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Riassunto 
Le vescicole extracellulari (EVs), in quanto nanoparticelle biogeniche, offrono un grande 

potenziale diagnostico e terapeutico grazie alla loro biocompatibilità, alla capacità di trasportare 

molecole bioattive e alla possibilità di fornire un rilascio mirato di farmaci. Tuttavia, la loro 

traslazione clinica incontra sfide legate alle loro proprietà chimico-fisiche, ai fenomeni 

interfacciali e alle loro interazioni dinamiche nei fluidi biologici, che alterano la loro identità 

biologica e funzione. Pertanto, questa tesi di dottorato ha avuto l’obiettivo di studiare le interazioni 

all’interfaccia tra le EVs e il secretoma nanostrutturato, con l'intento di favorire la traslazione delle 

EV in medicina di precisione colmando il divario tra i risultati sperimentali e l’applicazione clinica.  

Nello specifico, il Capitolo 1 offre una panoramica completa delle EVs nella nanomedicina, 

delineando le loro applicazioni nella diagnostica, nel rilascio di farmaci e nelle terapie, 

evidenziando al contempo le attuali limitazioni per la loro applicazione clinica. Il Capitolo 2 

introduce i fenomeni all'interfaccia tra EVs e secretoma nanostrutturato, concentrandosi sulla 

formazione della corona biomolecolare (BC) e le sue implicazioni sull'identità, la funzione e la 

biodistribuzione delle EVs. 

Nel Capitolo 3, lo studio indaga l'effetto del fisisorbimento di proteine durante la 

funzionalizzazione superficiale delle EVs con anticorpi, sottolineando l'importanza di controllare 

tutte le fasi del processo, poiché questo adsorbimento può andare ad influenzare significativamente 

l'efficacia del targeting per cui la formulazione di EVs è stata progettata. 

Il Capitolo 4 presenta un approccio innovativo basato sulla spettroscopia di correlazione di 

fluorescenza (FCS) per studiare la dinamica di formazione della BC su due diverse 

sottopopolazioni di EVs in condizioni fisiologiche, fornendo nuovi dati su come la composizione 

e le proprietà superficiali delle EVs influenzano il loro comportamento biologico. 

Nel Capitolo 5, vengono esaminate le interazioni tra EVs e lipoproteine (HDL, LDL, VLDL) 

utilizzando la spettroscopia di correlazione incrociata di fluorescenza (FCCS). I risultati rivelano 

modelli di interazione distinti, potenzialmente rilevanti dal punto di vista biologico a causa del 

ruolo degli aggregati EV-lipoproteine in condizioni patologiche come, per esempio, la metastasi 

tumorale. 

Infine, il Capitolo 6 descrive lo sviluppo di una piattaforma multimodale per il rilascio di farmaci 

basata su EVs, mirata al trattamento del carcinoma mammario triplo negativo (TNBC). 

Ingegnerizzando le EVs per trasportare cetuximab e cisplatino, questo approccio migliora 

l'efficienza del rilascio dei farmaci, riduce la chemioresistenza e attiva meccanismi di morte 

cellulare come la ferroptosi, offrendo una promettente soluzione per il trattamento del TNBC.  
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Complessivamente, questa tesi rappresenta un avanzamento nella comprensione dei fenomeni 

interfacciali delle EVs e delle loro applicazioni nei sistemi di trasporto di farmaci. I risultati 

forniscono una base per studi futuri che potrebbero portare alla traslazione clinica di terapie basate 

su EVs, specialmente nel contesto della medicina di precisione, aprendo nuove strade per lo 

sviluppo di farmaci nanotecnologici specifici per patologie complicate da trattare, come il TNBC. 
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Abstract 
Extracellular Vesicles (EVs), as biogenic nanoparticles, hold great potential for disease diagnosis 

and treatment due to their biocompatibility, ability to transport bioactive molecules, and capacity 

for targeted delivery. However, their clinical translation faces challenges related to their 

physicochemical properties, interfacial phenomena, and dynamic interactions within biological 

fluids that alter their biological identity and function. Thus, this PhD thesis aims to investigate the 

interface between EVs and nanostructured secretomes, aiming to advance precision medicine by 

bridging experimental findings with clinical applications.  

Specifically, Chapter 1 provides a comprehensive overview of EVs in nanomedicine, outlining 

their applications in diagnostics, drug delivery, and therapy, while also discussing current 

limitations in their clinical application. Chapter 2 explores the EV-nanostructured secretome 

interface, focusing on the formation of the biomolecular corona (BC) on the EV surface and its 

implications for EV identity, function, and biodistribution. 

In Chapter 3, the study investigates the effect of protein physisorption during EV surface 

functionalization with targeting antibodies, emphasizing the importance of controlling 

functionalization steps, as protein adsorption can significantly affect the efficacy of EV-based 

therapies.  

Chapter 4 presents a novel fluorescence correlation spectroscopy (FCS)-based approach to study 

BC dynamic formation on two distinct EV subpopulations in physiological conditions, revealing 

how differences in EV origin and, in turn, composition and surface properties affect their 

interactions and biological behavior. 

Chapter 5 examines the interactions between EVs and lipoproteins (HDL, LDL, VLDL) using 

fluorescence cross-correlation spectroscopy (FCCS). The results reveal distinct interaction 

patterns, which may be biologically relevant due to the role of EV-lipoprotein aggregates in 

pathological conditions, such as cancer metastasis.  

Finally, Chapter 6 details the development of a multimodal EV-based drug delivery 

(nano)platform for triple-negative breast cancer (TNBC). By engineering EVs to carry cetuximab 

and cisplatin, this approach enhances drug delivery efficiency, reduces chemoresistance, and 

activates cell-death pathways such as ferroptosis, offering a promising solution for TNBC 

treatment.  

Overall, this thesis provides a focused exploration of EV interfacial interactions and their 

implications for clinical applications, particularly in drug delivery systems. By addressing 

knowledge gaps and presenting new methodologies, this thesis lays a foundation for future studies 
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aimed at advancing the clinical translation of EV-based therapies and developing targeted 

treatments for challenging diseases like TNBC. 
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Chapter 1 - Extracellular vesicles in 

Nanomedicine 
 

Nanomedicine is a field of medicine that utilizes nanotechnology for disease prevention, 

monitoring, and treatment through advanced imaging, diagnostics, and therapeutic approaches, as 

well as the repair and regeneration of biological systems1. Nanomedicine research aims to bring 

innovative therapies, diagnostic methods, and more effective biomaterials for tissue regeneration 

into clinical practice, ultimately enhancing patient health and quality of life2. It is anticipated that 

nanomedicine will enable the development of improved devices, drugs, and other applications for 

the early diagnosis and treatment of various diseases with high specificity, efficacy, and 

personalization3. Classifying nanomedicines is a complex process due to the diversity of 

nanoparticles (NPs) and nanomaterials (NMs). NMs can be grouped based on various criteria, 

including dimensionality, morphology, physical state, chemical composition, or nanotoxicology4–

6. They are commonly categorized as either synthetic or biogenic, depending on their method of 

production. The work presented in this thesis is focused on the exploitability of Extracellular 

Vesicles (EVs) as vectors for advanced biogenic nanomedicine. Indeed, EVs have garnered 

significant interest for their diagnostic and therapeutic potential due to several key properties: I) 

their ability to transport various active biomolecules, making them suitable for delivering 

therapeutic drugs7–9, II) their capacity to carry and protect a diverse range of nucleic acids, which 

can be functionally delivered into recipient cells10,11, III) their inherent stability in circulation, 

attributed to their negatively charged surface and ability to avoid the mononuclear phagocytic 

system (MPS) by displaying "don't eat me" signals12–14, IV) their extensive biological functions, 

including shuttling large molecules between cells and crossing biological barriers15–17, and V) their 

targeting capabilities, which are determined by the lipid composition and protein content of 

EVs18,19. However, several limitations are still hindering the actual translation of EVs in 

nanomedicine, as better explained in Chapter 2. This chapter introduces EVs nanoparticles with 

their key features and biological roles, their possible applications as diagnostics and therapeutics, 

and the different state-of-the-art strategies to engineer their surface and load drugs.  

 

1.1 Extracellular Vesicles 
Extracellular vesicles (EVs) are soft nanoparticles composed of a phospholipid bilayer membrane 

that encloses an aqueous core enriched in proteins, nucleic acids, and metabolites20,21. They play 

a crucial role in cell-to-cell and cell-to-microenvironment communication and are emerging as 

universal agents in intra- and cross-organism communication for a wide range of organisms, 
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including mammals, viruses, bacteria, archaea, microbes, parasites, fungi, and plants22,23. EVs are 

traditionally categorized into exosomes and microvesicles (MVs) based on their biogenesis. 

Exosomes, which range in size from 30 to 250 nm, originate from intracytoplasmic multivesicular 

bodies (MVBs) and are released into the extracellular space when the MVB membrane fuses with 

the plasma membrane24. MVs, on the other hand, bud directly from the plasma membrane and 

range in size from 150 to 800 nm25. Due to the overlap in size and shared biomarkers between 

exosomes and MVs, a more recent classification refers to EVs in the 30–250 nm range as small 

EVs and those in the 150–800 nm range as large EVs26. EVs represent a third mode of cell 

communication, alongside direct intercellular physical stimuli and paracrine secretion of active 

molecules. They act as vehicles for bioactive cargoes, protecting them from degradation and 

delivering them to target cells27. EVs participate in various physiological processes, such as 

coagulation and immune system activation, but they also facilitate the maintenance and spread of 

pathological processes28–30. For example, malignant tumors utilize EVs to establish pre-metastatic 

niches and colonize healthy organs31. EVs are present in all biological fluids and reflect the 

phenotype of the releasing cell, including its functions. They also exhibit specific compositional 

enrichment, particularly in lipids and proteins32–34. For instance, EVs isolated from mesenchymal 

stem cells (MSCs) replicate some of the biological effects of MSCs, especially those related to 

their regenerative potential35. 

 

Figure 1.1. Schematic representation of EVs21. 
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Regardless of their origin, vesicles are taken up by target cells through various mechanisms, 

including endocytic pathways (such as receptor-mediated, clathrin-dependent, or caveolin-

mediated endocytosis, phagocytosis, macropinocytosis, and lipid raft-mediated internalization), or 

by fusing directly with the plasma membrane22. Extracellular vesicles (EVs) can activate multiple 

entry routes into a cell, with the primary mode of entry determined by the cell type and the EV's 

composition. The transfer of EVs facilitates the exchange of materials between “donor” and 

“recipient” cells, playing a key role in intercellular communication in vivo36. EVs influence 

essential biological processes by: (i) directly activating cell surface receptors through protein and 

bioactive lipid ligands, (ii) integrating their membrane components into the recipient cell’s plasma 

membrane, and (iii) delivering effectors such as transcription factors, oncogenes, regulatory RNAs 

(including miRNAs and mRNAs), and infectious particles13. Each cell adjusts EV biogenesis, 

quantity, and content based on its physiological condition, releasing EVs with specific lipid, 

protein, and nucleic acid profiles. Additionally, evidence shows that EV production is influenced 

by various pathological conditions or altered physiological states, such as pregnancy. 

 

1.2 Applications in diagnostics and therapeutics 
EVs are present in all biofluids, released by various cell types, and differ in molecular content 

based on the cells of origin and their pathophysiological state. This makes them valuable sources 

of biomarkers in both physiological and pathological conditions37. EVs act as stable and easily 

accessible fingerprints of parent cells, providing a means for minimally invasive liquid biopsies38–

40. Their cargo is protected from degradation, offering a reliable source of biomarkers41,42. EVs 

have been linked to numerous processes, including cancer progression, where they can promote 

growth by inhibiting immune recognition and preparing pre-metastatic niches43–46. They also play 

roles in viral spread47 and are associated with various diseases, making them potential biomarkers 

for conditions like neurological, metabolic, cardiovascular, and kidney diseases48–54. EVs carry 

molecular markers such as proteins, carbohydrates, and nucleic acids, and their size, concentration, 

and mechanical properties can also serve as biophysical markers33. These characteristics have been 

used to detect diseases like pancreatic cancer and multiple myeloma55–57. However, challenges like 

the lack of standardized purification protocols limit the full exploitation of EVs as biomarkers58–

61. 

EVs also hold promise in therapeutic applications, including drug delivery62, vaccination63, and 

regenerative medicine64–67. They can deliver biomolecules between cells, including therapeutic 

RNAs, chemotherapeutics, and small molecules32,68. EVs' proteo-lipid structure protects their 

cargo, and their self-derived nature minimizes immune response. They also exhibit targeting 

properties, making them effective drug delivery systems69–71. EV targeting properties can be 
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intrinsic (modulated by pristine EV characteristics, e.g. homing mechanisms)72,73 or acquired by 

engineering processes, as better explained in Chapter 1.2.2. As vaccine carriers, EVs can modulate 

immune responses. For instance, parasite-derived EVs carrying antigens can be used as vaccines, 

and tumor-derived EVs can be used to induce an antitumor immune response74. In regenerative 

medicine, EVs from mesenchymal stem cells (MSCs) mimic the therapeutic effects of MSCs, 

promoting tissue repair and regeneration75,76. EVs offer also advantages over cell therapy, such as 

avoiding the risk of neoplastic transformation and providing stability77–80. They have been studied 

in preclinical settings for treating various conditions, including graft-versus-host disease and 

chronic kidney diseases35,81–83. 

 

Figure 2.1. Schematic representation of the EV emerging diagnostic and therapeutic applications. 

EVs may represent a powerful source of biomarkers, as well as a promising therapeutic platform. 

EV applications in clinics include the use of EVs as highly biocompatible drug delivery vehicles61. 

 

The work presented in this thesis is mainly oriented towards the development of EV-based drug 

delivery systems and therapeutics. For this reason, the EV models used in this study (presented 

from Chapter 3 to Chapter 6) are Red Blood Cells-derived EVs (REVs) and Mesenchymal Stem 

Cells-derived EVs (MEVs). These two EV subpopulations are emerging as the most promising 

candidates for EV-based therapeutics due to their key features, which are resumed as follows: 

 

Red Blood Cells-derived EVs: REVs are lipid vesicles released from red blood cells (RBCs), 

typically 100–200 nm in size, and include microvesicles derived from the plasma membrane84. 
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They are released during RBC aging, erythropoiesis, disease conditions, and environmental stress. 

RBC microvesicles form through plasma membrane budding, driven by complement-mediated 

calcium influx85. These vesicles play roles in regulating NO and O2 balance, redox homeostasis, 

and immune modulation. REV biogenesis involves structural changes to the RBC membrane, 

triggered by oxidative damage, increased intracellular calcium, and RBC storage. Two main 

mechanisms drive this process: band 3 protein oxidation and clustering, and changes in 

phospholipid distribution in the membrane86. REVs contain various lipids, proteins, cholesterol, 

and miRNAs and differ from intact RBCs by having fewer cytoskeletal proteins. They are enriched 

in miRNAs like miR-125b-5p, miR-4454, and miR-451a, and express CD47, which helps them 

evade immune detection87. In medicine, REVs are promising for drug delivery due to their low 

immunogenicity, biocompatibility, and ability to be autologously sourced, reducing immune 

risks88.  

 

Mesenchymal Stem Cells-derived EVs: MEVs have gained significant attention as a novel 

therapeutic platform. These extracellular vesicles, which include exosomes and microvesicles, are 

small membrane-bound particles secreted by mesenchymal stem cells (MSCs)89. They carry a 

diverse cargo of bioactive molecules, such as proteins, lipids, RNA, and microRNAs, that are 

crucial in mediating cell-to-cell communication and tissue repair processes90. MSC-EVs mimic 

many of the therapeutic effects of MSCs, including anti-inflammatory, immunomodulatory, and 

regenerative properties, but without the risks associated with cell-based therapies, such as immune 

rejection or uncontrolled cell growth91. They offer several advantages, including ease of storage, 

the ability to cross biological barriers, and a lower risk of tumor formation or embolism compared 

to MSCs themselves. Moreover, MSC-EVs can be engineered to enhance their therapeutic 

potential by loading them with specific drugs or genetic material92. These properties make MSC-

EVs a highly attractive candidate for treating a wide range of conditions, including inflammatory 

diseases, autoimmune disorders, tissue injuries, and even neurodegenerative diseases93. Their 

versatility and safety profile have positioned them at the forefront of research into cell-free 

regenerative medicine therapies. 

 

1.2.1 EV surface engineering 

To improve EV targeting abilities for their exploitation in precision medicine several engineering 

strategies have been developed to decorate EV surface with targeting moieties such as peptides, 

antibodies, small molecules, etc94,95. A key advantage of using EVs as drug delivery systems over 

synthetic carriers is the ability to modify EV surfaces by altering their parent cells. Surface 

functionalization can be achieved before EV isolation through various methods, including genetic, 
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metabolic, and direct parent cell membrane engineering techniques. Also, EVs offer several 

synthetic opportunities due to their amphiphilic nature and the presence of different reactive 

groups on their surface. So, EV surface engineering strategies can be resumed in two macro 

classes: pre-isolation and post-isolation engineering96,97.  

Pre-isolation engineering: Genetic engineering strategies for EV surface functionalization involve 

expressing transgenes that produce proteins or chimeric proteins known to be enriched in EVs. 

This method, pioneered by Matthew Wood's lab, involves fusing targeting peptides to EV proteins 

like Lamp2b, leading to their exterior expression on EVs10. For instance, Lamp2b fusions with IL-

3 or cardiomyocyte-specific peptides increase EV uptake by specific cells both in vitro and in 

vivo10. Additionally, constructs with the PDGFR transmembrane domain fused to targeting 

peptides have been used to target EVs to specific cells, enhancing anti-tumor immunity by 

recruiting T-cells40. Another strategy involves attaching targeting proteins to EV membranes using 

GPI-anchor signal peptides98. These methods, while effective in targeting specific cells, don't 

significantly alter biodistribution profiles compared to unmodified EVs. Genetic engineering can 

also enhance EVs with pharmaceutical activities. For example, expressing TRAIL, a cancer cell 

apoptosis-inducing protein, in mesenchymal stem cells leads to its incorporation into EVs, 

showing higher efficacy in inducing cancer cell apoptosis than soluble TRAIL99. EVs can also be 

engineered to express decoy receptors that reduce disease activity of pro-inflammatory cytokines, 

showing higher efficacy than soluble receptors56. Additionally, expressing tumor-associated 

antigens on EVs can induce stronger antigen-specific immune responses for cancer 

immunotherapy100. Moreover, genetic strategies enable fluorescent, luminescent, or radioactive 

tracking of EVs, facilitating live evaluation of EV uptake, distribution, and pharmacokinetics. 

Fusion proteins with fluorescent or luminescent markers allow parallel imaging techniques for in 

vivo tracking101–105. Overall, the genetic engineering of EVs offers significant potential for 

targeting, tracking, and therapeutic applications98,106. Key considerations include optimizing 

fusion constructs for maximum expression and ensuring the integrity of targeting or therapeutic 

moieties107,108. Metabolic and direct parent cell membrane engineering are others pre-isolation 

approaches, which offer alternative methods for EV functionalization, allowing the incorporation 

of biorthogonal chemical groups or functional lipids into EV membranes109,110. 

Post-isolation engineering: Surface modification of EVs can also occur post-isolation, requiring 

more steps and time but offering distinct advantages. Unlike genetic modification, which is limited 

to proteins or peptides, post-isolation methods can employ various molecules or ligands without 

the need for parent cell engineering. This is particularly beneficial for EVs derived from sources 

like patient plasma and eliminates the need for extensive knowledge of surface proteins. Post-
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isolation surface modification methods include physical interactions and chemical modifications, 

sometimes combining both. One promising approach is fusing EVs with liposomes, which can be 

monitored using Förster resonance energy transfer (FRET)111. A study by Sato et al. used freeze-

thaw cycles to fuse EVs with liposomes, noting increased uptake with PEGylation but not 

addressing hemifusion or purification111. Piffoux et al. improved on this by developing a PEG-

mediated fusion method, achieving up to 62% fusion efficiency and transferring liposome cargoes 

effectively. Despite promising results, the method's main downside is the slow and complicated 

purification process112. 

Other physical methods, like phospholipid- and cholesterol-post-insertion, allow surface 

functionalization without organic solvents. Phospholipids require higher temperatures for insertion 

compared to cholesterol, which inserts more easily but is less stable. These methods have shown 

success in various applications, such as targeting specific cells or silencing genes113–115. 

Adsorption-based modifications target specific EV surface features or rely on general properties 

like surface charge. For example, Gao et al. used adsorption to target muscle tissue, while others 

used cationized pullulan for liver targeting116–118. Chemical surface modifications involve the 

covalent linkage of molecules to EV surfaces, primarily through amino groups. Techniques like 

azide-alkyne cycloaddition (CuAAC and SPAAC) are commonly used. SPAAC is favored due to 

its mild conditions and high selectivity, making it suitable for EV labeling119–122. However, 

optimizing these methods requires further evaluation of the effects on EV functionality and 

addressing potential side reactions from non-vesicular material. Overall, while physical methods 

for EV-engineering are less explored than genetic ones, PEG-mediated fusion and chemical 

surface engineering hold significant promise for future applications, allowing simultaneous drug 

encapsulation and targeting moiety introduction without compromising EV integrity123–125. 
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Figure 3.1. Overview of EV surface engineering methods. Modification can take place before EV-

isolation by: expressing fusion proteins of EV membrane-proteins and the protein of interest (A); 

feeding the parent cells with azide-labeled metabolites (metabolic labeling, B) or fusing them with 

azide-labeled liposomes (parent-cell membrane labeling, C), to generate EVs bearing azide 

groups. After EV-isolation, the vesicles can be engineered by physical or chemical means. Physical 

engineering can take place through fusion with liposomes (D), specific or unspecific adsorption 

of molecules to the EV-surface (E), and the insertion of lipids (F). Chemical engineering with 

simple molecules can be carried out in one step through reaction with amino acid side-chains of 

EV surface-proteins (G), while more complex molecules can be coupled chemically to EVs by first 

introducing azide groups that may subsequently be labeled (H)85. 
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1.2.2 EV drug-loading 

EVs are physiological carriers of biomaterials involved in cell-to-cell communication, for this 

reason, they went under the spotlight for the development of new drug delivery systems. To do 

this, researchers developed several different strategies to load drugs into EVs126. These strategies 

exploit different mechanisms, and, as surface engineering methods, they can be resumed in pre-

isolation and post-isolation methods.  

Incubation: Incubation is a straightforward method for drug loading into extracellular vesicles 

(EVs). For instance, Sun et al. (2010) loaded curcumin into exosomes derived from a lymphoma 

cell line by incubating for 5 minutes at room temperature (22°C), followed by purification via 

sucrose gradient centrifugation127,128. Curcumin-loaded exosomes exhibited enhanced anti-

inflammatory activity compared to free curcumin both in vitro and in vivo. Similarly, other 

researchers reported drug loading into bovine milk-derived exosomes using room temperature 

incubation, confirming drug loading via ultracentrifugation and UPLC. These EVs showed 

significantly higher anticancer effects than free drugs129.  

Sonication: Sonication employs mechanical shear force to disrupt EV membranes for effective 

drug loading130. Kim and coworkers demonstrated that sonication provided higher Paclitaxel 

loading efficiency compared to incubation and sonication, resulting in improved drug delivery and 

efficacy against lung cancer cells131. It has also been shown that catalase-loaded exosomes via 

sonication accumulated effectively in brain cells, offering neuroprotective effects in a Parkinson’s 

disease model132. 

Electroporation: uses an electrical field to temporarily create pores in EV membranes for drug 

entry133. Tian et al. used electroporation to load doxorubicin into dendritic cell-derived exosomes, 

achieving higher cytotoxicity in cancer cells134. 

Freeze-Thaw: this method involves cycles of freezing and thawing to load drugs into EVs. While 

effective, it can cause the degradation of EV proteins and structural changes.  

Extrusion: Extruding EVs through nanosized filters can load drugs into EVs as demonstrated by 

Kalimuthu et al., they used this method to load PTX into EVs, resulting in significant inhibition 

of breast cancer cell viability and tumor growth135. 

Saponification: Saponin treatment creates small pores in EV membranes, facilitating drug entry136. 

For example, Haney’s group reported that saponin-based catalase-loaded exosomes had potent 

neuroprotective effects in a Parkinson’s disease model132.  

Drug Treatment of Parental Cells: This approach involves treating cells with drugs before EV 

isolation. Pascucci et al. loaded paclitaxel into mesenchymal stem cell-derived EVs, showing 

strong antiproliferative activity against pancreatic adenocarcinoma137. 
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Gene Engineering of Parental Cells: Gene engineering of cells to produce EVs with specific RNAs 

or proteins is a sophisticated loading method that has been used to engineer cells to produce EVs 

loaded with miRNA or therapeutic proteins, demonstrating targeted delivery and therapeutic 

efficacy130,138,139. 

 

Table 1.1. Methods for loading EVs with drugs115. 

 

1.3 Limitations for the application of EVs in nanomedicine 
EVs offer remarkable opportunities for medical translation, particularly in their applications as 

therapeutic agents (e.g., drug delivery systems, vaccines) and diagnostic tools (e.g., biomarker 

sources). Currently, EVs are used in various preclinical studies as therapeutics for translational 

medicine. Despite promising preclinical results, several challenges hinder the clinical adoption of 

EV-based therapies140. One major issue is the lack of methods to isolate pure EV populations and 

the absence of standardized characterization procedures, which significantly limits clinical 

implementation64. Traditional EV purification techniques often suffer from drawbacks like low 

purity and lengthy processing times, making them insufficient for research and clinical needs. 

Therefore, advancing superior purification methods and ensuring EV purity is critical. Another 

challenge lies in the undefined biodistribution and circulation kinetics of EVs69,70,141. Non-invasive 

imaging techniques and animal models could help clarify the mechanisms of EV action, optimal 

dosing, and their accumulation in certain organs, such as the lungs or liver, which is crucial for 

practical applications. However, the physicochemical properties and interfacial phenomena of EVs 

are driving a paradigm shift in the field. In biofluids, EVs dynamically interact with other 
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(bio)components of the complex biological matrix, significantly altering their biological and 

intrinsic identity. These interactions contribute to several key challenges, such as the purity of EV 

preparations, their biodistribution, and pharmacokinetics, all of which are closely tied to the 

physicochemical characteristics and interfacial behavior of EVs. A deeper understanding and fine-

tuning of these aspects are essential for overcoming these limitations and advancing EVs toward 

clinical application. Chapter 2 will delve into these topics, aligning them with the aim of this thesis. 
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Chapter 2 - Exploring the Extracellular 

Vesicle-Nanostructured Secretome Interface 

Toward Clinical Translation 
 

EVs are not the only nanoparticles present in biological fluids; they are components of a 

heterogeneous group of secreted nanoparticles, i.e. “nanostructured secretome’’, with which they 

continuously and dynamically interact. To finally reach EV clinical translation as stated in Chapter 

1, it is essential to have a deeper knowledge of “the players in the game”, and understand how they 

interact with each other, since all this plays a crucial role in defining EV's biological identity and 

role. This chapter introduces the concept and the composition of the nanostructured secretome, the 

state-of-the-art knowledge about the dynamic interactions occurring on EVs in physiological 

conditions and relative challenges, and, finally, the aim of this thesis.  

  

2.1 The Nanostructured Secretome 
Traditionally, the term "secretome" refers to individual proteins, hormones, and 

neurotransmitters1. However, it should now be expanded to include a variety of nanoparticles 

secreted by cells into the extracellular space, ranging from a few nanometers to hundreds of 

nanometers. These secreted nanoparticles, known as the nanostructured secretome2, are "made by 

cells for cells" and represent a paradigm shift in nanomedicine. They promise to surpass synthetic 

nanoparticles in circulation, targeting abilities, precision, and sustainability. Looking further 

ahead, advanced manipulation could potentially enable the use of these biogenic nanoparticles as 

building blocks for future nanotechnology. In recent years, it has become increasingly evident that 

cell-to-cell sharing of macromolecular information also occurs via the nanostructured secretome. 

These "nanolines" of communication complement the "classical" paracrine signaling of single 

molecules. Under both physiological and pathological conditions, cells secrete a wide variety of 

nanoparticles with diverse compositions, structures, and functions. These nanoparticles include 

macromolecular complexes (such as ferritin and RNA-binding proteins)3,4, membranous particles 

(such as EVs and fat globules)5,6, and micellar structures (such as lipoproteins and casein 

micelles)7,8, with sizes ranging from a few to hundreds of nanometers2. Released into the 

extracellular space alongside single molecules, these nanoparticles are present in all biological 

fluids (e.g., blood, cerebrospinal fluid, saliva, urine, and milk). The biological function of the 

nanostructured secretome is determined by the molecular and colloidal properties (composition, 

size, structure, surface charge, energetic stability, etc.) of the nanoparticles that comprise it. 
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Besides EVs (already introduced in Chapter 1), the other principal classes of nanoparticles 

composing the nanostructured secretome are: 

Lipoproteins: a class of secreted nanoparticles found in plasma and tissues, primarily responsible 

for lipid transport and delivery. These nanosized complexes consist of a central hydrophobic core 

of non-polar lipids, surrounded by a monolayered amphiphilic membrane made of phospholipids, 

cholesterol, and apolipoproteins. The lipid and protein content of a lipoprotein is heterogeneous 

and evolves during its lifespan and circulation8. There are four classes of lipoprotein: 

 

1) Chylomicrons: The largest and least dense subclass, primarily composed of 

triacylglycerols, with smaller amounts of phospholipids, cholesterol, cholesteryl esters, and 

ApoB. Chylomicrons are assembled in enterocytes (intestinal cells) during dietary lipid 

absorption. They bypass the liver and transport dietary lipids to storage tissues (adipose 

and skeletal muscle) and cardiac tissue. After transferring triacylglycerols to peripheral 

tissues, chylomicrons are catabolized by the liver8. 

2) Very Low-Density Lipoproteins (VLDLs): Synthesized by hepatocytes (liver cells), 

VLDLs contain triacylglycerols and cholesteryl esters combined with apolipoproteins, 

mainly ApoB-100. VLDLs, initially sized at 30–80 nm, are quickly degraded as their fatty 

acid content is cleaved, transforming them into smaller and denser Low-Density 

Lipoproteins (LDLs) via Intermediate-Density Lipoproteins (IDLs). VLDLs and LDLs 

circulate and transport lipids to peripheral tissues, with LDLs being a significant risk factor 

for atherosclerosis due to their uptake by atherosclerotic plaque endothelium9. 

