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ABSTRACT 

Background 

The application of nanotechnology in the medical field is called nanomedicine. This 

novel sector have got a lot of interest from many investigators nowadays due to the 

important development that happened in the last decades, in particular in cancer 

treatment. Cancer nanomedicine has been applied in different domains such as drug 

delivery, nanopharmaceuticals and nanodevices. The application of nanotechnology 

to pharmaceutical science allowed to build up system based on at least two stage 

vectors (drug/nanomaterial). New formulations based on that platform show often 

an improvement in drug pharmacokinetics (PK), bioavailability and biodistribution 

owing enhanced permeability and retention (EPR) effect to passively target tumor 

both decreasing side effect of free drug [1]. Among natural nanovectors, exosomes 

(exo) were first described in 1981 as extracellular nanovesicles with a size range of 

50-200 nm [2]. Exosomes are produced by cells embedded of cellular information 

and represent a formidable natural cargo for long distance communication. The 

name "fedexosome" denotes the general idea that exosomes could deliver cargo that 

conveniently manipulated could be of help for patients therapy [3]. 

Aims 

 To develop exosomes loaded with doxorubicin (DOX)  

 To test the cytotoxic effect of exoDOX (exosomal doxorubincin) in vitro using cell 

lines models compared to the parental drug (DOX) 

 To test the antitumor activity and the toxic side effects of exoDOX compared to 

the parental DOX in in vivo experimental models 

 To test tissue biodistribution and pharmacokinetics (PK) of exoDOX compared to 

DOX in vivo experimental models 

 To define the maximum tolerated dose (MTD) of exoDOX and DOX in in vivo 

experimental models  

 

 



 

 

Materials and Methods 

Purified exosomes from cell lines were loaded with DOX and characterized by 

nanoparticle tracking analysis (NTA), Scanning/Transmission electron microscopy 

(SEM/TEM) and western blot. The anti-tumoral effects of exoDOX were tested in 

vitro (MDA-MB-231 breast, HCT-116, LoVo and DLD1 colon and STOSE ovarian 

cancer cell lines) and in vivo using nude and FVB/N mice as breast and ovarian 

cancer models. The antitumor effect was assessed by measuring the tumor volumes. 

The toxic effects were evaluated by following the body weight and through 

histopathological analyses of mice organs. The biodistribution and PK of exoDOX 

and DOX were assessed by mass spectrometry (LC-MS). 

 

Results 

 In vitro studies showed no increased cytotoxic effect (cell viability) of exoDOX  

compared to DOX in all the investigated cell lines . 

 Similar results were observed in the in vivo models indicating no significant 

differences in the tumor volume after treating mice with the same 

concentrations of exoDOX and DOX. 

 In vivo toxicity analysis showed a significant reduction of cardio-toxic side effects 

by using exoDOX compared to free DOX. Mass spectrometry studies showed that 

the accumulation of exoDOX in the heart was reduced by about 40% compared to 

free DOX when using the same concentration of active drug. 

 ExoDOX avoids heart toxicity by partially limiting the crossing of DOX through 

the myocardial endothelial cells. For this reason, mice can be treated with higher 

concentration of exoDOX thus increasing the efficacy of DOX as demonstrated in 

breast and ovarian mouse tumors. 

 

 

 



 

 

Conclusions 

Differently from previously published papers that focused on the efficacy of the 

doxorubicin encapsulated in exosomes, in this thesis for the first time, we 

demonstrated that unmodified exosomes loaded with DOX are less toxic than free 

DOX by altering the biodistribution of the drug, these results were published in 

Nanomedicine (Lond) Journal in 2015 [4]. 

ExoDOX is safer and more effective than free DOX using breast cancer model and 

importantly was confirmed using the first spontaneous transformed syngeneic 

model of high-grade serous ovarian cancer which open the road for providing a new 

therapeutic opportunity, which was published recently in Nanomedicine (Lond) 

Jounral in 2016 [5]. 



Riassunto 

Introduzione 

L'applicazione delle nanotecnologie in medicina è chiamata nanomedicina. Questo 

settore è motivo di interesse da parte di molti ricercatori dovuto agli importanti 

avanzamenti avvenuti negli ultimi decenni, in particolare nel trattamento del cancro. 

In oncologia la nanomedicina è stata applicata in diversi settori quali la costruzione 

di nuovi sistemi di veicolazione del farmaco e nano dispositivi per la diagnosi. 

L'applicazione delle nanotecnologie alle scienze farmaceutiche ha permesso di 

costruire sistemi basati su almeno due vettori (farmaco/nanomateriali). Le nuove 

formulazioni  spesso mostrano un miglioramento del profilo di farmacocinetica 

(PK), la biodisponibilità e biodistribuzione dimostrando una migliorata permeabilità 

e ritenzione passiva nel tumore (EPR effect) diminuendo gli effetti collaterali del 

farmaco libero [1]. Tra i nanovettori naturali, gli esosomi (exo) sono stati descritti 

nel 1981 come nanovescicole extracellulari con una gamma di dimensioni da 50-200 

nm [2]. Gli esosomi sono prodotti dallǯinvaginazione dalla conseguente gemmazione 

della membrana cellulare consentendo il caricamento di acidi nucleici e di 

componenti citoplasmatiche rappresentando formidabile mezzo naturale per la 

comunicazione a lunga distanza. Il nome "fedexosome" denota l'idea generale che 

exosomes potevano consegnare contenuti che adeguatamente ingegnerizzato 

potrebbe essere di aiuto per la terapia di pazienti [3]. 

Scopo •  Sviluppare esosomi caricati con doxorubicina (DOX) • Verificare l'effetto citotossico dellǯ exoDOX ȋexosomal doxorubincinȌ in vitro 

rispetto al farmaco libero (DOX), utilizzando modelli cellulari. •  Testare l'attività antitumorale e la tossicità dellǯexoDOX rispetto alla DOX libera in 
modelli sperimentali in vivo. •  Valutare la  biodistribuzione nei tessuti e la farmacocinetica ȋPKȌ dellǯ exoDOX 
rispetto al DOX in modelli sperimentali in vivo. • Definire la dose massima tollerata (MTD) dellǯ exoDOX e DOX in modelli 

sperimentali in vivo. 
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Materiali e metodi  

Gli esosomi  purificati da linee cellulari sono stati caricati con DOX e caratterizzati 

tramite nanoparticle tracking analysis (NTA), microscopia a scansione/ trasmissione 

elettronica (SEM/TEM) e western blot. Gli effetti anti-tumorali dellǯexoDOX sono 
stati valutati in vitro in linee cellulari di tumore alla mammella (MDA-MB-231), 

colon (HCT-116, LoVo e DLD1) e ovaio (STOSE) e in vivo utilizzando topi nudi e 

FVB/N come modelli di tumore della mammella e dellǯ ovaio. 
 L'effetto antitumorale è stato valutato misurando il volume del tumore. Gli effetti 

tossici sono stati determinati monitorando il peso corporeo e attraverso analisi 

istopatologiche degli organi dei topi. La biodistribuzione e la PK dellǯexoDOX e DOX 
sono state definite mediante spettrometria di massa (LC-MS). 

Risultati • Studi in vitro hanno dimostrato un aumento dellǯeffetto citotossico ȋvitalità cellulareȌ dellǯexoDOX rispetto alla DOX in tutte le linee cellulari esaminate. • Risultati simili sono stati ottenuti nei modelli in vivo e indicano differenze 

significative nel volume del tumore dopo aver trattato i topi con le stesse concentrazioni dellǯexoDOX e DOX. • Le analisi della tossicità in vivo hanno mostrato una riduzione significativa degli 

effetti collaterali cardio-tossici dellǯ exoDOX rispetto alla DOX libera. Dalle analisi di spettrometria di massa è emerso un minore accumulo dellǯexoDOX a livello del cuore 
di circa il 40% rispetto alla DOX libera a parità di concentrazione di farmaco attivo. • La minore tossicità cardiaca della exoDOX è dovuta ad un ridotto  passaggio della 

DOX attraverso le cellule endoteliali del miocardio. Pertanto, come dimostrato in tumori alla mammella e allǯovaio, lǯefficacia terapeutica della DOX può essere ottimizzata trattando i topi con una maggiore concentrazione dellǯ exoDOX. 
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Conclusioni A differenza di quanto riportato in letteratura circa lǯefficacia della doxorubicina 
incapsulata negli esosomi, dal nostro studio, pubblicato nel 2015 nella rivista 

Nanomedicine [4], emerge che: 

- la tossicità della DOX veicolata dagli esosomi  è minore rispetto al farmaco libero; 

-la biodistribuzione della DOX veicolata dagli esosomi è diversa da quella del 

farmaco libero. )n conclusione, lo studio effettuato dimostra che lǯexoDOX è più biocompatibile ed 

efficace della DOX libera in modelli di tumore alla mammella. Inoltre, come da noi 

pubblicato di recente sulla rivista Nanomedicine [5], tale risultato è stato confermato 

con studi su un  modello singenico di carcinoma ovarico sieroso, aprendo così la strada ad un nuovo approccio terapeutico per il cancro allǯovaio. 
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1. INTRODUCTION 

 

1.1. NANOPARTICLES AND NANOMEDICINE 

Nanoparticles (NPs) for pharmaceutical purposes are defined by the Encyclopedia of 

Pharmaceutical Technology as solid colloidal particles ranging in size from 1 to 1000 

nm (1 µm). They consist of macromolecular materials and can be used 

therapeutically as drug carriers, in which the active principle (drug or biologically 

active material) is dissolved, entrapped, or encapsulated. Based on their chemical 

constitution can be classified in inorganic nanoparticle builded essentially by metal, 

metal oxides or carbon and organic NPs when composed by organic compounds 

mainly lipids or polymers.                    

The term NPs in the pharmaceutical field was in use much early than the 2000 when 

the current nanotechnology revolution began. The development and the use of 

organic NPs as drug delivery system (DDS) originate in fact during the period of 

1950s and the 1960s considered the gold age for the progress and the development 

of bio-pharmaceutics and pharmacokinetics controlled release drugs formulations. 

One of the pioneers in this field was Professor Peter Paul Speiser and its research 

group at the ETH (Swiss Federal Institute of Technology) in Zurich where they first 

attempt, by using a micelles polymerization process, to incorporate immunoglobulin 

G (IgG) and virus to acrylamide or methylmethaacrilaet based polymeric nano 

structure to create an alternative delivery system for more efficient tetanus and 

diphtheria vaccines [6], [7]. )ndependently to the Speiserǯs group at the department 
of radiological science of the Johns Hopkins Medical Institution in Baltimore 

Mariland USA was developed another type of organic NPs obtained by denaturating 

a water solution of albumin emulsioned in cottonseed oil at high temperature. Such 

NPs with dimension ranged from 300 to 1000 nm were labeled with 99mTc and 

studied the interaction with the reticuloendothelial system (RES) [8]. Few years 

later in Japan Sugibayashy et al using a similar process conjugated 5-fluorouracil to 

albumin nanoparticles to improve the PK profile of this anticancer drug [9].  
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Most of the NPs have taken advantage of the stealth and biodistribution features 

conferred by the PEGylation even those composed by lipids as organic compound. 

The historical development of this latter class of NPs mainly represented by 

liposome structure appear particularly significant in view of their clinical success. 

The first observation that lipids, particularly phospholipids derivatives, can                 

- without any chemical intervention - generate physical micro-nanostructures was observed in the middle of ͸Ͳǯs by Alec Bangham and colleagues with the 
introduction of the electron microscope. They were able to give the first description 

of swollen phospholipid systems that established the basis for model membrane 

systems [10].  

