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1. Preface 

 

 

 

 

Houston Methodist (HM) is one of the hospitals located in the Texas Medical Center (TMC) of 

Houston, Texas (USA). HM is a leader in Healthcare, it’s the first Hospital in Texas for patient 

care and among the top 20 hospitals in United States. The motto and philosophy of HM is the 

ICARE value (integrity, compassion, accountability, respect and excellence) and all the 

workers do their best to make it practice, from healthcare to spiritual care, research and 

internal organization. Houston Methodist Research Institute (HMRI) is also located at TMC 

and it’s the institution delegated to research in medical field, from cancer to other diffused 

diseases and other fundamental aspects of healthcare, in order to develop and increase the 

level of cures in all the aspects. The Department of Nanomedicine performs a fundamental 

part of research at HMRI and Professor Bruna Corradetti is one of the Principal Investigator 

(PI) that are involved in developing innovative immunomodulatory approaches for the 

treatment of chronic diseases, including cancer. HMRI and Nanomedicine Department have 

as an objective the collaboration and partnership with hospitals, patients, enterprises and 

workers, without forgetting the ICARE values. This environment is the key for success and for 

the progress of the present to a healthier world. 

 

 

Logo of Houston Methodist Hospital  
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2. Abstract 

 
Exosomes are extracellular nanovesicles naturally produced by cells through the invagination 

of their membrane and are involved in cell-to-cell communication and content exchange. 

They have specific characteristics in terms of dimension, structure and surface proteins 

expression and they can be loaded with drugs for specific cell targeting. These features allow 

them to avoid the induction of an immune response and to take advantage of the enhanced 

permeability and retention effect, which is required for accumulation of drug in a specific 

area. They are versatile nanoparticles, with the potential to be engineered or loaded with 

specific drugs to achieve an enhanced immune system activation against cancer cells, a more 

efficient tumor cell targeting, with the consequent reduction of the side effects induced by 

the drug. Their lipid structure protects the drug or biological compound loaded and allows for 

the prolonged maintenance of its bioactivity. However, their applicability in clinical settings is 

currently limited by the low yield, scarce scalability, poor batch-to-batch reproducibility and 

time-consuming synthesis. 

The purpose of this thesis is to develop a strategy to obtain biomimetic nanoparticles with 

the potential to be used as carriers of chemotherapeutics for cancer treatment. These 

nanoparticles were defined as Immune Derived Exosomes Mimetics (IDEM) as they were 

synthetized by sequentially forcing immune cells (monocytic cell line, THP1) through 8μm and 

10μm dimensional filters and applying serial cycles of centrifugation. 

IDEM were characterized in comparison with naturally derived exosomes 8 (EXO) extracted 

from the culture media of the same number of cells through standard protocols. IDEM and 

EXO were analyzed by western blot and flow cytometry for protein expression, whereas 

Scanning Electron Microscope (SEM) and Nanoparticle Tracking analysis (NTA) were used for 

their morphological characterization and to determine particle concentration, respectively. 

The IDEM approach provided a greater number of nanoparticles compared to natural 

exosomes (9.42x109±2.31 x109exosomes/mL and 2.34x1010±7.91 x109IDEM/mL).  Although 

with a slightly larger diameter compared to EXO (177.08±19.64nm versus 112.44±14.59nm, 

respectively) IDEM size fell within the exosomal dimensional range. We also confirmed the 
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similarity of the two formulations in terms of exosomal protein content (i.e. tetraspanins 

CD63, CD81, ALIX and TSG101). As a proof of concept, EXO and IDEM were loaded with 

Doxorubicin and the encapsulation efficiency (EE%) and drug release profile studies were 

performed. IDEM showed an increase in EE% and a similar drug release profile compared to 

EXO, presenting a burst release of 55% of the encapsulated drug in the first 12 hours. The 

cytotoxic effect of different doses of doxorubicin-loaded (DOX-loaded) IDEM and EXO was 

tested on the human ovarian cancer cell line SKOV3 and monitored over a 96-hour period. 

The Alamar Blue assay and the measurement of impedance of adherent cells executed 

through the xCelligence Sight were used for cell viability assessment. We also verified the 

drug uptake by cells with flow cytometry and confocal microscopy. Data obtained revealed 

that the lower concentration (1μg/mL) of IDEM and EXO compared to free Doxorubicin 

(10μg/mL) was sufficient to kill cancer cells. Lastly, the cytotoxicity of 3μg/mL dose 

doxorubicin-loaded IDEM and EXO was tested in 3D experiment by monitoring SKOV3 

spheroids viability for 96 hours. Data showed that also in a 3D model, IDEM and EXO with 

lower drug concentration are more cytotoxic than free Doxorubicin. 

With this work we can conclude that IDEM hold potential for innovative cancer treatments as 

they couple the advantages of natural exosomes with the higher reproducibility and 

production yields. 
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3. Introduction 

 

3.1. What is a tumor 

Cancer is an umbrella-word that includes over a hundred different diseases that have 

in common the uncontrolled division of cells of the body. It can affect any type of 

tissue from the skin to the neurons with different pathways and development. 

However, they all have a common starting point. Indeed, a cell becomes cancerous 

whenever the inhibitors of cell division stop working because of a mutation for 

example, so that cells are able to proliferate uncontrollably. Also, their daughter cells 

will present the same mutation, leading to increase cancer cell proliferation and the 

formation of a tumor mass. This mass can stay in situ and remain a primary tumor or 

invade other tissues through the blood by the extravasation and spreading of tumor 

cell subpopulations, which is called metastasis and leads to a malignant or invasive 

tumor. The tumor starts to be lethal whenever it absorbs all the survival nutrients 

from the hosting-body [1]. In Figure 3.1 [2] a simple scheme of the said above process 

is shown. 