3) Low-Density Lipoproteins (LDLs): Formed from VLDLs, LDLs are smaller and denser, 

transporting lipids to peripheral tissues. They are notable for their association with 

atherosclerotic plaque formation10. 

4) High-Density Lipoproteins (HDLs): Smaller and denser than LDLs, with a diameter below 

10 nm and a density of 1.060–1.200 g/cm³. HDLs are rich in cholesterol and 

apolipoproteins such as ApoA-I, A-II, ApoE, and ApoC. They are extensively studied for 

their protective role against cardiovascular diseases. HDL biosynthesis begins with the 

synthesis of ApoA-I in the liver or intestine. Subsequent lipidation of ApoA-I forms 

nascent, discoidal particles, which become spherical HDLs through the internalization of 

cholesterol esters into their core, catalyzed by lecithin cholesterol acyltransferase. HDLs 

remove excess cholesterol from tissues, transporting it back to the liver and steroidogenic 

organs for recycling. Additionally, HDLs carry molecules other than apolipoproteins and 
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lipids, such as small non-coding RNAs (mainly microRNAs) and other proteins like 

metalloproteinases11. 

In summary, lipoproteins are essential for lipid transport, with each class playing a specific role in 

lipid metabolism and overall health, from nutrient absorption to cardiovascular protection. 

Albumin: The most abundant plasma protein, albumin is a small globular protein (66 kDa)12 with 

high affinity for metals, fatty acids, amino acids, metabolites, and lipophilic xenobiotics13. Its 

three-dimensional structure, consisting of three homologous domains, forms a heart-shaped 

molecule. Albumin's main roles are to transport solutes to target organs and maintain plasma pH 

and osmotic pressure14. 

Ferritin: Ferritin stores excess cellular iron, with its 24 subunits forming protein cages.15 H-ferritin 

oxidizes ferrous iron (Fe2+) to ferric iron (Fe3+), while L-ferritin facilitates ferroxidase turnover.16 

Ferritin can be disassembled and reassembled at varying pH levels, allowing it to load different 

compounds. Its association with exosomes indicates converging intracellular trafficking and 

secretion pathways4. 

Transferrin: This iron carrier controls iron's toxic and insoluble characteristics. It is a single-chain 

glycoprotein (~80 kDa) with two homologous lobes, each capable of binding an Fe3+ ion. Iron 

binding and release involve the closing and opening of these lobe domains.16 

Argonaute-2 (Ago2): A ribonucleoprotein complex, Ago2 carries circulating miRNAs and 

regulates small RNA-guided gene silencing17. It is composed of four major domains (N, PAZ, 

MID, and PIWI) that form a bi-lobe structure accommodating guide small RNAs and their 

complementary fragments3. 

Exomeres: Recently discovered, exomeres are small (~35 nm), non-membranous particles rich in 

specific enzymes and nucleic acids. They have unique biophysical features, such as a mildly 

negative ζ-potential and greater stiffness compared to EVs. Exomeres transport functional, 

bioactive cargoes and alter the metabolism of recipient cells, though much about them remains 

unknown18. 

Milk-derived nanoparticles: Milk, a mammary gland secretion, serves as both a processed food 

product and a primary nutrient source for newborns. It supplies nutrients through proteins and fat 

nanoparticles, regulates immune defense, and interacts with the gut microbiome19,20. Milk is an 

emulsion of fat globules, lactose, and soluble proteins, primarily caseins. Over 95% of milk lipids 

are triglycerides, derived from circulating lipids or synthesized in the mammary gland. Fat 

globules, ranging from hundreds of nanometers to tens of micrometers, originate in the cytoplasm 

of epithelial lactating cells, gaining a single-layer lipid coat and an additional bilayer during 

secretion7,21. These globules, functionalized with multiple proteins, impact lipid metabolism, the 
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immune system, and intestinal physiology. Caseins, major milk proteins, self-assemble into 

micelles (50 to 250 nm) containing water, calcium, phosphorus salts, and enzymes. The function 

and precise structure of casein micelles are still under study22. 

 

Figure 1.2. Illustration and composition of the nanostructured secretome1. 

 

2.2 The physicochemical landscape of EVs 
Since their discovery, EVs have predominantly been studied from biological and medical 

perspectives, focusing on their roles in disease mechanisms and potential applications in 

diagnostics and therapeutics23,24. However, their physicochemical characteristics and interactions 

with nanostructures have often been overlooked. EVs are complex, biogenic particles that exhibit 

a wide range of properties, including variations in size, composition, surface charge, and 

membrane stiffness2,25. A key feature of EVs is their high surface-to-volume ratio, which facilitates 

dynamic interactions with other molecules and particles in their environment25,26. EVs are part of 

the nanostructured secretome of cells, a colloidal system densely populated with biogenic 

nanoparticles such as protein aggregates, exomers27, lipoproteins8, and midbody remnants28. This 

crowded system exhibits significant surface free energy, driving the formation of a biomolecular 

corona (BC)29. The BC forms around EVs through dynamic interactions at physiological 

temperature, altering EV biological identity. These "sticky" interactions, including EV-protein 

coronas and EV-lipoprotein aggregates, are now recognized as intrinsic components of biological 

fluids containing EVs26,30,31.  

The complexity of EVs presents significant challenges for clinical translation, particularly in 

defining their identity, purity33,35, and in isolating homogeneous sub-populations36, challenges that 
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distinguish them from more conventional biologics37. However, this complexity also presents 

unique opportunities38,39. The selective molecular enrichment mechanisms involved in EV 

formation provide an advantage in biological functions such as targeted delivery, crucial for 

intercellular communication39. By better understanding and manipulating the physicochemical 

landscape of EVs, we can unlock their full potential in areas like drug delivery40 and regenerative 

medicine. Furthermore, as cell-derived particles, EVs offer diagnostic opportunities. Their 

biomolecular corona, enriched with circulating biomolecules, reflects the physiological state of 

their originating cells, making EVs valuable tools for liquid biopsy41 and biomarker discovery in 

complex biofluids33,42. 

 

2.2.1 The Biomolecular Corona 

When nanoparticles enter a biological system, their surfaces rapidly become coated with a variety 

of molecules, including proteins, lipids, and nucleic acids, resulting in the formation of multiple 

layers collectively known as the biomolecular corona (BC)43,44. Initially, the BC was primarily 

studied in the context of synthetic nanoparticles used for drug delivery, to understand its impact 

on bioavailability and biodistribution43. However, it has been demonstrated that similar BC 

formation occurs around viruses, and more recently, EVs have also been found to be subjected to 

this phenomenon25,26. Due to their high surface-to-volume ratio, nanoparticles exhibit a high 

surface energy, making them inherently metastable. To reach a stable state, they bind various 

molecules present in the surrounding media. Initially, nanoparticles form transient complexes with 

these molecules under favorable thermodynamic conditions. As time progresses, competition 

among molecules for the nanoparticle surface occurs, with those of higher affinity (hard corona) 

gradually displacing others (soft corona), a phenomenon known as the Vroman effect45. This effect 

is influenced by the concentration of proteins relative to the available surface area and their 

diffusion coefficients. Moreover, the curved surface of nanoparticles can induce structural changes 

in adsorbed proteins, sometimes leading to irreversible alterations in their secondary structure 

affecting protein function and potentially triggering undesirable immune responses. BC also 

induces changes in the physicochemical properties of the nanoparticle surface, including size, zeta 

potential, hydrodynamic radius, and stability. Since nanoparticle behavior and identity are closely 

tied to their surface characteristics, which govern their interactions with the surrounding 

microenvironment and cells, BC can significantly influence cellular uptake, bioavailability, 

biological targeting, biodistribution, and toxicity30,38,46.  



 45 

 

Figure 2.2 Schematic illustration of the “hard” and “soft” corona of nanoparticles47. 

 

When EVs are released by cells and enter biological fluids, they adsorb numerous molecules onto 

their surface, forming the EV corona48. The formation of the EV-BC is mainly driven by non-

covalent interactions, probably based on Van der Waals forces. Additionally, the formation of 

hydrogen bonds between the EV surface and components of the biomolecular corona cannot be 

excluded, as well as pi interactions. Finally, hydrophobic interactions may play a role. For such 

interactions to occur, adsorbed proteins might need to expose their hydrophobic regions, 

facilitating interaction with the hydrophobic part of the EV membrane. However, these 

considerations are speculative and adapted to EV-BC from BC of synthetic nanoparticles, since at 

the state-of-the-art no work has dealt with the fundamental mechanisms of EV-BC.  The formation 

of the BC is not only a superficial event but a thermodynamically favored process that is linked to 

the energies involved in EV formation itself. Indeed, the elastic energy required to bend the EV 

membrane into a spherical shape is comparable to the energy needed for the adsorption of multiple 

proteins during corona formation32. Consequently, it’s not possible to separate EVs from some 

other components (co-isolates) without compromising their structural integrity61. Therefore, 

biomolecules in the corona that interact with the EV surface with higher energy may be considered 

integral to EVs, contributing to their biological identity and offering potential as biomarkers33,34. 

Interestingly, this suggests that EV biogenesis may not conclude when the EV is secreted by the 

cell, but rather when its surface achieves thermodynamic stability within complex biological 

matrices. 

The surface properties of EVs, which are crucial for their interaction with cell membranes, 

mobility, cellular uptake, and immune recognition, can be significantly altered by the presence of 
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the molecules acquired with the corona formation. The EV corona may include apolipoproteins, 

immunoglobulins, coagulation factors, DNA, cytokines, and enzymes. The presence of these 

molecules can alter the structure and properties of EVs, but the corona also holds functional 

significance30. Different corona compositions can have distinct biological implications, which 

could be leveraged for diagnostic purposes33. Furthermore, the elevated surface free energy 

characterizing the EV interface drives dynamic interactions with other components of the 

nanostructured secretome, contributing to the intrinsic "stickiness" of these nanoparticles. As a 

result, nanoparticles have a strong tendency to form complexes with other particles, making it 

difficult to isolate specific classes of biogenic nanoparticles without simultaneously co-isolating a 

diverse array of other entities49,50. Recent research suggests that this co-isolation may be more than 

a mere artifact of the purification process; rather, biogenic nanoparticle complexes appear to hold 

biological relevance. A prime example is the interaction between EVs and lipoproteins, 

underscoring the importance of understanding how biogenic nanoparticles interact to fully harness 

the potential of the nanostructured secretome 31. 

 

Figure 3.2 Illustration of the main molecules involved in EV biomolecular corona25. 

 

2.2.2 Extracellular vesicle identity and inter-, intra-, and acquired heterogeneity  

The concept of identity and purity in EV preparations is currently under debate, largely due to the 

complex interdisciplinary considerations needed to formulate a meaningful interpretation of these 

concepts for EVs, which significantly hinders their translation to clinical applications. Identity is 

a fundamental attribute of any biological product, closely tied to its functional efficacy and dosing. 
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Purity, derived from identity, indicates the absence of contaminants, namely everything that is not 

identified as an EV. Defining identity is particularly challenging in the context of EVs for two 

primary reasons: (i) EVs are inherently heterogeneous, encompassing a diverse population of 

vesicles that vary in size, composition, structure, and biological activity51,52; and (ii) EV 

preparations often contain a broad range of co-isolates, such as lipoproteins, that are difficult or 

impossible to separate from EVs50,53. These co-isolates may be intrinsic to the starting material or 

may emerge during the manufacturing process, and they can potentially contribute to the overall 

biological activity of the EV preparation30,54. To accurately define the identity of a mixture within 

a mixture, such as EV preparations, requires a shift from traditional concepts of purity to a more 

detailed understanding of the distinct characteristics that define the EVs themselves. 

Physicochemical and colloidal properties serve as critical "identity descriptors" for EV 

preparations, offering a quantitative means to assess their composition55. Historically, 

homogeneity in size and density has been used to define identity, but these metrics fall short when 

dealing with complex extracellular nanoparticle populations2 whose size and density may overlap 

with those of EVs, or which may associate with EVs to form structures like the biomolecular 

corona53. For instance, recent studies have shown that EV-lipoprotein complexes can form under 

various physiological conditions31,49 or due to manipulation, further complicating the clear 

definition of EV identity and purity50,53. The international EV scientific community suggests 

providing specific stoichiometric ratios, such as the volumetric number density of nanoparticles 

relative to the volumetric mass density of proteins, lipids, or other EV-associated molecules, to 

accurately define the identity of EV preparations35,56,57. Additionally, a proposed identity index 

measures the volumetric mass density of proteins commonly found in co-isolates within EV 

preparations. This approach acknowledges that depending on the source of EVs, the expected co-

isolates should be well-defined and accounted for36,58–60. Thus, this concept of identity in EV 

preparations extends beyond mere purity, encompassing a comprehensive understanding of the 

physicochemical landscape that defines these complex biological entities35. 

Similarly, the concept of heterogeneity is closely related to identity and refers to differences 

between EVs identified in a precise group. For instance, EVs produced by the same cell source 

can have differences in size and/or molecular composition, depending on the pathway of secretion, 

defining a certain level of heterogeneity in the preparation that must be considered. 

Thus, EV heterogeneity can be mainly classified into three distinct levels44: 
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1. Inter-EV heterogeneity: This refers to the differences between EVs produced by different 

cells, implying that biological fluids contain a heterogeneous mix of EV subpopulations 

with diverse biological roles, compositions, and physicochemical properties. 

2. Intra-EV heterogeneity: This refers to the differences found within individual EVs 

produced by the same cells, as cells can produce EVs through different pathways, leading 

to the production of nanoparticles with varied characteristics and biological functions. 

3. Acquired heterogeneity: This refers to the heterogeneity that arises post-biogenesis, for 

example, due to the adsorption of biomolecules in the biomolecular corona. Since BC 

formation is a dynamic phenomenon, EV-acquired heterogeneity is complex and can 

evolve in response to various physiological conditions, such as changes in temperature and 

pH across different body fluids and tissues. This evolving heterogeneity may modulate the 

physiological roles of EVs over time and space. 

 

 
Figure 4.2 Schematic representation of the different levels of heterogeneity of EV populations, and 

the expected situation in real complex biofluids. EVs and EV proteins with different colors indicate 

different sources. The colored balls in ‘’EVs Acquired Heterogeneity’’ and ‘’EVs in biofluids’’ 

indicate different components of the nanostructured secretome.  

 

2.3 Aim of the thesis 
The field of EVs is advancing rapidly by combining innovative ideas, cutting-edge technologies, 

novel observations, and rigorous data analysis. Significant progress is being made to address the 

challenges hindering EVs' clinical translation. However, the increasing knowledge about 

physicochemical properties and interfacial phenomena of EVs is driving a paradigm shift in the 

field. In biofluids, EVs interact dynamically with various (bio)components, significantly altering 

their biological identity. These interactions pose challenges related to the purity of EV 

preparations, their biodistribution, and pharmacokinetics, all linked to the physicochemical 
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characteristics and interfacial behavior of EVs. A deeper understanding of these aspects is essential 

for advancing EVs toward clinical applications.  

This thesis is positioned within this dynamic landscape, focusing on the study of the BC on EVs 

in physiological conditions by exploring original approaches and developing an EV-based drug 

delivery system for precision nanomedicine toward triple negative breast cancer (TNBC). 

Specifically, this thesis is organized into 4 distinct works:  

- In the first work the effect of the protein corona during EV surface engineering with 

antibodies for targeting has been studied. EVs, once immersed in protein-enriched fluids, 

are subjected to the physisorption of these proteins on their surface. In state-of-the-art 

protocols for EV surface engineering it is common to immerse EVs in a solution enriched 

with the protein of interest for a chemical reaction, underestimating the potential 

physisorption that could occur at the EV surface and its effect on the engineering process. 

Results related to this project are shown in Chapter 3.  

- The second work, detailed in Chapter 4, explored the different dynamic formations of the 

BC in two distinct EV subpopulations, by an original Fluorescence Correlation 

Spectroscopy (FCS) method. The findings obtained from this project are important for 

better understanding the connection between EV composition, physicochemical properties, 

and biological functions; and address new challenges in the comprehension and definition 

of EV heterogeneity.   

- In the third work (Chapter 5), the interaction between EVs and lipoproteins (LPs) was 

studied by Fluorescence Cross-Correlation Spectroscopy (FCCS). Recently, interactions 

between different components of the nanostructured secretome have been published in the 

literature, underlying a significant biological role, especially in pathological states (i.e., 

metastasis formation). This project investigated these interactions from a physicochemical 

point of view, addressing apparent affinity constants between the different components in 

physiological conditions. 

- EV surface engineering strategies developed in the previous three works has been applied 

in the fourth one (detailed in Chapter 6), to design and produce an EV-based drug delivery 

system with Cetuximab and Cisplatin for the synergistic and multimodal therapy of triple-

negative breast cancer (TNBC). This work is focused on the biological effects of this drug 

delivery system, by transcriptomic, in vitro, and ex vivo analysis. 

The findings presented in this thesis contribute to the ongoing efforts in EV research, with many 

results already published in international journals and additional papers in preparation. Through 
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these studies, the thesis aims to further the understanding of the EV-nanostructured secretome 

interface and its potential in clinical applications.  
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Chapter 3 - Extracellular Vesicles Surface 

Engineering and the Protein Corona 

“variable’’ 

This chapter is adjusted from our paper: Angelo Musicò, Rossella Zenatelli, Miriam Romano, 

Andrea Zendrini, Silvia Alacqua, Selene Tassoni, Lucia Paolini, Chiara Urbinati, Marco Rusnati, 

Paolo Bergese, Giuseppe Pomarico, Annalisa Radeghieri (2023). Surface functionalization of 

extracellular vesicle nanoparticles with antibodies: a first study on the protein corona “variable”. 

Nanoscale Advances. DOI: 10.1039/D3NA00280B. This study investigates protein corona 

formation during exogenous EV surface functionalization, using red blood cell-derived EVs 

functionalized with Cetuximab (CTX), comparing their properties to non-functionalized EVs. 

 

3.1 Introduction 
Extracellular nanoparticles (ENPs) are nanoparticles originating from cells and biological systems, 

including Extracellular Vesicles (EVs), lipoproteins, and protein nanoaggregates. They constitute 

the nanostructured secretome and differentiate each other in biological roles and biophysical 

properties.1 Due to their biological origin, ENPs present lower cytotoxicity and higher colloidal 

stability in biological fluids than their synthetic counterparts (e.g., liposomes, and synthetic 

nanoparticles - SNPs).2-4 For these reasons, ENPs are emerging in different medical fields as 

promising therapeutics and imaging agents.5-10 Among the ENPs, EVs have gained much interest 

during the last decade mainly due to their outstanding therapeutic performances in cancer therapy11 

and regenerative medicine.6,12 EVs are composed of a phospholipid bilayer membrane enriched 

with lipids, proteins, and carbohydrates enclosing an aqueous core containing soluble proteins, 

nucleic acids, and metabolites.1,13 The complexity of EV structure allows their application as up-

and-comer biological delivery systems. However, despite promising preclinical data, EV-based 

therapeutic approaches have been hampered by different issues, including EV-based therapeutics 

stability, scalability, safety, 14, and accumulation in specific organs (e.g., liver and spleen). 15 A 

promising approach to tackle EV-based therapeutics pharmacokinetics16 and tropism limits9,17,18 

is represented by the functionalization of EV surface that can be achieved by endogenous or 

exogenous strategies. Endogenous EV surface functionalization exploits cellular machinery and 

involves genetic modification of EV-secreting cells. This challenging approach could lead to 

unintended cell changes and may not be suitable for introducing unnatural or short-term stable 

molecules. Contrarily, exogenous EV surface functionalization can be achieved by manipulating 
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the EVs after their isolation,16 thus overcoming some of the limitations mentioned above related 

to the endogenous strategy. Indeed, exogenous modification of EVs is not affected by cellular 

activity and exploits the richness of chemistry conferred to the biological surface by the presence 

of tuneable molecules such as proteins and carbohydrates18. Finally, it can be applied to introduce 

both natural and artificial moieties. One of the most investigated exogenous surface 

functionalization methods is based on covalently binding target ligands to suitable moieties of 

membrane proteins or phospholipids19–21 present on EV membranes18–20. While small molecules 

such as fluorophores or drugs can be added with a one-step reaction to EV surface components, 

larger moieties as antibodies require the preliminary introduction of spacers and clickable groups 

onto the EV surface, followed by a reaction with suitable units on antibodies or proteins to achieve 

EV functionalization. During this procedure, EVs are generally reacted with a target protein-

enriched solution to achieve a satisfactory increase in the kinetics of the reaction and the 

conjugation yield.16–19. It has been widely acknowledged that synthetic nanoparticles, when 

immersed in biofluids, are almost immediately covered by multiple layers of macromolecules (i.e., 

biomolecular corona - BC).3,4 The BC is a dynamic entity made by some tightly adsorbed 

macromolecules (the so-called hard corona) and surrounded by weakly adsorbed layer(s) of 

macromolecules (soft corona). The overall composition is in equilibrium with the medium with 

which it constantly exchanges macromolecules. 22,23 The BC plays a pivotal role in defining the 

biological properties of the SNPs (e.g., nanoparticle uptake, biodistribution, and toxicity).2,24,25 

The most common type of BC is the protein corona (PC), where proteins are the most abundant 

macromolecules adsorbed on the SNP surface. Very recent studies have demonstrated PC also 

forms around EV surface during in vivo circulation26–30 (and since then, exponentially increasing 

efforts have been launched to tackle understanding of its role on EV colloidal, biophysical, and 

biological properties). Therefore, it is reasonable to hypothesize that a PC can also form in vitro 

during the incubation of EVs with macromolecule-enriched fluids, i.e., during the exogenous 

surface functionalization of EVs. In this work, we explore this aspect for the first time, using EVs 

derived from Red Blood Cells (REVs) functionalized with an anti-epidermal growth factor 

receptor (EGFR) monoclonal antibody (Cetuximab, CTX). Functionalized and pristine EVs were 

compared in terms of morphology, functionalization efficiency, binding activity, and in vitro 

uptake.  

 

3.2 Experimental section 
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3.2.1 Reagents 

Solvents were purchased from Merck and Carlo Erba and used as received without further 

purification. PBS, DMEM, FBS, and Penicillin/Streptomycin were purchased from Corning 

(Mediatech Inc., Manassas, VA, USA). NaN3 was purchased from Sigma Aldrich (St. Louis, MO, 

USA). Sulfo-Cyanine7.5 NHS ester was purchased from Lumiprobe GmbH (Germany). DBCO-

STP Ester, Azido-PEG4-NHS Ester, and Cy3 Azide were purchased from ClickChemistryTools, 

(Scottsdale, Az, US). MemGlow™ 488 was purchased from Cytoskeleton, Inc. (Denver, USA). 

Calcium ionophore (A23187) was purchased from Sigma Aldrich (St. Louis, USA).  

 

3.2.2 Instrumentation 

Centrifugation was performed with a 5804R Eppendorf Centrifuge, A-4-44 rotor, using 15 mL 

tubes. Ultracentrifugation for large volumes (up to 50 mL) was performed with Optima XPN-100 

equipped with a TY45 Ti rotor (Beckman Coulter, USA) while for small volumes (up to 1.5 mL) 

we used an Optima MAX-XP using a TLA-55 and a MLS-50 rotor (Beckman Coulter, USA). 

Images from western blot and gel fluorescence were acquired with Syngene G:BOX Chemi XX9 

(SYNGENE, UK) and were analyzed and quantified with the software Genesys and GeneTools 

(SYNGENE, UK). NanoDrop™ OneC (ThermoFisher, Rockford, USA) was used to characterize 

mCTX. Zeiss LSM510 with a Plan-Apochromat 63x/1.4 Oil DIC objective (Germany) was used 

to perform fluorescence confocal microscopy. All the VivaSpin columns used in this work were 

purchased from Sartorius Stedim Lab Lid (Sperry Way, Stonehouse, UK). NanoSight NS300 

system was used to determine the size distribution and the particle concentration of REV samples 

(Malvern Technologies, Malvern, UK). BIAcore X-100 instrument was used for SPR (Cytiva Life 

Science, Marlborough, MA, USA). 

 

3.2.3 Red Blood Cell EV (REVs) collection (isolation\separation) 

We have submitted all relevant data of our experiments to the EV-TRACK knowledge base (EV-

TRACK ID: EV230439).31 REVs were isolated following the guidelines from Usman et al.5 

Briefly, after blood collection (100 mL), RBCs were pelleted by centrifugation at 1000 × g for 8 

minutes at 4 °C and washed three times in PBS without calcium and magnesium. RBCs were 

further washed two times with CPBS (PBS + 0.1 g/L calcium chloride) and transferred into a 75 

mm2 tissue culture flask. Calcium ionophore was added to the flask (final concentration 10 mM) 

and incubated overnight at 37 °C. RBCs (75 mL) were gently collected from the flask, and cellular 

debris was removed by differential centrifugation (600 × g for 20 min, 1600 × g for 15 min, 3260 

× g for 15 min, and 10,000 × g for 30 min at 4 °C). The pellet was discarded at every step, 

transferring the supernatant into a fresh tube. The supernatants were filtered through 0.45 μm nylon 

https://www.google.com/search?rlz=1C1VDKB_itIT929IT929&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMu5iZ-JgAAA0eMfcVwAAAA&sa=X&ved=2ahUKEwix2Kz9gLf5AhU9XvEDHUbHAOAQmxMoAXoECEkQAw
https://www.google.com/search?rlz=1C1VDKB_itIT929IT929&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMu5iZ-JgAAA0eMfcVwAAAA&sa=X&ved=2ahUKEwix2Kz9gLf5AhU9XvEDHUbHAOAQmxMoAXoECEkQAw
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syringe filters. EVs were collected by ultracentrifugation at 100,000 × g for 70 min at 4 °C. EV 

pellets were then resuspended in cold PBS, layered above 2 mL frozen 60% sucrose cushion, and 

centrifuged at 100,000 × g for 16 h at 4 °C, with deceleration speed set to 0. The red layer of EVs 

was collected and washed twice with cold PBS and spun at 100,000 × g for 70 min at 4 °C. Finally, 

EVs were resuspended in 1 mL of cold PBS. 

 

3.2.4 Cell culture 

Two cell lines were used: the epithelial breast cancer cells MDA-MB-231 (ATCC #HTB-26) and 

the kidney embryo cells HEK293 (ATCC #CRL-1573). Both the cell lines were purchased from 

the American Type Culture Collection (ATCC), Manassas, VA, USA. Cells were cultured in 

DMEM supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin and 

maintained at 37 °C under 5% CO2. Cells were routinely tested for mycoplasma.  

 

3.2.5 Cetuximab functionalization  

Cetuximab (CTX) was kindly provided by Prof. Fabio Corsi (University of Milan) in storage 

buffer (sterile PBS + 0.1 mM NaN3). The storage buffer was replaced with 0.1 mM NaHCO3, pH 

8.4 using VivaSpin2000 column with 50 kDa cut-off. CTX solutions were centrifuged at 2000 × 

g for 15 minutes. The buffer exchange step was carried out thrice by adding 2 mL of NaHCO3 0.1 

mM, pH 8.4 at each step. CTX concentration after the buffer exchange process was quantified by 

NanoDrop™ OneC. For antibody functionalization, 200 µL of CTX 0.016 mM was incubated 

overnight on continuous mixing at 4 °C with 12 equivalents of Sulfo Cyanine 7.5 NHS ester (0.2 

mM in DMSO) and 6 equivalents of DBCO STF ester (0.1 mM in DMSO), thus obtaining modified 

CTX (mCTX). For deactivation, mCTX was incubated overnight at 4 °C with 1 µM of NaN3 in 

PBS pH 7.4. DBCO conjugation yield was estimated by incubating a small aliquot of 

functionalized mCTX with azido-Sulfo Cyanine 3 overnight on continuous mixing at 4 °C. Excess 

of reagents (Sulfo Cyanine 7.5 NHS ester, DBCO STF ester, azido-Sulfo Cyanine 3 or NaN3) was 

removed after every step with Vivaspin500 column with 30 kDa cut off by centrifuging the mCTX 

solution at 12000 × g for 15 min and washing it with 500 μL of PBS until no significant signal 

from the free fluorescent dyes could be detected by UV-Vis spectroscopy. mCTX characterization 

is reported in SI.  

 

3.2.6 Bicinchoninic acid (BCA) assay  

Protein concentrations of REVs and RBC homogenate samples were determined with Pierce™ 

BCA Protein Assay Kit (ThermoFisher, Rockford, USA), following the manufacturer's 

instructions.  
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3.2.7 SDS-Page and Western Blotting 

Samples were boiled in reducing SDS sample buffer (80 mM Tris, pH 6.8, 2% SDS, 7.5% glycerol, 

0.01% bromophenol blue) supplemented with 2% 2-mercaptoethanol for 5 min at 95 °C and 

separated by SDS-PAGE on acrylamide/bisacrylamide 10% gel.32 For densitometric analysis, we 

used the Image Lab software (Biorad, Hercules, CA, US). For CTX quantification, after the 

electrophoresis run, the gel was imaged by Syngene G:BOX Chemi XX9 with an acquisition time 

of 2 min and 800 nm wavelength. For the WB analysis, samples were transferred onto a PVDF 

membrane and blocked overnight with 5% fat-free milk in PBS-0.05% Tween-20 (PBST).32 The 

PVDF membranes were incubated with the following antibodies (at dilution 1:1000) for 90 min in 

PBST + fat-free milk 1%: mouse anti-GM130 (610823, clone 35/GM130, BD Biosciences, 

Germany), mouse anti-Alix (sc-53539, 2H12, Santa Cruz Biotechnology, USA), rabbit ant-

Annexin XI (GTX33010, polyclonal, GeneTex, USA), mouse anti-CD47 (sc-59079, BRIC 126, 

Santa Cruz Biotechnology, USA), mouse anti-CD45 (sc-1178, 35-Z6, Santa Cruz Biotechnology, 

USA), rabbit anti-EGFR (4406, clone 15F8, Cell Signalling Technology Inc.), mouse anti-HBA1 

(H00003039-M02, clone 4F9, Abnova, Jhouzih St., Taipei, Taiwan), mouse anti-HBB 

(2H3Abnova, Jhouzih St., Taipei, Taiwan). The membranes were washed thrice for 10 min with 

PBST and incubated for 1 h with the following secondary antibodies (at dilution 1:3000): rabbit 

anti-mouse and goat anti-rabbit (Zymed). Blots were detected using Luminata Classic HRP 

western substrate (Millipore). Images were acquired using a G: Box Chemi XT Imaging system, 

as described in Alvisi et al.33.  