Within a few years, a variety of enclosed phospholipid bilayer structures consisting of single bilayers, initially termed Ǯbangosomesǯ and then Ǯliposomesǯ were 
described. Through crucial experiments was demonstrated that the lipid bilayers of 

the vesicles could maintain concentration gradient and the early pioneers such as 

Gregory Gregoriadis, established the concept that liposomes could entrap drugs and 

be used as DDS [11]. The first liposome generation had numerous problems as DDS 

such as the reduced retention of the drug and their rapid clearance form blood circulation. A period of ǲdisillusionmentǳ mainly from industry was followed by a 
consolidation interlude than most of the original problem of the liposome as DDS 

were overcome by different chemical approaches and development such as the 

introduction of cholesterol as stabilizing agent of the bilayer structure and the 

adoption of the surface phospholipids PEGylation as well as the developed of 

techniques for high yield drug entrapment. 

Lipid micelles are colloidal particles, formed by amphiphilic molecules (e.g. block 

copolymers or surfactants) that self-assemble to form nanocapsules in aqueous 

solutions. Micelles have a hydrophilic (polar) heads to form the outer shell, and 

hydrophobic (nonpolar) tails to form the interior part. This relatively simple lipid nanostructure was first postulate by Professor James William McBain in early ͳͻͲͲǯs 
to explain the electrolytic conductivity of sodium palmitate solutions trough ǲcolloid ioneǳ. The hydrophobic/hydrophilic structures features of micelles have early 
attracted the interest as delivery system especially to improve bioavailability of poor 

water soluble drugs [12]. However, their application resulted limited by their pour 
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chemical versatility and by their pour structure stability and in the 90s a more 

sophisticated version representing by the polymeric micelles has been proposed. 

Polymeric micelles have been actively studied in the field of polymer chemistry The 

major advantage over simple surfactant micelles is represented by their large 

chemical versatility that allow to control and to modulate both chemical and 

structure features in order to improve drug load capacity as well as drug target 

specificity [13]. Their applications as drug carriers started from the Ringsdorfǯs 
research group that first demonstrated the in vitro sustained drug release [14]. 

Soon after, different in vivo studies reported that polymeric micelles may increase 

the activity of neuroleptic drug physically associated with a polymeric amphiphile 

(Pluronic_P-85; poly(propylene oxide)–poly(ethylene oxide) block copolymer) as 

well as that of anticancer drugs that incorporate into polymeric micelles have 

showed selective delivery to solid tumor [15], [16]. 

In spite their potential as drug nano-carriers polymeric micelles are still under 

intensive development to improve their in vivo efficient drug targeting mainly by 

control physico-chemical properties such as size, drug retain and release as well as 

their in vivo stability. A significant challenge facing the research for efficient drug 

nano-carriers is the development of structure-controlled methodologies that will 

enable cost-effective, controlled assembly of nanostructures in a very routine 

manner. Polymeric micelles can be considered just as one of the primitive attempt of ǲBottom-upǳ synthetic strategy to produce size-mono dispersed, chemically defined 

organic nanostructures with dimensions ranging between 1 and 100 nm. The 

polymeric dendritic synthetic strategies instead represent a sophisticated approach 

that have allow the systematic construction of nanoscale structures and devices with 

precise atom-by-atom control as a function of size, shape, and surface chemistry. 

Dendrimer polymers are highly branched, star-shaped macromolecules with 

nanometer-scale dimensions. They have symmetrical three dimensions structure 

with a central core, a inner shell constituted by radial branches molecular moieties, 

and an outer shell with functional surface groups. The synthetic approach of dendritic polymeric structure was first conceptualized in the early ǮͶͲs but the first 
success synthesis of these original polymer structure was first realized by Fritz 
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Vogtle group in 1978 and mainly by Donald Tomalia and co-workers operating at 

the Dow Chemical Co in the early 1980s [17]–[19]. 

From those early days a great variety of dendrimers exist, and each has biological 

properties such as poly-valency, self-assembling, electrostatic interactions. 

Dendrimers as DDS are of great interest due to their highly controllable structure 

and size and the presence of terminal functional groups of dendrimers confer an 

higher chemical reactivity and versatility compared with other polymers. The 

polyamidoamine dendrimers, commonly known as PAMAM originally developed by 

the Tomalia Ǯgroup have been extensively investigated as oral drug delivery because 
they are a family of water-soluble polymers characterized by unique tree-like 

branching architecture and a compact spherical shape in solution [20], [21]. 

Moreover, the great potential of dendrimer PAMAM as drug carrier arises from the 

large number of arms and surface amine groups that can be utilized to immobilize 

drugs, enzymes, antibodies, or other bioactive agents [22].  

Another polymer nanoscale structures that have received great attention also as 

nano drug delivery carrier are those obtained by the guided folding of nucleic acid 

strands to create non-arbitrary two- and three-dimensional shapes. Although the 

chemical versatility of such nano structures are relatively lower being limited by the 

use of the limited chemistry of the monomer such as the DNA bases, their structure 

versatility appear instead unlimited and called ǲDNA origamiǳ [23]. The evidence 

that junction structures could be generated from DNA strands and that individual 

structures could be combined using simple sticky end base pairing to assemble 

complex, multi-dimensional objects was first proposed by Nadrian Seeman in the early ǯͺͲ. (owever, the early attempts to use DNA molecules to construct specific 

architectures from single branch points were unsuccessful due to the high flexibility 

of DNA building blocks and the use of a single junction point that did not facilitate 

the creation of higher order stable structures. The introduction in the early ǮͻͲ of 
multiple-crossover motifs have overcame the original flexibility limitation providing 

the necessary rigidity for the assembly of larger nucleic acid polymer objects. The 

introduction of such double crossover motif remains the central motif in DNA 

nanotechnology and has been used for the construction of many discrete and 

periodic assemblies [24], [25]. 
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NANOMEDICINE )n ʹͲͲͶ, the European science foundation define Nanomedicine as ǲthe science and 
technology of diagnosing, treating and preventing diseases and traumatic injuries, of 

relieving pain, of preserving and improving human health, using molecular tools and molecular knowledge of the human bodyǳ [26]. Another definition of nanomedicine 

that explains better the working field of that discipline is the application of nanoscale material in medicine that takes advantages of the nanomaterialǯs unique 
properties [27]. Accordingly to the federal US research and development program 

agency, the National Nanotechnology Initiative (NNI), nanotechnology involves the 

development of carriers devices or systems sized from 1 to 100 nm range although 

this limit can be extended up to 1000 nm [28]. In the last two decades, 

nanotechnology was rapidly developed allowing the incorporation of multiple 

therapeutics, sensing and targeting agents into NPs in order to set up new 

nanodevices able to detect, prevent and treat complex disease as cancer. It is well 

known that chemotherapeutic agents present severe side effects including bone 

marrow suppression, cardiac and kidney toxicity, hair loss and mucositis. In 

addition, these drugs are poorly soluble in biological fluids, quickly recognized by 

the mononuclear phagocyte system (MPS) and cleared from the body [29]. The 

binding or the encapsulation of a drug to NPs can also modify the chemical and 

physical properties such as poor water solubility, drug circulation half-life, escaping 

the immune system, biodistribution and pharmacokinetic [30]. The application of 

nanotechnology to drug delivery has an enormous potential concerning the 

improvement of selectivity in targeting neoplastic cells by allowing the preferential 

delivery of drugs to tumours owing the enhanced permeability and retention (EPR) 

effect of leaky vasculature in tumors and inflamed tissue [31]. Poorly aligned 

endothelial cells in the fast growing tumor vasculature with fenestration larger than 

100 nm in size and reduced lymphatic drainage in tumor tissue result in preferred 

accumulation of nanocarriers in these tissues over healthy tissues, reducing volume 

distribution while improving pharmacokinetic profile, and consequently, the efficacy 

of the anticancer drug [32], [33].  

Drug delivery systems and more generally nanovectors can be divided into three 

generations of compounds, accordingly to whether or not they were developed to 
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target specific cells, which is expressed on the tumor cells or the microenvironment. 

First generation nanovectors are the simplest way to build a carrier nanoparticle 

able to accumulate by passive mechanisms exploiting the EPR effect, or more 

specifically they extravasate through gaps in tumor neovasculature. Among the ǲfirst generationǳ vectors, liposomes based drug delivery is the most successfully used in 

the clinic, as demonstrated by liposomal doxorubicin for breast, ovarian and Kaposiǯs sarcoma. The ǲsecond generationǳ of therapeutic nanovectors represents 

the natural evolution of the first generation, constructed with additional function 

including: surface modification with ligand able to bind specific biological molecules 

of the tumor cell [34]. The aim is to deliver higher drug concentrations to 

pathological tissues, sparing the normal ones in order to enhance the effect on the 

tumor, thereby reducing systemic toxicity. Moreover, they can possess advanced 

features including the possibility to co-deliver drugs and imaging agents, or they can 

be modify in order to have a controlled or triggered release. The so-called ǲthird generationǳ of nanovectors has been developed and is based on a multi-stage 

strategy in order to overcome the numerous obstacles that are encountered on their 

way to reach the tumor. These carriers are made by different nanoparticles nested 

into a single vector to build a system that can avoid the biological barrier and at the 

same time possess tumor cytotoxicity and targeting activity [35]. An example is 

represented by biodegradable silicon nanoparticles [36], [37].                       

The particles possess the ability to recognize specifically the pathological 

endothelium through a surface with physical-chemical and geometrical well defined 

features (first stage). The second stage nanoparticles are loaded into the first one 

and released inside tumor. The size of these particles is smaller than 20 nm, so they 

can easily cross the inter-endothelial junctions and extravasate in the tumor to 

deliver the drugs.    

The above mentioned strategies allowed the developing of more than 200 products 

that have been approved or are under clinical investigation [38]. In contrast with the 

large number of DDS successfully at preclinical stages, recent studies demonstrate 

that the clinical translation is a challenging process with about 10% of success in 

approval rate for therapeutics entering in phase I trials [39]. 

The path for a drug, which travels from the lab to the clinic is typically long and 

every drug takes a unique route. Often, a drug is developed to treat a specific disease 
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but an important application may also be discovered by accident. An interesting 

example is Retrovir (zidovudine, also known as AZT) that has been studied firstly as 

an anti-cancer drug in the 1960s with disappointing results. Later, after twenty 

years, investigators discovered that the drug could treat HIV infected patients and 

the U.S. Food and Drug Administration (FDA) approved the drug that was 

manufactured by GlaxoSmithKline, for that purpose in 1987 [40]. It often takes a 

long time for an experimental treatment to be approved as a cancer treatment. 

 

1.2. THERAPEUTIC AND DIAGNOSTIC APPLICATIONS IN 

ONCOLOGY 

1.2.1. LIPOSOMES Decades of such chemistry and clinical development have led, in ͳͻͻͷ to the ǲfirst in manǳ use of doxorubicin liposome drug injectable formulation (Doxyl/Celix) as 

anticancer treatment, approved by FDA. After almost forty years from their 

discovery, liposomes represent a well established nano-technology delivery system 

that together with other lipid nanosized colloidal DDSs such as emulsion and 

suspension still gaining significant attention. Their formulation protect therapeutic 

cargo from the in vivo environment and increase circulation half-life, permeability, 

biodistribution and targeting specificity [41]. These principles were the base on 

which Barenholz developed the formulation of liposomal doxorubicin (Doxil®) [1]. 