 

Figure 3.1: behavior and development of cancer cells, from a stroma to a metastasis 

 

There are many types of tumor and they can be divided in base of the affected 

tissues (i.e. Adenoma from epithelial tissue, Fibroma from fibrous or connective 

tissue, Hemangiomas from blood cells and Lipoma from adipose cells) [3]. 
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Tumors can also be defined as “hot” and “cold”. Hot tumors show signs of 

inflammation and immune activation, meaning that it’s already penetrated by 

leukocytes (i.e. T-cells, natural killer cells or macrophages) and has been 

recognized as a threat by the immune system. The latter, on the contrary, 

presents low levels of immune cells infiltration and hence of immune activation, 

making it hard to target with the current immunotherapies [4]. 

 

3.2. Tumor therapies 

Based on the type and stage of tumor, different therapies can be applied. 

Generally, if the tumor is in situ, surgical removal is used. The surgery becomes 

more challenging if the tumor is metastatic. Chemotherapy is used to treat all 

stages of cancer, for example it can be used to shrink a tumor before radiation 

therapy or surgery (called neoadjuvant chemotherapy); to destroy any remaining 

cancer cells after a treatment such as surgery, radiation, immunotherapy or 

hormone therapy; to make another treatment more effective; to destroy any 

cancer recurring or metastasis, like for example in ovarian cancer treatment [5]. 

Chemotherapy and radiotherapy are the most common way to treat cancer, but 

in recent years also immunotherapy against hot tumors and hormone therapy 

are becoming promising cures [6]. Unfortunately, cold tumors are currently 

challenging in terms of cure. 

New approaches are getting more and more used such as targeted therapy by 

using nanoparticles as carrier of cancer treatment [7]. Targeted therapy uses 

antibodies, genes, proteins or characteristics of cancer tissues to directly 

recognize cancer cells and to specifically kill them without damaging healthy 

cells. Nanocarrier made of polymer, metal or lipids loaded with a drug are also 

another targeted therapy method. It is composed by two main categories: 

passive and active targeting. The first one exploits the enhance permeability and 

retention (EPR) effect through which the nanoparticles reach cancer cells by 

passing through the leaking and highly permeable tumor blood vessels, which 

are weaker and more permeable than the healthy ones [8]. Also, the poor 

lymphatic drainage in tumors contributes to the nanoparticle retention. Both 
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these actions increase the efficacy of anti-cancer treatment [6]. The second 

targeting way is the active one, in which the nanoparticles is functionalized with 

antibodies, surface proteins, receptors in order to specifically target the tumor 

cell. In Figure 3.2 [9], the mechanism of action of active and passive targeting 

strategies is provided. Other two therapies for cancer treatment are stem cell 

transplant and precision medicine (based on study of genetic studies to develop 

select treatments).  

 

Figure 3.2: Mechanism of action of passive and active targeting for cancer treatment 

 

3.3. Exosomes 
3.3.1. Biogenesis, characteristics and functions 

 

Figure 3.3.1: Simplified image of an exosome. It’s possible to see the double phospholipidic layer, the 

transmembrane proteins such as tetraspanins, the internal contents (DNA, RNA, drugs, peptides, cell 

debris)  
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Exosomes are extracellular nanovescicles naturally secreted by any type of cells 

(Figure 3.3.1). They were discovered in the late 1980s and they were initially 

considered a waste product of cell metabolism or cell damages, with no 

significant influence on neighboring cells [10]. Only in the last few years 

exosomes started to be studied for their content in terms of lipids, proteins, DNA, 

RNA and for their relation with metabolism and pathologies, since they are 

involved in cell-to-cell communication. They are constitutively generated from 

late endosomes, which are formed by inward budding of the cell membrane 

(Figure 3.3.1.1 [11]). During this process, certain membrane proteins are 

incorporated into the nanovesicle membrane, while the cytosolic components 

are engulfed and enclosed within it, creating an early-endosome [12]. Tumor 

susceptible gene 101 (TSG101) and ALG-2-interacting Protein X (ALIX) proteins 

are involved in this formation step. Another pattern of formation of exosomes 

involves the tetraspanins CD63 and CD81 (transmembrane proteins, their name 

comes from the fact that they go through the cell membrane four times). The 

multi-vesicular body (MVB) that derives from this process merges with the 

cellular membrane and releases the exosomes outside the cell. Exosomes 

contain various components such as mRNA, enzymes, actin and other 

cytoskeletal proteins, DNA, miRNA and other nucleic species [13]. Markers such 

as ALIX, TSG101 and tetraspanins CD9, CD81, CD63 are commonly used as 

exosomes markers. Exosomes membrane is made of a double phospholipidic 

layer, with a diameter of 30-150 nm. Its main function is mediating intercellular 

communication by transferring functional substances inside them from once cell 

to the others, locally and distantly, in physiological and pathological status [14], 

which make them an important protagonist in possible efficient communication 

link for cancer treatment. 
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Figure 3.3.1.1: Formation of an exosome from a cell and main characteristics. 

 

3.3.2. Potential applications of exosomes 

Exosomes are a good ally for many treatments in the biomedical field as shown 

in Figure 3.3.2. In fact, they can be used as drug delivery vessels or as 

fluorochrome or contrast agent carrier in many fields such as oncology, 

cardiovascular, neurology. They can also be used as biomarkers for the early 

detection of a pathology since their content is strictly correlated to the cell status 

and health. They can be used as genomic carriers for genetic modifications, they 

can enhance inflammatory response like it’s done in immunotherapy or in 

chronical wound healing, osteoarthritis and other articular diseases. They are 

very small, so they can penetrate many barriers such as the Blood Brain Barrier 

(BBB) and Blood Cerebrospinal Fluid Barrier (CSF) [15], two big obstacles for 

many current drugs. Exosomes can also have a role in diabetes mellitus 

development and treatment since they are one of the main communicators 

between hepatic cells. Lastly, they can be employed for regenerative medicine 

[16]. Their main positive aspect of using exosomes in clinical treatment is that 

they are not recognized as foreign compounds as it happens with cells from 
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donors [17], other chemical-biological compounds or implanted devices. The 

inflammatory response is induced only if exosomes are made to enhance it. Also, 

cell injections have high risk of degeneration in tumor [18]. 