 

3.2.8 COlorimetric NANoplasmonic (CONAN) assay 

The purity of REV preparations from soluble contaminants was tested with the CONAN assay. 

The assay is a colorimetric test that exploits the aggregation of citrate-capped gold nanoparticles 

(AuNPs) onto the EV membrane and the formation of the protein corona onto the AuNP surface 

to detect soluble proteins in EV preparations. CONAN assay was performed according to Zendrini 

et al.34 

 

3.2.9 Atomic Force Microscopy (AFM) imaging  

Atomic Force Microscopy (AFM) imaging was performed on a Nanosurf NaioAFM equipped with 

a Multi75-AI-G tip (Budget Sensors). For sample preparation, EVs were resuspended in 100 µL 

sterile H2O (Milli-Q, Merck Millipore) and diluted 1:10 in H2O. 5 µL of the sample were then 

spotted onto freshly cleaved mica sheets (Grade V-1, thickness 0.15 mm, size 15 × 15 mm2) and 

dried at 37 °C for 10 minutes. Images were acquired in tapping mode, with a scan size ranging 
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from 1.5 to 25 µm and a scan speed of 1 s per scanning line. Image processing was performed on 

Gwyddion ver. 2.61.  

 

3.2.10 Nanoparticle Tracking Analysis (NTA) 

Nanoparticle Tracking Analysis (NTA) was performed according to the manufacturer's 

instructions using a NanoSight NS300 system configured with a 532 nm laser. Samples were 

diluted 1:1000 in filtered PBS (0.22 µm) to a final volume of 1 mL to obtain the optimal particle 

per frame value (20–100 particles/frame). A syringe pump with constant flow injection was used 

(20 μl/min), and the temperature was set constant at 25 °C. Particles were detected at a camera 

level of 10 and three videos of 60 s were captured and analyzed with NTA software ver 3.2. The 

mean, mode, and median EV sizes from each video were used to calculate sample concentration, 

expressed in particles/mL.35  

 

3.2.11 REV functionalization and labeling 

REVs were functionalized following a two-step labeling strategy. 200 µL of 8x1011 EV/mL REV 

solution was reacted with 200, 500, or 1000 equivalent of -ester (diluted in PBS) overnight on 

continuous mixing at 4 °C. PEG excess was removed using Vivaspin500 column with 10 kDa cut-

off, washing the samples five times with 500 µL of PBS. Pegylated REVs were recovered from 

the column with 200 µL of PBS. 200 µL of pegylated REVs (8*1011 particles/ml) were then reacted 

overnight on continuous mixing at 4 °C with 200, 500, or 1000 equivalent of mCTX (in PBS, pH 

7.4). The unreacted antibody was removed by ultracentrifugation (100,000 × g, 2 h), and the pellet 

was resuspended in 100 µL of PBS and stored at 4 °C until use. REV labeling with MemGlow™ 

488 was performed following standard customer protocols. REVs were incubated with 

MemGlow™ 488 100 nM for 15 min, then MemGlow™ 488 excess was removed by 

ultracentrifugation (100,000 × g, 2 h).  

 

3.2.12 Surface Plasmon Resonance (SPR) 

The BIAcore X-100 instrument was used. Human EGFR was immobilized by standard amine-

coupling chemistry on a research grade CM5 sensorchip, whose surface consists of a 

carboxymethylated dextran matrix. In detail, EGFR was resuspended at 15 μg/mL in 10 mM 

sodium acetate pH 4.8 and injected for 180 sec. at a flow rate of 10 mL/min on one cell of the 

sensorchip previously activated with a mixture of 1-ethyl-3-(3-dimethylamino propyl) 

carbodiimide hydrochloride (0.2 M) and N-hydroxy-succinimide (0.5 M). Following EGFR 

binding the surface was deactivated with ethanolamine. With this procedure, three different 

biosensors have been generated and used for the analysis presented in the work with an amount of 
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immobilized EGFR receptor varying between 1,400 and 2,500 resonance units (RU) (equal to 8-

13 fmol/mm2). On the second cell, used as a negative control for blank subtraction, was performed 

a blank immobilization. For binding analysis, increasing concentrations of the various proteins and 

EVs were resuspended in 0.01 M HEPES pH 7.4, 0.15 M NaCl, 3.0 mM EDTA, 0.005% v/v 

Surfactant P20 (HBS), injected over the sensorchips for 180 sec. at a flow rate of 30 μL/min to 

allow their association with the immobilized EGFR and then washed until dissociation. To 

preserve the immobilized receptor, the single cycle model was adopted,36 where the compounds 

are injected at increasing concentrations within a single scan without regeneration of the surface 

after each injection.  

 

3.2.13 In vitro uptake assay 

MDA-MB-231 cells were seeded on 12 mm-sized coverslips, precoated with 50 µg/mL Type I 

Bovine Collagen (TB03, Alphabioregen) as 200000 cells/mL in 150 µL of complete media. After 

24 h, cells were treated for 4 h and 24 h with MemGlow™ 488 labeled REVs, REVs-physi-mCTX, 

REVs-click-mCTX, and mCTX in media with or without FBS. Each treatment was carried out 

using comparable amounts of REVs (1010 EVs/mL) and CTX (1.61 x 10-1 nM).  Cells were washed 

once with PBS 1X without CaCl2 and MgCl2 (21-040-CV, Corning) and then fixed with 3% 

paraformaldehyde (PFA) solution for 15 minutes at room temperature (RT). PFA was quenched 

with 50 mM NH4Cl for 10 minutes at RT. Cells were washed twice with PBS 1x and permeabilized 

with 0.3%. Saponin in PBS 1x for 10 minutes at RT. Cellular nuclei were stained with DAPI 

(Invitrogen, 1:600). Cells were washed twice with PBS 1x, once with bidistilled H2O, and 

coverslips were mounted using ProLong™ Gold Antifade Mountant (P36934, Invitrogen). For EV 

uptake analysis, 512 x 512 pixel images were acquired with a Zeiss LSM510 with a Plan-

Apochromat 63x/1.4 Oil DIC objective, with a 0.2% 405 nm laser for DAPI and 0.2% 488 nm for 

MemGlow™ 488. Images were quantified with the software ZEN 3.6. For mCTX uptake analysis, 

coverslips were also acquired with Syngene G:BOX Chemi XX9 following standard protocols 

present in the software for detecting Cy7.5 and DAPI. For each treatment, MemGlow™ 488 and 

CTX fluorescence signals were normalized to DAPI fluorescence.  

 

3.3 Results and Discussion 
 

3.3.1 CTX modification and characterization 

CTX chemical modification was optimized for REV surface functionalization. We exploited the 

coupling between primary amines (mainly the amino group on the side chain of lysines of the 

antibody) and activated esters (see experimental section). We adopted this strategy to covalently 

bind the fluorophore (Sulfo Cyanine 7.5, Cy7.5) and the alkyne unit (dibenzocyclooctyne, DBCO) 
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in order to permit tracking of CTX and coupling with the azido groups added on the REV surface 

(see REV surface functionalization section), respectively (see Fig. 1.3). CTX modification was 

optimized to introduce functional units while keeping antibody binding ability. Two reaction ratios 

were tested to find the better condition to bind approximately 1 DBCO and 2 Cy7.5 to the CTX. 

In the optimized protocol, CTX was reacted with 12 equivalents of Cy7.5 and 6 equivalents of 

DBCO. After purification, modified CTX (mCTX), was characterized by UV-Vis spectroscopy 

(Fig. 1.3B) to determine the number of dyes attached to the antibody by the following equations:  

                                                                  𝑀 =
𝐴280 –(𝐴𝑚𝑎𝑥 𝑥 𝐶)

𝜀
𝑥 𝐷                        (1) 

 

                                                                                   𝑅 =
𝐴𝑚𝑎𝑥

𝜀′𝑥 𝑀
𝑥 𝐷                               (2) 

 

Equation (1) was used to estimate the CTX molar concentration (M), while equation (2) was used 

to calculate the antibody/dye ratio. In the equations, D is the dilution factor, A280 is the absorbance 

at 280 nm, Amax is the absorbance of the peak of the fluorophore, C is the correction factor, while 

𝜀 and 𝜀′ are the molar extinction coefficients of the antibody (210000 M-1cm-1) and the dye (Cy7.5: 

220000 M-1cm-1, Cy3: 150000 M-1cm-1) respectively. DBCO quantification was performed by 

reacting an aliquot of mCTX with 6 equivalents of azido-sulfo Cyanine 3 (Cy3). This step is 

required due to the low molar extinction coefficient of the DBCO and to the proximity of its peak 

with the more intense protein signal at 280 nm, which hampers direct DBCO quantification by 

UV-Vis spectroscopy. UV-Vis spectra of mCTX-Cy3 (Fig. 1.3C) were used to calculate the degree 

of CTX labeling by Cy3 using equations (1) and (2), and assuming that DBCO is completely 

consumed to bind Cy3, due to the high kinetics and excess used for the reaction. Our calculations 

showed that each CTX binds on average 1.3 molecules of DBCO and 2 molecules of Cy7.5. The 

approximately 1:1 ratio between CTX and DBCO is pivotal to avoid CTX with multiple DBCO 

units could bind different REVs at the same time. To create a control sample unable to bind azido 

groups (de-activated modified CTX, DmCTX), an aliquot of mCTX was reacted with NaN3 to 

consume any DBCO (see experimental section). DmCTX showed not to bind Cy3 ligation, 

indicating the successful deactivation of DBCO (Fig. 1.3D).  
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Figure 1.3: CTX modification and characterization. A) Workflow followed to obtain mCTX, 

mCTX-Cy3, and DmCTX. B) UV-Vis spectra of mCTX. C) UV-Vis spectra of mCTX-Cy3. D) UV-

Vis spectra of DmCTX. 

 

3.3.2 Biophysical and biochemical characterization of Red Blood Cell-EVs 

REVs were characterized according to the most updated guidelines. In the specific, Nanoparticle 

Tracking Analysis (NTA) was used to determine REV particle number and size distribution, 

Atomic Force Microscopy (AFM) was used to evaluate REV morphology, and Western Blot was 

used to assess REV protein markers. NTA measurements showed a monomodal size distribution, 

with a peak at 160 ± 2.3 nm in diameter (see Figure 2.3A) and a REV concentration of 1.81*1012 

± 8.8*1011 particles/mL, in agreement with what was already observed in the literature about REVs 

. Correlating BCA and NTA data, we found that 2*109 REVs correspond to 1,06 µg of total 

proteins (see Figure 2.3B), which is compliant with the theoretical calculations by Sverdlov and 

Zendrini et al.5 Western Blot analysis (see Figure 2.3C) revealed the presence of typical REV 

markers, like Alix and Annexin XI, and hemoglobin subtypes HBB and HBA, confirming the RBC 

origin of our REVs. The absence of contaminants, such as Golgi-derived vesicles (GM130) or 

leukocyte-derived EVs (CD45) was verified, together with the expression of CD47. This protein 

is often referred to as a “don’t eat me” signal and highlights REV immune-evasion potential useful 

for drug delivery applications. Also, we evaluated the expression of EGFR - the natural ligand of 

CTX, and we found a negligible signal. The absence of EFGR on REVs is mandatory, as it avoids 

specific, undesired binding of CTX to the surface of REV during functionalization processes. The 

presence of spherical nano-objects in the size range typical of EVs dried on a flat surface was 

confirmed by AFM imaging (see Figure 2.3D). Finally, the presence of soluble protein-
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contaminants in the REV preparations was assessed with the CONAN assay. The fluctuation of 

the Aggregation Index (AI) (see Figure 2.3E) at different dilutions and the relative AI value lower 

than the purity threshold indicated the presence of a negligible amount of no EV-associated soluble 

proteins, as previously reported. All these data together confirm the high quality of our REV 

preparations. In particular, the monomodal size distribution and the negligible amount of soluble 

proteins avoid possible interferences during functionalization processes.  

 
Figure 2.3: REV characterization. A) The size distribution graph obtained by NTA shows a 

monomodal distribution of our REVs. Data are expressed in frequency%, and the diameter bin 

has been selected as 20 nm. n = 3. B) The correlation between particle count and protein content 

obtained by BCA assay, of the native REV samples, indicates the absence of soluble proteins. n = 

3. C) Representative Western Blots of REVs and RBC lysate with specific EV markers (Alix, 

Annexin XI), REV markers (hemoglobin á and â, CD47), and negative controls (GM130, CD45, 

and EGFR). D) Representative AFM image showing the morphological structure of REVs as 

spherical nano-objects. E) In the CONAN assay, the Int-REF AI ratio defines the threshold below 

which the spectral redshift is only due to the interaction between the AuNPs and the EVs. The 

dotted line represents the CONAN assay threshold for soluble protein detection (<20% AI ratio 

means that the soluble protein content is ≤0.05 μg/μL). 

 

3.3.3 REV surface functionalization 

For REV surface functionalization, we followed the experimental workflow depicted in Fig. 3.3A. 

We adopted a two-step chemical labeling strategy16 (see experimental section), exploiting the 

Strain-Promoted Alkyne-Azide Cycloaddition (SPAAC) reaction between an azido group and an 

alkyne to covalently bind mCTX to the EV surface. REVs were first reacted with an N3-(PEG)4-

NHS ester (reaction ratio 1:200 REVs:N3-(PEG)4-NHS ester) to introduce a clickable group onto 

the REV surface. A non-clickable (without azido-PEG) control sample was prepared to explore 

the eventual physisorption of mCTX onto the EV surface (REVs underwent the same workup 
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procedure as pegylated REVs). Clickable and non-clickable samples were reacted with mCTX 

(reaction ratio 1:200 REVs:mCTX) and washed by dilution with PBS followed by 

ultracentrifugation to remove unreacted antibodies, obtaining REVs-click-mCTX and REVs-

physi-mCTX, respectively. As shown in Fig. 3.3B, the size distribution of REVs was not affected 

by the functionalization process, indicating no significant morphological changes due to surface 

functionalization. The CONAN assay was performed to verify the presence of non-EV-associated 

antibodies.34. The samples tested showed the same AuNP aggregation properties of native EVs, 

thus indicating that the eventual amount of free antibody present in the solution is negligible (see 

Fig. 3.3C). CTX binding on REV was evaluated by SDS-PAGE followed by fluorescence imaging 

exploiting the fluorescent dye (Cy7.5) linked to mCTX. The densitometric fluorescence profile 

was acquired from the gel image, and differences between REVs-click-mCTX, REVs-physi-

mCTX, and mCTX were observed (Fig. 3.3D), strongly suggesting the successful covalent ligation 

of mCTX to EV proteins by click-chemistry reaction. Indeed, lane 1 of SDS-PAGE displays the 

electrophoretic profile of REVs-click-mCTX as composed of higher molecular weight bands with 

respect to free mCTX (lane 3). This profile is likely ascribable to an increase in mCTX heavy and 

light chains' molecular weight due to the covalent bonding with EV membrane proteins. 

Interestingly, the intensity of light chain and heavy chain band signals was lower in REVs-click-

mCTX than mCTX, further confirming the covalent bonding. REVs-physi-mCTX (lane 2) showed 

the presence of mCTX heavy chain and light chain with a densitometric profile similar to mCTX 

(lane 3), suggesting that mCTX might be physisorbed on EV surface without the azido-PEG unit. 

In order to quantify CTX on functionalized REVs, a calibration curve based on total lane 

fluorescence intensity was obtained by loading different amounts of mCTX (0.02 – 2 µg range) in 

an SDS-PAGE gel. Quantification of CTX molar concentration, normalized for REV molar 

concentration, is shown in Fig. 3.3E.  Data indicated that a similar number of antibodies was 

present on REVs-click-mCTX and REVs-physi-mCTX (approximately 90 molecules of mCTX 

per EV), despite the differences in the densitometric profile described above. Furthermore, we 

performed a control reaction of the functionalization process using the DmCTX, and the reaction 

yield was quantified as above. As shown in Fig. 3.3E, about 90 DmCTX molecules per EV were 

co-isolated with REVs-physi-DmCTX, while REVs-click-DmCTX showed a negligible co-

isolation yield, suggesting that active DBCO is required to react with the azido group on pegylated 

REVs. This result fosters the hypothesis of the anti-fouling properties exerted by PEG on the REV 

surface. PEG anti-fouling effect was already largely explored and exploited for synthetic NPs,40,41 

and our data highlight the role of pegylation in inhibiting the physisorption of DmCTX. All these 

experimental pieces of evidence strongly indicate that our strategies led to REV surface 
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functionalization through the two different mechanisms we aimed at: the first mechanism featuring 

chemisorption, through the formation of a covalent bond by click-chemistry reaction, while the 

second featuring the formation of a physisorbed PC.  
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Figure 3.3: REV surface functionalization by chemical or physical strategy. (A) Schematic 

representation of the functionalization processes followed. (B) Size distribution of functionalized 

samples determined by NTA shows no significant differences compared to the native REVs. Data 

are expressed in frequency %, and the diameter bin has been selected as 20 nm. N = 3. (C) In the 

CONAN assay,34 the Int-REF AI ratio defines the threshold below which the spectral redshift is 

only due to the interaction between the AuNPs and the EVs. Functionalized REVs were tested 

undiluted and after dilutions of 10 and 100-fold. The dotted line represents the CONAN assay 

threshold for soluble protein detection (< 20% AI ratio means that the soluble protein content is 

≤ 0.05 μg/μL)(D). SDS-PAGE and relative fluorescence densitometric profile of REVs-click-mCTX 

(lane 1, 20 μL), REVs-physi-mCTX (lane 2, 20 μL) and mCTX (lane 3, 1 μg). (E) mCTX and 
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DmCTX per REV yields of functionalized samples. Data are elaborated as the molar concentration 

of mCTX normalized by the molar concentration of REVs of the sample. N = 5.   

 

Next, we performed a dose-dependent functionalization assay to optimize the functionalization 

process by modifying REVs by CTX chemisorption or physisorption as described above, with 

different mCTX-to-REV ratios. mCTX/REV amount relative to samples produced with three 

different REV:mCTX reaction ratios of 1:200, 1:500, and 1:1000 (azido-PEG were reacted in the 

same excess of mCTX) was quantified immediately after the first wash following functionalization 

(Fig. 4.3A and B, blue bar). Moreover, to evaluate the stability of the binding, a second and third 

wash was performed (red and green bars, respectively, Fig. 4.3A and B), as described in the 

experimental section. Concerning REVs-click-mCTX, results indicated that 200 equivalents of 

antibodies per REVs allowed the saturation of the binding sites present on the REV surface, and 

theoretical calculations (normalizing the total area generated by the antibodies for the surface of 

the REVs and approximating mCTX to a sphere with a radius of 5.5 nm) indicated that under these 

conditions mCTX covered approximately 10-15% of the REV surface. In addition, REVs-click-

mCTX showed a constant mCTX amount per REV for all the reaction ratios after every washing 

step (see Fig. 4.3A), again supporting that mCTX was covalently bound to the REV surface. 

Considering that the REV surface is for the 23% occupied by membrane proteins,42 such a result 

about surface coverage is probably due to a combination of the saturation of the binding sites on 

the REV surface, the antifouling properties of PEG chains, and the steric hindrance generated by 

mCTX attached to the REV surface. On the other hand, the REVs-physi-mCTX samples showed 

a proportional increase in the co-isolation of mCTX per EV with increasing reaction ratios after 

the first wash (see Fig. 4.3B, blue bars). In the higher reaction ratio (1:1000, blue bar), mCTX 

covers up to 30% of the total REV surface, but after further washes, the mCTX amount per REV 

dramatically decreases, indicating that antibodies are likely to be physisorbed on the REV surface 

rather than being stably bound. For 1:200 and 1:500 ratios, after the second wash, the amount of 

mCTX per REV reached a stable value of ~50 mCTX/REV, representing 5% of the surface 

coverage. This data could indicate the formation of a first layer of mCTX more strongly 

physisorbed onto the REV surface than the others. These considerations are in accordance with 

the general description of the PC as a multilayered entity with the stability of the protein layers 

decreasing with the distance from the EV surface43,44: the more stable layer constitutes the so-

called hard PC, while the soft PC is made by the layers more loosely attached.24 
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Figure 4.3: mCTX dose-dependent functionalization assay and mCTX stability assay on REVs. (A) 

mCTX per REV ratio and % of REV surface coverage by CTX of REVs-click-mCTX, obtained by 

different REV/mCTX reaction ratios (1:200, 1:500, 1:1000) were determined after one (blue bar), 

two (red bar) and three (green bar) washes following the chemical functionalization strategy. n = 

3. (B) mCTX per REV ratio and % of REV surface coverage by CTX of REVs-physi-mCTX, 

obtained by different REV/mCTX reaction ratios (1:200, 1:500, 1:1000) were determined after 

one (blue bar), two (red bar) and three (green bar) washes following the chemical 

functionalization strategy. n = 3.  

 

 

3.3.4 Evaluation of the binding capacity of REVs-click-mCTX and REVs-physi-mCTX to EGFR 

We next evaluated the binding of REVs-click-mCTX and REVs-physi-mCTX towards EGFR by 

Surface Plasmon Resonance (SPR) technology, already exploited by our group for binding studies 

of growth factors and EVs45,46). To this aim, EGFR was immobilized onto an SPR sensorchip by 

amine-coupling procedure (see experimental section). Firstly, the functionality of the EGFR-

containing biosensor was validated using the epidermal growth factor (EGF), the natural ligand of 

EGFR. Saturation curves plotted with the binding values at equilibrium (Fig. 5.3) were obtained 

which allowed the calculation of the dissociation constant (Kd) value, which is inversely 

proportional to the binding affinity. As shown in Fig. 5.3A, EGF bonded to EGFR in a dose-

dependent and saturable way with a Kd equal to 67.3 nM, thus in line with the values already 

reported in the literature.47 The EGFR-containing biosensor was then used to evaluate the binding 

of CTX before or after its chemical modification. As shown in Fig 5.3B, CTX bonded to EGFR in 

a saturable and dose-dependent way with a Kd equal to 1.8 nM, as already reported in literature48 

The chemical modification introduced in mCTX leads to an apparent, limited decrease of affinity 

equal to 3.6 nM,. On the basis of the positive results obtained with control proteins, the EGFR-

containing biosensor was then used to evaluate the EGFR-binding affinity of the differently 

functionalized REVs. The binding resulted CTX-dependent, as demonstrated by the lack of 

binding of native REVs, devoid of surface-associated antibodies (Fig. 5.3C). The Kd for the REVs-

click-mCTX/EGFR interaction is equal to 0.17 nM. Also, REVs-physi-mCTX binds to EGFR in 
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a specific, stable, dose-dependent, and saturable way (Fig. 5.3C), with an affinity that is similar to 

that of REVs-click-mCTX. This result suggests that the association between mCTX and REVs is 

quantitatively similar despite the different functionalization strategies. It is also worthy of 

mentioning the high affinity of the EGFR/REVs-click-mCTX interaction, which is 10 times higher 

than that of free mCTX. It is tentative to hypothesize that a cooperative interaction process,49,50 

occurred at the interface between the sensorchip surface and the vesicle that generates a very high 

affinity binding. Interestingly, a high-affinity cooperative binding has been already demonstrated 

for the interaction of immunoliposomes carrying anti-ephrin A2 single chain fragment with ephrin 

A2.51 The saturation response (Rmax) is known to be dependent on the amount of surface-

immobilized ligand available to the binding. REVs-physi-mCTX showed a Rmax value that is four 

times lower than that of REVs-click-mCTX (33 + 2.5 and 150.0 + 35.5, respectively, Fig. 5.3C). 

It is tentative to hypothesize that when weakly adsorbed on REVs-physi-mCTX, the antibody 

“moves” from the vesicle to the EGFR-coated surface, where it remains firmly bound, decreasing 

the amount of EGFR available to interact with other REVs. Conversely, this does not occur in 

REVs-click-mCTX, where mCTX is covalently anchored to the REV surface. The stability of the 

association of CTX to REVs obtained by physisorption or by chemical strategy considerations 

may have important implications on the vesicle uptake in vitro (see below) and their practical 

therapeutic use.52 In this work, DmCTX has been generated to demonstrate the essential role of 

DBCO in mCTX association with REVs and the anti-fouling properties of pegylation (see above). 

As expected, based on the similar amount of antibody associated, REVs-physi-DmCTX retains an 

EGFR-binding affinity very close to that of REVs-physi-mCTX, confirming that DmCTX behaves 

as mCTX in interacting with EGFR and that it can be absorbed on REV surface as mCTX. 

Although endowed with a negligible amount of associated antibody REVs-click-DmCTX binds 

EGFR with high capacity (measured as maximal RU bound) but occurs in a non-saturable manner 

(Fig. 5.3C) and with a very low affinity (Kd > than 33 μM), indicating a non-specific interaction.53 

This anomalous behavior is likely due to the presence on REVs of unreacted azido-PEG that, as 

already reported45,46, could interact in a non-specific way with biosensor surfaces. Whatever the 

cause of this non-specific binding, these results confirm that the interaction of CTX with the azido-

pegylated EV surface occurs only when it possesses a reactive DBCO group. To summarize, SPR 

experiments confirmed that REVs can be functionalized with mCTX following biorthogonal and 

physisorption strategies, where both methods produce samples with a similar affinity for EGFR 

but with different stability of the antibody association.  
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Figure 5.3: SPR binding analysis on the EGFR-functionalized biosensor. Significative binding 

isotherms obtained by fitting the amount of formed complex at equilibrium (in resonance units, 

RU, obtained from single cycle analysis) versus concentrations in solution of EGF (A) and CTX 

and mCTX (B), REVs (C). In the binding isotherms of the REVs (C), the REV concentration (and 

not that of the associated mCTX) are used. N = 3 

 

3.3.5 In vitro cell uptake of REVs-click-mCTX and REVs-physi-mCTX  

Modifying the EV surface by introducing suitable molecules for targeted drug delivery increases 

the chances for EVs to be taken up by cells via specific receptor-mediated endocytosis43,44. SPR 

data showed that REVs-click-mCTX and REVs-physi-mCTX have the same affinity towards 

EGFR. Therefore, in principle, at the cellular level, both functionalized EVs are in the position to 

trigger the same uptake pathway by activating EGFR-mediated endocytosis. We assessed the 

targeting and uptake of the modified REV samples in vitro using MDA-MB-231 triple-negative 

breast cancer cells expressing high levels of EGFR.54,55 EGFR expression in MDA-MB-231 cells 

was confirmed by Western blot analysis, showing a 1.55-fold expression level when compared 

with control cells, namely HEK293T epithelial-like immortalized kidney cells53 known to express 

basal levels of EGFR (data not shown).56 Cells were treated with equal particle number of REVs-

click-mCTX and REVs-physi-mCTX for 4 and 24 h in the presence or absence of Fetal Bovine 

Serum (FBS), used here to best mimic the physiological environment. The cellular internalization 

of the REVs was evaluated by following both mCTX and REV uptake quantifying the fluorescence 

of Sulfo Cyanine 7.5 (mCTX, red) and the Fluorogenic Membrane Probe MemGlow™ 48857 

(REVs, green), respectively. At first glance, it was evident that the addition of FBS decreases the 

overall uptake of both mCTX and REVs at 4 and 24 h (Fig. 6.3), thus suggesting a competition 

mechanism between the heterogeneous FBS components with REVs, as observed by Salvati et al. 

for transferrin-functionalized NPs.58 After 4 h treatments, REVs-click-mCTX showed a 

significantly higher mCTX uptake than REVs-physi-mCTX whether the treatments were carried 

out with or without FBS (Fig. 6.3A). However, we did not observe relevant differences in REV 

uptake between functionalized samples and the control pristine REVs, suggesting that other 

interactions, independent from mCTX-EGFR recognition, can still happen at early time points59 
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(Fig. 6.3B). After 24 h, REV-click-mCTX showed significantly higher mCTX uptake compared 

to REV-physi-mCTX only in presence of FBS (Fig. 6.3C). This difference is also reflected in REV 

uptake related to REV-click-mCTX, that is significantly higher than pristine REVs and REV-

physi-mCTX (Fig. 6.3D). Interestingly, REVs and REVs-physi-mCTX uptake was experimentally 

equal at each time point in FBS-containing conditions. These data can be, at first instance, 

explained by the fact that REV-physi-mCTX should be more sensitive to protein exchange when 

immersed in biological media, leading to decreased EGFR-mediated cellular uptake. As mentioned 

earlier, pristine NPs and EVs are immediately coated by a BC once immersed in a biofluid, which 

(re)sets their targeting, uptake, and biodistribution profiles.22,29 Mostly due to its dynamic 

properties.60,61 In biofluids, BC features and morphology evolve due to the continuous 

adsorption/desorption of loosely bound proteins, primarily enriched in the soft corona.24,62 

Altogether, these results suggested that in biological fluid containing a physiological concentration 

of proteins, such as the one containing FBS, REVs-click-mCTX, and REVs-physi-mCTX did not 

maintain the same EGFR-targeting ability and that mCTX functionalization by physisorption did 

not improve EV targeting ability in respect to pristine REVs (Fig. 6.3D).  
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Figure 6.3: (A). In vitro mCTX uptake assay. Fluorescence image and quantification of MDA-MB-

231 cells after the treatment with REVs-click-mCTX and REVs-physi-mCTX at 4 h in the absence 

(No FBS) and in presence of FBS. The red fluorescence is related to mCTX. * = p value < 0.05. 

(B). In vitro REV uptake assay. Confocal microscopy image and quantification of MDA-MB-231 

cells after the treatment with REVs-click-mCTX and REVs-physi-mCTX at 4 h in the absence (No 

FBS) and in presence of FBS. The green fluorescence is related to MemGlow™ 488, while the 

blue is to DAPI. * = p value < 0.05. (C) In vitro mCTX uptake assay. Fluorescence image and 

quantification of MDA-MB-231 cells after the treatment with REVs-click-mCTX and REVs-physi-

mCTX at 24 h in the absence and in presence of FBS. The red fluorescence is related to mCTX. * 

= p value < 0.05. (D) In vitro REV uptake assay. Confocal microscopy image and quantification 

of MDA-MB-231 cells after the treatment with REVs-click-mCTX and REVs-physi-mCTX at 24 h 

in the absence (No FBS) and in presence of FBS. The green fluorescence is related to MemGlow™ 
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488, while the blue is to DAPI. * = p value < 0.05; ** = p value < 0.01. NAI = Normalized 

Adjusted Intensity. The y axis is reported as logarithmic scale for graphs in A) and C) and linear 

scale for B) and D). N = 5 

 

3.4 Conclusions 
This work opens to the exploration of the influence and role BC has in the exogenous surface 

functionalization of EVs with targeting antibodies. In parallel, it evidences the key importance of 

the rigorous understanding and control of all the functionalization processes – from the choice and 

preparation of the antibodies to the final in vitro functional evaluation, a characteristic too often 

underrated in the literature. We developed and optimized the modified CTX by introducing a red-

emitting fluorophore (Cy7.5) and clickable unit (DBCO). mCTX was then used to functionalize 

REV surfaces by chemisorption (covalent binding of mCTX via biorthogonal click-chemistry) and 

physisorption (formation of a CTX corona). Both approaches did not affect REV morphology. The 

covalent bonds established between REV surface proteins and mCTX by click-chemistry allowed 

the functionalization of the REV surface, resulting in changes in the mCTX electrophoretic profile. 