Doxorubicin is an anthracycline antibiotic that intercalates in DNA helix preventing 

replication [42] and it is used for various type of cancers: breast, lung, gastric, 

ovarian, sarcoma, myeloma, leukemias and lymphomas [43]. Unfortunately, its poor 

selectivity toward cancer cell induces severe systemic side effects. In particular, the 

patients treated with doxorubicin have been experienced severe cardiotoxicity, bone 

marrow toxicity with consequent myelosuppression [44]. The development of 

Doxil® and its approval reduces drastically doxorubicin side effects. The first 

clinical study carried out on Doxil® demonstrated that the new doxorubicin 

formulation holds a completely different pharmacokinetics profile, which enhances 

the circulation time of the drug changing the biodistribution and increasing tumoral 

accumulation due to the EPR effect [45]. Two key changes in the history of Doxil® 
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were considered real breakthroughs. Firstly, the inclusion of polyethylene glycol ȋPEGȌ in liposome surface to create a ǲstealthǳ particle, which can escape the 

recognition by the RES system. The second major improvement was the remote 

loading driven by ammonium sulfate gradient to increase doxorubicin loading 

within each liposome [1]. Various pre-clinical and clinical studies  (1991-1994) have 

focused on the use of Doxil® pharmacokinetics compared with free doxorubicin in 

addition to deep studies using Doxil® in the treatment of AIDS-related Kaposi's 

sarcoma. Which led in 1995 to the approvement by FDA and European Medicines 

Agency (EMA) in 1996. Soon later the same drug formulation was approved in 1999 

by FDA for the treatment of Ovarian cancer, in 2003 for breast cancer treatment and 

lastly it was approved in 2007 for multiple myeloma treatment. 

Additionally, the ability of liposomes to entrap different water-soluble compounds 

within the inner aqueous phase and lipophilic agents between liposomal bilayers 

has made them useful for carrying diagnostic agents in all imaging modalities like  

gamma-scintigraphy, magnetic resonance imaging (MRI), computed tomography 

(CT) imaging, and sonography. Liposomal modification with PEG increases their 

field of usage by enhancing circulation time and attachment of antibodies or 

different targeting moieties to their surface to target specific affected areas. 

 

1.2.2. POLYMERIC NANOPARTICLES 

Polymeric nanoparticles have been widely studied for their physical and chemical 

properties and used to encapsulate drugs. They are prepared from biocompatible 

polymers and can transport drugs in a controlled and targeted way through the 

surface modification [46]. Polymeric NPs can be synthesized from natural polymers, 

such as albumin [47], hyaluronic acid [48], and chitosan [49], and from synthetic 

polymers, such as, poly acrylic acid (PAA), poly glycolic acid (PGA), poly(lactide-co-

glycolide) (PLGA), poly lactic acid (PLA), dendrimers, and hyperbranched polymers 

[50]. Different methods of synthesis of polymeric nanoparticles are investigated 

depending on the application and drug type. These methods include solvent 

evaporation, nanoprecipitation, emulsion diffusion and salting out method [51]–
[54]. 
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Albumin is the most abundant protein in plasma and used widely for the 

preparation of nanoparticles due to its biodegradability, non-toxicity, availability, 

hydrophilicity, and easy to prepare [55]. The major advantage of albumin is its high 

binding capacity for different drugs due to multiple drug binding sites [56]. The 

drugs can be loaded by electrostatic interaction on the surface of nanoparticles, 

incorporated into the nanoparticles matrix, or linked covalently to the protein due to 

the presence of surface reactive groups such as amines, thiols, and carboxylic acids 

[57], and released through hydrolysis, diffusion, or enzymatic degradation of 

nanoparticles (Figure 1) [58], [59]. 

 

 

 

Figure 1. Drug Release Mechanism from polymeric nanoparticles: (a) diffusion from polymer 

matrix, (b) degradation of polymer matrix, and (c) biodegradation of polymer matrix due to  

hydrolytic degradation. 
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Abraxane was the first drug formulation of this category approved by FDA in 2005. 

Abraxane is an albumin-bound (Nab) paclitaxel formulation. Paclitaxel, discovered 

in 1962, is a natural compound extracted from the bark of western yew (Taxus 

brevifolia) [60] and is widely used for the treatment of breast, lung and advanced 

ovarian cancer [61]. The high hydrophobicity of paclitaxel limits its clinical 

application. To overcome poor water solubility, a formulation of a nonionic 

surfactant Cremophor EL (polyethoxylated castor oil) and ethanol (1:1, v/v) is used 

to dissolve paclitaxel for clinical use [62]. However, the presence of Cremophor EL 

causes allergic, hypersensitivity and anaphylaxis reactions in animals and humans 

[61]. To overcome these side effects and deliver paclitaxel safely, a new paclitaxel 

formulation was needed. Paál et al [63] develop a formulation which is Cremophor 

EL free. This formulation is non-covalent binding of paclitaxel to albumin, known as 

Abraxane. Albumin is the major component of plasma protein and is a natural 

carrier of hydrophobic molecules such as vitamins, hormones, and other water-

insoluble plasma substances [64], [65]. In addition, albumin is involved in 

endothelial transcytosis through the binding of a cell surface receptor glycoprotein 

(gp60) called albondin [66] and is also demonstrated that albumin is recognized by 

SPARC, a secreted acidic protein rich in cysteine, that appears to be up-regulated in 

many malignancies (breast, lung and prostate cancer), which can interact with 

albumin and increase the accumulation of albumin-bound drugs in the tumor [64]. 

Albumin stabilizes the paclitaxel particles at an average size of 130 nm, which 

prevents any risk of capillary obstruction and does not necessitate any particular 

infusion systems or steroid/antihistamine premedication before the infusion [67]. 

Abraxane possesses a reduced treatment volume and time required for 

administration. Antitumor activity and mortality were assessed in nude mice 

bearing human tumor xenografts [lung (H522), breast (MX-1), ovarian (SK-OV-3), 

prostate (PC-3), and colon (HT29)] treated with Nab or cremophor-based paclitaxel. 

In tumors, Abraxane had a significantly increased efficacy compared with 

cremophor-based paclitaxel, the difference was higher in breast (MX-1) and in 

ovarian (SK-OV-3) xenografts. 

Additionally, Abraxane was deeply studied in several clinical trials, in one of the first 

phase I clinical trials, Abraxane™ was used in the treatment of a group of patient 
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with solid tumors, which failed standard therapy were treated with [68]. Abraxane™ 
efficacy was studied in many phase II clinical trial for metastatic breast cancer 

(MBC) treatment by Ibrahim et al. [69].  In 2005, a phase III randomized controlled trial confirmed the superiority of Abraxane™ compared to Cremophor-EL paclitaxel 

[70]. Based on the studies and on the consideration above, in 2005 FDA approved 

Abraxane™ for the treatment of MBC who failed combinatorial chemotherapy. The encouraging results obtained in the application of Abraxane™ encouraged 
researchers to try these new formulations on metastatic lung cancer and non-small 

cell lung cancer (NSCLC) since paclitaxel is employed in the treatment often in 

combination with carboplatin. A phase II clinical trial was conducted by Green et al. to investigate the efficacy of Abraxane™ in the treatment of advanced NSCLC [71]. 

All the previous mentioned clinical trials have led to and the EMA in 2008 for the 

treatment of MBC. Soon after it was approved in 2011 by FDA for the treatment of 

advanced or metastatic non-small cell lung cancer (NSCLC), in combination with 

carboplatin. Recently the FDA approved the combination of Abraxane™ and 
gemcitabine as first line therapy for the treatment of advanced pancreatic cancer 

after getting interesting results from many clinical trials (phase I/II) [72], phase III 

[73]–[77]. 

From a diagnostic point of view, polymeric nanoparticles, incorporated with 

contrast agents, have shown significant benefits in molecular imaging applications 

[78]. These materials possess the ability to encapsulate different contrast agents 

within a single matrix enabling multimodal imaging possibilities. The materials can 

be surface conjugated to target-specific biomolecules for controlling the navigation 

under in vivo conditions. The versatility of this class of nanomaterials makes them an 

attractive platform for developing highly sensitive molecular imaging agents. The 

paucity in the data is mainly attributed to challenges associated with poor stability, 

and rapid release of imaging agent under in vivo conditions. The research communityǯs progress in the area of synthesis of polymeric nanomaterials and their 

in vivo imaging applications has been noteworthy, but it is still in the pioneer stage 

of development. The challenges ahead should focus on the design and fabrication of 

these materials including burst release of contrasts agents, solubility, and stability 

issues of polymeric nanomaterials [79]. 
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1.2.3. MICELLES 

Regarding micelles, the formation has an essential role in the absorption of fat-

soluble vitamins and complex lipids inside the human body. The formation of bile 

salts in the liver their secretion by the gallbladder allow the formation of fatty acids 

micelles [80]. Hence, the absorption of complex lipids (e.g., lecithin) and lipophilic 

vitamins (A, D, E, and K) within the micelles in the small intestine [81]. Micelles can 

also be used as a template to synthesize gold NPs with controlled sizes using a pH-

sensitive triblock copolymer micelle, and have important applications in biological 

process such as ion transport and targeted drug delivery [82]. 

Instead polymeric micelles are prepared by a self-assembly process using 

hydrophilic and hydrophobic block copolymers to form a hydrophilic shell and a 

hydrophobic core [83], [84]. Detergents are the most common example of this 

interaction that clean soluble hydrophobic materials (such as oils and lipids). 

Detergents act also by decreasing the surface tension of water, and it will be easier 

to remove materials from a surface. The surfactants emulsifying property is also 

important for the emulsion polymerization [85]. There are two routes to load drug 

using the amphiphilic micelle structure: drug conjugation and drug encapsulation. 

Drug conjugation utilizes a non-water soluble drug as a hydrophobic core of the 

micelle, which is conjugated to the hydrophilic polymer backbone [86]. Drug 

encapsulation is formed by the encapsulation of hydrophobic drugs into the core of a 

core-shell nanostructures during the self-assembly process via hydrophobic 

interactions [87]. PLGA is one of the most popular hydrophobic polymers used as a 

core for drug encapsulation and break down the ester bonds in the body, resulting in 

the release of the drug [88]. Other studies used a multi-benzene ring as the 

hydrophobic core, which can bind to a drug containing many benzene rings through π-π interactions under neutral p(, and acidic conditions could decrease these π-π 
interactions and cause the release of the drug [89]. 

Currently, several micellar formulations for cancer therapy are under clinical 

evaluation, but only Genexol-PM has been approved by FDA in 2007 for the 

treatment of breast cancer. Genexol-PM is based on the development of polymeric 

micelles formulation of paclitaxel. The formulation of micelles is based on 
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biodegradable amphiphilic di-block copolymer comprised of monomethoxy 

poly(ethylene-glycole)-block-poly (D,L-lactide) (mPEG-PDLLA). Like Abraxane, this 

formulation avoiding the employment of lipid-based solvent (Cremophor EL). The 

first preclinical study compared the in vivo efficacy, toxicity and biodistribution of 

Genexol-PM to cremophor-EL based paclitaxel [90]. The increasing of MTD and the 

lethal dose 50 (LD50) of Genexol-PM compared to classical paclitaxel formulation 

demonstrated that is a less toxic formulation. Administered in animals at the same 

dose of lipid-based paclitaxel, Genexol-PM resulted with the same concentration in 

plasma with an increased accumulation (2-3 fold higher) in heart, lungs, kidneys and 

spleen. Importantly, Genexol-PM also resulted in 2-fold higher levels of paclitaxel in 

tumors. Subsequently, favorable results from clinical trials in line with Abraxane, 

Genexol-PM has been approved for the treatment of metastatic breast cancer (MBC) 

and non-small cells lung cancer (NSCLC) in South Korea in 2007. Genexol-PM has not 

been already approved by FDA and phase III and IV clinical trials are ongoing. 