 

Figure 3.3.2: brain storming of all the possible applications of exosomes as therapeutic agent 

 

3.3.3. Exosomes and tumor 

Exosomes are involved in angiogenesis, invasiveness, immune resistance and 

metastasis of cancer cells [19] [20]. This means that they could represent a 

means of communication with the tumor in order to effectively treat it. In fact, 

exosomes can be used as regulators of cancer progression by modulating the 

immune system like a vaccine, decreasing angiogenesis, reprogramming stromal 

cells.  They can also tune proliferation, drug resistance, modify the micro-

environment. Furthermore, exosomes can be loaded with a chemotherapeutic 

compound in order to decrease side effects and increase efficiency of 

chemotherapy, they can interfere in metastasis development by inhibiting 

cancer cell-to-cancer cell communication.  Lastly, exosomes can be loaded also 

with genetic compounds in order to modify the genetic expression of a cancer 

cells and heal it or kill it [21]. 
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3.3.4. Comparison between exosomes and other nanoparticles 

Several nanoparticles are already FDA approved such as DOXIL (Figure 3.3.4 a 

[22]), ONIVYDE and ABRAXANE (Figure 3.3.4 c [23]), which are lipid or polymeric 

nanoparticles with an internal core where the drug or the biological compound 

is encapsulated in order to avoid degradation from biological liquids and to 

efficiently target it to specific pathological areas. They are also functionalized on 

the surface to obtain the specific targeting. However, cancer cells quickly adapt 

to the nanoparticle treatment, which leads to modification of surface expression, 

and consequentially the cure becomes ineffective. In Figure 3.3.4 b [24], the 

most famous and studied nanoparticles for clinical application are shown. 

Despite all of them are good current way of disease treatment and diagnosis, 

they can activate immune response, they can be really expensive in production, 

they have low half-life, or they can be dangerous for the organism if not used 

properly [25]. 

 

 

Figure 3.3.4: nanoparticles currently used or studied for clinical treatments or diagnostics. a) DOXIL 

structure; b) Organic and Inorganic nanoparticles; c) ABRAXANE structure 

A B 

0 

C 
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3.3.5. Clinical limits of exosomes 

Exosomes are promising nanoparticles for new therapies, but their extraction 

yield strictly depends on the operator and on the extraction protocol, which 

means that their characteristics are not replicable and with low yield [26] [27]. 

This leads to a challenging large-scale production and consequently no clinical 

application due to the wide variability of the obtained sample and lack of 

standardization [28]. Protein content characterization is another aspect in which 

every exosomes extraction is different from the other starting from the same cell 

of origin [26].  Another big limitation is that purification from other nanovesicles 

(i.e. apoptotic debris, proteins aggregates and lipoprotein particles [29]) during 

extraction is not always well obtained, which means more contaminations, more 

variability, less success in their use for clinical purposes. Other problems are the 

difficult characterization of composition and contents of the vesicles that make 

difficult to predict in vivo activity; the abundant and diverse bioactive contents 

of vesicles that can unpredictably effects and not-wanted consequences such as 

immune response or cellular apoptosis or phenotypical modifications [30]. Lastly, 

lack of techniques or resolution for detailed visualization and studies make their 

characterization trickier and less reliable [31]. Thus, while modulation of 

expression, composition and contents of natural exosomes are studied, parallel 

efforts are being made in the development of biomimetic or synthetic drug-

delivery platforms. 

 

3.3.6. Laboratory production of engineered exosomes 

The main method of exosome extraction and isolation is by ultracentrifugation 

or differential centrifugation. In particular, these methods alternate several 

centrifugation steps (in order to eliminate all the microparticles and dead cells) 

at increased spin velocity with purification of the sample such as filtration with 

smaller pores as soon as the protocol is moved forward [32]. Other methods 

include size exclusion chromatography, filtrations or sieving and immunological 

separation. In Table 3.3.6 [33] a list of all the methods for exosome isolation are 

shown. 
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Table 3.3.6 Comparison of different methods of extraction of exosomes. 

 

Regarding engineered laboratory synthesis of exosomes, synthetic exosome-

mimics by cell extrusion or cell membrane-cloaked nanoparticles are the most 

commonly developed, they can be fabricated on a large-scale and provide novel 

platforms for drug delivery [34]. 

 

3.4. Immune-Derived Exosomes Mimetics (IDEM)  

3.4.1. The advantages of using IDEM 

Immune-Derived Exosomes Mimetics (IDEM) are nanoparticles that are 

synthetized with the aim to mimic the shape, structure and protein expression 

of exosomes but using a faster, more reproducible and with higher yield method 

of production. In their synthesis procedure, cells are directly used as the 

nanoparticle source. In fact, they are disrupted by forcing their passage through 
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filters of different dimensions while under cycles of centrifugation. IDEM are 

similar to natural exosomes in protein content, shape and structure, so their 

nature is not compromised, but by synthetizing them, we can control their 

characteristics, tune them for our purposes and aim to a scalable production for 

clinical application in patients. 

 

Figure 3.4.1: simplified view of how IDEM are cell-derived with a semi-synthetic protocol 

 

3.4.2. The use of exosomes to treat ovarian cancer 

Ovarian cancer is the fifth most common cause of cancer mortality in women 

because of lack of symptoms and it’s characterized by the uncontrolled 

proliferation of ovary cells. In Italy is the 3% of all the tumor diagnosis, whereas 

in Europe it represents the 5% of all the female tumors [35]. There are many 

types of ovarian cancer, the epithelial is the most common one (90% of the cases 

[36]) and it involves the epithelial cells of ovaries. Symptoms of ovarian cancer 

are really difficult to interpret since they are really close to the ones of other 

pathologies, for example swollen abdomen, aerophagy, frequent need to 

urinate, pelvic cramps, inexplicable weight loss, pain during sexual intercourse 

[37]. Due to this underhand signal, ovarian cancer is really difficult to diagnose 

at early stage, so the tumor is already at stage III or IV at the moment of diagnosis 

and the survival rate is under 25%. Moreover, it is a cold tumor, so the 

immunotherapy is ineffective. Current treatments are surgical removal of the 

tumor of chemotherapy [38]. Another way of treatment is needed, that’s why 
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exosomes can be used as an alternative to the above-mentioned methods. In 

fact, exosomes can be a specific, more effective and more efficient way to treat 

cancer (from immunotherapy [39] to drug-loading and administration, to 

diagnosis [40]) as mentioned before, but they also have the limits described in 

Chapter 3.3.5. In this work, it will be proved that IDEM have the same 

characteristics of exosomes regarding dimensions, shape and protein content, 

they are well recognized by the cell since they are rapidly incorporated by the 

cells, they are cytotoxic if chemotherapeutic-drug-loaded, but they have higher 

yield and less time-consuming synthesis, they are scalable for future 

pharmaceutical production and clinical application, they are versatile since they 

potentially could be produced for different cancers, from different cell sources, 

and they are batch-to-batch more reproducible than exosomes. 