Besides, mCTX physisorbed on the REV surface was dynamic and in equilibrium with the media. 

mCTX-EGFR molecular recognition was carefully verified by comparing mCTX and CTX’s 

binding curves on an EGFR-functionalized biosensor, demonstrating that the modification of the 

antibody did not affect its binding. The same biosensor was then used to study the binding of 

functionalized REVs. SPR functional assay demonstrated that both REVs functionalized by 

chemisorbed and physisorbed mCTX bind EGFR with fairly consistent affinity. In vitro tests 

showed that in the presence of FBS, a condition closer to the physiological milieu, only the 

covalent anchorage of mCTX led to increased uptake of the REVs correlated with the increased 

uptake of mCTX. On the other hand, the presence of FBS-related proteins forces an exchange of 

biomolecules between the PC made by mCTX on the REV surface and the medium, leading to a 

loss of functionality. Although EV-BC derived from biofluids has been shown to bestow functional 

features to EVs,63 the PC derived from EV surface functionalization by physisorption seems not 

to be functional for drug delivery applications. Future studies on the kinetic of release and on the 

residual number of CTX molecules still adsorbed on EVs after incubation in an FBS complex 

medium could help to explain the different functionality between chemi- and physisorbed EVs. 

Thus, the covalent anchorage of antibodies onto the EV surface is required to improve specific EV 

recognition by the cells and guarantee the delivery of therapeutic cargo. These findings give a first 

evaluation of the effect of the (spontaneous and unavoidable) biomolecule physisorption during 

EV surface functionalization (namely BC formation) and they should be carefully considered (and 

further elaborated) when designing and preparing surface-functionalized EVs. Further work is 

needed to characterize the role of BC in the formulation of surface-functionalized EVs with other 
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molecules, such as proteins and peptides, to support the exploitation of different functionalization 

strategies for developing delivery vehicles, imaging agents, or bio nano-therapeutics. For these 

reasons, we developed a Fluorescence Correlation Spectroscopy protocol to further study the 

exchange of macromolecules at the EV surface and the dynamic BC formation in chemical and 

physically engineered EVs. The results of this work are reported in Chapter 4.  
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Chapter 4 - Extracellular Vesicles with 

Different Cell Origins have Different 

Biomolecular Corona Dynamics 
 

This chapter is adjusted from our just accepted paper: Angelo Musicò, Andrea Zendrini, Santiago 

Gimenez Reyes, Valentina Mangolini, Lucia Paolini, Miriam Romano, Andrea Papait, Antonietta 

Rosa Silini, Paolo Di Gianvincenzo, Arabella Neva, Marina Cretich, Ornella Parolini, Camillo 

Almici, Sergio Moya, Annalisa Radeghieri, Paolo Bergese. Extracellular Vesicles with different 

cell origins have different biomolecular corona dynamics, Nanoscale Horizons.  The research 

reported in this study has been carried out thanks to a grant received by the NFFa Consortium 

(https://nffa.eu/), to visit CICbiomaGUNE (San Sebastian, Spain) for one month to conduct 

Fluorescence Correlation Spectroscopy experiments. In Chapter 3 we highlighted the different 

cellular uptake of chemically and physically engineered REVs, which could be due to the presence 

of FBS. This could lead to an exchange of molecules at the Rev's surface, displacing the targeting 

antibody, and, in turn, reducing the cellular uptake. To prove this, and to give new insight into the 

field of EV-BC, we developed a Fluorescence Correlation Spectroscopy (FCS) method to 

characterize these aspects. 

 

4.1 Introduction 
The biomolecular corona (BC) refers to the dynamic coating that biomolecules form on the surface 

of nanoparticles (NPs) when these are immersed in biological fluids. BC redefines some of the 

native physicochemical properties of the NPs (synthetic identity) – including surface composition, 

structure and energy, surface charge, NP hydrodynamic radius, and aggregation/stability – giving 

the NPs diverse biological identities at the nanoscale, and ultimately impacting on their biological 

behavior1–3. The concept of BC was originally introduced in 2007, exclusively referring to 

synthetic NPs 4,5. Currently, within that context, it is a topic of great research vitality and far from 

being exhausted. For example, lively debates on the composition, structure, and kinetics of BC 

formation are still underway 6. On the other hand, the fact that the BC enriches specific 

biomolecular patterns “hidden” in the biological fluid represents a potential breakthrough for 

diagnostics 7,8. In recent years, it has been realized that biological fluids inherently display 

nanoscale features given that, besides soluble proteins, they contain several kinds of extracellular 

NPs, e.g. exomeres, lipoproteins, extracellular vesicles, midbody remnants, and many others 9. In 

turn, since 2018 10, few researchers have started to highlight the presence and biological 

significance of “BC-like” dynamic associations involving soluble proteins, lipoproteins, and 
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extracellular vesicles (EVs). Complexes formed by EVs and lipoproteins (EV-LP) have been 

shown to occur under physiological conditions 11 and during nanoscale manipulation 12, exhibiting 

features like EV-LP fusion 13. EVs derived from brain metastases have been observed to induce 

the binding and aggregation of lipoproteins 14. It has also been reported that a BC forms around 

EVs in blood plasma 15, and that this BC has a functional impact 16,17, enhancing angiogenesis, 

skin regeneration, and immunomodulation 18,19. The EV BC also has potential in diagnostics 8,20 

and should be critically considered in EV surface engineering 21. Both the specific cell type from 

which EVs originate and the EV intracellular biogenesis pathway shape the surface of each EV 

type. As a result, EVs derived from various cells can exhibit distinct surface properties. We 

speculate that this variability influences, together with the molecular composition of the BC 10,15 

also its dynamics, because changes in EV surface physicochemical properties are expected to be 

mirrored in time required for BC formation, BC evolution over time, and biomolecule exchange 

rate at the interface. To investigate the dynamics of the EV BC, it is necessary to put in place new 

in situ methodologies that work in physiological conditions and in real-time, overcoming the 

limitations associated with static ex situ methods, which have been conventionally employed in 

EV-BC analysis. Worth of note, measuring BC formation even with ex situ approaches previously 

developed for synthetic NPs has yet proven to be extremely challenging, due to the inherent 

physicochemical characteristics of EVs, e.g. difficulty in not altering or even breaking the EVs 

and/or in distinguishing corona components from the internal EV cargo upon corona “peeling” 

10,15,17,19,22. Furthermore, ex-situ methods, such as mass spectrometry 23 and gel electrophoresis 

20,21, cannot provide information about the BC dynamics as they require pre-analytical separation 

of the EV-BC complexes (i.e., by size exclusion chromatography, SEC, or ultracentrifugation) 

which may result in altering the complexes by the loss of weakly associated components 18. 

Fluorescence Correlation Spectroscopy (FCS) is an in situ spectroscopic technique that measures 

the fluctuations of fluorescence in a confocal volume, which can be related to the movement of 

the fluorescent species in and out of the volume 24. From the autocorrelation function describing 

the time evolution of fluorescence, it is possible to extrapolate the diffusion coefficient of the 

fluorescent species and relate it with their size and mass 25,26. FCS has been successfully used to 

characterize the colloidal stability of synthetic NPs in different biological fluids 27–29. FCS is an 

optimal technique for measuring in situ as it allows to trace diffusion of specific molecular 

components, provided that these are fluorescently labelled.  Therefore, if we selectively label 

proteins present in media or the EVs, or even both with different fluorophores with not overlapping 

fluorescence, we will be capable of tracing the fate of proteins, EVs  or both, respectively, without 

the need of separating EV BC complexes from other proteins or biomolecules present in the 
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media30. In this work, we implement for the first time a dedicated FCS methodology based on 

competition experiments of physisorption to track the dynamic formation of plasma BC on two 

different model EV types: Red Blood Cells EVs (REVs) and placental Mesenchymal Stromal Cells 

EVs (MEVs). Both EV types are now in the spotlight for their great potential in clinical translation. 

REVs for personalized medicine and drug delivery 31–33, MEVs for regenerative medicine and 

immunomodulation 34–37. We will show that our methodology does not require the separation of 

the EVs from the media, thus reducing potential artifacts due to the separation processes. 

Furthermore, we implemented stoichiometric and geometric models to use FCS results for 

estimating the architecture of the BC.  

 

4.2 Experimental section 
 

4.2.1 Human amniotic mesenchymal stromal cell isolation and conditioned medium preparation 

The study adhered to the principles outlined in the Declaration of Helsinki, and informed consent 

was obtained by the mothers following the guidelines established by the local ethical committee 

“Comitato Etico Provinciale di Brescia,” Italy (approval number NP 2243, January 19, 2016). The 

isolated hAMSCs met the minimal criteria for MSCs, demonstrating positivity for mesenchymal 

markers CD13 (97.7 ± 1.6% mean ± SD), CD73 (88.3 ± 6.4%), CD90 (94.8 ± 7.4%), while lacking 

the expression of hematopoietic markers such as CD45 (1.8 ± 1.0%), CD66b (0%), and the 

epithelial marker CD324 (1.7 ± 1.0%) (10.1186/s13287-021-02607-z). After in vitro expansion to 

passage 1, hAMSCs were cultured for 5 days in 24-well plates (Corning, NY, USA) at a density 

of 5 × 105 cells/well in 0.5 mL of DMEM-F12 medium (Sigma-Aldrich) without serum, 

supplemented with 2 mM L-glutamine (Sigma-Aldrich) and 1% P/S, as previously described 

(10.1186/s13287-021-02607-z). Following culture, the cell-conditioned medium was collected, 

centrifuged, filtered through a 0.2-μm sterile filter (Sartorius Stedim, Florence, Italy), and stored 

at −80 °C. Two pools of conditioned medium were generated, each derived from a minimum of 

three different placenta donors.  

4.2.2 Red Blood Cells EV (REV) and Mesenchymal Stem Cell EV (MEV) collection 

(isolation\separation) 

For details about REVs collection refer to Chapter 3.2.3.  For MEVs, EVs were prepared from the 

conditioned medium using differential centrifugation steps. All preparation and centrifugation 

steps were performed at 4°C. Briefly, collected cell-media were subjected to a first centrifugation 

at 2,000×g for 30 min to remove apoptotic bodies, and a second centrifugation at 16,000×g for 20 

min to remove larger vesicles. EVs were then pelleted from the purified supernatant by 

centrifugation at 120,000×g for 70 min in 38 mL polycarbonate tubes. This EV-enriched pellet 
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was resuspended in PBS, and the centrifugation was repeated as above. The final EV pellets were 

resuspended in PBS, and stored at -80°C until their use. 

4.2.3 Cetuximab(CTX) functionalization  

For details about CTX functionalization refer to Chapter 3.2.5. 

4.2.4 Bicinchoninic acid (BCA) assay  

For details about BCA refer to Chapter 3.2.6. 

4.2.5 SDS-PAGE and Western Blotting 

SDS-PAGE and Western Blotting were conducted according to Chapter 3.2.7. For Western Blot 

analysis, the samples were transferred onto a PVDF membrane and subsequently blocked 

overnight with a solution of 5% fat-free milk in PBS-0.05% Tween-20 (PBST). The PVDF 

membranes were then incubated with the following antibodies, each at a 1:1000 dilution, for 90 

minutes in PBST with 1% fat-free milk: mouse anti-GM130 (clone 35/GM130, BD Biosciences, 

GermanyDE), mouse anti-Alix (2H12, Santa Cruz Biotechnology, USA), rabbit anti-LAMP1 

(polyclonal, GeneTex, USA), mouse anti-CD63 (Santa Cruz Biotechnology, USA), mouse anti-

BAND3 (Santa Cruz Biotechnology, USA), rabbit anti-EGFR (clone 15F8, Cell Signalling 

Technology Inc., Danvers, MA, US), mouse anti-TSG101 (Santa Cruz Biotechnology, USA).  

Following this, the membranes were washed three times for 10 minutes with PBST and incubated 

for 1 hour with rabbit anti-mouse or goat anti-rabbit secondary antibodies (Zymed, San Francisco, 

CA, US) at a dilution of 1:3000. The blots were then detected and revealed using Luminata Classic 

HRP western substrate from Merck-Millipore, and the images were acquired using a G: Box 

Chemi XT Imaging system. 

4.2.6 Colorimetric NANoplasmonic (CONAN) assay 

CONAN assay were conducted according to Chapter 3.2.8. 

4.2.7 Transmission Electron Microscopy (TEM) 

Carbon-coated copper grids (Ted Pella, Inc.) were hydrophilized, and 1.5 μL of the sample with 

0.04% of paraformaldehyde was applied and left to incubate on the grid for 3 minutes. The excess 

solution was removed with filter paper and 1.5 μL of 1.5% uranyl acetate solution for positive 

staining was added to the grid and left for 3 minutes, followed by two washing steps. Imaging was 

conducted with a LaB6-TEM of type JEOL JEM-1400PLUS (40kV - 120kV, HC pole piece) 

equipped with a GATAN US1000 CCD camera (2k x 2k).  

4.2.8 Nanoparticle Tracking Analysis (NTA) 

NTA were conducted according to Chapter 3.2.10. 
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4.2.9 REV and MEV chemisorption and physisorption 

Chemisorption and physisorption of REVs and MEVs were accomplished through a two-step 

labeling procedure. Initially, 200 µL of REVs or MEVs with a concentration of 8x1011 

particles/mL were subjected to a reaction with 200 equivalents of PEG4-NHS-ester (diluted in PBS) 

overnight, with continuous mixing at 4°C. Excess PEG was subsequently removed using a 

Vivaspin500 column with a 10 kDa cut-off, involving five washes with 500 µL of PBS. The 

pegylated REVs were recovered from the column with 200 µL of PBS. Next, 200 µL of pegylated 

REVs or MEVs were subjected to an overnight reaction with 200 equivalents of mCTX (in PBS 

at pH 7.4) with continuous mixing at 4°C. Any unreacted antibody was removed by repeating two 

times ultracentrifugation at 100,000 × g for 2 hours. The resulting pellet was resuspended in 200 

µL of PBS and stored at 4 °C for later use. 

4.2.10 Dynamic Light Scattering (DLS) 

Dynamic light scattering measurements were carried out with a Malvern ZetaSizer Ultra 

instrument in backscattering mode. All studies were performed at a 173° scattering angle, and 

temperature was kept at 25 °C in 1 ml polystyrene cuvettes. After initial equilibration, the 

measurements consisted of at least 15 runs. All samples were measured three times, and the 

standard deviation was represented with error bars. 

4.2.11 Fluorescence Correlation Spectroscopy (FCS) 

FCS measurements were recorded with a Zeiss LSM 880 confocal microscope and analysed with 

Zen black software. A HeNe laser was used for excitation at 633 nm. Emission was recorded using 

the PMT (650 – 715 nm) detector. Measurements were conducted with a Zeiss C-Apochromat 40x, 

numerical aperture 1.2 water immersion objective. 100 µL of the particle dispersion was filled up 

to 200 µL final sample volume and transferred to a chambered polymer coverslip (Ibidi) for FCS 

measurement. Prior to sample measurement, the confocal volume was calibrated with a 100 nM 

solution of Rhodamine 6G in UHPLC-grade water using a diffusion coefficient of 430.00 µm2/s 

(Absolute Diffusion Coefficients: Compilation of Reference Data for FCS Calibration, 

picoquant.com). One measurement consisted of 20 runs of 20 seconds and each sample was 

recorded three times. The data fitting was done with QuickFit 3.0 software using the global fit of 

1, 2 and 3-components and 3D normal diffusion model. Specifically, FCS measurements were 

performed on all our fluorescent building blocks to validate our protocol and determine the 

diffusion coefficients first of Cy5, and second of mCTX, which were analyzed as two components 

preparation (free Cy5 and mCTX). Indeed, this information is crucial for rigorously and accurately 

analyzing the data related to the chemisorbed and physisorbed EVs, which were considered a three-

component preparation (free Cy5, mCTX, and EVs). The resulting diffusion coefficients were used 

to calculate the hydrodynamic diameter (HD) with the Stokes-Einstein equation. 
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4.2.12 Stoichiometric evaluation of BC corona formation 

A stoichiometric model was developed to estimate the BC volume as a function of EV and protein 

diameters. The model also allows for a rough estimation of the number of proteins populating each 

BC layer and their total weight, provided some assumptions are made. The model is based on 

simple geometrical calculations, and aspects such as membrane roughness, curvature, protein-

protein interactions, etc., are not considered in the evaluation of BC. As a first geometric 

approximation, the volume 𝑉𝐵𝐶 occupied by a single layer of proteins in a BC on the surface of an 

EV having volume 𝑉𝐸𝑉 can be defined as follows: 

𝑉𝐵𝐶 = (𝑉𝑡𝑜𝑡 −  𝑉𝐸𝑉)  ∙ 𝑝  (1) 

Being 𝑉𝑡𝑜𝑡 the sum of the EV and BC volumes and 𝑝 the packing factor defining the packing 

density of the proteins forming the layer. 

Both EVs and proteins have various shapes but in solution are often modelized as perfect spheres 

or spheroids (e.g., when calculating their size/concentration by DLS, NTA, etc.). For spherical 

proteins and EVs having diameter 𝑑𝑝 and 𝑑𝐸𝑉  respectively, eq. 1 can be reformulated: 

𝑉𝐵𝐶 =
4

3
𝜋 [(𝑑𝑝 +

𝑑𝐸𝑉

2
)

3

−  (
𝑑𝐸𝑉

2
)

3

] ∙ 𝑝 (2) 

In a lattice of packed non-overlapping spheres, 𝑝 describes the fraction of the volume occupied by 

the spheres in relation to the total volume of the containing space. p is linked to spheres’ spatial 

arrangement within the lattice; in a system comprising only spheres of identical size, p usually 

ranges from 0.05 to ~ 0.74. Other 𝑝 values often found in physical systems are, i.e., ~ 0.34, ~ 0.52, 

or ~ 0.63.  

It is also possible to estimate the number of proteins (𝑛) occupying 𝑉𝐵𝐶: 

 

𝑛 =  
𝑉𝐵𝐶

𝑉𝑝
 (3) 

 

Being 𝑉𝑝 the protein volume.  

Again, for spherical particles, eq. 3 is reformulated and factored out as follows: 
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  (4) 

 

Furthermore, after calculating n, it is in principle possible to approximate the total protein mass 𝑇𝑚 

transported by a defined coronal layer by assuming all the carried proteins have similar molecular 

weight 𝑎𝑀𝑊: 

 

𝑇𝑚 = 𝑛 ∙ 𝑎𝑀𝑊 ∙ 1.66 ∙ 10−24g (5) 

 

If needed, the equations can be further extended for the calculation of multiple stacked layers of 

spherical proteins with given d and p.  

The presented equations were applied to estimate BC topology on MEVs and REVs, starting from 

the data collected through FCS analysis (average dMEV and dREV). All the calculations were performed 

assuming dp = 7 ∙ 10−9 𝑚 and 𝑎𝑀𝑊 = 67000 𝐷𝑎 = 1.11 ∙ 10−19g, that are respectively the 

hydrodynamic diameter and the mass of human serum albumin, here used as a model protein. p 

was set to 0.63, which corresponds to a random close-pack sphere geometry. 

4.3 Results and Discussion 
4.3.1 Cetuximab modification and characterization 

Cetuximab (CTX) was labeled with Sulfo Cyanine 5 NHS ester (Cy5) and characterized following 

the protocol previously described in Musicò et al.21 (Chapter 3). Sulfo Cyanine 5 NHS-ester was 

used instead of Sulfo Cyanine 7.5 NHS-ester, due to better suitability for FCS measurements. 

According to stoichiometric estimations, each fluorescently labelled CTX (mCTX) bears 

approximately 3.4 fluorophore molecules and 1.3 DBCO molecules. Detailed mCTX preparation 

protocol and characterization are reported in Figure 1.4.  
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Figure 1.4: CTX modification and characterization. To obtain mCTX we reacted the monoclonal 

antibody with respectively 6 and 12 equivalent of DBCO-STP-Ester and Sulfo Cyanine5-NHS-

Ester, in a single pot reaction as reported in the figure. UV-Vis spectrum of mCTX is reported, 

highlighting with symbols the correspondence of a peak with functional groups.  

 

4.3.2 Separation, biophysical, and biochemical characterization of REVs and MEVs 

REVs and MEVs were separated and characterized according to most updated international 

standards38. Briefly, EVs were separated by differential centrifugation of, respectively, a 

suspension of Red Blood Cells induced by Calcium Ionophore following protocols reported in 39 

and a Mesenchymal Stromal Cell conditioned medium following protocols reported in 40. 

Nanoparticle Tracking Analysis (NTA), Dynamic Light Scattering (DLS), Bicinchonicic Acid 

Assay (BCA), Transmission Electron Microscopy (TEM), Western Blot, and the CONAN assay 

41 were used to determine EV particle number density, EV size distribution, (sample) protein 

concentration, EV morphology, EV protein markers, and the presence of exogenous single or 

aggregated soluble protein contaminants, respectively. Characterization data highlighted that REV 

and MEV preparations were similar in terms of size distribution (MEVs 78.88 ± 3.12 nm and 

REVs 108 ± 5.22 nm in HD, Fig. 2.4A and 2.4C), protein content (MEVs 833.72 ± 257.02 μg/ml 

and REVs 942.99 ± 105.08 μg/ml, Fig. 2.4B), and morphology (Fig. 2.4D), but have, as expected, 

different protein markers, due to the different cell source (Fig. 2.4E).  Additionally, the minimal 

presence of soluble proteins 42,43 in both EV types (Fig. 2F), which otherwise could generate 

artifacts during the EV functionalization, makes them suitable for both the mCTX physisorption 

and the chemisorption processes.  
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Figure 2.4: MEVs and REVs were characterized following MISEV2023 guidelines. (A) MEVs (left) 

and REVs (right) size distribution profiles obtained by NTA are reported. (B) Blue bars indicate 

the particle concentration (expressed as prt/ml) of MEVs and REVs preparations obtained by NTA, 

Red bars indicate the protein concentration (expressed as µg/ml of proteins) of REVs and MEVs 

preparations obtained by BCA assay. (C) MEVs (blue) and REVs (red) size distribution profiles 

obtained by DLS. (D) TEM images of MEVs (left panel) and REVs (right panel). (E) Western blot 

of MEVs and REVs highlight the different origins of these two EV subtypes. REVs and MEVs have 

in common general EV markers such as LAMP1 and Alix, but REVs only express BAND3, while 

MEVs only express TSG101, and CD63. In both EV subtypes the contaminant GM130 is negligible 

present. (F) The Int-REF AI ratio defines the threshold below which the spectral redshift is only 

due to the interaction between the AuNPs and the EVs. The dotted line represents the CONAN 

assay threshold for soluble protein detection (<20% AI ratio means that the soluble protein 

content is ≤0.05 μg/μL). In both MEVs (blue dots) and REVs (red dots) the AI is lower than 20% 

at a certain dilution, indicating a ≤0.05 μg/μL content of soluble proteins in the preparation. N = 

3  

 

4.3.3 Preparation of REVs and MEVs with (physisorbed) fluorescent cetuximab probe (mCTX) 

mCTX was physisorbed on both REVs and MEVs., i.e. leading to the formation of a mCTX 

corona. As a control for the physisorption competition experiments REVs and MEVs were also 

chemisorbed through the covalent binding of mCTX via bioorthogonal click-chemistry. We 

quantified mCTX per EV ex-situ by combining fluorometer and NTA measurements (Fig. 3.4A). 

We concluded that by physisorption we obtained a consistent mCTX coverage of the same order 

of magnitude for the two EV types, with a slightly higher coverage for MEVs. This preliminary 

ex-situ data first points to the fact that different protein coronas may form on REVs and MEVs. In 

both cases, assuming an even distribution on all the EVs, the number of 30-40 mCTX per EV 

indicates a non-uniform EV surface coverage (between 3-5% of the total EV surface. For a uniform 

monolayer a minimum of about 800 mCTX can be estimated, by using the procedure reported in 

Experimental Section). 

The SDS-PAGE densitometric profiles of the mCTX obtained from the mCTX physisorbed EV 

samples and the stock solution of free mCTX (Fig. 3.4B), are experimentally identical, indicating 

no covalent interactions of the antibody with EV surface proteins. Differences in the number of 

mCTX per EV and densitometric profiles are visible in chemisorbed samples, as shown in Fig. 

3.4B. 
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Figure 3.4: (A) MEVs and REVs showed a similar mCTX yield in both chemisorption and 

physisorption. The chemisorption strategy gave in both EV subtypes a higher mCTX molecules per 

EV ratio, compared to physisorption. (B) Fluorescent electrophoretic profile of mCTX physisorbed 

and chemisorbed MEVs and REVs, in both EV subtypes the lane regarding the chemisorption 

strategy (lane 1 for MEVs, lane 3 for REVs) shows the presence of smeared signals, indicating the 

covalent bonding of mCTX with membrane proteins. N = 3 
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4.3.4 Determination of plasma BC dynamics by Fluorescence Correlation Spectroscopy (FCS) 

 

 

Figure 4.4: Sketch of the FCS experiments for non-destructive, dynamic investigation of EV-BC 

in physiological conditions (“in situ” investigations). A fluorescently labelled protein (mCTX) 

previously physisorbed on the EV is used as the FCS probe to detect competitive physisorption of 

proteins from plasma. Physisorption, viz. formation of the corona, changes the hydrodynamic 

diameter (HD) and, in turn, alters diffusion of the EV, which is quantitatively mirrored by variation 

of the autocorrelation function G(τ). 

 

To set up FCS measurements, we first measured by fluorimetry the fluorescence spectra of all the 

fluorescent molecules employed in this study, determining the dynamic range of measurement for 

the detector. No significant differences in fluorescence spectra were found between unbound Cy5, 

free mCTX, and mCTX physisorbed and chemisorbed onto EVs (data not shown). This suggests 

that the association of the fluorophore to other macromolecules and nanostructures did not 

significantly alter its excitation and emission ranges. FCS experimental methodology is explained 

in Experimental Section. The hydrodynamic diameter (HD) of unbound Cy5 and free mCTX were 

extrapolated from the respective FCS autocorrelation functions, resulting in 1.93 ± 0.06 nm and 

20.82 ± 2.24 nm respectively, showing good concordance with those reported in the literature 44.  

Moreover, the measurement also highlighted the presence of free (unbound) Cy5 in mCTX 

preparations (data not shown), which could not be removed, regardless of the number of washing 

steps performed. Normalized autocorrelation functions of Cy5, mCTX, and mCTX physisorbed 
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MEVs and REVs (hereafter referred to as MEVs-physi and REVs-physi) are reported in Fig. 5.4A 

(Cy5 in violet, mCTX in green, MEVs-physi in blue, and REVs-physi in red). The shift trend in 

the diffusion time of each fluorescent species is as expected since it depends on their HD. By 

extrapolating the HD from the autocorrelation functions of the EV samples, we found that MEVs-

physi and REVs-physi have an HD equal to 66.18 ± 10.86 nm and 86.28 ± 16.76 nm, as reported 

in Fig. 5.4B.  Then, from the fitting of the autocorrelation functions of all samples (the method is 

reported in Experimental Secction) we determined the fraction (⍴) of the three fluorescent entities 

tracked by FCS, namely unbound Cy5, free mCTX, and EVs. mCTX is either free or attached to 

the EVs. When mCTX attaches to the EVs, these become fluorescent objects. Each labeled EV, 

independently of the number of mCTX associated will count as one single fluorescent object. 

Therefore, from FCS we detect the relative number of free mCTX molecules and the number of 

labeled EVs in the confocal volume. Results are summarized in Fig. 5.4C, showing three main 

features. First, an equal fraction of unbound Cy5 (blue bars) is present in both MEV-physi and 

REV-physi samples and can therefore be considered as background noise. Second, MEV-physi 

samples have a significantly more abundant fraction of EVs (green bar) than REV-Physi samples. 

In turn, the REV-physi sample displays a larger fraction of free mCTX (red bar) than the MEV-

physi sample does, indicating that mCTX is weakly associated with (has a lower affinity for) REV 

surface than to MEV surface. Or, in other words, the physisorption equilibrium (viz. the mCTX 

surface-to-solution partition) is less favored for REVs compared to MEVs. The partition difference 

very likely occurs because of differences in surface composition and structure between MEVs and 

REVs, and provides, per se, a strong clue about the link connecting BC dynamics and the origin 

of EVs.  
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Figure 5.4: (A) Normalized fluorescence correlation graphs of MEVs-physi (blue) and REVs-physi 

(red), mCTX (green), and Cy5 (violet). The dotted lines represent the standard deviation of the 

respective autocorrelation function (solid lines). (B) HD extrapolated from autocorrelation 

functions of physisorbed MEVs and REVs. (C) Fractions of fluorescent components in each 

preparation. ρ indicates the fraction of each component, namely Cy5 (blue), mCTX (red), and EVs 

(green). N = 3 

 

Titration experiments were performed by the addition of plasma to MEVs-physi and REV-Physi 

to gain information about i) the tendency of the two EV populations to form the BC from plasma 

and ii) the average architecture of such BC. Defined amounts (corresponding to 0.3, 3, 30, 300 

µg/ml of proteins) of EV-depleted plasma, were added to the EV samples. The system was 

incubated O/N to attain equilibrium and was subsequently measured by FCS to determine the 

competitive substitution of mCTX by plasma proteins, that is the formation of a plasma BC. 

Results are reported in Fig. 6.4. In Fig. 6.4A reports the variation of the molar concentration of 

mCTX in solution with respect to the molar concentration of EVs, which is related to the amount 

of mCTX competitively displaced by plasma proteins. In Fig. 6.4B the variations in the 

hydrodynamic diameter (HD) of the EVs, which is related to the amount of physisorbed plasma 

proteins, are reported.  

Interestingly, REVs-physi and MEVs-physi displayed a significant detachment of mCTX (Fig. 

