourishing research field. Nowadays, synthetic 

vehicles for delivering drugs entail several limitations that are overcome using natural carriers, including 

EV. The innate characteristics of EV offer them exciting opportunities for drug delivery, with targeting, 

safety and pharmacokinetic benefits over synthetic nanocarriers. Still, the translational applicability of 
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EV in the cancer field is scattered, and more efforts have been postulated to improve their innate 

advantages. Although the intrinsic targeting properties of pEV, their surface functionalization with 

targeting molecules (e.g., anti-HER2 or anti-EGFR antibody), might provide even a more efficient cancer 

cell interaction. Moreover, complementing our studies with other drug-resistance and drug-sensitive 

breast cell lines would be interesting to analyze whether similar trends in cell viability and proliferation 

would be obtained. In addition, since EV may enter cells through various pathways [88], it would be 

useful to test other potential chemical inhibitors of EV uptake, to better elucidate differences in the 

therapeutic effectiveness of PTX-pEV between cancer cell lines. 

Furthermore, some studies have been demonstrated that distinct populations of EV (e.g., MV and 

exosomes) show differences in their effectiveness as drug carriers [110,179]. Therefore, it would be 

interesting to isolate the two populations of pEV separately in order to understand which one will be the 

best to further optimize for carrying PTX. 

Additionally, to complement the interactions of PTX-pEV in biological environments, studies in more 

complex in vitro models, including advanced three-dimensional models (e.g., culture in spheroids that 

better recapitulate in vivo cell environments) [4], should be evaluated.  

For the use of EV in drug delivery applications, the evaluation of its molecular composition and its 

interaction with cells is pivotal. Thus, omics technologies such as proteomics, lipidomics and 

transcriptomics [4] could be employed to identify the active substance on pEV, understanding whether 

co-delivery of unwanted species from EV lumen is a possibility. Besides, proteomic characterization of 

pEV must be addressed to elucidate potential differences in P-gp levels, possibly associated with the 

distinct results in cell viability and proliferation observed between the breast cancer cell lines evaluated 

in this work.  
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Figure 7.1: Separation of PKH26-pEV by DGUC. The presence of two bands marked in the figure indicates a 
clear separation of PKH26-pEV (upper band) at the level of fractions enriched in pEV (fractions 8 and 9) from the 

unbound dye (lower band) located at denser fractions. 
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Figure 7.2: Quantification of EV uptake blocking in MDA-MB-231 cells by flow cytometry. Representative 
histograms showing PKH26 fluorescence intensity of cells incubated with PKH26-pEV (6000 pEV/cell) in the pres-

ence of the EV uptake chemical Inhibitors, dynasore (100 𝜇M), and heparin (500 𝜇g/mL) for 24 h and 48 h. Cells 

incubated only with PKH26-EV were used as positive control (CTL+) and cells completely untreated were used as 
negative control for both time points. Blue filled histograms show control negative population and red filled histo-
grams represent the PKH26-pEV population. The x-axis represents the detection by the DsRed-A filter and y-axis 

represents pEV counts. 

Figure 7.3: Quantification of EV uptake blocking in BT474 cells by flow cytometry. Representative histograms 
showing PKH26 fluorescence intensity of cells incubated with PKH26-pEV (6000 pEV/cell) in the presence of the 

EV uptake chemical Inhibitors, dynasore (100 𝜇M), and heparin (500 𝜇g/mL) for 24 h and 48 h. Cells incubated 

only with PKH26-EV were used as positive control (CTL+) and cells completely untreated were used as negative 
control for both time points. Blue filled histograms show control negative population and red filled histograms rep-
resent the PKH26-pEV population. The x-axis represents the detection by the DsRed-A filter and y-axis represents 

pEV counts. 



 67 

 

  



 68 

 

 

 

2021 

 

2021 

E
M

P
O

W
E

R
IN

G
 T

H
E

 T
H

E
R

A
P

E
U

T
IC

A
L
 P

O
T

E
N

T
IA

L
 O

F
 C

L
IN

IC
A

L
L

Y
 

E
X

P
IR

E
D

 P
L

A
T

E
L
E

T
 C

O
N

C
E

N
T

R
A

T
E

S
: 

A
 N

E
W

 S
O

U
R

C
E

 O
F

 

E
X

T
R

A
C

E
L
L
U

L
A

R
 V

E
S

IC
L

E
S

 

  

A
N

A
 E

D
U

A
R

D
A

 L
O

P
E

S
 M

E
L
IC

IA
N

O
 

  