 

3.5. The aim of the study 

The objective of this thesis was to develop a strategy to obtain IDEM, a versatile and 

smart nanoparticle platform bioinspired by exosomes with the potential to be used 

as carriers of chemotherapeutics for cancer treatment. The nanoparticles were 

synthetized and characterized in shape, concentration and protein content, and then 

loaded with a chemotherapeutic drug and administered to ovarian cancer cells to 

study their cytotoxic potential. Throughout the entire study, natural exosomes were 

compared to IDEM in order to assess any differences or advantages when employing 

the semi-synthetic approach. 
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4. Materials and Methods 
 

4.1. Cell lines and media 

All cells were maintained in culture at 37°C, at humidified atmosphere and 5% CO2. 

Before their usage, all medias were heated at 37°C in a water bath and filtered 

through 0.22μm sterile PES syringe filters (Biopioneer). 

 

4.1.1.  Thp-1, monocytic cell line 

Human monocytic cell line THP-1 was provided by ATCC. THP-1 were maintained 

in culture with a density of 300,000-500,000 cells/mL in T75 flask (Nunc 

EasYFlask- Thermo Fisher Scientific) vertically positioned. When the cell density 

reached confluency, the cell suspension was centrifuged in a falcon tube at 300xg 

for 5 minutes. Cell media was then removed and the cell pellet was resuspended 

in fresh media.  

Cell culture medium RPMI-1640 with L-glutamine (Invitrogen) was provided by 

American Type Culture Collection (ATCC). 10% Fetal Bovine Serum (FBS-Gibco) 

and 1% of Antibiotic-Antimycotic (A/A-Gibco) were added to empty medium.  

For exosome extraction protocol, RPMI-1640 medium with L-glutamine 

(Invitrogen) with 10% exosome-depleted Fetal Bovine Serum (FBS-Gibco) and 1% 

of Antibiotic-Antimycotic (A/A-Gibco) was used. This media will be defined as 

Exo-free media from now on.  

 

4.1.2. Skov3, ovarian cancer cell line 

Ovarian cystadenocarcinoma cell line SKOV3 was purchased from ATCC. SKOV3 

were maintained in culture in T75 flask until reaching 80-90% of covered surface 

(confluence). To subculture them, cell culture media was aspirated and cells were 

washed in 10mL of Phosphate Buffer Saline pH 7.2 (PBS-Gibco-ThermoFisher 

Scientific). Cells were detached with 2.5mL of Trypsin-EDTA (SIGMA) for 5 

minutes,that was then neutralized with 7.5mL of fresh media. Cell suspension 
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was then centrifuged in a falcon tube at 1200rpm for 5 minutes. Cell media was 

then removed and the cell pellet was resuspended in fresh media.  

Cell culture media McCoy (Gibco) was purchased by Thermo Fisher Scientific. 

10% Fetal Bovine Serum (FBS-Gibco) and 1% of Antibiotic-Antimycotic (A/A-

Gibco) were added to empty medium. 

 

4.2. Natural exosomes (EXO) extraction 

This protocol was optimized by Corradetti Lab. 8.5 million THP1 cells were seeded in 

13mL exo-free RPMI-1640 medium and left overnight. The following day, cells were 

centrifuged at 500xg for 5 minutes at room temperature to pellet cells. Without 

disturbing cell pellet, media was transferred to clean tube and centrifuged at 2000xg 

for 30 minutes at room temperature to pellet any remaining debris. The supernatant 

was then filtered through 0.22μm PES membrane syringe filter (Biopioneer) and then 

added to a 15mL 10 kDa Amicon ultra centrifugal filter (Millipore sigma) to 

concentrate the solution with a 4000xg centrifugation step of 15 minutes at room 

temperature. The concentrate was transferred to clean 1.5mL Eppendorf tube. Total 

exosome isolation reagent (from cell culture media, Invitrogen-Thermo Fisher 

Scientific) was added in the amount of half of the volume of suspension recovered, 

the solution was mixed by vortexing at least 30 seconds and incubated overnight at 

4°C. The next day, the sample was centrifuge at 10,000xg for 1 hour at 4°C. The 

supernatant was then discarded without disturbing the cell pellet, which was 

resuspended in 85μL of 0.22um filtered PBS. The samples were stored at -80°C for 

downstream applications. 

In Figure 4.2, a schematic workflow of the exosome extraction protocol is shown.  

 

 

Figure 4.2: Schematic workflow of exosome extraction protocol. 
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4.3. Synthesis of IDEM  

IDEM synthesis was performed optimizing an established protocol [41]. 8.5 million 

THP1 cells suspension were put in a falcon tube and centrifuged at 500xg for 5 

minutes at room temperature. The supernatant was then removed, the cell pellet 

was washed with 1 mL of 0.22μm filtered PBS and then centrifuged at 500xg for 5 

minutes at room temperature. The washing step was repeated twice. After the 

second wash, the supernatant was removed and the cell pellet was resuspended in 

550μL of 0.22μm filtered PBS. 

The suspension was then placed in a Pierce Spin Cups – 10μm Paper Filter (Thermo 

Fisher Scientific) and centrifuged at 14,000xg for 10 minutes at 4°C. The resulting 

pellet was then resuspended and re-added onto the same spin cup, repeating the 

same centrifuging step. Consequently, 8.0μm MCE Membrane filters (MF-Millipore) 

were cut in a circle shape and two were then placed with tweezers at the bottom of 

a new Pierce Spin Cup. Once the second centrifuge step was done, the pellet was 

resuspended in PBS and placed in the 8.0μm filter Pierce Spin Cup. The Spin cup was 

centrifuged at 14,000g for 10 minutes at 4°C, the supernatant was removed, and the 

cell pellet was resuspended in 85μL of 0.22μm filtered PBS.  