6.4A), confirming the weak interaction between the antibody and the EV surface, which led to 

mCTX displacement due to the adsorption of plasma proteins. Moreover, despite both REVs-physi 

and MEVs-physi showing a consistent detachment of mCTX after the addition of plasma proteins, 

for REVs-physi the mCTX detachment is much more pronounced than for MEVs-physi, 

confirming that the two EV types have different affinities for mCTX and plasma proteins.  

Indeed, the detachment of mCTX from the EV surface is probably dependent on the affinity 

competition between plasma proteins and mCTX. These data strongly support that physisorbed 

mCTX on MEVs-physi is more stably anchored than mCTX on REVs-physi, being also evident 

for not-spiked samples. 
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The analysis of the HD fluctuations on the physisorbed samples showed that plasma protein 

adsorption onto REVs-physi and MEVs-physi occurred following two different dynamics. In 

specific, REVs-physi HD grows rapidly, reaching a plateau at the concentration of 30 µg/ml of 

spiked plasma proteins (Fig. 6.4B, red squares). On the contrary, MEVs-physi HD increases slowly 

and does not reach a plateau, even at the higher concentration of spiked plasma proteins tested 

(Fig. 6.4B, blue dots). To our knowledge, no appropriate models can correctly fit our data 

providing apparent affinity constants and/or repartition coefficients. This is probably due to the 

complexity and heterogeneity of the interactions that can occur during the formation of the BC on 

the EV surface, which cannot be described by classic fitting models.  

 

Figure 6.4: (A) Fluctuation of the ratio between the molar concentration of free mCTX and 

physisorbed EVs after each spike of plasma proteins. An increase in this value indicates 

detachment of mCTX from the EV surface. MEVs-physi and REVs-physi data are reported 

respectively in blue and in red. (B) Fluctuation of the HD of physisorbed EVs after each spike of 

plasma proteins. An increase in this value indicates the physisorption of macromolecules onto the 

EV surface. MEVs-physi and REVs-physi data are reported respectively in blue and in red. N = 3 

 

Chemisorbed REVs and MEVs were prepared to generate a negative control for mCTX 

displacement, as mCTX bound to the EV surface in this way is stably anchored and should not be 

exchanged with other proteins21. Accordingly, these samples showed a minimal detachment of 

mCTX after the addition of plasma proteins (Fig. 7.4A), confirming that mCTX in the preparation 

is mostly covalently bound to the EV surface and not physisorbed. Interestingly, the surface 

functionalization of EVs gave them new surface properties, which are strictly dependent on the 

functionalization and not on the composition of their membrane. Indeed, chemisorbed MEVs and 

REVs have a very similar trend in hydrodynamic diameter fluctuation, thus indicating that this 

parameter is normalized by the surface functionalization of the two EV subtypes (Fig. 7.4B). 

Furthermore, only at a spike of 30 µg/ml of plasma proteins does the hydrodynamic diameter of 

chemisorbed EVs increase, indicating the formation of a BC. 
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Figure 7.4: (A) Fluctuation of the ratio between the molar concentration of mCTX and 

chemisorbed EVs after each spike of plasma proteins. An increase in this value indicates a 

detachment of mCTX from the EV surface. MEVs and REVs data are reported respectively in blue 

and red. (B) Fluctuation of the hydrodynamic diameter of chemisorbed EVs after each spike of 

plasma proteins. An increase in this value indicates the physisorption of macromolecules onto the 

EV surface. MEVs and REVs data are reported respectively in blue and red. N = 3 

 

4.3.5 Evaluation of the BC architecture 

The possible architecture of the formed plasma BC can be inferred by comparing the experimental 

and nominal HD, where the experimental HD is the one determined by FCS, and the nominal is 

calculated by the following stoichiometric and geometric arguments. The nominal HD is obtained 

by assuming that all the plasma proteins introduced in each spike are physisorbed on each EV by 

an identical layer-by-layer process, where each monolayer starts forming only after the underlying 

layer has been completed. Pristine EVs are modeled as identical spheres (with the diameter 

determined by FCS, 66 ± 10.9 nm and 86 ± 16.8 nm for MEVs-physi and REVs-physi, 

respectively) and all the plasma proteins as identical spheres of 7 nm diameter adsorbing in 

monolayers with a packing factor of 0.63 (see the section “Stoichiometric Evaluation of BC 

Corona Formation” in the SI for details). This results in a monolayer thickness of 7 nm and, in 

turn, a 14 nm increase in the EV HD. From this, the nominal HD of the EVs (hereafter referred 

HDnom) that builds from the number of the nominal monolayers for a given spike of plasma proteins 

can be calculated, and finally compared with the experimental HD (hereafter referred HDexp) 

determined by FCS. Results are summarized in Table 1.4. In the case of REVs-physi, for the first 

plasma spike, corresponding to 0.3 µg/ml of proteins, the number of proteins is far lower than that 

needed to complete a monolayer, as indicated by the nominal number of monolayers, which is 

0.02. Considering that this tiny fraction of monolayer (corresponding to less than 10 proteins) 

cannot cause an increase in the HD of the pristine EV, one obtains HDnom = 86 ± 16.8 nm, which 
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is lower than HDexp = (116 ± 36.2) nm. This discrepancy suggests that the BC accumulates in 

discrete regions forming protruding aggregates, which cause an overall increase in the HDexp. The 

significant error on HDexp, about 30%, indicates a substantial particle-to-particle variability, 

suggesting that BC can also organize in non-uniform monolayers, with negligible impact on HDexp. 

Analogous reasoning holds for REVs-physi when exposed to 3.0 µg/ml plasma protein spikes, as 

well as for MEVs-physi upon the 0.3 µg/ml and 3.0 µg/ml plasma protein spikes.  

On the other hand, when spiking REVs-physi and MEVs-physi with higher concentrations of 

plasma proteins (30.0 and 300.0 µg/ml) we estimated an increase in the HD of the pristine EVs 

due to the formation of multiple monolayers of BC. Specifically, with a spike of 30.0 µg/ml of 

plasma proteins, HDnom for MEVs and REVs are respectively 94 ± 10.9 and 114 ± 16.8 nm, while 

with 300.0 µg/ml of plasma proteins, HDnom for the two EV subtypes are 136 ± 10.9 nm (MEVs) 

and 142 ± 16.8 nm (REVs). Again, the HDexp is higher than the HDnom in both the cases and at 

every spike of plasma protein, specifically for MEVs-physi and REVs-physi, measured HDexp are 

respectively 125 ± 13.9 nm and 199 ± 53.6 nm at 30.0 µg/ml, while, at 300.0 µg/ml, 164 ± 39.1 

nm and 183 ± 33.2 nm. These discrepancies suggest again that the BC accumulates in discrete 

regions of protruding aggregates, causing such an increase in the HDexp, however in this case we 

can speculate about the possible formation of complete layers of BC on the EV surface due to the 

high concentration of proteins. Notably, the difference between HDnom and HDexp in MEVs, spiked 

with 300.0 µg/ml, is around 28 nm, while for REVs is 57 nm, which corresponds to 2 and 4 further 

BC layers respectively, thus indicating the formation of aggregates with a bigger size in REVs-

physi samples compared to MEVs. 

On a final note, we remark that the above variety in BC architecture (sketched in Fig. 8.4), 

spanning from non-uniform layers (patches) to localized aggregates, holds at the “suspension 

(collective) level” 45 that is averaged over the whole population of EVs but is well mirrored by a 

previous report which demonstrated (by single-particle optical microscopy) that single EVs can 

exactly adopt these BC architectures 15. 
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Spiked 

plasma 

proteins 

(µg/ml) 

REVs-physi MEVs-physi 

HDexp 

(nm) 

HDnom 

(nm) 

nominal 

number of 

monolayers 

probable BC 

architecture(s) 

HDexp 

(nm) 

HDnom 

(nm) 

nominal 

number of 

monolayers 

probable BC 

architecture(s) 

0.3 
116 ± 

36.2 
86 ± 16.8 0.02 

Non-uniform 

monolayer 

and aggregates 

81 ± 11.5 66 ± 10.9 0.03 

Non-uniform 

monolayer 

and aggregates 

3.0 
152 ± 

53.6 
86 ± 16.8 

 

0.17 

 

Non-uniform 

monolayer 

and aggregates 

95 ± 18.2 66 ± 10.9 
 

0.27 

Non-uniform 

monolayer 

and aggregates 

30.0 
199 ± 

53.6 
114 ± 16.8 

 

1.5 

 

Monolayers 

and 

aggregates 

125 ± 13.9 94 ± 10.9 

 

2 

 

Monolayers and 

aggregates 

300.0 

 

183 ± 

33.2 
142 ± 16.8 

 

4 

 

Monolayers 

and 

aggregates 

164 ± 39.1 136 ± 10.9 5 
Monolayers and 

aggregates 

 

Table 1.4: Geometric and stoichiometric calculations and hypothesized BC architecture. The 

‘’HDexp” column reports the EV HD measured by FCS (fig. 4B). The “HDnom (nm)” column 

reports the nominal HD that should be obtained with the layer-by-layer adsorption of all the 

amount of proteins spiked in the preparation (calculated following the approach reported in SI, 

section “Stoichiometric evaluation of BC corona formation”). The column “nominal number of 

monolayers” reports the nominal number of layers of BC that should be formed after the layer-

by-layer adsorption of all the amount of proteins spiked in the preparation. By crossing FCS and 

stoichiometric/geometric data, the “possible BC architecture” has been hypothesized and 

sketched.  

 

Figure 8.4: Scheme of probable BC architectures. 

 

4.4 Conclusions 
In this study, we developed an FCS-based methodology to monitor BC formation on REVs and 

MEVs in physiological conditions by an in situ protocol, unbiased from separation methods. By 
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spiking our EVs with different concentrations of plasma proteins and using the fluctuation of the 

HD as a readout of the adsorption of such proteins at the EV surface we evaluated the dynamic 

formation of the BC.  

Our findings reveal distinct BC dynamics between REVs (red blood cell-derived EVs) and MEVs 

(mesenchymal stem cell-derived EVs), with REVs featuring a higher exchange. By interpreting 

experimental observations with geometrical and stoichiometric considerations, it also turned out 

that in both the EV populations the BC does not simply self-organize in a layer-by-layer process, 

but instead also piles up into discrete islands of protruding protein aggregates, with REVs showing 

a higher number of aggregates, or aggregates of bigger size. These findings add new insight into 

the EV-BC. They underscore that BC formation, evolution, and architecture may be influenced by 

the EV's origin, and in turn surface properties, highlighting an additional layer of heterogeneity 

among circulating EVs. From an applicative perspective, they suggest that BC dynamics should 

be a key consideration when considering the use of EVs as therapeutics and in diagnostics.  

However, to provide more specific insight into EV-BC interactions, more studies about specific 

singular plasma components interacting with EVs are needed, in a sort of bottom-up approach. 

Chapter 5 reports the analysis and characterization of the interactions between EVs and different 

lipoproteins (LPs) under near-physiological conditions. The aim is to understand how these 

biogenic nanoparticles interact from a dynamic point of view. The study focuses on EV-LP 

interactions using Fluorescence Cross-Correlation Spectroscopy (FCCS) and contributes to the 

understanding of mesoscale phenomena, such as reversible adsorption and biomolecular corona 

formation, which are critical for the biomedical application of these nanoparticles. 
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Chapter 5 - Probing Extracellular Vesicle 

and Lipoprotein Dynamic Interaction by 

Fluorescence Cross-Correlation 

Spectroscopy 
 

This chapter is the result of my visiting period of 8 months at CICbiomaGUNE (San Sebastian, 

Spain) in the Soft Matter and Nanotechnology Lab., led by Dr. Sergio Moya. Furthermore, this 

work is part of a bigger project in collaboration with SCITEC-CNR (Milan) and ETH-Z (Zurich). 

This project aims to characterize Extracellular Vesicles/Lipoproteins interaction with different 

orthogonal techniques, such as Fluorescence Cross-Correlation Spectroscopy, Super Resolution 

Microscopy (SRM), Single Molecule Array (SiMoA), and Fluorescence-Activated Cell Sorting 

(FCAS). These techniques can characterize this interaction by providing information, like apparent 

affinity and stability. Specifically, this Chapter reports all the results regarding FCCS. 

 

5.1 Introduction 
In biological fluids, nanoparticles such as extracellular vesicles (EVs) and lipoproteins (LPs) are 

not isolated entities but exist in dynamic equilibrium with their environment, interacting with 

surrounding biomolecules and each other. These interactions lead to the formation of a 

biomolecular corona (BC), a layer of proteins, lipids, and nucleic acids that adsorb onto the 

nanoparticle surface upon exposure to biological fluids1,2. The formation of this corona can 

significantly alter the physicochemical properties of the nanoparticle, influencing its 

biodistribution, cellular uptake, and ultimately, biological function3–5. Due to their unique 

nanostructure, a lipid bilayer encapsulating a variety of biomolecules, EVs possess a high surface-

to-volume ratio6,7, which makes them particularly prone to corona formation when they enter the 

extracellular milieu8. BC modifies their surface characteristics, affecting how EVs are recognized 

and internalized by recipient cells, as well as their immune evasion capabilities9. LPs, on the other 

hand, are micellar particles, composed of a phospholipid monolayer surface that encloses a 

hydrophobic core10. They are responsible for transporting hydrophobic molecules, such as 

cholesterol and triglycerides, within the bloodstream11. LPs are classified into different subclasses 

depending on their density, including high-density lipoproteins (HDL), low-density lipoproteins 

(LDL), and very low-density lipoproteins (VLDL). Like EVs, the surface properties of LPs make 

them susceptible to biomolecular corona formation, which can alter their lipid transport capacity 

and influence their interactions with other biological entities12. The interaction between EVs and 
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LPs is emerging as a critical area of research due to its potential biological significance. Both 

particle types co-exist in plasma and other bodily fluids and their mutual interactions could have 

profound implications13,14.  Recent findings suggest that the association between EVs and LPs 

could also play a role in pathological processes 15. EVs, which are known to be involved in cancer 

metastasis, cardiovascular diseases, and inflammatory responses, may exploit lipoproteins as a 

mechanism to enhance their circulation or facilitate tissue targeting. For example, a recent study 

reported that cancer EVs are susceptible to LDL aggregation, which enhances their ability to cross 

the blood-brain barrier and generate brain metastasis16. 

Furthermore, the formation of particle-particle complexes between EVs and LPs may affect the 

pharmacokinetics and biodistribution of EVs, which are increasingly studied as natural drug 

delivery systems17. These interactions can modify the biological identity of EVs, potentially 

influencing their capacity to target specific tissues, evade the immune system, or transport 

therapeutic agents18,19. Despite the growing recognition of EV-LP interactions, much remains 

unknown about the precise nature of these associations and their implications for health and 

disease. Understanding the biophysics of corona formation and the molecular dynamics at play 

when EVs and LPs interact is essential for leveraging these particles in biomedical applications 

such as drug delivery. 

In this study, we characterized the interactions between EVs and three types of lipoproteins (HDL, 

LDL, and VLDL) under close to-physiological conditions. Fluorescence Cross-Correlation 

Spectroscopy (FCCS) is an analytical technique able to study the dynamic interaction of 

fluorescent objects passing through a confocal volume, directly in solution20–22. We applied this 

technique to evaluate EV-LP aggregation in different environments, by mimicking physiological 

conditions. Specifically, we used Red Blood Cells-derived EVs (REVs), an EV subtype 

particularly interesting for drug delivery purposes. We demonstrated that REVs interaction with 

different classes of LPs (HDL, LDL, and VLDL) is dose-dependent, but it follows different 

dynamics depending on the LPs in consideration. Also, we observed that the environment in which 

EVs-LPs aggregation takes place influences this phenomenon, highlighting the importance of 

performing experiments in physiological-like conditions. By focusing on the biomolecular corona 

formation and its impact on the physicochemical properties of both EVs and LPs, this research 

seeks to shed light on the dynamic nature of EVs-LPs interaction, which is a biologically relevant 

phenomenon that can be harnessed for therapeutic and diagnostic purposes. 

 

5.2 Experimental section 
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5.2.1 REV extraction and purification  

REV extraction and purification were conducted according to Chapter 3.2.3. 

 

5.2.2 SDS PAGE and Western Blot 

SDS Page and Western Blot were conducted according to Chapter 3.2.7. 

 

5.2.3 BCA assay 

BCA was conducted according to Chapter 3.2.6. 

 

5.2.4 Dynamic Light Scattering  

Dynamic Light Scattering (DLS) measures the fluctuations in the intensity of light scattered by 

particles as they undergo Brownian motion25. When a laser beam is directed at a sample containing 

particles, the particles scatter the light in all directions. The scattered light intensity fluctuates over 

time due to the random motion of particles. Smaller particles move more rapidly than larger 

particles, causing faster fluctuations in the scattered light intensity. The relationship between the 

speed of Brownian motion and particle size is governed by the Stokes-Einstein equation: 

 

𝐷 =
𝐾𝑏𝑇

6𝜋𝜂𝑅
 

where:  

● 𝐷 is the diffusion coefficient. 

● 𝐾𝑏 is the Boltzmann constant. 

● 𝑇  is the absolute temperature. 

● 𝜂 is the viscosity of the solvent. 

● 𝑅 is the particle hydrodynamic radius. 

From this equation, the size of particles can be inferred by measuring the diffusion coefficient 

from the fluctuation data. Furthermore, measurements of ζ-potential were performed using DLS. 

The analysis was performed using Zeta sizer ULtra (Malvern Panalytical, Malvern, UK). To 

measure the size, samples were diluted in PBS to a final concentration between 1-10 nM. After 

the preparation, the appropriate volume of diluted samples was transferred into the DLS cuvette 

for measurement. Before the measurement, a step of equilibration was settled to ensure the sample 

homogeneity and temperature stability. The time settled was 30 seconds for three times. At the 

end of each measurement, the correlogram and the count rate were evaluated to control the correct 

concentrations of the samples. The polydispersity index (PDI) was evaluated to verify the width 

(1) 
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of the size distribution. For size measurement, the data analysis was performed considering the 

intensity, volume and number distributions and the size peaks.  To measure the ζ-potential, samples 

were diluted 1:10 in PBS. Before the measurement, the ζ-potential cuvette was rinsed with water 

and then, the water was eliminated. At this point, 80 ul of diluted sample were put in the cuvette 

and a step of equilibration was performed. The time settled was 30 seconds for three times.  

 

5.2.5 EV labelling with Atto NHS 633 

Isolated EVs were labelled using the Atto N-hydroxysuccinimidyl (NHS) ester 633 fluorescent 

probe, which is an active ester of Atto 633 (Sigma Aldrich, St. Louis, USA). NHS-ester reacts 

readily with compounds containing amino groups, forming a chemically stable amide bond 

between the labelling reagent and amines of the membrane proteins of EVs. The NHS dye was 

dissolved in anhydrous N, N-Dimethylformamide (DMF) and the final concentration of the 

fluorescent solution was 0.014M. This solution was diluted 1:1000 in PBS and then, 24 µL of the 

diluted solution were added to an Eppendorf tube containing 1 mL of REVs. The final solution 

was then placed in dark on a shaker at room temperature overnight to ensure adequate labelling. 

Afterward, the labelled EVs were stored at 4°C until further use. To characterize labelled samples, 

fluorescent spectra were collected to assess the optimal range for the detector of FCS. FCS 

measurements were performed to detect the ratio of free fluorophore in the solution and the 

hydrodynamic diameters of labelled EVs.  

 

5.2.6 Lipoprotein labelling with Atto DPPE 488 

The stock of HDL, LDL and VLDL were stored at 4°C. The fluorophore consisted of 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) labelled with Atto 488 (Sigma Aldrich, 

St. Louis, USA), was resuspended in a chloroform/methanol mixture (8:2 ratio) to a final 

concentration of 0.001 M, and stored at -20°C. To prepare labelled LPs, 1 µL of the fluorophore 

solution was mixed with 989 µL of PBS and 10 µL of LPs. This procedure was repeated for each 

type of lipoprotein (HDL, LDL, and VLDL). The resulting solutions were placed in dark on a 

shaker overnight at room temperature to allow adequate labelling. To characterize labelled 

samples, fluorescent spectra were collected to assess the optimal range for the detector of FCS. 

FCS measurements were performed to detect the ratio of free fluorophore in the solution and the 

hydrodynamic diameters of labelled EVs. 

 

5.2.7 Spectrofluorometry 

The FS5 spectrofluorometer (Edinburgh Instruments Ltd, Livingston, UK) was used to acquire the 

fluorescence spectra of labelled NPs to assess the optimal settings for FCS. In the analysis, various 
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standards of free fluorophores were prepared at concentrations of 0 nM, 50 nM, 100 nM, 200 nM, 

400 nM, and 800 nM for each fluorophore to build a calibration curve. Subsequently, samples 

were analyzed with the same settings to determine their concentrations. The experiment involved 

acquiring emission scans of both the standards and the samples. The excitation wavelengths were 

precisely set for different samples to optimize fluorescence detection. The excitation wavelength 

for the REV sample and Atto NHS 633 standards was fixed at 633 nm. For the lipoprotein samples 

and Atto DPPE 488 standards, the excitation wavelength was set at 488 nm.  

 

5.2.8 Fluorescence Correlation Spectroscopy  

Fluorescence Correlation Spectroscopy (FCS) is a highly sensitive analytical technique that 

utilizes fluorescence microscopy to measure fluctuations in fluorescence intensity. These 

fluctuations are caused by fluorescent molecules moving in and out of a small, defined confocal 

volume, illuminated by the laser. FCS provides quantitative information about molecular 

dynamics, including diffusion coefficients, concentrations, and molecular sizes26. The correlation 

function is used to analyze fluorescence fluctuations, and the mathematic representation is: 

 

𝐺(𝜏) =
⟨𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)⟩

⟨𝐹(𝑡)⟩2
 

where:  

● 𝐺(𝜏) is the correlation function.  

● ⟨𝛿𝐹(𝑡)𝛿𝐹(𝑡 + 𝜏)⟩ is the autocorrelation of fluorescence fluctuation. 

● τ is the time lag. 

● ⟨𝐹(𝑡)⟩ is the average fluorescence intensity over time. 

●  

100 ul of samples were plated in an 8-well rectangular plate (Corning). The analysis was performed 

using ZeissNLO 880 (Group Zeiss, Oberkochen, GER), a fluorescence confocal microscope fitted 

with the following excitation lines: 405, Argon laser (458, 488, 514), DPSS 561, 590, and HeNE 

633. The measurements were carried out using GaASP and PMTr detectors for single fluorescence 

molecule detection and dynamic characterization. The objective used was C-APOCHROMAT 

(Group Zeiss, Oberkochen, GER), a water immersion objective with a magnification of 40x and a 

numerical aperture of 1.20. Before the measurement, 10 μL of water were placed on the objective. 

Free fluorophores were analyzed to calibrate the instrument by adjusting the pinhole and 

determining the confocal volume.  Depending on the sample concentration, the laser power was 

adjusted to achieve a count rate of approximately 200 kHz. To establish the linear range of laser 

(2) 



 116 

power, the linearity between laser power and counts per molecule (CPM) was verified before 

proceeding with the analysis. Following this setup, the FCS measurement was conducted using a 

measurement time of 10 seconds with 30 repetitions. To ensure statistical reliability, the series 

were repeated three times. After measurements, the resulting curves were fitted to appropriate 

models, using QuikFit software to extract diffusion coefficients and the hydrodynamic diameter.  

 

5.2.9 Fluorescence Cross-Correlation Spectroscopy  

Fluorescence Cross-Correlation Spectroscopy (FCCS) is an advanced biophysical technique used 

to study molecular interactions, diffusion dynamics, and concentrations of biomolecules in 

solution or within cellular environments. It is an extension of FCS, measuring the simultaneous 

fluctuations of fluorescence signals from two spectrally distinct fluorophores in real-time.  This 

technique provides quantitative information about molecular interactions, diffusion dynamics, and 

the number of interacting particles. The core of FCCS analysis is the cross-correlation function 

(CCF), which is mathematically expressed as: 

 

𝐺𝑥𝑦(𝜏) =
⟨𝛿𝐹𝑥(𝜏)𝛿𝐹𝑦(𝑡 + 𝜏)⟩

⟨𝐹𝑥(𝜏)⟩⟨𝐹𝑦(𝜏)⟩
 

where:  

● 𝐺𝑥𝑦(𝜏) is the cross-correlation function. 

● 𝛿𝐹𝑥(𝜏) and 𝛿𝐹𝑦(𝜏) are the fluorescence intensity fluctuations over time for each 

fluorophore. 

● 𝜏  is the time lag. 

● 𝑡 is the fixed time at which the measurement is starting to observe the quantity 𝐹𝑦. 

● ⟨⋅⟩ denotes the time average. 

The cross-correlation can result in a positive correlation, indicating that the fluorescent species are 

moving together, or in a negative or zero correlation, suggesting no interactions or independent 

movement of the species. The analysis was performed with the same instrument and the same 

settings of FCS. The excitation of the two fluorophores was achieved using a HeNe 633 nm laser 

and an Argon laser. The detector used was suitable for capturing the fluorescence emitted by both 

fluorophores. The procedure for the analysis was the same as FCS measurement. After 

measurements, the resulting curves were fitted to appropriate models, using QuikFit software to 

extract the cross-correlation data. The cross-correlation and the autocorrelation amplitudes were 

correct for free dye 27. The correction for the autocorrelation curve is done as follows: 

(3) 
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𝐴0 =
1

𝑁0
=  

𝐴 ∙ 𝐼𝑡𝑜𝑡
2

(𝐼𝑡𝑜𝑡 − 𝐼𝑏)2
 

where:  

● 𝐴0 is the corrected FCS amplitude 

● 𝑁0 is the corrected N 

● 𝐴  is the measured amplitude (before correction) 

● 𝐼𝑡𝑜𝑡 is the total intensity  

● 𝐼𝑏 is the averaged background intensity 

The correction of the cross-correlation curve is done as follows:  

 

𝐴𝑐𝑐0 =
𝐴𝑐𝑐 ∙ 𝐼𝑡𝑜𝑡,𝑔𝑟𝑒𝑒𝑛 ∙ 𝐼𝑡𝑜𝑡,𝑟𝑒𝑑

(𝐼𝑡𝑜𝑡,𝑔𝑟𝑒𝑒𝑛 − 𝐼𝑏,𝑔𝑟𝑒𝑒𝑛) ∙ (𝐼𝑡𝑜𝑡,𝑟𝑒𝑑 − 𝐼𝑏,𝑟𝑒𝑑)
 

where:  

● 𝐴𝑐𝑐0 is the corrected cross-correlation amplitude 

● 𝐴𝑐𝑐  is the measured cross-correlation amplitude (before correction) 

● 𝐼𝑡𝑜𝑡,𝑔𝑟𝑒𝑒𝑛/𝐼𝑡𝑜𝑡,𝑟𝑒𝑑 are the total intensities in the green and red channels, respectively 

● 𝐼𝑏,𝑔𝑟𝑒𝑒𝑛 is the averaged background signal in the green channel 

● 𝐼𝑏,𝑟𝑒𝑑 is the averaged background signal in the red channel 

 

5.3 Results and Discussion 
5.3.1 Biophysical and biochemical characterization of REVs and LPs  

REVs and lipoproteins (LPs) were thoroughly characterized biophysically and biochemically 

using BCA assay, Western blotting, and dynamic light scattering (DLS)28,29. REVs were isolated 

from blood samples following the protocol developed by Usman et al.23, which employs calcium 

ionophore induction of red blood cells. The protein content of REVs, quantified using the BCA 

assay, was found to be 2.08 ± 0.12 μg/μL, while for HDL, LDL, and VLDL the protein 

concentration measured was 35.08 ± 2.31 μg/μL, 12.81 ± 2.14 μg/μL, and 4.17 ± 0.52 μg/μL 

respectively. DLS, a widely applied technique for nanoparticle analysis, was used to determine 

the size distribution, ζ-potential, and particle concentration of both REVs and LPs. For this 

analysis, size data were interpreted based on particle count rather than intensity to avoid the 

dominance of high-intensity peaks from larger particles, thus providing a more accurate 

(4) 

(5) 
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representation of nanoparticle populations. Results revealed monomodal size distributions for all 

particle types, with hydrodynamic diameters (HD) averaging 120 nm for REVs (Fig. 1.5A, blue 

curve), 30 nm for VLDL (Fig. 1.5A, purple curve), 15 nm for LDL (Fig. 1.5A, green curve), and 

8 nm for HDL (Fig. 1.5A, red curve). Additionally, all particles exhibited negative ζ-potentials in 

PBS (Fig. 1.5B), indicating the presence of repulsive electrostatic forces. However, none of the 

particles displayed sufficiently high negative ζ-potentials to entirely prevent aggregation, 

suggesting that these repulsive forces may be inadequate for full stabilization in suspension. The 

particle concentrations were measured as 7.66×10¹¹ particles/mL for REVs (Fig. 1.5C, blue 

column), 4.23×10¹⁵ particles/mL for HDL (Fig. 1.5C, red column), 5.38×10¹³ particles/mL for 

LDL (Fig. 1.5C, green column), and 2.92×10¹¹ particles/mL for VLDL (Fig. 1.5C, purple column). 

These findings are consistent with those reported in the literature, supporting the validity of the 

measurements and methodologies used in this study10,30–32. Western blotting was employed to 

detect specific protein markers in a mixture separated by molecular weight. Primary antibodies 

targeting typical proteins of REVs and lipoproteins were used, followed by HRP-conjugated 

secondary antibodies for detection on the blotting membrane. For nanoparticle characterization, 

Band-3 was used as a biomarker for REVs, ApoA1 for HDL, and ApoB100 for LDL and VLDL 

(Fig. 1.5D). Each sample, corresponding to 10 μg of protein, was loaded for analysis. As 

anticipated, Band-3 was detected exclusively in the REV sample, ApoA1 in the HDL sample, and 

ApoB100 in both LDL and VLDL samples. These findings confirm the presence of the respective 

nanoparticles in each sample. Moreover, the absence of cross-reactivity or contamination was 

verified, as only the expected markers were identified. Specifically, REVs showed only Band-3, 

indicating no lipoprotein contamination; HDL exclusively contained ApoA1, while both LDL and 

VLDL samples displayed only ApoB100, confirming the purity of each sample and the absence of 

REVs or other lipoprotein contaminants. 
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Figure 1.5: A) Size distribution graph, based on DLS measurements. B) All the particles exhibit a 

negative ζ-potential in DLS measurements. C) NPs concentrations were determined by DLS. D) 

Western Blot revelation of biomarkers on REVs and LPs 

5.3.2 Characterization of labelled REVs and LPs 

The fluorophores used in this work to label REVs and LPs for FCS and FCCS measurements are 

Atto NHS 633 and Atto DPPE 488. The emission and excitation spectra of the free fluorophores 

were analyzed via spectrofluorometry to confirm no spectral overlap, ensuring accurate 

differentiation during subsequent analyses (Fig. 2.5A). REVs and LPs were labeled respectively 

with Atto NHS 633 and Atto DPPE 488, by following the protocols described in the Experimental 

Section. The fluorophore concentration used for labeling was 250 nM and 1 µM respectively for 

REVs and LPs. After overnight incubation, Atto NHS 633-labeled REVs (A-REVs) and Atto 

DPPE 488-labeled LPs (AD-LPs, AD-HDL, AD-LDL, and AD-VLDL) were characterized by 

DLS, fluorimetry, and FCS. Fluorescence emission spectra of the labeled NPs were acquired to 

optimize the detector range for FCS and FCCS measurements (Fig. 2.5B-C). Notably, the labeling 

process didn’t affect the emission spectra of the fluorophore. DLS analyses indicated no significant 

changes in the size distribution or average HD of NPs due to the labeling process (Fig. 2.5D). 