Several micellar forms of contrast agents have been established for different medical 

imaging modalities (e.g., nuclear imaging, MRI, X-ray CT, and ultrasonography) for 

both purely diagnostic/imaging purposes and for the visual control over the drug 

delivery by micellar carriers [91]. Micelles with pH-responsive property were 

designed as cancer-recognizing MRI contrast agents. Moreover, the micelles 

triggered significant photothermal damage to cancer cells via the destabilization of 

organelles, leading to successful tumor necrosis upon photoirradiation [92]. CT 

represents an imaging modality with high spatial and temporal resolution, which 

uses X-ray absorbing heavy elements, such as iodine, as contrast agents. In addition, 

single-photon emission computed tomography (SPECT/CT) imaging technique has 

also been employed to investigate pharmacokinetics and biodistribution of DNA 

micellar nanoparticles [93]. 
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1.3. EXOSOMES 

1.3.1.  DISCOVERY, BIOGENESIS AND CLASSIFICATION 

The discovery of cell-derived vesicles dates back to 1940, when preliminary studies were performed, addressing the ǲbiological significance of the thromboplastic protein of bloodǳ. Clotting times of plasma were determined after centrifugation at 

different speeds, and prolonged high-speed centrifugation (150 min at 31,000 xg) 

was shown to significantly extend the clotting time of the supernatant. Furthermore, 

when the pellet containing ǲthe clotting factor of which the plasma is deprivedǳ was 
added to plasma, the clotting times shortened, indicating that cell-free plasma 

contains a subcellular factor that promotes clotting of blood [94]. More than 20 

years later, in 1967, this subcellular fraction was identified by electron microscopy 

and was shown to consist of small vesicles, originating from platelets and termed ǲplatelet dustǳ. These vesicles were reported to have a diameter between ʹͲ and ͷͲ 
nm and had a density of 1.020 to 1.025 g/ml [95]. One decade later, fetal calf serum was also shown to contain ǲnumerous microvesiclesǳ ranging in diameter from 30 to 

60 nm [96]. 

During 1970s, biological vesicles were discovered. The group of Rose Johnstone 

described lipid nanoparticles that burped out by the sheep red blood cells called 

exosomes [97]. In reticulocytes (immature red blood cells), and generally in 

mammalian cells, parts of the cellular membrane are regularly internalized forming 

endosomes, 50 - 180% of the plasma membrane is cycled in and out of the cell every 

one hour [98]. In multicellular organisms, cells communicate via extracellular 

molecules such as nucleotides, lipids, short peptides and proteins. Released by cells, 

these molecules can bind to receptors of other cells, inducing intracellular signaling 

and physiological modification of the recipient cells. Additionally to these single 

molecules, eukaryotic cells release also biological micro- and nano-structures in 

their extracellular environment called membrane vesicles, containing several lipids, 

proteins, and even nucleic acids that affect the encounter cells in a complex way.  

Exosomes are equivalent to cytoplasm enclosed in a lipid bilayer with the 

transmembrane proteins localized in the cellular surface. They are formed inside the 

cells in compartments known as multi-vesicular bodies (MVBs), which take up bits 
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of the cytoplasm and its contents into membrane-bound vesicles. Once the MVBs are 

fused with the plasma membrane, these internal vesicles are secreted. (Figure 2) 

[99]. The biological function of exosomes is still under study, they can mediate inter-cellular communication, or induce intra‐ and extracellular signals and it is well know 
that the exosomes are involved in the exchange of functional genetic information 

[100], [101]. Exosomes are present in cell culture medium and in different biological 

fluids. It is known that they are secreted by most cell types in normal and 

pathological conditions. Furthermore, exosomes have been found to be released by 

all cells studied such as B‐cells, dendritic cells, T‐cells, mast cells, epithelial cells, 
platelets, stem cells and cancer cells and have been found to be present in 

physiological fluids, such serum, urine, breast milk, cerebrospinal fluid, 

bronchoalveolar lavage fluid, saliva, and malignant effusions [102]–[109]. 

 

 

 

Figure 2. Biogenesis, secretion and molecular composition of exosomes. A) Intracellular 

machineries of exosome biogenesis and secretion. B) Exosomes dimension, structure and the various 

packed compounds (nucleic acids and proteins).  
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Extracellular vesicles classification can be based on their cellular origin or biological 

function; alternatively, extracellular vesicles can be categorized on the basis of their 

biogenesis pathways [110].    

Cellular origin and biological function of extracellular vesicles:      •  Ectosomes: vesicles secreted by neutrophils or monocytes                            •  Microparticles: vesicles shed from platelets in blood or endothelial cells     •  Tolerosomes: vesicles purified from serum of antigen-fed mice                 •  Prostatosomes: vesicles extracted from seminal fluid        •  Cardiosomes: vesicles secreted by cardiomyocytes        •  Vexosomes: vesicles linked with adeno-associated virus vectors 

 

1.3.2.  NOVEL DIAGNOSTIC TOOLS 

Due to the selective cargo loading of exosomes and their resemblance to the 

producer cells, they have high importance in cancer biomarkers discovery. By 

improving the isolation protocols from cell culture and patient body fluids , and their 

advanced characterizations [111], scientists are utilizing exosomes to identify 

molecules for cancer targeting more effectively and apply more personalized 

techniques for detection, diagnosis, and prognosis [112], [113]. Protein 

characterization by mass spectrometry [114], as well as immunoprecipitation 

techniques are also used to identify and quantify peptide and nucleic acid (miRNA, 

mRNA, etc..) profiles [115].  

Tetraspanins, a family of scaffolding membrane proteins, are highly present in 

exosomes. The exosomal marker CD63 is a member of the tetraspanin family. 

Logozzi and coworkers reported in 2009 that plasma CD63+ exosomes are 

significantly increased in patients with melanoma compared with healthy controls 

[116]. Recently in 2013, Yoshioka et al performed a comparative analysis of 

exosomal protein markers in different human cancer types and found that CD63 is 

present at higher levels in exosomes derived from malignant cancer cells than those 

derived from normal cells, which provides further evidence that exosomal CD63 

could be a protein marker for cancer [117]. CD81, is another exosomal marker from 
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the tetraspanin family, has a role in hepatitis C attachment and/or cell entry.  In 

addition, Welker et al studies in 2012 reported that the level of serum exosomal 

CD81 is high in patients with chronic hepatitis C and possibly associated with 

inflammation and fibrosis severity, suggesting that exosomal CD81 may be a 

potential marker for hepatitis C diagnosis and treatment response [118]. 

Additionally, various exosomal proteins have been reported to be potentially useful 

in the diagnosis of central nervous system diseases. In 2008, Skog et al detected 

glioblastoma-specific epidermal growth factor receptor vIII (EGFRvIII) in  serum 

exosomes extracted from 7 out of 25 glioblastoma patients, indicating that exosomal 

EGFRvIII may present diagnostic information for glioblastoma [119]. One year later, 

accordingly with Skogǯs findings, Graner et al. have found that serum exosomes from 

patients with brain tumors contain EGFR, EGFRvIII, and TGF-beta [120]. It has also 

been reported that exosomal amyloid peptides accumulate in the brain plaques of Alzheimerǯs disease ȋADȌ patients [121]; and tau phosphorylated at Thr-181, an 

established biomarker for AD, is present at elevated levels in exosomes isolated 

from cerebrospinal fluid specimens of AD patients with mild symptoms [122]. These 

findings highlight the potential value of exosomes in the early diagnosis of AD, which 

is very important in sabotaging disease progression but currently difficult to achieve. Studies have also shown that α-synuclein, whose aggregation plays a central role in Parkinsonǯs disease pathology, is released in exosomes in an in vitro model system of Parkinsonǯs disease [123]; and prion proteins, biomarkers for 

transmissible spongiform encephalopathies, are packaged into exosomes released 

from prion-infected neuronal cells [124]. These exosomal proteins may have great 

potential in clinical diagnostics and should be further explored. 

It is very important to know that in early 2016, the first cancer diagnostic blood test 

called ExoDx Lung which was developed to detect free-released exosomes became 

available commercially in the US. This applicable diagnostic tool is based on the 

exploitation of five different mutations — all of them fusions between the genes 

encoding anaplastic lymphoma kinase (ALK) and echinoderm microtubule-

associated protein-like 4 (EML4) that lead to a form of non-small cell lung cancer 

(NSCLC). The launch of this 'liquid biopsy' from Exosome Diagnostics of Cambridge, 

Massachusetts, marked a step forward in  the maturity of the fledgling science of 

exosome biology [125]. 
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1.3.3.  DELIVERY SYSTEM 

Due to the strong impact of exosomes in cancer pathogenesis and biological 

compatibilities (i.e. they are able to cross physiological barriers like the BBB), 

exosomes are strong candidates for advanced therapeutic applications. These 

biological features include targeting exosomes, re-engineering and modifying them 

as therapeutic devices.  

Drug loading of exosomes can be achieved either endogenously or exogenously. 

Endogenous, or passive loading is carried out by inducing the overexpression of the 

RNA molecules of interest in producer cells. This passive loading is accomplished by 

the native exosomal loading mechanisms of the cell itself and results in exosomes 

that contain the drug before their isolation. Exogenous, or active loading start with 

the collection of exosomes and requires co-incubation or electroporation of the 

exosomes with the drug/molecule of interest [110] like siRNA [126], doxorubicin 

[4], [127], paclitaxel [128] and curcumin [129] by using different strategies, (Figure 

3). 

In this concept, many investigators have developed clinical trials studies in order to 

analyze the use of exosomes as nanocarrires of several drugs and small molecules.   

In 2005, Escudier et al [130] conducted the first clinical trial with exosomes in which 

they test the feasibility of exosomes applied to metastatic melanoma vaccination 

with autologous dendritic cell (DC) derived-exosomes (DEX) pulsed with the 

melanoma-associated antigen 3 (MAGE 3).  Antigens were captured in the peripheral 

organs then DC incorporated MHC-antigenic peptide complexes into the exosomes 

with immunostimulating factors. After treatment, released exosomes transfer MHC-

antigenic peptide complexes and associated proteins to antigen-naïve DCs in the 

regional lymph nodes acquiring the ability to stimulate CD4+ and CD8+ T cells [131], 

[132].     

Another phase I study based on exosomes vaccination has carried out by Dai et al., in 

2008 [133]. This study is based on the immunotherapy of colorectal cancer (CRC) 

through ascites-derived exosomes (Aex) in combination with the granulocyte-

macrophage colony-stimulating factor (GM-CSF).              
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The discovery of the anti-inflammatory effect of various molecules as curcumin and 

after several studies about exosomes as natural carrier,  an applied technique was 

investigated by loading curcumin in exosomes in order to improve the 

biodistribution, stability, solubility and efficacy of this molecule [129] in which they 

were used firstly in the treatment of brain inflammatory diseases. The great results 

found, led to their uses in cancer therapy especially in the treatment of colon cancer 

[134], [135] in Phase I clinical trial (NCT01294072). In which researchers will 

investigate if plant exosomes are able to improve the delivery of curcumin to both 

normal colon tissue and colon tumor. 

 

 

 

Figure 3. Extracellular membrane vesicles-based therapies. A) EMV immunotherapy. B) EMV 

RNAi therapy. C) EMV drug therapy. 
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2. RATIONALE 

Cancer patients need better therapeutic opportunities in terms of efficacy and 

compliance. Most of the chemotherapeutic drugs have a narrow therapeutic 

window, a range of doses that produces therapeutic response without causing any 

significant adverse effect in patients [136]. Many variables can influence the 

therapeutic window and among them, drug formulation, off-target effects, 

biochemical and genetic characteristics of the patients were thoroughly studied in 

the last decade [137]. Personalized medicine, a tailored approach to cure individual 

patients, is the optimal choice to overcome these limitations [138], [139]. From one 

side, many laboratories and pharmaceutical companies are currently focusing on the 

genomic and genetic characteristics of the tumors [140], [141]. On the other side, 

nanomaterials hold great promises for cancer patients but also face major 

challenges to be translated into clinic [142]–[146]. Organic materials such as 

liposomes have been a breakthrough in the field of drug delivery but also offer many 

limits such as reproducibility, organ toxicity and/or immune response, which have 

limited their application [1], [147], [148]. Nature offers many opportunities for new 

drug vehicles. Normal and cancerous cells communicate with each other and their 

environment both locally and at great distance. Among the mechanism of 

communication, extracellular vesicles have been recognized as an emerging new 

class of vehicles [149], [150]. Exosomes are a subclass of extracellular vesicles that 

represent an extraordinary material rich of information for diagnostic applications 

and therapeutic opportunities already described in section 1.3.2. Moreover, besides 

being a diagnostic tool, exosomes are ideal drug delivery agents described in section 

1.3.3. The size ranging from 30 to 200 nm has been demonstrated to be optimal for 

long circulating time thereby avoiding fast clearance [2]. They can freely circulate 

and distribute into biological fluids such as blood, urine, ascites, saliva and 

cerebrospinal fluid. The membrane composition shares optimal fusogenic properties 

with cell membranes and in the same instances may exhibit a specific cell tropism 

[151], [152]. Exosomes derived from patients can avoid immune surveillance better 

than in vitro formulated pegylated liposomes [3], [152], [153]. Interestingly, 

exosomes have a neutral lipid molar ratio similar to the optimal composition for 

liposome fusion and stability [151], [154]. Based on those studies, the term Ǯexocureǯ 
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was created, a DDS that utilizes exosomes to deliver material of interest to cure 

pathology [155].  