An Exosome Spin Column (MW 3000-invitrogen-Thermo Fisher Scientific) was 

prepared following its protocol in order to remove any low molecular weight (MW ≤ 

3000) admixtures from the exosome preparation such as salts, nucleotides, and short 

oligonucleotides. In particular, the column was tapped to settle the dry gel into the 

bottom of the column, it was hydrated with 650μL of 0.22μm filtered PBS, then it was 

vortexed, tapped to remove all the air bubble and let it rest for 5-15 minutes at room 

temperature. The spin column was then placed in a 2mL Collection Tube and it was 

centrifuged at 800xg for 2 minutes at room temperature. After having discarded the 

collection tube, the IDEM sample was immediately applied directly to the center of 

the column without touching the gel. The column was placed in a 1.5mL elution tube 

and centrifuged at 800xg for 2 minutes at room temperature, maintaining the same 

orientation of the gel of the previous centrifuge. Samples were stored at -80°C for 

downstream applications.  

In Figure 4.3 a block diagram of the protocol is shown. 
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Figure 4.3: block diagram of IDEM synthesis protocol. 

 

4.4. Dimensional characterization and concentration assessment 

4.4.1. Nanoparticle Tracking Analysis (NTA-NANOSIGHT) 
4.4.1.1. Physical principles 

NTA is a way to quantify and visualize suspensions of nanoparticles based 

on Brownian motion, typical of particles dispersed in liquid. In fact, by using 

the Formula (a), NTA can relate the movement of the nanoparticle to its 

size [42].  

 

(a)    (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅ =
2𝑘𝐵𝑇

3𝑟ℎ𝜋𝜂
 

 

Where (𝑥, 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅  is the mean squared speed of a particle at temperature 𝑇, in 

a medium of viscosity 𝜂, with a hydrodynamic radius of rh 𝑎𝑛𝑑 𝑘𝐵 is the 

Boltzmann constant. Thanks to this machine, we can measure size, 

concentration and fluorescence of nanoparticles in the range of 100 and 2500 

nm and a concentration of 107–109/mL [43]. The machine is constituted by 

these main components: 

• Microfluidic circuit in which the sample is injected by a syringe pump; 

• Laser beam that illuminates the circuit in a chamber protected by light; 

• Camera, it films the suspension that passes through the circuit; 

• Computer with software for data processing. 

A block scheme with all the components mentioned above is shown in Figure 

4.4.1.1 a [44]. While the suspension passes through the microfluidic circuit, the 

nanoparticles in it interfere with the laser beam. The scattered light is then 

recorded with a camera perpendicular to the circuit. Every event will be 
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recorded and analyzed in post-processing. With the software it’s possible to 

determine the camera level (brightness of the beam), set a flow rate, create 

scripts for data processing (number of videos, speed of the flow, interval 

between measurements etc.) and making post-processing analysis (threshold 

setting). NS300 (Figure 4.4.1.1 b [45]) is the machine that was used for 

measurement. 

Figure 4.4.1.1: NTA characteristics, A) main components and B) model used in Corradetti Lab. 

 

4.4.1.2. Protocol 

All the samples were constituted of 1mL or 500μL of solution with 1:100 

diluted exosomes or IDEM. The chamber was filled with milliQ water using 

a 1mL syringe avoiding bubbles until all the cell was completely filled. The 

laser box was then moved back inside the instrument. After checking that 

all the hardware info were positive, the circuit was cleaned with 1mL 

syringe of milliQ water. After cleaning, the area on view was verify to be the 

one in the middle of the circuit. For all the samples, 3 or 5 videos of 60 

seconds each were performed. The sample was infused at pump flow level 

of 1000 until reaching the regime and then camera level and focus were 

adjusted until only few nanoparticles per each frame were seen green 

(meaning saturation of signal) and there was maximum one halo around 

each nanoparticle. The measurement was performed at pump flow level of 

100.  After that all the setting was done, the measurement started. Once 

the videos were filmed, a post-processing phase was done, in which a 

A B 
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threshold was set in order to have all the nanoparticles tracked without 

considering all the debris and fragments that can only interfere with the 

measurements. Between each sample to be measured, the circuit was 

cleaned with syringes of MilliQ water at flow level 1000 and at maximum 

camera level until no evident nanoparticles could have been seen in the 

screen. At the end of the measurements, the procedure of cleaning was 

repeated and two syringes of air were added. The machine and the 

computer were turned off and the circuit was gently disassembled from the 

laser chamber, cleaned and left on the chamber with a napkin in between. 

 

4.4.2. Scanning electron microscopy (SEM) 

4.4.2.1. Physical principle 

Scanning electron microscopy (SEM) is a technique used for imaging of 

surfaces of solid objects. The high resolution (10nm lateral resolution, 10 

nm depth resolution) make it a really fundamental way of imaging in 

nanomedicine. This is due by the fact that SEM exploit electrons to make 

images instead of light as in the optical microscope, so we can make images 

at high resolution of all the samples with dimensions under the wavelength 

of visible light. In a chamber with vacuum (to avoid any interference to the 

electron pathway), an electronic beam is generated and accelerated by the 

anode, then it’s focused by a succession of electromagnetic lenses. In Figure 

4.4.2.1 [46] it’s possible to see a block diagram of the components of a 

generic SEM. The electron gun hits a specific area of the specimen we want 

to study, which was previously coated with a nanometric film of metal to 

avoid electrostatic interference [46], and it scans line by line. The 

interaction between the beam and the electrons on the surface of the 

sample gives many signals: backscattering electrons (BSE), X-rays and 

secondary electrons (SE). The first and last ones will be detected for 

imaging, amplified, filtered and displayed real time in a computer. BSE 

belong to the electron beam and they are reflected elastically by the sample 

and they give us information about the deepest regions, whereas SE origin 
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from the atoms of the sample as a result of a non-elastic interaction and 

they give detailed information about surface shape. 