FCS was employed to measure the diffusion coefficients of the free fluorophores (used to calibrate 

the instrument by defining the confocal volume) and to characterize labeled NPs preparations by 

determining the amount of free fluorophore. Fluorophores diffusion coefficients measured were 
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360 cm²/sec for Atto DPPE 488 (Fig. 2.5E, green dot) and 340 cm²/sec for Atto NHS 633 (Fig. 

2E, red dot), corresponding to hydrodynamic diameters of 1.21 nm for Atto DPPE 488 (Fig. 2E, 

green triangle) and 1.29 nm for Atto NHS 633 (Fig. 2.5E, red triangle). FCS characterization of 

A-REVs indicated nearly 100% labeling efficiency (Fig. 2.5F, blue dots), meaning that all the Atto 

NHS 633 added to the REV preparation is bound to the EV surface. Regarding AD-LPs, FCS 

measurements showed labeling yields of 59% for AD-HDL (red dots), 73% for AD-LDL (green 

dots), and 99% for AD-VLDL (purple dots, Fig. 2.5F). Notably, due to the lipid nature of the 

DPPE probe, potential lipid exchange, or “kissing” effect, between NPs could impact labeling 

stability33. Additionally, we tried to label LPs following different strategies (i.e., NHS ester 

coupling, similarly to REVs) and adding washing steps (via ultracentrifugation, size exclusion 

chromatography, and dialysis) to remove the free fluorophore in the preparation (data not shown). 

However, all these strategies failed to improve the labeling yield of the preparation. 
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Figure 2.5: A) Emission and excitation spectra graph, based on spectrofluorometer measurements. 

The analysis indicated that the two fluorophores have distinct and non-overlapping spectra. B) 

Emission spectra of labeled LPs. C) Emission spectra of labeled REVs. D) HD of NPs before and 

after the labeling protocol measured by DLS. E) FCS measurements confirmed the diffusion 

coefficients of the two free fluorophores and their HDs. F) Labelling yields of NPs. The red portion 

represents labeled NPs, whereas the blue portion represents free fluorophores. The low labeling 

yield indicated significant contamination of free fluorophore and low labeling efficiency.  

5.3.3 Interaction between EVs and LPs  

FCCS is an advanced analytical technique used to study interactions between different molecular 

species in solutions (principle sketched in Fig. 3.5).  

100 µL of each type of AD-LPs (corresponding to 1.04x1013 AD-HDL, 4.60x1012 AD-LDL, and 

6.47x1011 AD-VLDL) were mixed singularly with 50 µL of A-REVs (corresponding to 3.83x1010 

A-REVs) and incubated for 24 hours. We chose concentrations and ratios between A-REVs and 

AD-LPs to mimic physiological conditions at best. Indeed, it is estimated that physiological 
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concentrations of EVs, HDL, LDL, and VLDL are respectively 1011, 1014, 1013, and 1012 prt/ml, 

despite an intrinsic high variability in these values due to circadian cycle and pathophysiological 

conditions34,35. First FCCS measurements were then performed (T1). Subsequently, 25 µL of 

depleted human plasma were added to the mixture to a final concentration of 3 µg/ml of proteins, 

followed by 24 hours of incubations and additional FCCS measurements (T2). These analyses 

aimed to demonstrate the interaction between LPs and REVs in two different environments (PBS 

and plasma, respectively T1 and T2, the experimental protocol is also described in Fig. 4.5A). Data 

analysis of correlograms and cross-correlograms (detailed in the Experimental Section) returned, 

for each sample, the fraction (ρ) of interacting NPs.  

 
Figure 3.5: Schematic representation of FCCS principle. Fluorescently labeled particles (red and 

green) diffuse through a detection volume, and their fluorescence intensity is recorded over time. 

Simultaneous detection of red and green signals indicates particle-particle interaction. Cross-

correlation analysis reveals the extent of interaction between the two species, with a higher bar 

representing strong correlation and interaction. 

As shown in Fig. 4.5B, ρ of interacting LPs is small (between 0.01 and 0.02) for every LPs 

considered. This data could be explained by the stoichiometric excess of LPs present in each 

preparation compared to REVs. Furthermore, no significant differences were detected between T1 

and T2, indicating that plasma addition to the preparation didn’t impact the number of LPs 

involved in the interaction with REVs. On the other hand, we found variable ρ of interacting REVs 

(from 0.2 to 1, Fig. 4.5C) depending on the interacting LPs and, especially in the case of the AD-

HDL, on the environment.  

Interestingly, data show a great variation of ρ of interacting REVs in the case of AD-HDL between 

T1 and T2 (which passed from 0.45 to 1, black bars in Fig. 4.5C), despite no differences in ρ of 

interacting LPs at the same time points (black bars in Fig. 4.5B). This suggests a redistribution of 

AD-HDL nanoparticles after the addition of plasma. We speculate that this happens only in the 

case of AD-HDL due to their smaller size (around 10 nm) which is close to the one of some plasma 
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proteins and aggregates. This could facilitate the competition of plasma components for sites on 

the REV surface displacing weakly adsorbed AD-HDL that are consequently redistributed among 

REVs in the solution36. Finally, evaluating the data obtained in T2 which better mimics 

physiological conditions, we found different ρ of interacting REVs depending on the interacting 

LP. Specifically, AD-HDL showed the higher ρ of interacting REVs (black bar in Fig 4.5C), AD-

LDL an intermediate one (light grey bar in Fig. 4.5C), while AD-VLDL the lowest (dark gray bar 

in Fig. 4.5C). From this data, we calculated the number of interacting LP per REVs for each type 

of LP (see Experimental Section) estimating that for AD-HDL, the interaction occurs for 

approximately 30 particles per REVs, 10 in the case of AD-LDL, and only 1 for AD-VLDL.  

We found two different correlations to this data: i) a direct correlation with the number of LPs in 

the preparation (which is higher for AD-HDL, intermediate for AD-LDL, and lowest for AD-

VLDL), and ii) an inverse correlation between LP size and ρ of interacting REVs, which could 

suggest a limitation in the interaction of bigger LPs, such as AD-LDL and AD-VLDL, possibly 

due to steric hindrance.  

 

 



 124 

 

Figure 4.5: A) Sketched representation of the experimental protocol applied to study the 

interaction between EVs and LPs in physiological conditions. B) Representation of the fraction 

(ρ) of interacting LPs (AD-HDL in black, AD-LDL in light grey, and AD-VLDL in dark grey) at 

T1 (in PBS) and at T2 (in plasma). C) Representation of the fraction (ρ) of interacting REVs (AD-

HDL in black, AD-LDL in light grey, and AD-VLDL in dark grey) at T1 (in PBS) and at T2 (in 

plasma). N = 3 

These data indicate that in PBS and in physiological-like conditions REVs (and possibly every 

EV) interact with lipoproteins of different types in different ways, validating our model and 

supporting the literature13–17. To further explore and characterize these interactions we performed 

dose-response experiments to evaluate the apparent affinity constant for REVs-LPs interactions. 

Apparent affinity constants are values that qualitatively describe the dynamic of an interaction 

between two components37,38. Thus, comparing these values for each LP used in this work we can 

estimate physiologically which LP is more favored to interact with REVs. 100 µL of seven 

different LP concentrations were tested, each mixed with a constant amount of REVs and plasma, 

following the protocol described above. For AD-HDL, the prepared concentrations were 3.03×10¹² 

prt/ml, 1.10×10¹³ prt/ml, 3.43×10¹³ prt/ml, 1.04×10¹⁴ prt/ml, 3.12×10¹⁴ prt/ml, 9.37×10¹⁴ prt/ml, 

and 2.81×10¹⁵ prt/ml. For AD-LDL, concentrations ranged from 1.30×10¹² prt/ml to 1.24×10¹⁵ 
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prt/ml, while AD-VLDL concentrations ranged from 2.21×10¹¹ prt/ml to 1.74×10¹⁴ prt/ml. FCCS 

results are expressed as ρ of interacting REVs in the function of the LP concentration.  

Dose-response curves are represented in Fig. 5.5A (red for AD-HDL, green for AD-LDL, and 

purple for AD-VLDL). To fit our data, we applied the Hill model, which is used to describe 

cooperative binding or interaction phenomena37,38. It is based on the idea that the binding of a 

ligand to one site can influence the binding of additional ligands to nearby sites, leading to either 

positive or negative cooperation39. However, considering the complex dynamic interactions 

occurring in EVs-LPs association, it’s important to note that the Hill model is a simplification, and 

may not perfectly represent this system, but it can still provide qualitative information (Kd, Bmax, 

and n) to compare the different types of interaction considered in this study38. 

The Hill model is described by the equation: 

𝜌 =  
[𝐿]𝑛

𝐾𝑑 + [𝐿]𝑛
 

 

- ρ: is the fraction of occupied binding sites, 

- [L]: is the concentration of the ligand, 

- 𝐾d: is the apparent dissociation constant, 

- n: is the Hill coefficient, which indicates the degree of cooperativity. Specifically, if n = 1: No 

cooperativity, the binding follows the classical Langmuir behavior (independent binding). n > 1: 

Positive cooperativity, meaning that the binding of one ligand increases the affinity of other 

ligands for nearby sites. n < 1: Negative cooperativity, where the binding of one ligand decreases 

the affinity of other ligands for nearby sites.  

 

Through fitting analysis, we extrapolated the key parameters Bmax (representing the maximum 

number of binding sites), n (the Hill coefficient), and Kd (the dissociation constant) to compare 

the interaction between REVs and different lipoproteins (LPs) qualitatively. As depicted in Fig. 

5.5B, the interaction between HDL and REVs shows a higher Bmax compared to LDL and VLDL, 

which exhibit similar values. This finding supports the hypothesis of steric limitations in the 

interaction of LDL and VLDL with REVs. Although all LPs in this study likely have access to the 

same number of binding sites on the REV surface, the larger dimensions of LDL and VLDL may 

hinder access to some of these sites due to steric hindrance, thus reducing the effective number of 

occupiable binding sites. Interestingly, the analysis of the Hill coefficient, n, revealed distinct 

interaction mechanisms for each LP (Fig. 5.5C). The HDL-REV interaction has an n > 1, indicative 

of cooperative binding. This is consistent with the similar size of HDL to plasma proteins, which 

typically adsorb onto surfaces forming a biomolecular corona (BC) that promotes the aggregation 
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of additional proteins40,41, as demonstrated in our previous work (Chapter 4)42. In contrast, the 

LDL-REV interaction displays an n ≈ 1, suggesting a Langmuir-like binding, which reflects a 

reversible, non-cooperative, and saturable interaction38. Finally, the VLDL-REV interaction, 

characterized by n < 1, indicates negative cooperation. This is expected due to the larger size of 

VLDL, like that of REVs, which leads to steric and thermodynamic limitations in interaction, 

possibly due to analogous membrane curvatures41,43. A comparison of apparent Kd values (Fig. 

5.5D) reveals that LDL exhibits the lowest Kd, and, in turn, the highest affinity for REVs, while 

HDL and VLDL display affinities approximately an order of magnitude lower. This observation 

is particularly intriguing, as it aligns with previous studies that identified LDL-REV interactions 

as the most significant under physiological conditions14. Notably, LDL-EV aggregation is one of 

the few biogenic nanoparticle interactions with established biological significance. Busatto et al. 

demonstrated that cancer-derived EVs form aggregates with LDL, facilitating their passage across 

biological barriers, such as the blood-brain barrier16. 
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Figure 5.5: A) dose-response curve fitted with the Hill model of EVs-LPs interaction (red for AD-

HDL, green for AD-LDL, and purple for AD-VLDL). B) Graphical representation of Bmax 

extrapolated from the fitting for each EV-LP interaction (red for AD-HDL, green for AD-LDL, 

and purple for AD-VLDL). C) Graphical representation of n extrapolated from the fitting for each 

EV-LP interaction (red for AD-HDL, green for AD-LDL, and purple for AD-VLDL), the dotted 

line represents n = 1. D) Graphical representation of Kd extrapolated from the fitting for each 

EV-LP interaction (red for AD-HDL, green for AD-LDL, and purple for AD-VLDL). N = 3 

 

5.4 Conclusions 
In this study, we explored the interactions between red blood cell-derived extracellular vesicles 

(REVs) and three distinct lipoprotein (LP) classes: HDL, LDL, and VLDL. Through fluorescence 

cross-correlation spectroscopy (FCCS), we characterized the nature of these interactions in both 

PBS and plasma environments. Summarizing, results indicate distinct interaction patterns for each 

lipoprotein with REVs. HDL-REV interactions show the highest Bmax, suggesting that HDL can 

access a greater number of binding sites compared to LDL and VLDL. This is likely due to HDL's 

smaller size, which reduces steric hindrance, and its cooperative binding behavior (n > 1). This 

could be related to HDL's similarity in size to plasma proteins, which typically form a biomolecular 

corona that promotes the aggregation of other proteins. In contrast, LDL-REV interactions, despite 
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a lower Bmax, exhibit the highest affinity (Kd) among the three lipoproteins, indicating a stronger 

binding. The binding mechanism follows a Langmuir-like model (n ≈ 1), reflecting a non-

cooperative, saturable interaction between LDL and REVs. VLDL-REV interactions, on the other 

hand, display both the lowest Bmax and affinity, with negative cooperativity (n < 1). This suggests 

that VLDL's larger size leads to steric limitations, reducing the number of available binding sites 

and possibly introducing thermodynamic constraints due to membrane curvature similarities 

between VLDL and REVs. Overall, these results provide new insights into the specific dynamics 

of LP-EV interactions. The distinct binding profiles observed may reflect fundamental biophysical 

constraints imposed by LP size and structure, offering valuable implications for the design of EV-

based therapeutic strategies. Moreover, the confirmed interactions between LDL and REVs 

reinforce previously published findings regarding the biological significance of LDL-EV 

aggregates, which may play a role in disease processes such as cancer metastasis across biological 

barriers. However, the FCCS settings used in this study are not able to resolve complex, 

heterogeneous models, such as mixtures of all three lipoproteins with REVs in plasma, which 

would better mimic physiological conditions. As a result, we cannot precisely determine the 

physiological ratios of interaction, especially given the competition between different lipoproteins 

for REV surface binding. Therefore, new technologies and approaches are needed to overcome 

these limitations and provide a deeper understanding of EV-LP interactions in vivo. 
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Chapter 6: Extracellular vesicle-mediated 

delivery of Cisplatin and Cetuximab for 

multimodal therapy against triple-negative 

breast cancer 
 

This work has been carried out thanks to the collaboration with ITB-CNR, University of Milan, 

Sapienza-University of Rome, IRCCS Maugeri, and University of Milan Bicocca, in the context 

of the PRIN project “Development of a biotechnological nanoparticle platform for the delivery of 

antitumor therapies using Patient Derived-organoid library of Breast cancer” (Italian Ministry of 

Education, University and Research, PRIN 2017, Grant No. 2017E3A2NR_004, Scientific 

coordinator: prof. D.Prosperi, University of Milano-Bicocca, Italy). Results presented in this work 

highlight the synergistic and multimodal anticancer mechanisms and effects of cisplatin-loaded 

and CTX surface-engineered EV (developed in Chapters 3 and 4).  

 

6.1 Introduction 
Triple-negative breast cancer (TNBC) is among the most aggressive subtypes of breast cancer, 

characterized by the absence of three key receptors: human epidermal growth factor receptor 2 

(HER2), estrogen receptors (ER), and progesterone receptors (PR). This receptor profile makes 

TNBC resistant to many targeted therapies1. Recent research has demonstrated that TNBC is 

particularly sensitive to platinum-based drugs, such as carboplatin and cisplatin, due to defects in 

DNA repair pathways, specifically homologous recombination2,3. These drugs induce DNA 

damage by forming intra- and interstrand crosslinks, triggering apoptosis and cell death2–4. Among 

platinum-based therapies, cisplatin has been extensively studied for TNBC, both as a standalone 

treatment and in combination with other interventions, including surgery5 and other 

chemotherapeutic agents like gemcitabine or paclitaxel6. Cisplatin is a small hydrophilic molecule 

that exerts its cytotoxic effects primarily in the nucleus. However, its efficacy in TNBC is often 

compromised by the activation of cellular resistance mechanisms, such as altered drug transport 

and detoxification processes, which can limit its nuclear accumulation and consequent 

cytotoxicity7. Recent findings have highlighted the potential of ferroptosis, a form of cell death 

driven by iron-dependent reactive oxygen species (ROS) accumulation and lipid peroxidation, to 

enhance TNBC's sensitivity to cisplatin8,9. Cisplatin interacts with reduced glutathione (GSH), 

disrupting glutathione peroxidase 4 (GPX4), an enzyme crucial for neutralizing lipid peroxides. 

This disruption shifts the cell’s redox equilibrium, leading to oxidative stress and cell death via 

ferroptosis1,5,6. However, hypoxic conditions can inhibit ferroptosis through the stabilization of 
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hypoxia-inducible factor 1-alpha (HIF-1α), a transcription factor that TNBC cells often 

overexpress7,10. This overexpression is further amplified by epidermal growth factor receptor 

(EGFR) signaling, enabling TNBC cells to survive in hypoxic environments and resist cisplatin 

treatment. 

Cetuximab (CTX, Erbitux®), an FDA-approved monoclonal antibody targeting EGFR11–13, 

presents a promising strategy to overcome this resistance. By binding to EGFR's extracellular 

domain, CTX inhibits downstream signaling, potentially downregulating HIF-1α13. Combining 

cisplatin with CTX could therefore offer synergistic benefits, enhancing cisplatin's anti-tumor 

activity, overcoming resistance mechanisms14, and promoting ferroptosis. However, current 

combination therapies administer cisplatin and CTX separately, which can result in overdosing 

and increased toxicity15. Nanotechnology offers a potential solution by co-delivering both agents 

within a single nanoplatform, improving selectivity and reducing off-target effects16–18. 

Biocompatible nano drug delivery systems (DDS) could further minimize systemic toxicity and 

avoid immune system activation. 

In this context, extracellular vesicles (EVs) have emerged as promising nanocarriers due to their 

natural ability to transport biological molecules while being ‘’self’’ recognized by the body19. EVs 

are membrane-bound nanoparticles that encapsulate proteins, nucleic acids, and metabolites. 

Several EV types have been explored for cancer therapy, including the delivery of cisplatin via 

milk-derived EVs in resistant ovarian cancer models20. Among the various EV sources, red blood 

cell-derived EVs (RBC-EVs) are particularly advantageous because they lack oncogenic material, 

reducing the risk of tumorigenesis21. RBC-EVs can also be easily modified and, importantly, lack 

EGFR, preventing interference with CTX during surface engineering22. 

In this study, we developed a nanoplatform based on RBC-EVs loaded with cisplatin and surface-

functionalized with CTX (CTXRBC-EVcispt). This platform displayed enhanced cisplatin uptake, 

increased cytotoxicity, and reduced chemoresistance by downregulating hypoxia-related genes, 

achieving superior results compared to the administration of free drugs. Moreover, the CTXRBC-

EVcispt system mitigated ex vivo toxicity towards red blood cells, highlighting its potential as an 

innovative and effective therapeutic strategy for TNBC. 

 

6.2 Experimental section 
 

6.2.1 Production and separation of RBC-EVs 

REV extraction and purification were conducted according to Chapter 4.2.3. 

 



 137 

6.2.2 Biophysical and biochemical characterization of RBC-EVs 

The purity of RBC-EVs for soluble contaminants and cellular residues was checked with the 

CONAN assay, following the protocol previously described24,25. Nanoparticle tracking analysis 

(NTA) was performed according to the manufacturer's instructions using a NanoSight NS300 

system configured with a 532 nm laser. The samples were diluted 1:1000 in filtered PBS (0.22 μm) 

to a final volume of 1 mL to obtain the optimal particle per frame value (20–100 particles/frame). 

A syringe pump with constant flow injection was used (20 μL·min−1), and the temperature was 

set constant at 25 °C. Particles were detected at a camera level of 10 and three videos of 60 s were 

captured and analyzed with NTA software version 3.2. Atomic force microscopy (AFM) imaging 

was performed on a Nanosurf NaioAFM equipped with a Multi75-AI-G tip (Budget Sensors). For 

sample preparation, RBC-EVs were resuspended in 100 μL sterile H 2O (Milli-Q, Merck 

Millipore) and diluted 1:10 in H2O. 5 μL of the samples were then spotted onto freshly cleaved 

mica sheets (Grade V-1, thickness 0.15 mm, size 15 × 15 mm2) and dried at 50 °C for 10 minutes. 

Images were acquired in tapping mode, with a scan size ranging from 1.5 to 25 μm and a scan 

speed of 1 s per scanning line. Image processing was performed on Gwyddion ver. 2.61. Protein 

concentrations of RBC-EVs and RBC homogenate samples were determined with a Pierce™ BCA 

Protein Assay Kit (ThermoFisher, Rockford, USA), following the manufacturer's instructions. 

RBC-EV biochemical characterization was carried out with SDS-PAGE followed by Western Blot 

analysis. Samples were mixed with 6X Laemmli buffer and boiled for 5 min at 95°C. 30µg of 

proteins were separated by SDS-PAGE (10% polyacrylamide) and transferred onto a PVDF 

membrane. The blocking step was carried out with a 5% fat-free milk in PBS-0.05% Tween-20 

(PBS-T) for 1h at 37°C. Membranes were incubated overnight at 4°C with the following primary 

antibodies diluted in 1% fat-free milk PBS-T: anti-BAND3 (1:1000, clone A-6, sc-133190, Santa 

Cruz Biotechnology, USA), anti-Flotillin (1:500, clone C-2, sc-74566, Santa Cruz Biotechnology, 

USA) and anti-Hemoglobin subunit β (HBB, 1:500, H00003043-M02A, Abnova, Taiwan). The 

membranes were washed thrice for 10 min with PBS-T and incubated for 1 h with rabbit anti-

mouse HRP conjugated secondary antibody diluted 1:3000 in 1% fat-free milk PBS-T (Bethyl, 

TX, USA). Images were acquired with Chemibox Syngene.  

 

6.2.3 Membrane engineering of RBC-EVs with Cetuximab  

REVs were membrane-engineered according to Chapter 4.2.11. 

 

6.2.4 Cisplatin encapsulation and quantification  

200 µL of RBC-EVs or CTXRBC-EVs (2 x 1012 EVs/mL) were incubated with 200 µL of 1.4 mg/L 

cisplatin (Sandoz AG, Novartis, Switzerland) for 4h or 24h at 37°C in agitation. Cisplatin-loaded 
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RBC-EVs and CTXRBC-EVs (hereafter referred to as RBC-EVcispt and CTXRBC-EVcispt, 

respectively) were rinsed to 1mL with PBS 1X without CaCl2 and MgCl2 (21-040-CV, Corning, 

USA) and ultracentrifuged at 100,000 xg for 2h (Optima MAX-XP centrifuge equipped with a 

TLA-55 rotor, Beckman Coulter, USA). The amount of platinum in RBC-EVcispt was measured by 

inductively coupled plasma mass spectrometry (ICP-MS) Elan DRC II (Perkin Elmer) employing 

the external calibration quantitative analysis method. The instrument was calibrated with a 

calibration curve of different platinum concentrations of 1-5-10 ppb, starting from the smart 

solutions O2Si Platinum standard solution at 1000 ppm in 5% HCl. Samples were diluted 1:1000 

in distilled water. The intra-series coefficient of variation ranged between 4% and 8%, while the 

inter-series coefficient of variation varied between 2% and 6%. The detection limit was calculated 

with a 3x standard deviation of the blank and was established as 0.05 ppb. The measurement range 

spanned from 0.1 ppb to 500 ppb. Cisplatin concentration was calculated as (Platinum 

concentration, g/L x cisplatin molecular weight, g/mol) / Platinum molecular weight, g/mol). For 

the optimization of the protocol for cisplatin encapsulation, results from six different preparations 

were used and here expressed as mean ± SEM. For the comparison of cisplatin encapsulation 

between CTXRBC-EVcispt and RBC-EVcispt, results from four different preparations were used and 

expressed as mean ± SEM.  

 

6.2.5 Cell line and culture conditions  

Human Triple-Negative Breast Cancer (TNBC) MDA-MB-231 cells (HTB-26, ATCC, USA) and 

the Her2-enriched Human Breast Cancer BT-474 cell lines were cultured in Dulbecco's Modified 

Eagle Medium with 4.5 g/L glucose, L-glutamine and sodium pyruvate (DMEM, 10-013-CV, 

Corning, USA) supplemented with 10% (v/v) fetal bovine serum (FBS, EU-000-500, 

Immunological Science, United Kingdom), 1% (v/v) penicillin/streptomycin (30-002-CI, Corning, 

USA) and hereafter referred to as complete media. Cells were maintained in a humidified 5% CO2 

incubator at 37°C and routinely tested for mycoplasma contamination using the MycoBlue 

Mycoplasma Detection kit (D101, Vazyme, China).  

 

6.2.6 Patient-derived organoids establishment  

Two patients (patient #1 and patient #2) bearing TNBC and enrolled at the Breast Unit of ICS 

Maugeri IRCCS (Pavia, Italy) in the protocol of “Bruno Boerci Oncological Biobank” (ICS 

Maugeri IRCCS’s ethical committee approvation of 27 July 2009) between April 2019 and July 

2020, were a 45 and a 60-years-old womans, respectively. Patient#1 [SM1] displayed an invasive 

ductal carcinoman of over 6 cm in right mammary gland and reported familiarity for breast and 

ovarian neoplasia, as confirmed by the presence of mutation on BRCA1 gene. Patient#1 has been 
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subjected to neoadjuvant chemotherapy (NAC) with 4 cycles of Epirubicin and 

Cyclophosphamide, and 12 cycles of paclitaxel and carboplatin followed by radical mastectomy. 

During surgery, a biopsy specimen was collected, analysed and used to establish PDO#1 culture.  

Pathological evaluations performed on this specimen confirmed the classification as invasive 

ductal carcinoma, with a Triple negative (TNBC) molecular subtype (Estrogen 0%, Progesterone 

0%, Ki67 60%, c-erbB2 1+). Patient#2 [SM2] displayed a lesion of 21 mm classified as invasive 

ductal carcinoma, TNBC molecular subtype (Estrogen 0%, Progesterone 0%, Ki67 70%, c-erbB2 

0) in right mammary gland and reported familiarity for breast and ovarian neoplasia, despite only 

the presence of a BRCA1 gene variant with unknown significance has been detected. During clip 

positioning, another biopsy specimen was collected, analysed and used to establish PDO#2 culture. 

The bioptic samples from patient #1 and #2 have been collected in Ad-DF +++ medium (Hyclone 

DMEM-F/12 1:1 supplemented with 10 mM HEPES, 1% Penicillin/Streptomicin and 1% L-

glutamine) and stored at 4°C until processing. Then, were cut into 1-3 mm3 and two random pieces 

were fixed in formalin and embedded in paraffin to perform Hematoxylin and Eosin staining 

(H&E) and Immunohistochemistry (IHC) labelling by using routine procedures. Primary PDO#1 

and PDO#2 cultures were obtained following the procedure described in a consolidated protocol. 

Briefly, the collected tissue was removed of the adipose tissue and mechanically and enzymatically 

digested in 10 mL Ad-DF +++ medium supplemented with 500 µL of Collagenase 20 mg/mL and 

10 µL of Y27632 10 mM for 1-2 hours at 37°C. The sample was filtered to remove the undigested 

tissue, collected in a 15 mL tube and centrifuged. The pellet was washed twice and then 

resuspended in the appropriate amount of BME and seeded in a pre-warmed multi-well plate. Once 

BME-PDO drops were solidified, the appropriate amount of Culture medium (CM; DMEM/F12 

1×, L-glutamine 1%, Penicillin/Streptomicin 1%, Hepes 10mM, Noggin conditioned medium 25×, 

B27 supplement 1×, N-acetyl-cysteine 1.25 mM, Nicotinamide 0.2 mM, A 83-01 500 nM, Y-27632 

5 µM, R-spondin1 conditioned medium 10%, Primocin 50 µg/mL, Human EGF 5 ng/mL, FGF-10 

Human recombinant 20 ng/mL, KGF/FGF-7 Human recombinant 5 ng/mL, Heregulin-beta-1 

Human recombinant 37.5 ng/mL, SB 202190 500 nM) was added depending on the multi-well 

size, and changed every 2-3 days. Every 7-10 days when confluence was achieved, PDO#1 and 

PDO#2 cultures have been collected and passed. Each organoid culture has been frozen in Cell 

Culture Freezing medium (Gibco, 12648-010) and has been transferred to liquid nitrogen for long-

term storage. 