What we learned from the pioneering Ǯnanodrugsǯ like Doxil  was that the alteration 

of parameters such as pharmacokinetics and biodistribution could shift the 

equilibrium from toxicity to efficacy [147]. In this concept, it was mandatory to 

further study how exosomes can help in cancer treatment  in term of increasing 

anticancer efficacy of doxorubicin with low adverse effects, by trying different 

strategies in both in vitro and in vivo using different cancer models. 
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3. AIMS 

 

In this PhD thesis, we aimed to use exosomes as DDS for doxorubicin as many 

researchers tried to investigate the advantages of drug encapsulation inside these 

nanovesicles. It was essential to further study other possible pathways leading to 

improve the utility of these natural nanocarriers. Differently from previously 

published papers that focused on the efficacy of the doxorubicin encapsulated in 

exosomes, in this thesis for the first time, we studied if unmodified exosomes loaded 

with DOX are less toxic than free DOX by altering the biodistribution of the drug.  

In this concept, the previously mentioned points were deeply studied following 

these main goals: 

 

 To test the hypothesis that exosomes could increase the efficacy of doxorubicin 

by actively targeting tumor cells and decreasing toxicity by altering the 

biodistribution of the drug. 

 To determine whether exosomes could increase the therapeutic index of DOX. By 

utilizing a breast and a new syngeneic mouse model of ovarian cancer and 

analyzing the Maximum tolerated dose (MTD) of exoDOX and DOX and the 

related toxicity in vivo, suggesting new therapeutic opportunities for exosomal 

drug delivery in cancer patients. 
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4. MATERIALS AND METHODS 

 

4.1. REAGENTS 

Cells were purchased from Sigma-Aldrich (Sigma- Aldrich, Switzerland; HCT-116 

colorectal cancer cell line), Cell Biolabs (Cell Biolabs, CA, USA; MDA-MB-231 triple 

negative breast cancer cell line), DLD1 , LOVO(ATCC, USA) and STOSE (mouse 

ovarian cell line) developed by Dr. B. Vanderhydenǯs group [156] and grown as 

indicated. MDA MB-231 CD63-GFP and STOSE CD63-GFP cell lines were prepared by 

transduction of MDA-MB-231 and STOSE cell lines with lentivirus containing CD63-GFP plasmid purchased from System Biosciences ȋCA, USAȌ. Antibodies: α-tubulin 

(TUBA1A; T9026, 1:10,000) from Sigma-Aldrich (MO, USA); Flotillin1 (FLOT1; 

ab41927, 1:1000) from Abcam (Cambridge, UK); Lamp1 (9091S, 1:1000) from Cell 

Signaling (MA, USA). Secondary antibodies were from Thermo Fisher Scientific (MA, 

USA): antirabbit (31464, 1:10,000) and antimouse (31432,1:10,000). 

Nude (immunocompromised) and FVB/N (immunocompetent) mice were 

purchased from Harlan Laboratories (Udine, Italy). The experimental procedures 

were approved by the Italian Ministry of Health no. 788/2015-PR and performed in 

accordance with the institutional guidelines. We utilized at least three female mice 

of 8 weeks of age per data point. 

 

4.2. EXOSOMES LOADING AND CHARACTERIZATION 

4.2.1.  EXOSOMES EXTRACTION AND DRUG LOADING 

To this end, several protocols and commercially reagents have been designed to 

analyze the physical properties of exosomes in order to purify them from 

heterogeneous biological samples. Taking as example, differential 

ultracentrifugation is one of the widely cited isolation method that contains a series 

of high speed spins (~100,000 x g) for the selective precipitation of exosomes from 

different solutions [157], the presence of contaminations of protein and cellular 

debris has been noted using these protocols [158]. Similarly, many commercially 

available reagents such as the Invitrogen Total Exosome Isolation Kit (Life 

Technologies, USA),  ExoSpin Exosome Purification Kit (Cell Guidance Systems, USA) 
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and ExoQuick-TCTM kit (System Biosciences, USA) can facilitate exosomes 

precipitation from solutions with low speed centrifugation (10,000–20,000 x g) by 

using precipitation of vesicles with poly-ethylene glycol [159]. Finally, exosomes 

have been isolated also based on their buoyant density in viscous fluids, where 

samples are layered onto discontinuous sucrose or iodixanol gradients and 

subjected to high speed centrifugation (100,000 x g, exosomes recovered from the 

1.10–1.20 g/mL fraction/s11). The advantage of this method is that it is less prone 

to capture contaminating cellular debris. Additionally, this method is also highly 

user intensive and is not suited for high-throughput applications [160]. 

In our experiments, exosomes from MDA-MB-231, HCT-116, DLD1 , LOVO, STOSE, 

MDA-MB-231 CD63-GFP and STOSE CD63 GFP cell lines were prepared from 

exosome-depleted medium conditioned for 48 h and purified with AB CELL 

CULTURE-Nanovesicles solution according to the instructions (AB ANALITICA, 

Padova, Italy) as described in (Figure 4). Exosomes quantification was done by the 

Bradford method.                    

For DOX loading, a total quantity of ʹͲͲ μg of exosomes were mixed with ʹͲͲ μg of 

DOX in electroporation buffer (1.15 mM potassium phosphate, 25 mM potassium 

chloride, 21% Optiprep) and electroporated at ͳͷͲ V, Ͳ.ͳʹͷ × ͳͲͲͲ μF under max 

capacitance in a 0.4 cm cuvette. Exosomal doxorubicin (exoDOX) were collected by 

centrifugation and washed three-times with PBS 1X. DOX concentration in exosomes 

was quantified by measuring the absorbance at 490 nm using Tecan F200 

instrument (Tecan, Männedorf, Switzerland). 
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Figure 4. Exosomes isolation protocol. Indicating the different centrifugation steps using 

precipitation solution.                   

 

4.2.2.  TRANSMISSION ELECTRON MICROSCOPY 

Briefly describing transmission electron microscopy (TEM) that is a microscopy 

technique in which a beam of electrons is transmitted through an ultra-thin 

specimen, interacting with the specimen as it passes through it. An image is formed 

from the interaction of the electrons transmitted through the specimen; the image is 

magnified and focused onto an imaging device, such as a fluorescent screen, on a 

layer of photographic film, or to be detected by a sensor such as a charge-coupled 

device (Figure 5). 

In our characterizations using TEM, exosomes were resuspended in PBS 2% 

glutaraldehyde (30 min) and deposited on formvar/carbon-coated electron 

microscopy (EM) grids. Two percent of uranyl acetate was added to the exosome-

coated grids for 10 min and washed three-times with water. After drying in air, 

exosomes were imaged with a transmission electron microscope (EM 208, Philips, 
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Eindhoven, The Netherlands). Micrographs were taken with a Quemesa Camera 

(Olympus Soft Imaging Solutions, Munster, Germany). 

 

4.2.3. SCANNING ELECTRON MICROSCOPY 

Instead,  scanning electron microscopy works with different theory in which a beam 

of electrons is propelled by magnetic rings through a tall chamber column pumped 

down to a vacuum, with the beam becoming more focused as it passes through 

progressively stronger magnets. The electrons bounce off some tiny sample, and the 

intensity of electrons bouncing off the shape of the sample are interpreted as pixel 

numbers, corresponding to shades of black & gray, forming an image (Figure 5). 

To perform scanning electron microscopy (SEM) analyses, exosomes were 

dehydrated in a graded 30–100% ethanol series, dried in a CO2 apparatus at a 

critical point (Bal-Tec; EM Technology and Application, Liechtenstein), sputter 

coated with gold in an Edwards S150A apparatus (Edwards High Vacuum, UK), and 

examined with a Leica Stereoscan 430i scanning electron microscope (Leica 

Cambridge Ltd, UK). 

 

                                                    

Figure 5. Schematic of the transmission and scanning electron microscopes 
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4.2.4.  NANOPARTICLES TRACKING ANALYSIS 

Nanoparticles tracking analysis is a useful technique to evaluate particles 

dimensions in addition to the approximate determination of concentration in 

nanoparticles/ml. This technique is based on the use of  a laser beam that passes 

through the sample chamber and the particles in suspension in the path of the beam 

scatter the light in such a manner that they can be easily visualized via a long 

working distance, 20x magnification microscope onto which is mounted a video 

camera. The camera captures a video file of the particles moving under Brownian 

motion. The NTA software tracks many particles individually and using the Stokes 

Einstein equation calculates their hydrodynamic diameters. The NanoSight range of 

instruments provides high resolution particle size, concentration and aggregation 

measurements while a fluorescence mode provides specific results for labelled 

particles. The range provides real time monitoring of the subtle changes in the 

characteristics of particle populations with all of these analyses confirmed by visual 

validation indicated in (Figure 6). 

For the characterization in our experiments, the size of exosomes was determined 

by NTA with a NanoSight LM10 instrument (Malvern Instruments, UK) in a PBS 1X 

buffer by diluting the samples at a concentration of about 10–ʹͲ μg/ml by 

measuring the exosomal proteins by Bradford quantification assay. 

 

 

Figure 6. Nanoparticles tracking analysis. A) Principal configuration of the instrumentation 

(NanoSight) for NTA of extracellular microvesicles (EMV). B) Size distribution plot. 
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4.2.5.  WESTERN BLOT 

The cell pellets and exosomes (from 1.5 x 107 cells) were resuspended into 

radioimmunoprecipitation assay buffer supplemented with a protease inhibitor 

mixture (Complete-EDTA, Roche, Switzerland) for protein extraction and ͷͲ μg of 
proteins were run in 8% denaturating polyacrylamide gel. After electrophoresis, the 

proteins were transferred on nitrocellulose membrane (Whatman International Ltd, 

UK). The membranes were blocked with 5% (w/v) skim milk in Tris-buffered saline 

Tween-20 solution (TBS-T) and incubated overnight with primary antibodies 

(Lamp1, FLOT1 and α-tubulin). After washing, the membranes were incubated for 1 

h with secondary antibodies in 5% milk TBS-T at RT. The membranes were 

developed with ECL solution (Euroclone, Italy) and visualized with ChemiDoc 

Imager instrument (Bio-Rad Laboratories, CA, USA). 

 

4.3. IN VITRO EXPERIMENTS 

 

4.3.1. DRUG RELEASE TEST 

The release of DOX and exoDOX were evaluated with a dialysis membrane of 20.000 

Molecular weight cut-off (MWCO) that had been dipped into 50% fetal bovine serum 

in PBS 1X, at pH 7.4, indicated in (Figure 7). The cumulative release of DOX was 

evaluated by measuring the fluorescence intensity (I) at Ex 465/Em 595 nm of DOX 

inside the dialysis membrane at different time points (0, 0.5, 1, 2, 3, 6, 8, 12, 18 and 

24 h). The percentage of cumulative release was calculated using this equation 

below:  
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Figure 7. Schematic picture of dialysis membrane of 20.000 MWCO, indicating the different steps for 

A) Membrane buffer equilibration. B) Loading with analyzed solution. C) Incubation in 50% FBS + 

50% PBS and D) Sample collection. 