 

 

 

Figure 4.4.2.1: block scheme of a SEM. The main parts are the electron source, the three detectors 

(back-scattered detector, X-ray detector and secondary electron detector) and the amplifier of 

signal. 

 

4.4.2.2. Protocol 

For SEM analysis, 50μL from each sample were placed in different 

60mm*15mm Cell Culture Petri Dishes and they were left overnight in 4C 

fridge with water to avoid evaporation. The next day, 2.5% glutaraldehyde 

was added on every sample for 10 minutes at 4C. After discarding the 

solution, samples undergo increasing percentage of ethanol baths (30-50-

70-90-100% EtOH) for 5 minutes each at room temperature. As last bath, 

the samples were immersed in 50% butanol for 5 minutes. A 2cmx2cm 

fragment of the Petri dish was mounted with a double side carbon tape (Ted 

Pella Inc. USA) on an aluminum SEM (scanning electron microscope) stub 

(Ted Pella Inc. USA). A 5nm to 7nm thick Iridium film was coated on the 

sample to enhance image contrast. The SEM used in the experiment is a 
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system of Nava Nano SEM 230 (Thermal Fisher, USA). All SEM experiment 

was under condition of both a room temperature (22°C) and a high vacuum 

range of 5x10-6 to 2x10-6 Torr. The SEM accelerator voltage was set at 5kV 

to 7kV for imaging. The spot was set at 3 (nm) for imaging (the diameter of 

the e-beam is at 3nm).   The SEM work distance was 5mm. 

 

4.5. Protein content characterization: western blot 

4.5.1. Physical principles 

Western Blot (or immunoblot) is a commonly used and well-known semi-

quantitative technique for protein characterization. It is based on 

separating proteins on a polyacrylamide gel according to their molecular 

weight and on detecting a protein by using specific antibodies that emit a 

chemiluminescent signal. Proteins are denaturized and put in a gel for 

electrophoresis. As shown in the scheme in Figure 4.5.1 [48], the gel is 

transferred to a paper that will be put in a bath with primary antibody, 

which binds to the specific proteins of interest. The detection will be 

possible only with a second bath with secondary antibody conjugated with 

a chemiluminescent dye. 

More in detail, a known quantity in μg of denaturized proteins are loaded 

in an SDS-PAGE porous gel (sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis). The gel is inserted in an electrophoresis system, 

constituted by an electrolytic cell immersed in running buffer. A difference 

of potential between anode and cathode allows to separate proteins based 

on their electrical charge (proteins are negative-charged, so they are 

attracted to the positive pole). The higher the molecular weight, the shorter 

distance in the gel it runs across. A protein standard with 10 pre-stained 

chromophore-conjugated recombinant proteins covering a wide range of 

molecular weights (from 10 to 250 kDa) is also loaded to permit the 

deduction of molecular weight [48]. Subsequentially, the gel is transferred 

in a PVDF membrane using the same system of electrophoresis, but with 

transfer buffer and a “sandwich-like” system, as specifically reported in 
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Figure 4.5.1 [48]. The membrane is then cut to allow for multiple detection 

of proteins and immersed in blocking buffer which is solution of proteins 

that passively adsorb to all the remaining bindings surfaces of the plate. It 

is used for reducing background noise [49]. Lastly, the membrane is 

immersed in antibody solution overnight. The next day, the samples are 

conjugated with secondary antibody, damped with chemiluminescent dye 

and detected. 

 

 

 

Figure 4.5.1: block scheme of the main passages of Western Blot Analysis and detail of “sandwich-like” 

membrane. 

 

4.5.2. Protocol 

After exosomes and IDEM preparation, samples were prepared for protein 

extraction and quantification. The pellet of each nanoparticle was 

resuspended in 80μL of lysis buffer (made of 1μL of phosphatase-protease 

and 100μL M-PER). The samples were sonicated for few seconds and kept 

on ice in an ice bucket, which was put on shaker for 30 minutes at a 

sustained spin level. Every 5 minutes the samples were vortexed.  

Sequentially, they were centrifuged at 14800rpm for 10 minutes to remove 

cell organelles and debris, then the supernatant was transferred to clean 

vials and 4μL were used for Bicinchoninic Acid Assay (BCA). The protein 
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quantification assay was done by following the Bio-Rad DC Protein Assay 

protocol for determining protein concentration and Pierce™ BCA Protein 

Assay Kit protocol for the standard curve. The measurement was done in 

order to have the same amount of proteins for all the samples. 

Regarding Western Blot (WB) protocol, M-PER Mammalian Protein 

Extraction Reagent was purchased by ThermoFisher Scientific; buffer 

ingredients, molecular weight ladder (4μL needed for one run), Mini trans-

blot filter papers, Mini Protean Gels and Electrophoretic chamber from Bio-

rad; the Amersham Protran 0.1μm Nitrocellulose Blotting Membrane from 

GE Healthcare Life Sciences. Primary antibodies were provided by Santa 

Cruz Biotechnology (ALIX and CD81), abcam (TSG-101 and CD9) and Thermo 

Fisher Scientific (CD63).  

The primary antibody solutions were done by following the dilutions written 

in every datasheet with Bovine Serum Albumin-tris-buffered saline (BSA-

TBST 1X). The secondary antibody solution was prepared in function of the 

type of primary antibody that was used (mouse, rabbit) in dilutions 1:2000 

in BSA-TBST 1X. For the imaging protocol, Pierce ECL Western Blotting 

substrate (Peroxide solution and Luminol Enhancer solution) were provided 

by ThermoScientific. 

Transfer buffer was made by 700mL milliQ water, 200mL methanol, 100mL 

TRIS-glycine 10X (purchased from X Fisher Bioreagents) and it was reusable 

up to three times. Running buffer was made by diluting 10 times Tris-glycine 

SDS buffer 10X in water. Loading buffer (LB) was prepared with a dilution 

1:20 of β-mercaptoethanol and LDS (LDS buffer no reducing 4X, 

ThermoScientific), respectively. Blocking solution was done with 5%BSA in 

TBST 1X and stored at 4°C. 