 

6.2.7 Patient-derived organoids characterization  

BME-organoid drops were removed with a sterile cell lifter from the plate and transferred into a 

mould containing a layer of optimal cutting temperature compound (OCT). Once the drops were 
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included in OCT, the mould was kept at -80°C until processing. The OCT-embedded PDO were 

sectioned to obtain histological slices of about 3 µm thicknesses. After the fixation, the histological 

slides were stained with H&E, labelled with VENTANA, BenchMark ULTRA following 

automatized IHC protocols for Estrogen receptor, Progesterone receptor, c-ErbB2 (i.e. HER2) and 

Ki67. For the comparison between organoids and the tumour of origin, two random pieces of the 

surgical tissues were fixed in formalin and embedded in paraffin to perform H&E and IHC 

labelling by using routine procedures. For morphological Transmission Electron Microscopy 

(TEM) and Scanning Electron Microscopy (SEM) analysis, PDO#1 and PDO#2 has been 

processed and analysed as previously described. For immunofluorescence analysis, 3×106 

organoids have been isolated from BME after a treatment with Dispase (1 µg/mL at 37°C for 1-2 

hours). Then, PDOs were collected, washed in Phosphate buffer (PBS) thrice and fixed with 

Paraformaldehyde (PFA) 4% for 15 minutes at room temperature (RT). After the fixation, PDOs 

were washed in PBS thrice and then were permeabilized using Triton X-100 0.1% for 10 minutes 

at RT. After three washing, PDO pellets were resuspended in 500 µL of blocking solution 

containing 2% goat serum 2% Bovine Serum Albumin (BSA) in PBS 1X for 1 hour at RT. PDOs 

were incubated with the primary antibodies in blocking solution for 2 hours at RT. We have used 

the following primary rabbit antibodies directed to Ki67 (Abcam ab243878, 1:500), EGFR 

(Genetex GTX35199, 1:200), Vimentin (Genetex GTX100619, 1:500) and HER-2 (Cell Signalling 

Technologies #2165, 1:200) molecules. PDOs were washed thrice in PBS and incubated with the 

secondary antibody anti-Rabbit Alexa Fluor 546 (1:300), Wheat Germ Agglutinin FITC (1:300), 

DAPI (1:10000) in blocking solution overnight at 4°C. After the staining, PDOs were washed three 

times in PBS 1× and seeded on specimen slide in mounting medium ProLongTM Gold (Invitrogen, 

P36935) for the acquisition with the Leica confocal microscope SP8 equipped with 405, 488 and 

513 nm lasers. Acquisition has been performed at 1024×1024 dpi resolution. For CD24, CD44, 

CD49f and EPCAM staining, 3×106 organoids have been isolated from BME by incubating them 

with Dispase 1 µg/mL. Once collected, PDO have been reduced into single cells through the 

shearing procedure using TrypLeTM Select (1×; Gibco, 12563-029). After three washes with 

Hank’s Balanced Salt Solution (HBSS from HyClone), SH30268.02), the cells were fixed with 

PFA 4% for 5-10 minutes in ice. Fixed cells have been washed thrice with HBSS supplemented 

with FBS 2% and aliquoted into four tubes containing about 7.5 × 105 cells each. The first tube 

has been labelled with the Lineage PE cocktail of antibodies (PE mouse anti-human CD2, Cod. 

555327, 1:100; PE mouse anti-human CD3, Cod. 555333, 1:00; PE mouse anti-human CD10, Cod. 

555375, 1:100; PE mouse anti-human CD16, Cod.555407, 1:100; PE mouse anti-human CD18, 

Cod. 555924, 1:100; PE mouse anti-human CD31, Cod. 555446, 1:100; PE mouse anti-human 



 141 

CD64, Cod. 558592, 1:100; PE mouse anti-human CD140b, Cod. 558821, 1:100; BD Biosciences) 

for 15 min at RT to set the gate of lineage positive cells, which should be excluded from the 

analysis. The second tube contains only unstained cells, to acquire negative signals. A third tube 

has been labelled 15 min at RT with lineage cocktail, FITC mouse anti-human CD24 (Cod. 

555427, 1:50, BD Biosciences) and APC mouse anti-human CD44 (Cod. 559942, 1:50, BD 

Biosciences), to identify CD24/CD44 cell population, while the fourth tube has been labelled with 

lineage cocktail, supplemented with FITC rat anti-human CD49f (Cod. 555735, 1:50, BD 

Biosciences) and APC mouse anti-human EPCAM (Cod. 347200, 1:100, BD Biosciences), to 

identify CD49f/EPCAM populations. After the staining, labeled cells were washed thrice with 

HBSS supplemented with FBS 2% and analyzed using CytoFLEX flow cytometer (Beckman 

Coulter). The acquisition was performed on 20,000 events, within the selected region of singlet 

viable cells. For EGFR evaluation, 1.5×106 organoids were isolated from BME, reduced into 

single cells, and fixed with 4% paraformaldehyde (PFA, 76240, Thermo Fisher Scientific, USA) 

for 5 minutes at 4°C. Cells were washed thrice with HBSS supplemented with FBS 2% and were 

transferred into two tubes containing about 7.5×105 cells for each. A tube was labeled with the 

primary chimeric monoclonal antibody Cetuximab (CTX, 1:200) for 15 min at RT. Labeled cells 

were washed thrice with HBSS supplemented with FBS 2%. Both tubes were labelled with the 

AlexaFluor488 (AF488) goat anti-Human secondary antibody (ThermoFisher, 1:300). The tube 

containing cells labelled with only the secondary antibody was used to set the region of positivity. 

After the staining, labeled cells were washed thrice with HBSS supplemented with FBS 2% and 

analyzed as described above. 

 

6.2.8 Labelling of RBC-EV preparations  

RBC-EV preparations were labelled with MemGlow™ 488 (MG01-10, Cytoskeleton Inc., USA) 

as previously described26. Briefly, RBC-EV samples were incubated with 100 nM MemGlow™ 

488 for 30 minutes at room temperature (RT). Excess of free probe was removed by 

ultracentrifugation at 100,000 xg for 2 hours at 4°C (Optima MAX-XP equipped with a TLA-55 

rotor, Beckman Coulter, USA).  

 

6.2.9 Assessment of EGFR expression on MDA-MB-231 cells 

 2×106 MDA-MB-231 cells and 2×106 of BT-474 cells (used as control for low EGFR expression) 

were harvested and fixed with 4% paraformaldehyde (PFA, 76240, Thermo Fisher Scientific, 

USA) for 5 minutes at 4°C. Cells were washed in PBS for three times and the pellet was 

resuspended in PBS, 2% Bovine Serum Albumin (BSA, A2153, Sigma-Aldrich, USA), 2% goat 

serum (G9023, Sigma-Alrdich, USA). About 5×105 of fixed cells were transferred in tubes and 
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immunodecorated with the anti-EGFR antibody (Cetuximab, CTX, 1 µg/tube;) in Phosphate buffer 

(PBS), 2% Bovine Serum Albumin (BSA; Sigma) and 2% goat serum (Euroclone) for 30 min at 

RT. Then, cells were washed thrice with PBS and immunodecorated with Alexa Fluor 488 goat 

anti-human secondary antibody (1 µL/tube; Thermo Fischer Scientific) in PBS, 2% BSA and 2% 

goat serum for 30 min at RT. After three washes with PBS cells (n=3) were analyzed by CytoFLEX 

flow cytometer (Beckman Coulter). 20,000 events were acquired for each analysis, after gating on 

viable cells and on singlets. A sample of cells immunodecorated with the secondary antibody only 

was used to set the region of positivity. 

 

6.2.10 Cellular RBC-EV uptake studies in 2D cell culture system by confocal imaging  

For imaging analysis, MDA-MB-231 cells were seeded onto 12 mm-sized coverslips pre-coated 

with 50 µg/mL collagen (TB03, Clinisciences, France) as 300000 cells/coverslip (26549 

cells/cm2) placed in 12-well tissue culture plates (ET3012, Euroclone, Italy). After 24h, cells were 

treated MemGlow488-labelled-RBC-EVs, CTXRBC-EVs, RBC-EVcispt, and CTXRBC-EVcispt for 4h 

and 24h in 1 mL of complete media. For the investigation of the comparison of RBC-EVs and 

CTXRBC-EVs uptake, the following RBC-EV and CTX final concentrations were used: 6.2x1010 

RBC-EVs (corresponding to 1.8x1010 EVs/cm2) and 35 nM CTX. For the comparison of RBC-

EVcispt and CTXRBC-EVcispt uptake, the followings: 7.3x1010 RBC-EVs (corresponding to 

2.7x1010 EVs/cm2), 5µM cisplatin and 22 nM CTX. Cells were washed twice with PBS without 

CaCl2 and MgCl2 (21-040-CV, Corning, USA) and fixed with a 3% paraformaldehyde (PFA, 

76240, Thermo Fisher Scientific, USA) solution for 15 min at RT. PFA was quenched with 50 mM 

NH4Cl for 10 minutes at RT. The cells were washed twice with PBS 1X and permeabilized with 

0.3% saponin (47036, Thermo Fisher Scientific, USA) in PBS 1X (PBS-S) for 10 minutes at RT. 

Intracellular hemoglobin was stained with anti-HBB antibody diluted 1:50 (H00003043-M02A, 

Abnova, Taiwan) in PBS-S for 1 hour at RT. The coverslips were washed twice with PBS-S and 

incubated with the AlexaFluor 647-secondary antibody Rabbit anti-Mouse diluted 1:400 

(IS20285-1, Immunological Sciences, United Kingdom) and DAPI diluted 1:600 in PBS-S 

(D3571, Invitrogen, USA) for 30 minutes at 37°C. Coverslips were washed twice with PBS 1X 

and once with double-distilled water (ddH2O), and finally mounted with ProLong™ Gold 

Antifade Mountant (P36934, Invitrogen, USA). 1024 × 1024 pixel images were acquired with a 

Zeiss LSM 900 confocal microscope with a Plan-Apochromat 63×/1.4 Oil DIC or EC Plan-

Neofluar 40x/1.3 Oil DIC objectives, with a 0.2% 405 nm laser for DAPI, 0.2% 488 nm laser for 

MemGlow™ 488 and 0.4% 633 nm laser for AlexaFluor 647-secondary antibody.  
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6.2.11 Cell binding assay 

5×105 MDA-MB-231 cells were incubated 2 h at 4°C in Phosphate buffer (PBS), 2% Bovine 

Serum Albumin (BSA; Sigma) and 2% goat serum (Euroclone) supplemented with 109 or 1010 

RBC-EV/mL, 109 or 1010 CTXRBC-EV/mL or CTX free (2.43nM or 24.3 nM) in 5 mL tubes. 

RBC-EVs were fluorescent-labelleb with Memglow88, while CTX free or conjugated to RBC-

EVs were labelled with Cy7.5, as previously described. Then, cells were washed thrice with PBS 

and cells were analyzed by CytoFLEX flow cytometer (Beckman Coulter). 20,000 events were 

acquired for each analysis, after gating on viable cells and on singlets. Samples of untreated cells 

were used to set the regions of positivity. 

 

6.2.12 Competition assay 

5×105 MDA-MB-231 cells/sample were incubated 1 h at 4°C with 2.8 uM of free unlebelled CTX 

as competitor (1 mL) in PBS supplemented with 0.3% BSA. Then, cells were centrifuged to 

remove unbound CTX and were incubated with Cy7.5-labelled CTX or Cy7.5-labelled CTXRBC-

EV for 1h at 4°C. At the end of incubation, cells were washed thrice, resuspended in PBS (500 µL) 

and analyzed by CytoFLEX flow cytometer (Beckman Coulter). 20,000 events were acquired for 

each analysis, after gating on viable cells and on singlets. A sample of untreated cells was used to 

set the appropriate gates. 

 

6.2.13 Cellular cisplatin uptake studies in 2D and 3D cell culture systems  

For cisplatin uptake analysis in 2D culture conditions, MDA-MB-231 cells were seeded into 

collagen-precoated 35 mm tissue culture dishes (ET2035, Euroclone, Italy) as 22500 cells/cm2. 

After 24h, cells were washed once with PBS 1X without CaCl2 and MgCl2 and treated for 30 min 

and 24h with RBC-EVcispt, 
CTXRBC-EVcispt , and cisplatin in 2 mL of complete media. Treatments 

were carried out using the following final concentrations:  5.6 x 1010 RBC-EVs/mL 

(corresponding to 1.4x1010 EVs/cm2), 5µM cisplatin and 11.5 nM CTX. Cells were washed once 

with PBS 1X without CaCl2 and MgCl2 and harvested using 0.25% trypsin-EDTA solution (25-

053-CI, Corning, USA). Cells were counted with a Burker chamber and centrifuged twice at 800 

xg for 10 minutes at 4°C (5417C, Eppendorf, Germany). The obtained pellets were digested with 

200 µL of HNO3 and 200 µL of ddH2O and incubated at 70°C for 1h. The digested pellets were 

diluted 1:50 and measured with ICP-MS as previously described. Data from three independent 

experiments are expressed as mean ± SEM.  

 

6.2.14 Subcellular fractionation  

MDA-MB-231 cells were seeded into collagen-precoated 35 mm tissue culture dishes as 22500 

cells/cm2. After 24h, cells were washed once with PBS 1X without CaCl2 and MgCl2 and treated 
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in triplicate for 24h with RBC-EVcispt, cisplatin and CTXRBC-EVcispt. Treatments were carried out 

using the following final concentrations (final volume of 2 mL): 7.3 x 1010 EVs/mL 

(corresponding to 1.8x1010 EVs/cm2), 5µM cisplatin and 19.5 nM CTX. Cellular fractioning was 

carried out following the procedure described in Alvisi, G., et al.  Briefly, cells were washed twice 

with cold PBS 1X without CaCl2 and MgCl2, scraped and spinned for 10 seconds at 4°C. Pellets 

were resuspended in 100 µL of PBS 1X containing 0.1% NP-40 (A1694, PanReac Applichem, 

USA). 20µL of the whole homogenate was used for Western Blot analysis. Samples were further 

centrifuged for 10 seconds and 80 µL of the supernatant, corresponding to the cytoplasm fraction, 

was transferred into a new tube: 50µL were used for ICP-MS measurements while 30 µL for 

Western Blot analysis. Pellets were washed once with PBS 1X containing 0.1% NP-40 and spinned 

down for 10 seconds. Pellets, corresponding to the nuclear fraction, were resuspended in 80 µL of 

PBS 1X containing 0.1% NP-40: 50µL were used for ICP-MS measurements while 30 µL for 

Western Blot analysis. For ICP-MS, the platinum content was measured by diluting the sample 

1:50 and digested with 200 µL of HNO3 and 200 µL of ddH2O. Samples were incubated at 70°C 

for 1h and diluted 1:50 with ddH2O. Data are expressed as mean ± SD. For Western Blot analysis, 

fractions were heated in 6X Laemmli buffer and separated by SDS–PAGE on 

acrylamide/bisacrylamide gels and then transferred onto a PVDF membrane as described above. 

The following secondary antibodies were used: α-LAMP-1 (1:500, Clone H4A3, sc200-11, Santa 

Cruz Biotechnology Inc., USA) for the cytoplasmatic fraction, α-lamin A/C (1:1000, mab636, 

Thermo Fisher Scientific, USA) for the nuclear fraction and anti-HBB (1:500, H00003043-M02A, 

Abnova, Taiwan) to confirm hemoglobin uptake.  

 

6.2.15 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay 

MDA-MB-231 cells were seeded in 96-well plates in complete media as 15000 cells/cm2. After 

24h, cells were treated in quadruplicate for 4h and 24h with RBC-EV preparations, cisplatin, and 

CTX. Treatments were carried out using the following average concentrations in 0.1 mL: 6.2 x 

1010 EVs/mL (corresponding to 1.94 x 1010 EVs/cm2), 5µM cisplatin, and 15 nM CTX. After the 

treatments, 0.01mL of the 5 mg/mL MTT solution (M2128-1G, Sigma-Aldrich, USA) was added 

and the cells were further incubated for 4h. The formazan crystals were dissolved with 0.1 mL of 

DMSO (276855, Sigma-Aldrich, USA) and the absorbance was measured with Ensight 

MultiMode Reader (Perkin Elmer) at 595 nm. The absorbance values of the blank solution 

(DMSO) were removed from each sample. Cell viability percentage was calculated as follows: 

(Abs595 treated cells/ Abs595 untreated cells) x 100. Data from three independent experiments 

are expressed as mean ± SEM. The dose- and time-dependent cytotoxicity assessment of all the 
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building blocks (namely, cisplatin and cetuximab as free drugs and RBC-EVs) were performed at 

the reported concentrations and time as mentioned above.  

 

6.2.16 RNA-seq library preparation and bioinformatic data analysis  

MDA-MB-231 cells were seeded into 35 mm tissue culture dishes as 22500 cells/cm2. After 24h, 

cells were treated for 24h with 4.6 x 1010 RBC-EVs/mL, 4.6 x 1010 RBC-EVcispt/mL (5µM 

cisplatin), 4.6 x 1010 CTXRBC-EVcispt/mL (5µM cisplatin e 7.7 nM CTX), 4.6 x 1010 CTXRBC-

EVs/mL (7.7 nM Cetuximab), 7.7 nM Cetuximab, 5 µM Cisplatin, and a mix of 7.7 nM cetuximab 

+ 5 µM Cisplatin in 2mL for each treatment. Each treatments were carried out in triplicate. Then, 

cells were detached using 0.25% trypsin-EDTA solution, washed in PBS 1X and centrifuged at 

1000 xg for 5min. Pellets were snap-frozen in dry ice and stored at -80°C until use. For each 

treatment condition, total RNA was extracted by using RNeasy Mini Kit (Qiagen, Hilden, 

Germany), according to the manufacturer’s protocol, and treated with RNase-free DNAse I 

(ThermoFisher Scientific, Waltham, MA, USA). RNA samples were checked for quality on 

Agilent 2200 TapeStation System (Agilent Technologies, Santa Clara, CA, USA) and quantified 

by Qubit 4 Fluorometer using the Qubit RNA HS Assay Kit (ThermoFisher, Invitrogen). Starting 

from 400 ng of each isolated RNA, RNA-seq libraries were prepared using the Illumina TruSeq 

Stranded mRNA Library Prep Kit (Illumina, San Diego, CA, USA), according to manufacturer’s 

instructions. Each library was checked on Agilent 2200 TapeStation System (Agilent 

Technologies) and quantified by Qubit 4 Fluorometer using the Qubit DNA HS Assay Kit 

(ThermoFisher). Sequencing was carried out in 2×150-cycle runs on Illumina HiSeq4000 

platform. Three independent biological replicates were prepared and sequenced for each condition. 

After fastq quality control by using FastQC tool (v.0.11.8), raw reads were trimmed to 100 bases 

and mapped to the human reference genome using STAR aligner (v.2.7.10a)27. Gene counts were 

calculated by HTSeq package (v.0.11.1)28, using the hg38 Encode-Gencode GTF file (v39) as gene 

annotation file. Differential gene expression analysis was carried out using DESeq2 

Bioconductor/R package (v.1.30.1)29. RUVSeq R package (v.1.24.0) was used for batch effect 

removal30. Low-expressed genes (sum of read counts across all samples < 10), as well as outlier 

samples, were filtered out before testing genes for statistical significance. A |log2FC| > 1 and 

adjusted p-value (padj, Benjamini-Hochberg (BH) correction) < 0.1 were used as a cut-off to 

define statistically significant differentially expressed genes (DEGs). ClusterProfiler R package 

(v.4.6.2) was used to perform functional enrichment over-representation analysis (ORA) on Gene 

Ontology Biological Process (GO-BP) categories and biological pathway collections (KEGG, 

Reactome, WikiPathways, MSigDB hallmark gene sets)31. A false discovery rate (FDR, BH 

correction) < 0.05 was applied to all the annotation terms to define statistically significant 
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enrichments. Raw sequence data are available in NCBI Short Reads Archive (SRA) under 

Accession Number PRJNA1067532. 

 

6.2.17 3D cytotoxicity assay  

To establish a cells viability assay, the organoids have been sheared 2-3 days before the seeding to 

obtain smaller and uniform in size PDOs. The organoids were isolated from BME by Dispase 

treatment, collected in 15 mL tube and they were washed twice with Ad-DF +++. The PDOs were 

counted, diluted in CM containing 10% BME and seeded 10.000 cells/well in a 96-wells spheroid 

microplate (Corning, 4520) at the concentration of 200 cells/µL. After 24 hours, 4 different 

concentrations of Cetuximab (Erbitux® 5mg/mL, Merck) and of Cisplatin (1 mg/mL, Sandoz) 

(both ranging from 0.5 nM to 200 nM) were added in 10 replicates. Untreated cells were used as 

negative control. After 3 days of expansion at 37°C and 5% CO2, the Cell Titer Glo 3D Kit 

(Promega, G9682) was used, according manufacturer’s instructions, to measure the ATP content 

as an indicator of cell viability. Emitted luminescence was read in microplate reader (PerkinElmer, 

Victor Nivo Multimode) and data were analysed using GraphPad Prism 8. 

 

6.2.18 Ex vivo cisplatin toxicity assessment on red blood cell morphology 

RBC concentrates were extracted from a healthy donor (0+) and stored at 4°C. 6.23x109 RBCs 

were incubated with cisplatin (5µM and 25µM), 5.5x1010 CTXRBC-EVcispt/mL (5µM cisplatin, 20 

nM CTX) for 3 hours in 1mL final volume. After incubation, the blood smear was performed, and 

RBCs were fixed on the glass slides in 100% ethanol for 5 minutes. PBS was used as vehicle. RBC 

morphologies after treatments were examined at 20x magnification with a Axio Vert microscope. 

Cell counting was performed with Fiji software and the relative percentage of RBC morphologic 

alterations were calculated as follow: (Number of RBCs with a specificic morphology/Total 

counted RBCs) x 100. Data are expressed as mean ± SD32.  

 

6.2.19 Statistical analysis  

For cisplatin loading optimization, statistical analysis was performed using GraphPad Prism 

software with an unpaired t-test, with a two-sided p-value calculations (95% confidence interval, 

statistical significance when p < 0.05). For MDA-MB-231 cytotoxicity screening and cisplatin 

uptake, statistical analysis was performed using the ordinary one-way ANOVA with Tukey's 

multiple comparison tests, with a single pooled variance. For the dose- and time-dependent 

cytotoxicity assessment of all the building blocks, statistical analysis was performed using the 

ordinary two-way ANOVA with Tukey’s multiple comparison test. For EGFR expression statistical 

significance was determined by two-tailed unpaired Student’s t-test with Welch’s correction. For 
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binding and competition assay significance was determined by ordinary one-way ANOVA 

corrected with Sidak's multiple comparison tests. Drug screening results have been analyzed by 

ordinary one-way ANOVA performing Dunnett’s multiple comparison test, analyzing both the 

effect of drug and organoid type. Statistics was evaluated using GraphPad Prism 8.0a version 

(GraphPad Software Inc., La Jolla, USA). Data are reported as mean ± Standard Error Mean 

(SEM). The level of statistical significance was set at p = 0.05. 

 

6.3 Results and Discussion 
 

6.3.1 Cisplatin encapsulation in RBC-EVs via co-incubation method 

Red Blood Cell-derived EVs (RBC-EVs) were produced upon induction with calcium and calcium 

ionophore and characterized according to their biochemical and biophysical properties, following 

MISEV2018 and MISEV2023 guidelines33,34. RBC-EVs were enriched in typical RBC-markers, 

such as Band 3 anion transport protein, hemoglobin (subunit β, HBb), and the EV-marker flotillin-

1 (Fig. 1.6A). COlorimetric NANoplasmonic (CONAN) assay revealed that RBC-EV preparations 

contained a negligible amount of soluble non-EV associated proteins (SAPs), and therefore 

considered as pure from free contaminants (AI ≤ 20%, Fig. 1.6B). From ≈300 mL, we obtained 

RBC-EV preparations with an average protein concentration of 703 µg/mL ± 123 µg/mL, while 

Nanoparticle Tracking Analysis (NTA) confirmed the presence of 2.4 ✕ 1012 EVs/mL ± 5.0 ✕ 1010 

EVs/mL, with a mean diameter of 193 nm ± 7.3 nm (Fig. 1.6C).  
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Figure 1.6: Biophysical and biochemical characterization of RBC-EVs. A) Western blot analysis 

demonstrating the expression of proteins related to RBA-EVs; H = RBC homogenate (30µg), B) 

CONAN assay on RBC-EV formulation at different dilutions; C) Q quantitative analysis of protein 

and nanoparticle concentration, represented in bar graphs. 

Subsequentially, we optimized cisplatin loading into RBC-EVs by a co-incubation reaction at 37°C 

for both 4h and 24h in agitation, adapting protocols previously described for other hydrophilic 

drugs20,35–37. Cisplatin loading yield per EVs was calculated by Inductively Coupled-Plasma Mass 

Spectrometry (ICP-MS, Fig. 2.6A). We obtained a statistically significant 3-fold increase in 

cisplatin loaded amount after 24h co-incubation compared to the 4h co-incubation (4.4 x 10-14 

µmol cis/EV for 4h vs. 1.4 x 10-13 µmol cis/EVs for 24h co-incubation, Fig. 2.6B). Considering 

this, we decided to continue using the 24-hour incubation period. We compared RBC-EVs and 

RBC-EVcispt morphology and size distributions by Atomic Force Microscopy (AFM) imaging and 

NTA, respectively. AFM imaging revealed the presence of round-shaped nanoparticles in both 

RBC-EV samples and the absence of broken vesicles or lipid-debris in RBC-EVcispt preparation 

(Fig. 2.6C). Both RBC-EVs and RBC-EVcispt showed similar size distribution profiles (Fig. 2.6D), 

although it was possible to observe bigger NPs in RBC-EVcispt formulation and the mean diameter 

shifted from 193 nm ± 7.3 nm for RBC-EVs to 218 nm ± 9 nm for RBC-EVcispt.  The shift of the 

size distribution profiles and consequently of the mean diameter for RBC-EVcispt could be due to 
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the process of cisplatin loading which might cause restructuring of the lipid bilayer, leading to 

vesicle shape changes and, consequently, larger apparent size37.  

 

Figure 2.6: Characterization of cisplatin-loaded RBC-EVs. (A) Scheme on the production of RBC-

EVcispt via co-incubation method carried out at 37°C for 4 and 24 hours. (B) Comparison between 

the 4h- and 24-hour incubation in RBC-EVcispt in terms of cisplatin encapsulation yield. Unpaired 

t-test: p < 0.05, ***p = 0.0008. (C) Representative AFM images of RBC-EVs and RBC-EVcispt 

after 24 hours co-incubation with cisplatin. Scale bar 1µm. (D) Size distributions of RBC-EVs and 

RBC-EVcispt after 24 hours co-incubation with cisplatin obtained with NTA measurements. (E) 

Release pattern of Cisplatin from cisplatin and RBC-EVcispt. N = 3 

 
6.3.2 Membrane engineering of RBC-EVs with cetuximab  

In parallel with cisplatin encapsulation, we set up RBC-EV functionalization with the monoclonal 

antibody CTX, as sketched in Figure 3.6A. CTX was added onto RBC-EV membrane (CTXRBC-

EVs) using a click chemistry approach as we have previously described (Chapter 3 and 22). CTX 

was functionalized with the fluorophore Cy7.5 and with a DBCO group by coupling between 

primary amines and activated esters. The functionalization process led to a yield of approximately 

220 ± 70 CTX molecules per EV (Fig. 3.6B). This was determined by measuring the fluorescence 

of the Cyanine7.5 fluorophore, which was attached to the cetuximab on RBC-derived EVs after 
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SDS-PAGE analysis, and by using NTA to determine the number of EV particles. To test CTXRBC-

EV EGFR-targeting ability, we first confirmed the overexpression of EGFR in MDA-MB-231 

TNBC cell line model by flow cytometry (Figure 3.6C), which resulted in being significantly 

different (p= 0.0009) compared with a negative control (NC) constituted of BT-474 cells. Both 

pristine RBC-EVs and CTXRBC-EVs were previously labeled with Memglow488, a fluorogenic, 

non-toxic membrane probe that fluoresces exclusively upon integration into biological 

membranes38. Cells were incubated for 2 h at 4°C with two different amounts of RBC-EVs (i.e. 

1✕109 EVs/mL and 1✕1010 EVs/mL). RBC-EV at both tested concentrations were able to 

recognize whole MDA-MB-231 cells as evidenced by the ≈100% of recognition displayed in Fig. 

3.6D. However, when we considered the values of mean fluorescence intensity (MFI), a specific 

and dose-dependent contribution of CTX functionalization was evidenced (Fig. 3.6E).  To date, it 

seemed clear that a quote of unspecific binding occurred since RBC-EVs could bind and recognize 

MDA-MB-231 cells even in absence of CTX functionalization. Considering that, we have tried to 

define if the CTX on CTXRBC-EVs was fully engaged in EGFR recognition performing a binding 

assay tracking the Cy7.5 added to the CTX as previously described. As a control, free CTX was 

used in the same amount. Flow cytometry results evidenced that CTX on CTXRBC-EVs was able 

to mark only a limited percentage of cells, despite in a dose-dependent manner (Fig. 3.6F). 

Moreover, at the highest concentration, the CTX on CTXRBC-EVs was more efficient in MDA-

MB-231 binding than free CTX (Fig. 3.6G). To define the specificity of this CTX-mediated 

binding, we performed a competition assay using free unlabeled CTX as competitor. Flow 

cytometry results summarized in Fig. 3.6I evidenced that in the fraction of CTXRBC-EVs bound to 

MDA-MB-231 cells, there was almost a complete binding depletion in the presence of 100-fold 

molar excess of CTX, suggesting that the interaction between CTXRBC-EVs and the cells was 

specifically mediated by EGFR (Fig. 3.6H). To assess RBC-EV uptake by MDA-MB-231 cells, 

both pristine RBC-EVs and CTXRBC-EVs were labeled with Memglow488. Given Memglow488 

rapid diffusion into biological membranes, we also assessed RBC-EV uptake by analyzing the 

intracellular fluorescence signal resulting from the hemoglobin delivered by RBC-EVs. MDA-

MB-231 cells were treated with Memglow488@RBC-EVs and Memglow488@CTXRBC-EVs for 

4 h and 24 hours. In both cases, a distinct intracellular fluorescence distribution was noticed 

concerning both Memglow488 and hemoglobin, with the former diffused throughout the 

cytoplasm, while the latter was visible as distinct dots (Fig. 3.6I). 
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Figure 3.6: Characterization and in vitro uptake experiments of CTXRBC-EVs on MDA-MB-231 

TNBC cells. (A) Sketched scheme of the workflow followed for the production of CTXRBC-EVs via 

biorthogonal click-chemistry. (B) CTX amount determination on the surface of RBC-EVs after 

click chemistry reaction. (C) Analysis of mean EGFR expression on MDA-MB-231 cell line. BT474 

cells were used as negative control (NC). (D and E) Binding assay performed on MDA-MB-231 

cell line with RBC-EV and CTXRBC-EV labelled with Memglow AF488. Results are expressed as 

percentage of Memglow AF488 positive cells (E) and MFI (F). (F and G) Binding assay performed 

on MDA-MB-231 cell line with Cy7.5 CTX free or immobilized on CTXRBC-EV. Results are 

expressed as percentage of Cy7.5 positive cells (G) and MFI (H). (H) Competition assay performed 

with Cy7.5 CTX and CTXRBC-EV using a 100-fold molar excess of CTX as competitor. (I) 

Representative confocal microscopy images of MDA-MB-231 cells treated for 4 and 24 hours with 

Memglow488@RBC-EV and Memglow488@CTXRBC-EV. HBb, Hemoglobin, β subunit, scale bar 

10µm. N = 3 

 
6.3.3 Cisplatin encapsulation in CTXRBC-EVcispt and cytotoxicity evaluation 

Once the cisplatin encapsulation and CTX functionalization procedures were optimized, we 

undertook the preparation and evaluation of cisplatin-loaded CTXRBC-EVs to produce the 

CTXRBC-EVcispt nano platform (Fig. 4.6A). We first compared cisplatin encapsulation efficiency 

between CTXRBC-EVs and RBC-EVs. As shown in Fig. 4.6B, the encapsulation rate was similar 

between the two RBC-EV samples (n.s., no significant differences), concluding that CTX 

functionalization did not hamper cisplatin encapsulation. Then, we compared the size distribution 

of CTXRBC-EVcispt and CTXRBC-EVs by NTA and we observed the presence of big NPs as in the 

case of RBC-EVcispt with an average diameter for CTXRBC-EVcispt of 230 nm ± 12.2 nm (Fig. 4.6C). 