 

 

4.3.2. THE HALF MAXIMAL INHIBITORY CONCENTRATION & CELL 

VIABILITY ASSAY 

The CellTiter-Glo® Luminescent Cell Viability Assay is a homogeneous method to 

determine the number of viable cells in culture based on quantification of the ATP, 

which signals the presence of metabolically active cells. The CellTiter-Glo® Assay is 

designed for use with multiwell-plate formats, making it ideal for automated high-

throughput screening (HTS) and cell proliferation and cytotoxicity assays. The 

homogeneous assay procedure (Figure 8) utilize a single reagent (CellTiter-Glo® 

Reagent) added directly to the cells cultured in serum-supplemented medium. Cell 

washing, removal of medium or multiple pipetting steps are not required. The homogeneous ǲadd-mix-measureǳ format results in cell lysis and generation of a 
luminescent signal proportional to the amount of ATP present. The amount of ATP is 

directly proportional to the number of cells present in culture in agreement with 

previous reports [161].  
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                             Figure 8. Flow diagram showing preparation and use of CellTiter-Glo® Reagent. 

 

The CellTiter-Glo® Assay relies on the properties of a proprietary thermostable 

luciferase (Ultra-Glo™ Recombinant LuciferaseȌ, which generates a stable ǲglow-typeǳ luminescent signal and improves the performance across a wide range of 

assay conditions. The luciferase reaction for this assay is shown in (Figure 9).  

 

 

 

 

Figure 9. The luciferase reaction. Mono-oxygenation of luciferin is catalyzed by luciferase in the 

presence of Mg2+, ATP and molecular oxygen. 
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In order to evaluate the half maximal inhibitory concentration (IC50) of DOX, cells 

were plated with a density of 103 cells/well in a 96-wells plate (Becton Dickinson, 

NJ, USA) and incubated for 24 h to allow the attachment of cells. The next day, cells 

were treated with DOX starting with a concentration of 1 μg/ml followed by five 

1:10 serial dilutions. After 96 h, the cell viability was evaluated by CellTiter-Glo® 

Luminescence assay (Promega, WI, USA) with the Infinite 200 PRO instrument 

(Tecan) and IC50 was calculated using the GraphPad program (Prism, CA, USA). 

 

In order to evaluate the cytotoxicity, 103 cells/well were plated in 96-well culture 

plates and the day after seeding, were treated with DOX or exoDOX at a 

concentration that depend on the IC50 each cell line. Cell viability was measured after 

96 h, according to the supplier (Promega, WI, USA; G7571), with a Tecan F200 

instrument (Tecan, Switzerland). Averages and standard errors were obtained from 

three different experiments. 

 

 

4.3.3. CELLULAR INTERNALIZATION 

MDA-MB-231 cells were seeded in 24-multiwell plates at a density of 105 cells/well. 

The following day, the cells were treated with DOX or exoDOX at a concentration of 

100 ng/ml and incubated for (1, 6 and 24 h)  in comparison with untreated cells. The 

cells were imaged with a Leica fluorescence microscope at 20X magnification. 

 

4.3.4. HUMAN CARDIAC MICROVASCULAR ENDOTHELIAL CELLS           

TRANSWELL ASSAY 

To study the ability of exoDOX to an cross endothelial cell barrier, a transwell 

system was carried out as indicated in (Figure 10). Human cardiac microvascular 

endothelial cells (PromoCell, Germany) were plated at the density of 105 cells on cell culture insert with pore size of ͺ μm ȋBecton Dickinson, NJ, USAȌ pretreated with 5 μg/cmʹ of fibronectin ȋSigma-Aldrich, MO, USA). The next day, two concentrations 

of ͳͲ μg/ml and ͷͲ μg/ml of both exoDOX and DOX were added on the top of cell-
culture insert in phenol red free medium and the concentration of DOX was read 
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from the bottom by measuring the absorbance at 490 nm at different time points (0, 

0.5, 2, 4, 7, 16 and 28 h). 

 

Figure 10. Schematic picture of transwell describing the ability of DOX and exoDOX to cross a 

reconstructed myocardial endothelial monolayer 

 

4.3.5. CD63-GFP VIRUS PRODUCTION AND TRANSDUCTION 
 

To produce lentivirus, 7 × 105 HEK293T packaging cells/well were seeded in a 6 

multiwell plate, 1 day before transfection. For each well, ʹ μg of custom CD63-GFP 

plasmid from System Biosciences (CA, USA), Ͳ.ͷ μg of pMDʹG (VSV-G envelope 

expressing plasmid), ͳ μg of psPAX2 (lentiviral packaging plasmid) were diluted in ͳͲͲ μl of plain DMEM plus ͳ͸ μl of transfection agent (FuGENE® HD, Promega) and 

incubated 20 min at RT. The cells were incubated for 24 h at 37 °C, after which the 

medium was refreshed. Lentivirus-containing supernatants were collected at 48 and 

72 hours post-transfection with 20% of FBS (Figure 11). The two collections of 

lentiviral particles were pooled, filtered through a Ͳ.Ͷͷ μm membrane ȋSartorius Stedim/PVDFȌ and stored at −ͺͲ °C.  
MDA-MB-231 and STOSE cell lines were transduced with lentiviral supernatants supplemented with ͺ μg/ml hexabromide ȋSigmaȌ. At 48 h post-infection, medium was replaced and cells were selected with ʹ μg/ml of puromycin or ͷ ug/ml 
blasticidin (Gibco). Antibiotic selection was stopped as soon as no surviving cells 

remained in the non transduction control plate [162], [163]. 
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Figure 11. Lentiviral production. A lentiviral construct containing the CD63-GFP along with 

lentiviral packaging mix is cotransfected into 293T cells using FuGENE® HD reagent. Following 

incubation of cells, supernatant containing lentivirus is harvested and cellular debris is removed by 

centrifugation. Depending on the lentiviral construct, viral titer is determined either by puromycin or 

blasticidin selection or analyzing the percentage of GFP-positive cells. 

 

 

4.3.6. FLUORESCENCE IMAGING OF CELLS/EXO (CD63-GFP) 

MDA-MB-231 CD63-GFP and STOSE CD63-GFP cells were incubated in exosome free 

medium for 48 h. The medium was then collected and exosomes were extracted 

using AB CELL CULTURE-Nanovesicles solution according to the instructions (AB 

ANALITICA, Padova, Italy). The exosomes were diluted 1:100 in PBS 1X and a drop 

was laid on cover slip, analyzed together with the cells of origins with a  

fluorescence microscope using a filter set with Ex 490/Em 520 nm wavelengths. 

 

 

 

 



36 

 

4.4. IN VIVO EXPERIMENTS 

 

4.4.1. MOUSE XENOGRAFTS 

In xenograft tumor assays, in order to test exoDOX and DOX efficacy using the 

treatment dose, 4 × 106 MDA-MB-231 cells were mixed with 30% of Matrigel (BD 

Bioscience, CA, USA) and implanted subcutaneously into the flanks of 8-week-old 

female nude mice. Once tumors reached measurable size (>50 mm3), mice were 

treated intravenously (iv.) with indicated drugs two-times per week for seven 

treatments.  

Instead, to test the ability of exoDOX to increase the therapeutic index of DOX,            

3 × 106 MDA-MB-231 cells were mixed with 30% of Matrigel (BD Bioscience, CA, 

USA) and implanted subcutaneously into 8-week-old female nude mice. 5 × 106 

STOSE cells were mixed with 30% of Matrigel (BD Bioscience) and implanted 

subcutaneously into the flanks of 8-week-old female FVB/N mice when tumors 

reached a measurable size (>50 mm3), mice were treated intraperitoneally (ip.) with 

DOX, Doxil and exoDOX two-times per week for a total of five treatments.  

For all in vivo experiments, tumor volumes were measured with a caliper and 

calculated using the formula: (length × width2)/2. 

 

4.4.2. HISTOPATHOLOGY 

Histopathology was performed in order to evaluate the toxicity of exoDOX in 

different tissues, after the end of the treatment. Organs of mice were collected and 

fixed in phosphatebuffered 10% formalin, embedded in paraffin, sectioned at a thickness of ͵ μm and stained with hematoxylin and eosin (H&E). The tissues were 

analyzed with light microscopy using different magnifications. Morphological details 

were analyzed at 40X objective. 
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4.4.3. BIODISTRIBUTION AND PHARMACOKINETICS (PK) 

For the biodistribution evaluation of exoDOX compared with DOX, tissues and 

tumors were washed with 10 ml of cold PBS/heparin before collection. Blood was 

collected from the left ventricle of the heart under anesthesia. The organs were 

diluted in 500 ul of PBS/BSA 4% and homogenized with Qiagen TissueRuptor for 20 

sec at power 4 in ice.                  

In the pharmacokinetic (PK) experiments, mice were treated with 3 mg/kg (ip.) and 

the blood was collected after 0.08, 0.25, 0.5, 1, 3, 18, 36 and 72 h. Samples were 

stored at -80°C.  

The concentrations of DOX in serum, tissues and tumors were measured by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). The proteins were 

precipitated with two volumes of cold acetonitrile containing 20 ng/ml 

daunorubicin as an internal standard. The cleared supernatant was diluted with two 

volumes of 0.2% formic acid and 10 ul were injected on LC-MS/MS system. The 

chromatographic separation was performed on Accucore-150 30 × 2.1 mm 2.6 um 

C18 column (Thermo Scientific, MA, USA) equilibrated with a 0.7 ml/min of 0.2% 

formic/acetonitrile (95:5) and maintained at 50°C. An elution gradient B from 5 to 

80% of acetonitrile over 5 min was applied and 3 min of equilibration A 4000 

QTRAP MS/MS system equipped with Turbo ESI source (AB Sciex, MA, USA) was 

applied in positive-ion mode. The transitions of DOX and daunorubicin were 

monitored in multireaction monitoring mode at m/z ͷͶͶ.ͳ→͵ͻ͹.ʹ and ͷʹͺ.ʹ→͵ʹͳ.ͳ, respectively. The spray voltage was set at 5000 V with the source 

temperature at 400°C. The curtain gas, nebulizer gas (gas1) and auxiliary gas (gas 2) 

were set at 20, 50 and 50 arbitrary units, respectively. 
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4.4.4. MAXIMUM TOLERATED DOSE 

In order to evaluate the in vivo maximum tolerated dose (MTD) of exoDOX and free 

in comparison with the commercially used drug formulation known as Doxil® 

(liposomal DOX) , nude mice were treated with different concentrations of exoDOX, 

Doxil or free DOX as indicated in (Figure 12). The drugs were injected i.p. (3, 5, 7 and 

15 mg/kg), two-times per week for a total of five injections. As objective scale, we 

measured the body weight (BW) of mice.  

For the same reason and in order to validate the results in immunocompetent mouse 

model. The tolerability of exoDOX was tested in isogenic FVB/N mice. The mice were 

treated with DOX and exoDOX at 3 and 6 mg/kg, two times per week for a total of 

five treatments. 

 

        

Figure 12. Schematic design for the injection protocol during MTD experiments. IP (intraperitoneal 

injection), BW (Body weight). 