6μL of LB were added to all protein samples, then M-PER to fill up to 24μL 

(for well with 30μL of capacity). Samples were then heated at 95°C for 

5minutes in agitation and quickly centrifuged for few seconds to remove 

bubbles. 

Afterwards, the electrophoresis system was assembled with the gel and 

verified of no leakage. The chamber was then filled with running buffer. All 
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the protein samples and the ladder were loaded in the wells. 5 minutes at 

120V and subsequentially 45 minutes at 180V were imposed. During the 

running time, the gel was always keep wet in the buffer and all the system 

was put in an ice bucket. 

After this phase, all the chamber was emptied, and the gel was removed 

from the electrophoresis system. The plastic container of the gel was 

broken gently and the gel was put in a “sandwich-like” structure made of 

two wet sponges, a Whatman paper, protran paper, the gel, Whatman 

paper and two other sponges. With a roller all the bubbles were removed 

from the sandwich. During all the procedure, it was made sure that all the 

layers were wet by transfer buffer. The sandwich was then closed and put 

in a transfer box (with proper direction), then it was inserted in the chamber 

filled with cold running buffer (ice was put inside and outside the chamber). 

The system was run at 200mA for 70-80 minutes.  

After it, the membrane was cut using a scalpel in the proper zones for the 

primary antibody baths. All the passages were done in wet conditions. 3-

3.5mL of blocking solution were then added to each stripe and the 

container with all the stripes was left under mild shaking for 1 hour at room 

temperature. After removing the blocking buffer, antibody solutions were 

added, and all the stripes were incubated overnight at 4°C under agitation. 

The next day, primary antibody solutions were collected, and the stripes 

were washed three times with 6mL TBST1X under sustained shaking at 

room temperature.  

Afterwards, incubation with 4mL secondary antibody solution was done for 

1 hour at room temperature in mild agitation. The stripes were then washed 

with the same method mentioned before.  

Stripes were then ready for detection protocol. Right before the 

measurement with the machine Molecular Imager ChemiDoc XRS+ 

(purchased by Biorad), each stripe was wetted with 400μL of a mix of two 

Detection Reagents and incubated in dark for 1 minute. The detector was 

then put in the detector for colorimetric and chemiluminescent imaging. 
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4.6. Flow cytometry 

4.6.1. Physical principles 

Flow cytometry is a cell biology technique that uses the dispersion of a laser 

beam (monochromatic light) when it hits cells or other particles in order to count, 

classify and distinguish them in heterogeneous suspensions [50]. Solutions are 

placed in a sample tube inside the instrument and forced to pass rapidly flowing 

(more than 10,000 cells/s) into a single-file hydrodynamically focused liquid 

stream [51]. The beam is collimated, focused on flow chamber by multiple lenses. 

Every particle with a size between the wavelength range of the laser beam hits 

and scatters the laser in a precise region of the machine called “interrogation 

point”, where we can find the following detectors: 

• Forward Scatter or Front Dispersion detector (FSC), placed in line with the 

laser, made by a lens and a photodiode for scattered light and a mirror for 

retention of direct light. It gives information about the volume of the 

particle; 

• Side Scatter or Side Dispersion detectors (SSC), located laterally (usually at 

90° from the laser beam), constituted by lenses that focus the lateral 

scattered light on a dichroic mirror, allowing only the same wavelength of 

the source to be reflected and so to be detected.  It gives us information 

about the internal complexity such as granularity, shape of the nucleus, 

roughness of the cell [52]; 

• Lateral Fluorescent detector (SFL), that can distinguish different 

fluorophores from the non-reflected light of the side dispersed light after 

passing through an interferential filter. It is useful for detection of 

particular structures, compounds or cellular functions labeled with a 

fluorochrome inside and on the surface of the particle. A fluorochrome is a 

chemical molecule that whenever it’s excited with a specific wavelength, it 

absorbs a photon that it’s re-emitted at higher wavelength of the source, 

showing a fluorescent signal [53]. 

A photomultiplier acquires the light signal in order to process it. On screen 

there will be a histogram (one parameter) or a Cytogram (two parameters). 
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In Figure 4.6.1 [54], a scheme of the basic functions of flow cytometer is 

shown. For our experiments, the machine Fortessa/LSR was used. 

  

Figure 4.6.1: block scheme of a generic flow cytometer. The main parts are shown such as light source, flow 

chamber, FSC, SSC, SFL, dichroic mirrors and a computer for data processing 

 

4.6.2. Protocols 

Since exosomes and IDEM are too small to be clearly detected and analyzed with 

flow cytometer, the following protocol has been used to stain them with latex 

Beads from Aldehide/Sulfate Latex Beads, 4% w/v, 4μm, stored at 4°C fridge. The 

ratio exosome/beads is around 125:1. Beads were vortexed to resuspend them. 

In a 1.5mL Eppendorf tube, 5μL stock beads (corresponding to 8x106 beads) and 

a sample of minimum 109 exosomes (calculated from the concentration 

measured from NTA) were mixed. The sample was left for 15 minutes on ice in 

agitation and mixed every 5 minutes. Later, 0.22μm filtered PBS was added up to 

1mL and the sample was incubated overnight in agitation at 4°C. Untreated 

Aldehyde/Sulfate beads were used as a negative control.  

The next day, 100mM glycine solution was added to saturate unbound beads and 

left incubating for 30 minutes at room temperature. The obtained solution was 

then divided in a number of staining and unstaining. The solutions were 
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centrifuged for 5 minutes at 4000rpm. The supernatant was removed without 

disturbing the pellet. From this point, only the stained samples were processed. 

From the 4°C fridge, 1μL of only human or mouse fluorescently labelled antibody 

(FITC for CD9 and APC for CD81, chosen in order to avoid overlapping of 

fluorescent signal, provided by Invitrogen) was taken and added to every 100μL 

of diluent (2%FBS+PBS, 100μL of diluent for every type of staining to do). 100μL 

were added to every sample to be stained. Then, 500μL of diluent were added to 

all the samples, both stained and unstained and incubated for 30 minutes at 

room temperature in dark. 