For all the experiments, we selected final doses of 5 µM for cisplatin and 10-40 nM for CTX. 

These doses were chosen based on cytotoxicity and metabolic activity assessments of cisplatin and 

CTX (data not shown), showing that they could lead to a cellular response without significantly 

impacting cell viability. We next compared the amount of cisplatin delivered into cells by RBC-

EVcispt and CTXRBC-EVcispt or in its free form by ICP-Mass spectrometry. We incubated MDA-

MB-231 cells with the three preparations at a sublethal dose of cisplatin (5 µM) for 30 minutes 

and 24 h. After 30 minutes, cisplatin was already detected in cells, especially when it was delivered 

via RBC-EVs (Fig. 4.6D), with a statistically significant difference between RBC-EVcispt and 

CTXRBC-EVcispt and a 3-fold increase when cisplatin was delivered through CTXRBC-EVcispt 

compared to when it was delivered by RBC-EVcispt. This suggests that CTXRBC-EVcispt may utilize 

a more efficient or targeted uptake mechanism, likely facilitated by the interaction of cetuximab 

with its target on the cell surface. After 24h, the amount of intracellular cisplatin was still 

detectable and higher when it was delivered by RBC-EVcispt or CTXRBC-EVcispt than the free drug. 

However, we did not observe significant differences between RBC-EVcispt and CTXRBC-EVcispt at 

this time point (Fig. 4.6E), suggesting that the initial advantage of CTXRBC-EVcispt in rapid uptake 

does not necessarily translate into long-term differences in intracellular cisplatin concentration. 
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These findings highlight that while both RBC-EVcispt and CTXRBC-EVcispt improve the cellular 

delivery of cisplatin compared to the free drug, CTXRBC-EVcispt shows a more efficient uptake 

initially, possibly due to targeted endocytosis.  

 
Figure 4: Characterization and in vitro uptake analysis of CTXRBC-EVcispt in MDA-MB-231 

TNBC cells. (A) Schematics of functionalization and engineering process towards the production 

of CTXRBC-EVcispt. (B) Comparison of cisplatin encapsulation yield between CTXRBC-EVs and 

RBC-EVs after 24 h incubation. Unpaired t-test: p < 0.05, n.s. = not significant. (C) Size 

distribution of CTXRBC-EVcispt and RBC-EVcispt obtained by NTA measurements. (D) 

Quantification of intracellular cisplatin delivery after 30 min treatments with RBC-EVcispt, 

CTXRBC-EVcispt and free cisplatin (cisplatin final concentration = 5µM; Cetuximab final 

concentration = 20 nM). Ordinary one-way anova: P < 0.05, *****p value < 0.0001. (E) 

Quantification of intracellular cisplatin delivery after 24 h treatments with RBC-EVcispt, 

CTXRBC-EVcispt and free cisplatin (cisplatin final concentration = 5µM; Cetuximab final 

concentration = 20 nM). Ordinary one-way anova: P <0.05, *****p < 0.0001. N = 3 



 154 

 

Since cisplatin can exert toxicity at both nuclear and cytoplasmic levels, we checked its subcellular 

distribution between the cytoplasm and the nuclei. MDA-MB-231 were treated for 24 hours either 

with free cisplatin or RBC-EVcispt and CTXRBC-EVcispt and their nuclear fraction was separated 

from the cytoplasm as explained in the Experimental Section39. Western blot analysis confirmed 

the subcellular fractioning, highlighting the presence of the Lysosomal Associated Membrane 

Protein 1 (LAMP1) exclusively in the whole cellular homogenate and in the cytoplasmic fraction, 

while lamin A/C (a protein expressed in the nuclear lamina) was detected as expected in the whole 

homogenate and in the nuclear fraction. Hemoglobin, (HBb) was found mostly in the cytoplasm 

(confirming the imaging data) although a low signal was also found in the nuclear fraction. This 

suggests that some RBC-EV-derived components might translocate into the nucleus, although the 

mechanism and significance of this minor nuclear presence remain unclear. (Fig. 5.6A). 

Interestingly, we noticed that cells treated with CTXRBC-EVcispt showed a low expression of lamin 

A/C. The reduction in lamin A/C could indicate changes in nuclear structure or integrity, 

potentially influencing nuclear functions such as DNA repair and cell cycle regulation40. This 

could be a direct result of the targeted delivery mechanism of CTXRBC-EVcispt, which may facilitate 

a more pronounced impact also on nuclear pathways compared to free cisplatin or RBC-EVcispt. 

We also checked the intracellular localization of CTX by analyzing the fluorescence signal of the 

Cy7.5 bound to CTX. We observed that although the majority of CTX was in the cytoplasm, a 

small amount was also detected in the nuclear fraction (Fig. 5.6B)41. We then quantified the 

nuclear/cytoplasmic distribution of cisplatin by ICP-MS and normalized the amount of cisplatin 

in each fraction on the total amount of cisplatin detected in that sample (cytosolic cisplatin + 

nuclear cisplatin) (Fig. 5.6C). In cells treated with the free drug, 100 % of the total cisplatin was 

localized in the cytoplasm with no cisplatin detected in the nuclei. In cells treated with RBC-EVcispt 

or CTXRBC-EVcispt, still most of the cisplatin was found in the cytoplasm (≈75% and ≈70%, 

respectively) although a nuclear localization is also present indicating that the different way of 

cisplatin administration changes the subcellular localization of the cargo. The predominance of 

cytoplasmic localization in all treatment conditions indicates that, even when some cisplatin 

reaches the nucleus via RBC-EV delivery, a significant portion remains cytoplasmic. This suggests 

that cisplatin's primary mode of action could still be largely cytoplasmic, particularly at the sub-

lethal concentration of 5 µM.  

Then, we assessed the potential cytotoxicity of the CTXRBC-EVcispt formulation due to its 

combinatorial way of action.  Therefore, we treated the cells for 4h and 24h with CTXRBC-EVcispt, 

RBC-EVcispt, and all the relative controls using the doses previously determined. After 4h, both 
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RBC-EVcispt and CTXRBC-EVcispt demonstrated a slight effect on cellular viability as compared to 

the free cisplatin or cetuximab, without significant differences (Fig. 5.6D). After 24h, both RBC-

EVcispt and CTXRBC-EVcispt significantly decreased cell viability compared to the untreated cells 

and the cells treated with pristine RBC-EVs. However, treatments carried out with CTXRBC-EVcispt 

had the most critical impact resulting in a reduction of approximately 50% of cellular viability, 

differently from when cells were treated with RBC-EVcispt (Fig. 5.6E).  

 

Figure 5.6: (A) Western blot analysis of MDA-MB-231 cytoplasmic and nuclear fractions after 

24h treatments with RBC-EVcispt, CTXRBC-EVcispt and free cisplatin. N = Nuclei, C = 

Cytoplasm, W = Whole cell lysate.  (B) SDS-PAGE and fluorescence detection of Cy7.5-CTX in 

cytoplasmic and nuclear fractions obtained as in (A). (C) % of Cisplatin subcellular distribution 

in cytoplasmic and nuclear fractions obtained by dividing the amount of cisplatin in each fraction 

(ng) to the sum of cisplatin content in nuclear + cytoplasmic fractions, ng). (D) Cell viability 

analysis after 4 hours treatments, data normalized on untreated cells. (E) Cell viability analysis 

after 24 h treatments. Ordinary one-way ANOVA: $ = significance vs. untreated, + = significance 

vs. RBC-EVs, ° = significance vs. cisplatin, *p < 0.05, **p < 0.01, ****p < 0.0001. N = 3 

 

6.3.4 Assessment of CTXRBC-EVcispt action as pro-ferroptosis nanoplatform 

To investigate the molecular mechanisms underlying the observed cytotoxic and cellular effects of 

the different formulations, we performed the RNA-seq transcriptome profiling of MDA-MB-231 

cells subjected to different treatments (namely, RBC-EVs, RBC-EVcispt, 
CTXRBC-EVs, CTXRBC-
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EVcispt, free cisplatin, free CTX, and a mix of free CTX + free cisplatin) after 24 hours as well as 

untreated cells (wild type) as control. From the sequencing, we obtained at least 21 M read 

pairs/sample, with a mean of 94% uniquely mapped reads on genome and 84% reads uniquely 

assigned to genes. Concerning the single-agent treatments, differential expression analysis did not 

find any differentially expressed genes (DEGs, adjusted p-value < 0.1 and |log2FC| >1) in cells 

treated with RBC-EVs as compared to untreated cells, and only one DEG in CTX vs. untreated 

cells, confirming the non-toxicity of these two agents at such doses and times. On the other hand, 

free cisplatin-treated cells showed 11 DEGs as compared to untreated cells (Table 1.6_DEG 

counts). Then, we focused on the formulations of our interest, i.e. the combined treatments, and 

we identified 22 DEGs for CTX + Cisplatin, 22 DEGs for RBC-EVcispt and 19 DEGs for CTXRBC-

EVcispt as compared to untreated cells (Table 1.6_DEG counts). Interestingly, three DEGs were 

deregulated by both cisplatin and the mix of CTX and cisplatin treatments (PARD6G as up- and 

SHANK2 and RPLP0P9 as down-regulated DEGs), and two DEGs were in common between 

RBC-EVcispt and CTXRBC-EVcispt treatments (CYP1B1 as up- and STC1 as down-regulated DEGs).  
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Table 1.6: DEG counts (adjusted p-value < 0.1 and |log2FC| > 1). For each comparison, DEGs 

are listed according to decreasing fold-change values. RBC-EVs, red blood cell extracellular 

vesicles; wt, untreated cells; CTX, Cetuximab; cispt, Cisplatin; #, common genes between Cisplatin 

and the mix of cetuximab and cisplatin treatments; §, common genes between RBC-EVcispt and 
CTXRBC-EVcispt treatments. 

 

To explore the functional processes altered by the different formulations and related to the 

cytotoxic effects in MDA-MB-231 treated cells, we performed the functional enrichment analysis 

of DEGs on Gene Ontology Biological Process (GO-BP) terms and several pathway collections 

(Table 1.6_Selection Functional enrichments). After treatments with free cisplatin, we found that 

genes like Mesoderm Posterior BHLH Transcription Factor 1 (MESP1) and Partitioning Defective 

6 Homolog Gamma (PARD6G) were significantly upregulated. MESP1 is a transcription factor 

with a crucial role in Epithelial–mesenchymal transition (EMT), and cell migration. EMT has been 

observed to be linked to the activation of HIF-1α signaling, which can enhance cell motility, 

support cellular nutrient metabolism, and stimulate angiogenesis to boost energy supply, enabling 

cancer cells to survive in challenging conditions. On the other side, PARD6G is a key component 
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of the Par6/aPKC complex, which regulates cell polarity, tight junction formation, and asymmetric 

cell division and it is correlated to cancer development; as for MESP1, its up-regulation could have 

several implications in the context of TNBC and response to cisplatin, as the activation of 

compensatory mechanism where the cells are attempting to restore polarity and adhesion post-

EMT, increasing motility or invasiveness.  All these functions are already known mechanisms 

associated with an increased cisplatin resistance already observed in cancer42.  

We also observed the downregulation of SH3 And Multiple Ankyrin Repeat Domains 2 

(SHANK2), component of the Hippo signaling. The Hippo pathway plays a crucial role in 

regulating cell proliferation, apoptosis, and ferroptosis through its effectors YAP and TAZ. When 

SHANK2 is downregulated, it alters this pathway, potentially diminishing the effectiveness of 

ferroptosis-based therapies. Furthermore, in TNBC, Hippo pathway showed also to induce 

cisplatin resistance via EMT activation. Thus, FDA-approved drugs that indirectly block 

Hippo/YAP signaling are showing promise in the clinic for reducing cancer chemoresistance.  

PARD6G up-regulation was also found after treatments with the mix of free cisplatin and free 

cetuximab, as well as the downregulation of SHANK2, in addition to the modulation of other 

interesting genes. For example, among the genes upregulated, TMEM256, a transmembrane 

protein, showed a significant fold-change, suggesting an increased role in cellular interactions or 

signaling under this treatment43. Additionally, mitochondrial ribosomal protein L12 (MRPL12) 

was also upregulated, highlighting alterations in mitochondrial functions and possibly energy 

metabolism, which are critical in maintaining cell survival under stress conditions like 

chemotherapy. Conversely, several pseudogenes involved in protein synthesis pathways were 

downregulated, such as RPL13P12 and RPS2P46, indicating potential dysregulation in 

translational machinery, which might affect the cells' ability to produce proteins needed for 

survival or repair44. Finally, no term related to drug cytotoxic effects was found enriched when 

cisplatin was administered as free drug (free cisplatin and mix of CTX and cisplatin), thus 

supporting our observations on cell viability after free drug treatments above described. 

Differently, when MDA-MB-231 cells were treated with RBC-EVcispt and, even more, in with 

CTXRBC-EVcispt, we observed many enriched terms concerning drug cytotoxic effects 

(TableX_Selection Functional enrichments and full list of enrichments in SupplFileX_Functional 

enrichment analysis). Indeed, cells treated with RBC-EVcispt over-expressed a group of functions 

all related to RNA splicing, RNA processing, spliceosome and RNA metabolism (with up-

regulation of PPIG, PRPF38B, SRSF5, RBM25, LARP7, CDC5L, TRA2A, RPS27, RPS25, 

RPS29, SEM1, RPL21), which have been functionally linked to the cell death induced by 

cisplatin45. We found the up-regulation of SEM1 and RPS27 (Ribosomal Protein S27), both 
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involved in protein degradation and ribosome function, suggesting heightened protein synthesis 

and cellular stress response, which is crucial when cancer cells are exposed to cisplatin. 

Additionally, CYP1B1, a member of the cytochrome P450 family, was significantly upregulated. 

This enzyme is involved in xenobiotic metabolism and has been previously associated with 

chemotherapy resistance in cancer cells, indicating a possible mechanism for cisplatin resistance46.  

Interestingly, CYP1B1 is involved in the metabolism of polyunsaturated fatty acids, leading to the 

production of reactive oxygen species (ROS) that can promote lipid peroxidation and ferroptosis47. 

Other notable upregulated genes include TOMM7, involved in mitochondrial function and protein 

import into the mitochondria: this suggests alterations in mitochondrial activity and RNA 

processing, critical in cellular stress responses during chemotherapy48. Interestingly, ALKBH5, a 

known RNA demethylase, was significantly downregulated. This gene is involved in RNA stability 

and methylation, processes critical for gene expression regulation. Downregulation of ALKBH5 

might affect cancer cell proliferation and survival, potentially increasing their sensitivity to 

ferroptosis and contributing to the effectiveness of cisplatin-loaded RBC-EVs49.  

Finally, after treatments with CTXRBC-EVcispt we found the modulation of several genes related to 

ferroptosis. First, we found again the up-regulation of CYP1B1 and the downregulation of NDRG1 

- that is implicated in cellular stress responses, including iron homeostasis and oxidative stress 

management. Its downregulation may enhance susceptibility to ferroptosis. DDIT4 is involved in 

autophagy and stress responses50. Its downregulation can reduce autophagic flux and increase 

sensitivity to ferroptosis. Up-regulation of SLC7A11, which is essential for the uptake of cystine, 

a precursor for the antioxidant glutathione (GSH). When SLC7A11 is upregulated, there is an 

increase in cystine uptake, leading to elevated GSH levels, which helps in maintaining cellular 

redox homeostasis51. Conversely, if cisplatin depletes GSH, it can create a feedback loop where 

the expression of SLC7A11 might be further increased to restore GSH levels. Interestingly, we 

also found a slight downregulation of EGFR, that could lead to sensitizing the cells to 

chemotherapy and potentially contributing to HIF1A regulation and ferroptosis activation. In fact, 

the downregulation of the Signal Transducer and Activator of Transcription 3 (STAT3) is crucial 

in EGFR-HIF1a crosslink. STAT3 is a survival and oncogenic factor frequently activated 

downstream of EGFR52. Its downregulation suggests a disruption in pro-survival signaling 

cascades. STAT3 is known to promote cell proliferation, inhibit apoptosis, and regulate HIF1A 

under hypoxic conditions: its downregulation might interfere with HIF1A stabilization, lowering 

the expression of genes associated with cell survival and resistance to oxidative stress, thereby 

sensitizing cells to ferroptosis. In this context, we also found the downregulation of CRISPR-

associated protein 9 (CAS9), Stanniocalcin 1(STC1), DNA Damage Inducible Transcript 4 
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(DDIT4), N-myc Downstream Regulated Gene 1 (NDRG1), Peptidylprolyl Isomerase A4 (PPIA4) 

and Transmembrane Protein 45A (TMEM45A), genes that are regulated by HIF1a (KEGG 

database).  The observed downregulation of EGFR, STAT3, CAS9, STC1, DDIT4, NDRG1, 

PPIA4, and TMEM45A in TNBC cells treated with CTXRBC-EVcispt likely reflects the disruption 

of key survival and stress response pathways. This could impair HIF1A-mediated hypoxic 

adaptation, sensitizing the cells to oxidative stress and promoting ferroptosis. 

 

6.3.5 CTXRBC-EVcispt nanoplatform limited cisplatin ex vivo toxicity by limiting the production 

of ghost red blood cells 

In addition to resistance, off-target toxicity represents one of the major drawbacks of cancer 

therapies. Cisplatin-based treatments suffer from numerous systemic toxicity effects, among which 

hematotoxicity and anemia are considered ones of the most diffused53,54. For cisplatin, anemia can 

occur because of the ability of cisplatin to interact with the red blood cell-plasma membrane55 

causing (i) a reduction in the number of erythrocytes and (ii) morphological changes towards 

stomatocytic shape32. We performed an ex vivo toxicity assay, by incubating red blood cells with 

CTXRBC-EVcispt (5 µM cisplatin) and soluble cisplatin at both sub-lethal (5 µM) and lethal doses 

(25 µM) for 3 hours at 37°C. In all samples, we observed the presence of erythrocytes with altered 

morphology (yellow arrows in Fig. 6.6A, i.e., stomatocytes, acanthocytes) although with different 

percentages (17.1 ± 2.2 % for untreated, 23.2 ± 2.5% for the vehicle, 43.1 ± 4.3% for cisplatin 5 

µM, 34.3 ± 12.7% for cisplatin 25 µM and 32.5 ± 0.1% for CTXRBC-EVcispt). Ghost RBCs were 

obtained only after treatments with the free drug, with the highest percentages when erythrocytes 

were incubated with 25 µM cisplatin. Altogether, these results demonstrated the low 

hematotoxicity effects of CTXRBC-EVcispt.  
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Figure 6.6: A) Ex vivo morphological analysis of red blood cells after 3 hours of treatments with 

cisplatin and CTXRBC-EVcispt. Yellow arrow = altered RBCs, white arrow = ghost RBCs. N = 3 

 
6.3.6 Action of CTXRBC-EVcispt in ex vivo 3D TNBC patient-derived organoids 

To demonstrate the activity of engineered RBC-EVs as tumor-targeted delivery vehicles of 

Cisplatin, we decided to assess their performances on two PDOs models of TNBC, PDO#1 and 

PDO#2, which were fully characterized (Fig. 7.6). PDO#1 and PDO#2 were both derived from 

invasive ductal carcinoma, with a TNBC molecular subtype. The histological staining and 

immunohistochemistry performed on PDO#1 and PDO#2 showed that both organoids mirror the 

molecular features of the original tumors (Fig. 7.6A). Neither the tumor tissues nor the PDOs 

exhibit expression of estrogen (ER) or progesterone (PR) receptors, indicating the absence of these 

hormone receptors. Transmission electron microscopy (TEM) images reveal characteristic tumor-

associated morphological features in both PDOs (Fig. 7.6B). 

Confocal microscopy (Fig. 7.6C) confirmed the expression of various markers in both PDOs, 

including the folate receptor (FolR), vimentin (Vim), transferrin receptor 1 (Tfr1), and 

pancytokeratin (PanCytok). Finally, flow cytometry analysis evaluates the surface markers CD24, 

CD44, EpCAM, and CD49f, which are linked to stem cell-like properties and tumor-initiating 
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potential. Both PDOs exhibit distinct profiles for these markers, reflecting the diversity in their 

cellular phenotypes and potential differences in tumorigenicity (Fig. 7.6D). 
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Figure 7.6:  Histological and molecular characterization of tumor tissues (Tissue #1 and Tissue 

#2) matched with PDOs (PDO#1 and PDO#2), (A) by H&E staining and IHC for estrogen (ER), 

progesterone (PR) receptors, Ki67 proliferation index and c-ErbB2 receptor. (B) TEM images of 

PDO#1 and PDO#2, showing tumor-associated morphological features: intracellular lumens rich 

in microvilli (PDO#1) and mitochondria rich in ridges (PDO#2); scale bar 2 µm. (C) Confocal 
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microscopy analyses assessing the expression of Folate receptor (FolR), Vimentin (Vim), 

Transferrin receptor 1 (Tfr1), Pancytokeratin (PanCytok), Ki67, HER2, CD45, EGF receptor 

(EGFR) on both PDO#1 and PDO#2. Nuclei (blue, DAPI), membrane (green, WGA FITC), and 

markers (pink, anti-Rb AF546) are labelled. (D) PDO#1 and PDO#2 evaluation by flow cytometry 

for the cell surface markers CD24/CD44 and EpCAM/CD49f. 

We conducted a cell viability assay to compare the efficacy of free Cisplatin with the cisplatin-

based nanoformulations, RBC-EVcispt and CTXRBC-EVcispt, at two different concentrations (5 μM 

and 25 μM, Fig. 8.6). After 72 hours of treatment, ATP content was measured to assess cell 

viability. PDO#1 showed a significantly higher sensitivity to both doses of free Cisplatin 

(p<0.0001), while the nanoformulated Cisplatin appeared largely ineffective, except for a slight 

but statistically significant reduction in cell viability observed at the 25 μM dose of RBC-EVcispt. 

Notably, the addition of CTX to the nanoformulation (CTXRBC-EVcispt) did not enhance efficacy 

in PDO#1, which aligns with the low EGFR expression in this model. In contrast, PDO#2 

responded only to the higher concentration (25 μM) of Cisplatin, RBC-EVcispt, and CTXRBC-

EVcispt. In this case, the functionalization with CTX led to improved treatment efficacy, likely due 

to enhanced intracellular penetration and uptake of the drug. These results suggest that multimodal 

engineering of RBC-EVs with both Cisplatin and CTX facilitates better drug delivery in PDO#2, 

ultimately reducing cell viability. Thus, the functionalization of RBC-EVs with CTX may be 

particularly beneficial in models with low responsiveness to standard Cisplatin treatment. 

 

Figure 8.6: Cell Viability assay to assess sensitivity of PDO#1 and PDO#2 to Cisplatin (Cispt.), 

RBC-EVCispt and CTXRBC-EVCispt at two different concentrations (5 and 25 M). Ten replicates for 

each condition were tested, at least two biological replicates were performed. Untreated organoids 

were used as negative control. The data are reported as the means  SDs; *p<0.05, **p<0.001, 

****p<0.0001. 
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6.4 Conclusions 
The development of the CTXRBC-EVcispt nanoplatform represents a promising advancement in 

targeted therapy for triple-negative breast cancer (TNBC). By combining the cytotoxic effects of 

cisplatin and the EGFR-targeting properties of CTX within a RBC-EV delivery system, this 

approach enhances drug delivery efficiency, mitigates chemoresistance, and improves treatment 

outcomes. Our work demonstrates that CTXRBC-EVcispt improves cisplatin uptake, facilitates its 

intracellular distribution, and exhibits a more potent cytotoxic effect compared to free drug 

administration or RBC-EVs loaded with cisplatin alone. Moreover, the ability of CTXRBC-EVcispt 

to engage specific molecular pathways, such as ferroptosis, highlights its potential to overcome 

TNBC's inherent resistance mechanisms, particularly those related to hypoxia and EGFR 

signaling. 

Furthermore, our transcriptomic analysis identified key genetic changes associated with 

ferroptosis activation and drug resistance modulation, supporting the therapeutic potential of 

CTXRBC-EVcispt in sensitizing TNBC cells to cisplatin. These findings pave the way for further 

investigation of this multimodal therapeutic strategy, with the goal of enhancing clinical outcomes 

for patients suffering from TNBC and potentially other malignancies resistant to conventional 

treatments. 

Future studies will be necessary to explore the in vivo efficacy and safety of this nanoplatform, as 

well as its potential for application in other cancer types. Additionally, expanding our 

understanding of the molecular mechanisms driving the enhanced sensitivity to ferroptosis could 

inform the design of even more effective combination therapies, offering new hope in the fight 

against aggressive and treatment-resistant cancers. 
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Chapter 7 - General Conclusions and Future 

Perspectives 
 

This thesis highlights significant advancements in understanding and utilizing extracellular 

vesicles (EVs) as therapeutic and diagnostic tools in nanomedicine. 

EVs are biogenic nanoparticles of great interest in nanomedicine, due to their potential application 

in disease treatment and diagnosis, particularly in personalized medicine. However, their 

exploitation in these fields is hampered by a lack of knowledge about their physicochemical 

properties, and, in turn, interaction at their surface with other components of the nanostructured 

secretome, which play pivotal roles in defining EV biological identity and function.  

Results reported in this thesis advance the current knowledge of EV interfacial phenomena by the 

application of innovative approaches and provide a novel candidate EV-based drug delivery 

system for multimodal treatment of Triple Negative Brest Cancer (TNBC). In particular: 

1- The work presented in Chapter 3 explores the role of the biomolecular corona (BC) in the 

surface functionalization of EVs with targeting antibodies. It highlights the importance of 

rigorously controlling all functionalization steps, from antibody preparation to in vitro 

evaluation, which is often overlooked in the literature. We developed a modified antibody 

by adding a fluorophore and a clickable unit (DBCO), using it to functionalize red blood 

cell-derived EVs (REVs) via chemisorption (covalent binding) and physisorption 

(formation of a corona). Both methods preserved REV morphology, but only the clicked 

EVs maintained stability in physiological conditions. Physisorbed EVs, indeed, lost 

functionality due to the exchange of the antibody with serum proteins, making covalent 

attachment essential for maintaining specific EV recognition and ensuring effective 

therapeutic delivery. These findings emphasize the need to consider BC formation when 

designing surface-functionalized EVs for drug delivery. 

2- In Chapter 4, we developed a fluorescence correlation spectroscopy (FCS)-based method 

BC formation on two different EV populations under physiological conditions. Using an 

in situ approach, free from separation biases, we spiked EVs with plasma proteins and 

tracked the hydrodynamic diameter fluctuations to evaluate BC dynamics. Our results 

revealed that BC formation differs between populations. Further analysis suggested that 

BC does not form through a simple layer-by-layer process but instead creates discrete 

protein aggregates. These insights highlight that BC formation is influenced by the EV's 

origin and surface properties, adding complexity to circulating EVs. From a practical 
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standpoint, these findings stress that BC dynamics should be carefully considered when 

using EVs for therapeutic or diagnostic purposes. 

3- In Chapter 5, we examined the interactions between EVs and three classes of lipoproteins: 

HDL, LDL, and VLDL, using fluorescence cross-correlation spectroscopy (FCCS) in both 

PBS and plasma environments. Our results show that each lipoprotein interacts uniquely 

with EVs. HDL demonstrated the highest binding capacity, LDL, while showing a lower 

Bmax, exhibited the strongest binding affinity, with a non-cooperative, saturable 

interaction following a Langmuir-like model. In contrast, VLDL displayed the lowest 

Bmax and affinity, with negative cooperativity. These findings provide new insights into 

the biophysical dynamics of lipoprotein-EV interactions, emphasizing how lipoprotein size 

and structure influence binding patterns. This has important implications for designing EV-

based therapeutic strategies, particularly considering the confirmed role of LDL-EV 

aggregates in biological processes like cancer metastasis.  

4- Chapter 6 reports the development of a surface-engineered and cisplatin-loaded EV-based 

nanoplatform, which offers a promising advancement in targeted therapy for TNBC. By 

combining the cytotoxic effects of cisplatin with the EGFR-targeting capability of 

cetuximab (CTX) within an EV system, this approach significantly enhances drug delivery, 

reduces chemoresistance, and improves therapeutic outcomes. Our study shows that this 

nanoplatform boosts cisplatin uptake, facilitates its intracellular distribution, and 

demonstrates stronger cytotoxic effects compared to free cisplatin. Additionally, it engages 

specific molecular pathways, such as ferroptosis, offering a strategy to overcome TNBC's 

resistance. These results lay the groundwork for future research into this EV-based 

multimodal approach to enhance clinical outcomes for TNBC and other difficult-to-treat 

cancers.  

In conclusion, this thesis provides a foundation for the future development of EV-based 

technologies in precision medicine. Continued research into optimizing EV functionalization, 

understanding interfacial phenomena like BC dynamics, and investigating specific EV interactions 

will be crucial for advancing these promising therapeutic and diagnostic platforms toward clinical 

application. 
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Chapter 8 – Appendix 
 

This last chapter of the thesis is dedicated to the side projects I followed during my PhD. These 

activities regard topics that are not entirely pertinent to the aim of my PhD project and, for this 

reason, are reported here in the form of the first page of the related publication. 
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