 

 

4.4.5. STATISTICAL ANALYSIS 

The statistical significance was determined using the t-test. A p-value less than 0.05 

was considered significant for all comparisons made. 
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5. RESULTS AND DISCUSSION 

 

5.1. CHARACTERIZATION OF EXOSOMAL DOXORUBICIN 

Exosomes were isolated from cancer cells since it has been hypothesized that they 

have an intrinsic property to target the tumor microenvironment [164]–[169]. To 

enrich the fraction of exosomes from the supernatant culture of MDA-MB-231, HCT-

116 and STOSE cell lines, AB CELL CULTURE-Nanovesicles solution from (AB 

ANALITICA, Padova, Italy) was utilized. The hydrodynamic dimension of vesicles 

was characterized by nanoparticle tracking analysis [170]. The mean and standard 

deviation values were 155 ± 55 nm, 156 ± 55 nm and 101 ± 50 nm in MDA-MB-231, 

HCT-116 and STOSE cell lines, respectively, (Figure 13). 

 

 

Figure 13. Nanoparticles tracking analysis of (A) MDA-MB-231, (B) HCT-116 and (C) 

STOSE exoso 

 

mes, showing the sizes and concentrations of the extracted vesicles. 
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Exosomes were also characterized by scanning (SEM) and transmission electron 

microscope (TEM). The (Figure 14) depict a regular size with a spherical shape 

[171]. 

 

 

 

Figure 14. Scanning (A, C) and Transmission (B, D) electron microscope images of  MDA-

MB-231 and HCT-116 exosomes respectively demonstrate their shapes and dimensions 

 

 

 

Isolated exosomes and their cells of origin were next analyzed by Western blotting 

with antibodies specific to Lamp1 (Lysosomal Associated Membrane Protein 1) and 

Flotillin 1 (caveolae-associated, integral membrane protein 1) exosomal markers 

[123], [172]. )n addition to α-tubulin as negative and positive internal control. 

Results in (Figure 15), showed that Human Lamp1 was detected in MDA-MB-231 

exosomes but not in mouse STOSE exosomes as expected. Human/mouse Flotilin 1 

was detected in both exosomes from MDA-MB-231 and STOSE cells. α-tubulin was 

present in the cell extracts but not in exosomes as expected. Confirming that 

exosomes extracted using the mentioned isolation protocol. These results 

demonstrate that our method isolate clean exosome populations, in addition it 
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should be known that this protocol is less time consuming compared to 

ultracentrifugation protocols. 
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Figure 15. Western blot analysis of exosomes purified from MDA-MB-231 and STOSE cells. Human 

Lamp1 was detected in MDA-MB-231 exosomes but not in mouse STOSE exosomes as expected. 

Human/mouse Flotilin 1 was detected in both exosomes from MDA-MB-231 and STOSE cells. 

 

 

To further confirm exosomes purification, cells were infected with CD63-GFP fusion 

protein (exosomal marker) and the isolated exosomes were analyzed under 

microscope. Fluorescence analysis of MDA-MB-231 CD63-GFP and STOSE CD63-GFP 

exosomes showed a dotted appearance as expected for vesicular accumulation 

(Figure 16). 

 

Figure 16. (A) MDA-MB-231 and (B) STOSE CD63-GFP cell lines and the related exosomes. 

Cells were acquired at 20X and exosomes at 40X magnification under fluorescence 

microscope. Exosomes appear as green dot in the box. Scale bar, ʹͷ μm. 
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The vesicles were then loaded through electroporation [126], [173] and the loading 

of DOX was confirmed by measuring by NTA the dimension of the loaded exosomes, 

which increased to 176 ± 53 nm and 209 ± 54 nm in MDA-MB-231 and HCT-116 cell 

lines, respectively. Compared with free diffusion, electroporation increases the DOX 

loading efficiency of about three-times with a yield of 2.56 ± 0.57% 

(encapsulated/total), (Figure 17). Additionally, to load ͳ μg of DOX,  ʹʹ.ͷ ± ͸.͸Ͷ μg of 

exosomes were utilized measured by Bradford method. 

 

                   
Figure 17. Loading efficiency of exosomal doxorubicin. After loading, the exosomes were washed 

three-times and the quantity of drug released in the supernatant or entrapped in the pellet was 

measured. P: Pellet; P3: Pellet (exosomes) after three washes; S: Supernatant; S1, S2 and                      

S3: Supernatant after one, two and three washes, respectively. 

 

 

 

5.2. EXODOX STABILITY AND CELLULAR INTERNAZLIZATION 

It is important to determine the stability of exoDOX in serum before in vivo 

application. A time point analysis of exosomes loaded with DOX was performed in 

50% serum utilizing a semipermeable membrane (Figure 18). A two-phase kinetic of 

release was observed. In the first 2 h, the release of exoDOX was similar to free DOX. 

Later, the release of DOX from exosomes was slow and never reached 100% over a 

period of 24 h. This difference in release could be explained by the interaction of 

DOX with different biological content of exosomes such as DNA, RNA and 

membranes. 
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Figure 18. Release of DOX from exosomes. The cumulative release of DOX was evaluated by 

measuring the fluorescence of DOX inside the dialysis membrane at different time points, pH 7.4. 

 

 

The interaction and internalization of exosomes with cells has been the subject of 

many research papers. Exosomes can deliver different biological messengers such as 

RNA, miRNA, proteins, etc., utilizing Ǯnativeǯ mechanisms, which can also be utilized 

to deliver exogenous materials such as drugs. Different mechanisms of interaction 

with cells have been postulated: receptor- or lipid raft-mediated endocytosis, 

macropinocytosis or direct fusion with cell membranes. It appears from those 

studies that the content of the exosomes is efficiently released in the cytoplasm [3], 

[174]–[177]. Time course analysis of DOX and exoDOX internalization in MDA-MB-

231 cells showed a similar pattern of drug accumulation in the nucleus (Figure 19). 

These data suggest that exosomes could efficiently release the DOX to exert its 

cytotoxic effect. 
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Figure 19. Fluorescence analysis of DOX and exoDOX in MDA-MB-231 cells. Time point analysis of 1, 

6 and 24 hours of DOX autofluorescence showed increase accumulation in the nucleus. CTR: 

untreated cells. 
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5.3. EXODOX HAS A FEWER APTITUDE TO CROSS MYOCARDIAL 

ENDOTHELIAL CELLS THAN FREE DOX 

Endothelial myocardial cells were plated into transwell membrane inserts (pore size ͺ μmȌ coated with fibronectin. DOX and exoDOX ȋͳͲ and ͷͲ μgȌ were added into the 
insert chamber and the absorbance was read from the bottom. A time point analysis 

showed that at both concentrations, exoDOX has a lower ability to cross myocardial 

endothelia cells than free DOX (Figure 20). Although the experiment was performed 

under static conditions, it was demonstrated the aptitude of exosomes to avoid 

extravasation in normal heart tissue. 

 

 

 

Figure 20.  Myocardial endothelial cells transwell assay. Absorbance of (AȌ ͳͲ μg and (BȌ ͷͲ μg of 
DOX and exoDOX in the lower chamber at seven time points (0, 0.5, 2, 4, 7, 16 and 28 h). Experiments 

were run in duplicates. Mean and standard deviation are reported. 
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5.4. ANTI-TUMOR EFFICACY OF EXODOX AND DOX 

 

5.4.1. IN VITRO EFFICACY 

After exosome isolation and characterization, cells were treated with three different 

concentrations of DOX (100 ng/ml, 50 ng/ml and 25 ng/ml) and exoDOX from MDA-

MB-231 and HCT-116 cell lines. The exoDOX were crossed on both cell lines in order 

to test if there was cell lineage specificity. The cell viability was measured at 

different time points as reported in Figure 21 (A & B). Similar to data reported in 

other published papers [127], [178], we observed that exoDOX killed cancer cells at 

the same extent as free DOX. The same effect was also observed in two others colon 

cancer cell lines; LOVO and DLD-1 (Figure 22). 

 

 

 

Figure 21.  Cell viability assays showed no difference among treated cells. (A) MDA-MB-231 and 

(B) HCT-116 cells were treated with different concentrations of DOX (▀Ȍ, exoʹ͵ͳDOX ȋ•Ȍ, 
exoHCTDOX (▭) and control (♦). Y-axis: luminescence refers to count per second. 
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Figure 22.  Cell viability assay showed no difference among treated cells. (A) LOVO and (B) 

DLD1 cell lines were treated with different concentrations (as indicated) of DOX (▀), exoDOX (•), and 

control (♦). Y axis: Luminescence refers to count per second (K=1000). 

 

 

Ovarian cancer is a lethal disease. Scientists have worked for years to establish a 

representative mouse model. Recently, Dr. Barbara Vanderhydenǯs group has 

developed a spontaneously transformed mouse ovarian surface epithelial cell line 

(STOSE), which closely recapitulates the characteristics of human high-grade serous 

ovarian cancer (HGSOC) [156]. 

Since STOSE cells closely recapitulate HGSOC, it was decided to validate the data 

obtained with MDA-MB-231 breast cancer cells. First, we calculated the IC50 of DOX 

on both cell lines. IC50 analysis of DOX demonstrated a similar sensitivity of STOSE 

and MDA-MB- 231 cell lines. The average of IC50 was 18.78 ± 1.25 and 13.85 ± 1.22 

ng/ml for STOSE and MDA-MB-231 cell lines, respectively (Figure 23).  
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Figure 23. IC50 of DOX in (A) MDA-MB-231 and (B) STOSE cell lines by using 1:10 dilution scale starting from ͳ μg/ml. Cell viability was evaluated after ͻ͸ hours. Experiments were run in 
triplicates. Mean and error standard are reported. 

 

 

Treatment of STOSE cells with different concentrations of DOX and exoDOX showed 

the same effect on cell viability (Figure 24) as previously demonstrated with MDA-

MB-231 cell lines. 

 

 
Figure 24. ExoDOX has the same effect of doxorubicin in vitro. Cell viability assays showed no 

difference among treated cells. STOSE cells were treated with three different concentrations of DOX 

(orange) and exoDOX (Blue). Experiments were run in triplicates. Mean and standard deviation are 

reported. 
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5.4.2. IN VIVO EFFICACY 

In vitro analyses in static conditions have several limitations and it is more 

appropriate to use an in vivo model to mimic physiologic conditions. In addition, 

pegylated liposomal doxorubicin was two times less effective compared with free 

DOX in in vitro cell viability assay but more effective in vivo [179]. In this setting, the 

MDA-MB-231 cancer cells were injected as a subcutaneous xenograft and treated 

with free DOX or exoDOX prepared from MDA-MB-231 or HCT-116 cell lines. At a 

dose in which DOX did not produce any significant toxic side effect in mice (1.5 

mg/kg, Figure 25A) [180], the efficacy of exoDOX was comparable to that of free 

DOX. The volume of the tumors was inhibited by about 30% compared with 

untreated mice (Figure 25B).  

 

 

 

Figure 25. Exosomal doxorubicin has the same effect of doxorubicin in vivo. MDA-MB-231 cells 

were implanted in the flank of nude mice. The animals were treated by intravenous injection    (1.5 

mg/kg) with DOX (▀Ȍ, exoʹ͵ͳDOX ȋ•Ȍ, exo(CTDOX ȋ▭) and control (♦). (A) The bodyweight of 

treated mice was normal suggesting no evidence of toxicity with treatments. (K: 1000).                         

(B) The tumor volume was monitored for 21 days every week. No difference was observed between 

treatments.  
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5.5. DIFFERENCE IN ACUTE TOXICITY IN VIVO  

 

5.5.1. IN VIVO TOXICITY ANALYSES OF EXODOX & DOX 

The clinical benefit of liposomal DOX is due to the reduced cardiac toxicity compared 

with free DOX [147]. In order to test the toxic side effects of exoDOX, the mice were 

treated at the acute toxic dose of 15 mg/kg of DOX [181], [182]. After a period of 9 

days, controls and exoDOX-treated mice exhibited normal behavior and clinical 

appearance; however, DOX-treated mice showed lack of grooming, limited 

movement (hunched posture, ruffled hair coat, naso-ocular discharge) and were 

carefully sacrificed. As objective scale, we measured the bodyweight of mice, which 

is recognized a universal parameter to follow the health of the mice during the 

experiments. The animals treated with DOX lost more than 25% of their total 

bodyweight (Figure 26). The bodyweight of exoDOX-treated mice decreased by an 

average of 10%, indicating less toxicity. The same mice were also analyzed by 

histopathology (see below). 

 

 

 

Figure 26. Doxorubicin is more toxic than exosomal doxorubicin in mice. Mice treated by 

intraperitoneal injection with high levels (15 mg/kg) of DOX (▀), exoHCTDOX ȋ•Ȍ and controls ȋ♦). 

Bodyweight was monitored at the indicated time points for 9 days. 
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5.5.2. HISTOPATHOLOGY AND BIODISTRIBUTION ANALYSES 

We hypothesized that the different observed toxicity was due to a distinctive 

biodistribution of DOX in the heart. The mice were injected with 15 mg/kg of DOX or 

exoDOX and after 3 h, the biodistribution of the drug was evaluated in the serum and 

heart. It was found that the concentration of DOX in the serum was comparable to 

exoDOX. This result suggested that the exoDOX preparations could diffuse in the 

body similar to free drug (Figure 27).  

 

 

 

Figure 27. Mice were treated by ip. injection with high levels (15 mg/kg) of DOX and exoHCTDOX. 

The tissues were collected after 3 h. Although the level of DOX in the blood was equal, the heart tissue 

accumulated less exoDOX. * p < 0.05. 

 

 

 

Differently from DOX, the accumulation of exoDOX in the heart was reduced by 

about 40% (p < 0.05). To better understand if the different biodistribution was due 

to an altered PK profile, DOX and exoDOX were evaluated in the serum at different 

time points. (Figure 28) showed that DOX and exo DOX have the same PK profile. A 

paper recently published showed that exosomes accumulated less in muscle and 

heart tissues [183]. In the heart, the myocardium is supplied by vessels with tight 

junctions and the well-developed lymphatic system reduced the accumulation of 

membrane-based nanovectors such as liposomes [184]. Since a major problem of 

DOX is the cardiac toxicity, our results support exoDOX as an innovative and safe 

system to deliver DOX in cancer patients [130].  
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Figure 28. Mice were treated by ip. injection with high levels (15 mg/kg) of DOX and exoHCT 

DOX. The tissues were collected after 3 h. Although the level of DOX in the blood was equal, the heart 

tissue accumulated less exoDOX. * p < 0.05. 

 

 

To support our observations, we analyzed the heart tissue by histopathology. The 

heart of mice treated with exoDOX or untreated appeared normal (Figure 29A & B). 

In accordance with the literature [185], mice treated with DOX showed 

vacuolization and hypereosinophilia of the cytoplasm compared with untreated 

mice (Figure 29C & D). Moderate disarrangement of cardiomyocytes was also 

evident in some sections.  
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Figure 29. Exosomal doxorubicin-treated mice have normal cardiac tissue. DOX toxicity is well 

documented and that four mice were analyzed. In untreated (A) and exoDOX (B) treated mice, 

myocardial fibers showed the regular organized pattern of cytoplasmic striations with central located 

nuclei. The mice treated with DOX (C & D) exhibited scattered cytoplasmic paranuclear vacuoles 

(arrowheads) and focal intense eosinophilic (pink) cytoplasm, devoid of their transversal striations 

(arrows). The images in the boxes were enlarged (3×) in the top right corner. H&E staining, original 

magnification 40X. 
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Other tissues such as intestine, liver, kidney, spleen, lung and brain did not reveal 

evident or significant toxicity (Figure 30). 

 

 

 
Figure 30. Histopathologic analysis of DOX and exoDOX treated mice (i.p.; 15mg/kg) after 9 days of 

treatment. The intestine, liver, kidney, spleen, lung and brain did not reveal evident or significant 

toxicity. 
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5.6. EXOSOMES INCREASE TOLERABILITY OF DOX IN MOUSE 

Subsequently, nude mice were treated with different concentrations of exoDOX, 

Doxil (liposomal DOX) or free DOX as indicated in (Figure 31). The drug was injected 

intraperitoneally, two-times per week for a total of five injections. As objective scale 

of wellness, we measured the body weight of mice: up to 3 mg/kg, there was no 

difference between treatments and no adverse effects were observed (Figure 31A & 

B). At 5 and 7 mg/kg, the mice treated with DOX started to lose weight after 10 days 

and finally they were sacrificed. ExoDOX and Doxil-treated mice were healthy at all 

tested concentrations (Figure 31C & D). 

 

 

 

Figure 31. Maximum tolerated dose experiment in nude mice utilizing four doses of DOX, Doxil 

and exoDOX. (A) 1.5 mg/kg, (B) 3 mg/kg, (C) 5 mg/kg and (D) 7 mg/kg; body weight was monitored 

at the indicated time points for 20 days. 
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The tolerability of exoDOX was tested in isogenic FVB/N mice. The mice were 

treated with DOX and exoDOX at 3 and 6 mg/kg, two times per week for a total of 

five treatments (Figure 32A & B). Similarly to nude mice, at 6 mg/kg, the DOX-

treated mice lost almost 20% of their body weight although the effect was less 

evident than in nude mice.  

 

 

 

Figure 32. MTD experiment in FVB/N mice using 2 doses of DOX and exoDOX, (A) 3 mg/kg,               

(B) 6 mg/kg. Body weight was monitored at the indicated time points for 16 days.                                       

MTD: Maximum tolerated dose. 
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Histopathological analyses demonstrated that the hearts of DOX-treated mice were 

normal at 3 mg/kg but showed vacuoles and moderate myofibrils disorganization at 

6 mg/kg (Figure 33A & B). In exoDOX-treated mice, the heart appears normal as 

untreated control (Figure 33C & D). 

 

 

 

 

 
 

Figure 33. ExoDOX-treated mice have normal cardiac tissue after maximum tolerated dose. FVB/N 

mice were treated at (A) 3 mg/kg, (B) 6 mg/kg of DOX, (C) 6 mg/kg of exoDOX or (D) control. In (B) 

scattered cytoplasmic paranuclear vacuoles are zoomed in H&E staining. Original magnification, 40X. 

MTD: Maximum tolerated dose. 
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All other tissues were apparently normal (Figure 34). 

 

 

 

                 
Figure 34. FVB/N mice were treated with 6 mg/kg of DOX or exoDOX and analyzed after 16 days. No 

obvious toxicity was observed. H&E staining, original magnification 40X. 
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5.7. EXOSOMES INCREASE DOX EFFICACY IN A MOUSE MODEL OF 

BREAST CANCER 

Following the experiments of toxicity, it was decided to treat the mice with a double 

concentration of exoDOX compared with free DOX. MDA-MB-231 cell lines were 

injected subcutaneously in nude mice and when the tumors reached an average size 

>50 mm3, exoDOX (6 mg/kg), Doxil (6 mg/kg) and DOX (3 mg/kg) were injected 

intraperitoneally two-times per week for a total of five treatments. The tumors 

treated with exoDOX and Doxil clearly had not grown compared with the DOX 

treated mice (Figure 35A). At the end of the experiment, DOX in the tumor was 

quantified by MS. (Figure 35B)shows that the concentration of exoDOX in the tumor 

had doubled compared with DOX concentration (p-value < 0.05). 

 

 

 

 

 
Figure 35. ExoDOX efficacy on MDA-MB-231 tumor growth. (A) Tumor volume in nude mice 

treated by ip. injection with (3 mg/kg) DOX (▭Ȍ, ȋ͸ mg/kgȌ exoDOX ȋ•Ȍ, ȋ͸ mg/kgȌ Doxil ȋ×Ȍ and 
controls (♦). (B) In the tumors (3 h), exoDOX accumulated more compared with the DOX-treated 

mice. Y axis: concentration of DOX per gram of tissue. *p < 0.05. ip.: Intraperitoneally. 
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5.8. EXOSOMES INCREASE DOX EFFICACY IN AN 

IMMUNOCOMPETENT MOUSE MODEL OF HIGHGRADE SEROUS 

OVARIAN CANCER 

STOSE cell lines were inoculated subcutaneously in FVB/N mice to demonstrate the 

efficacy of exoDOX. After the tumor reached a size >50 mm3, mice were treated with 

3 mg/kg of DOX and 3 or 6 mg/kg of exoDOX (Figure 36A). At higher concentration, 

the exoDOX was more effective than free DOX, similar to MDA-MB-231 breast cancer 

model. Tumors analysis showed that at 6 mg/kg, exoDOX accumulated about two-

times more than free DOX (Figure 36B; p-value <0.05). 

 

 

 

 
 

Figure 36. ExoDOX efficacy on STOSE tumor growth. (A) Tumor volume in FVB/N mice treated by 

ip. injection with (3 mg/kg) (□) of DOX, (3 mg/kg) (△) of exoDOX and ȋ•Ȍ ȋ͸ mg/kgȌ of exoDOX. ȋB) In 

the tumors (3 h), exoDOX accumulated more compared with the DOX-treated mice. Y axis: 

concentration of DOX per gram of tissue. *p < 0.05. ip.: Intraperitoneally. 
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6. CONCLUSIONS 

 

The success of newly formulated drugs such as Doxil is primarily due to the reduced 

toxicity more than an increase in its efficacy. Specifically for DOX, the cardiac toxicity 

is a limiting factor during therapy. A different biodistribution of liposomal DOX 

limits the cardiac toxicity compared with DOX [147]. In this thesis, we tested the 

hypothesis that DOX encapsulated in exosomes has a different therapeutic activity 

compared with free DOX. Although tumor exosomes loaded with DOX could decrease 

the growth of cancer cells in vitro and in vivo, the efficacy was similar to free DOX. 

This result is supported by data from other publications in which exosomes were 

modified to perform active targeting [126]. In addition, we tested if exoDOX is less 

toxic than free DOX. The results were evident by visual inspection of the mice 

tissues. After 9 days of treatment, the DOX-treated mice lacked grooming, had 

hunched posture and lost significant body weight. The exoDOX-treated mice 

appeared healthy and the histopathologic analysis confirmed that the cardiac tissue 

in exoDOX-treated mice was normal. Biodistribution analyses showed a similar 

quantity of DOX and exoDOX in the serum but a reduced accumulation in the heart of 

exoDOX-treated mice compared with DOX. 

 

Additionally, in this thesis we demonstrate the utility of exosomes to deliver DOX in 

highly devastating female cancers. We carried out in vitro and in vivo experiments to 

provide conclusive evidences, which revealed that: similar to liposomes, myocardial 

endothelial cells limit exoDOX crossing, avoiding accumulation of drug in the heart. 

The kinetics of myocardial endothelial extravasation are slower in exoDOX 

compared with DOX; the maximum tolerated dose in immunodeficient and 

immunocompetent mice of exoDOX is higher than in free drug, thus limiting the 

cardiac toxicity without affecting other organs; concluding that exosomes increase 

the therapeutic index of DOX in breast and ovarian cancer mouse models          

(Figure 37). 
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Taken together, the results of this thesis suggest that exosomes could be used to 

reduce the toxicity of DOX by altering the biodistribution. It could be of interest, to 

test other chemotherapeutic drugs to understand if exosomes are a valid drug 

delivery system for broad application. In this concept, many investigators are 

focusing on the use of Paclitaxel encapsulation in exosomes for better delivery and 

efficacy [128], [186], [187]. 

 

Finally, it should be known that clinical trials have demonstrated that exosomes are 

a biocompatible material that could be safely used in humans. Phase I studies 

showed no severe adverse effects and set up new clinical grade protocols for the 

preparation of exosomes [133], [188]. Based on literature and our data during this 

thesis, we can envisage an easy application of exosomes as drug delivery system in 

humans especially for lethal diseases such as cancer. 

 

 

 

 

Figure 37. Working model on the benefit of exosomes as drug delivery system for doxorubicin. 
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