For the preparation of compensation, one drop from each of the two Versacomp 

antibody reagents were mixed for every needed compensation. Then, 1μL of 

each antibody was added and the solution was incubated for 10 minutes in dark 

on ice. After this time, 200μL of diluent was added. All the samples were then 

transferred into tubes for flow cytometry and left in dark. Analysis was 

performed afterwards.  

 

Flow cytometry was also used for cellular uptake analysis of doxorubicin-loaded 

exosomes and IDEM into SKOV3 cells by using the following protocol. 

 

100,000 SKOV3 cells were seeded in 12multi-well plate with 800μL of media. The 

next day, 1μg/mL and 3μg/mL doses of dox-loaded exosomes and dox-loaded 

IDEM were injected, together with the control with doxorubicin and the control 

without any nanoparticle. The experiment was set to have three time points, 2-

4-12 hours from injection, so at each time point a well of each type of treatment 

and controls were prepared. At every time point, the cells of the four selected 

wells were detached with 500μL of triple-X100, then they were resuspended with 

media and centrifuged at 300xg for 5 minutes. The supernatant was removed 

and the cell pellet was resuspended in 200μL of PBS-1%FBS to wash them. For 

the analysis, the same machine mentioned above was used, exploiting the 

autofluorescence of doxorubicin at excitation of 480nm and emission at 590nm. 
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4.7. Test 2D drug cytotoxicity and cell viability assessment 

4.7.1. Physical principle 

Alamar Blue is a reagent that allows to quantitatively measure cell viability in a 

non-toxic way. In fact, its main component resazurin is involved in cellular REDOX 

reactions that make it change color from blue to pink, the typical color of reduced 

form of resazurin (resorufin). The REDOX of resazurin is detectable both with 

fluorescence (excitation 530nm-560nm/Emission 590nm) and absorbance (value 

at 570nm normalized to the one at 600nm) [54]. In Figure 4.7.1 a [56] we can see 

the spectra of resazurin in both types of detections and in Figure 4.7.1 b [56] the 

chemical reaction. 

 

 

Figure 4.7.1: Resazurin characteristics. a) Fluorescent and absorbance spectra. b) Chemical reaction scheme that provoke 

the change of color that allow us to quantify cell viability. 

 

4.7.2. Protocols 

For drug cytotoxicity testing, Alamar Blue cell viability assay was performed 

following the protocol of AlamarBlue cell viability Reagent provided by 

Invitrogen. 10,000 SKOV3 were seeded per each well of a 24well multi-well plate 

(Nunclon Delta Surface, provided by ThermoScientific) with 500μL of cell media. 

Different doses of most common chemo drugs for in vitro testing were used, as 

shown below: 

• PACLITAXEL→0.01-0.1-1-3-10μg/mL [57][58][59] 

• CARBOPLATIN→10-30-100-300-1000μg/mL [57][60] 

• DOXORUBICIN→10-25-50-100-150μg/mL [61][62] 

A B 
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After 24 hours from cell seeding, the different doses were administered to the 

cells. Every 24 hours, the protocol of Alamar Blue was followed to quantify cell 

viability. All the doses were done in triplicate as the control (SKOV3 without any 

treatment) as well as all the withdrawals for Alamar Blue measurements. After 2 

hours of incubation with Alamar Blue, 100μL from each well were withdrawn and 

placed in a Costar assay 96-well plate (Black with Clear flat bottom, provided by 

Corning). After the measurement, all the wells were washed with 550μL of PBS 

and the treatment was re-injected with fresh media following the same dilutions 

mentioned above. The test was pursued for 96 hours. 

Regarding cell viability test, it was performed of SKOV3 cells, an ovarian cancer 

cell line derived from the ascites of a 64-year-old Caucasian female with an 

ovarian serous cystadenocarcinoma [63] in order to do a preliminary 2D study 

about the impact of dox-loaded exosomes and IDEM in ovarian cancer cells 

viability. 

For testing cell viability with dox-loaded exosomes and IDEM on SKOV3 cells, 

Alamar Blue cell viability assay was performed following the protocol of 

AlamarBlue cell viability Reagent provided by Invitrogen. 6,000 SKOV3 were 

seeded per each well of a 96-well multiwell (Cellstar, provided by Greiner bio-

one) with 200μL of cell media. Doses of exosomes and IDEM were taken based 

on EE% data. Three doses were tested for both exosomes and IDEM, that are 1-

3-5μg/mL. The controls were: 

• EXO and IDEM nanoparticles no dox-loaded: starting from the concentration 

of nanoparticles in dox-loaded samples that was found with nanosight 

analysis, the number of nanoparticles in the specific dose was found, then an 

equivalent number of exosomes (in suspension) were taken from non-loaded 

batches, equally based on NTA analysis (EXO CTRL-IDEM CTRL); 

• SKOV3 cells with 10μg/mL of free doxorubicin (DOX); 

• SKOV3 cells without any treatment (CTRL). 

The procedure that was followed is then the same explained previously, whereas 

in Figure 4.7.2 a block scheme of the protocol is shown. 

https://en.wikipedia.org/wiki/Cell_line
https://en.wikipedia.org/wiki/Ascites
https://en.wikipedia.org/wiki/Cystadenocarcinoma


Irene Pierini 
Master Thesis in Biomedical Engineering - March 2020 

36 
 

 

Figure 4.7.2: Block scheme of Alamar Blue protocol followed for cell viability test on SKOV3 with dox-loaded 

exosomes and IDEM treatment 

 

4.8. Encapsulation efficiency (EE%) 

Different methods of doxorubicin-loading (DOX-loading) were compared in order to 

obtain a reliable and consistent encapsulation efficiency value. After evaluating 2h 

incubation with doxorubicin at 37°C in agitation 200 rpm, cycles of ultrasonication 

and 2h incubation at 37°C in agitation 200 rpm; saponin at different percentages and 

5 min incubation with doxorubicin at 37°C in agitation 200 rpm, the choice fell on the 

last method in order to make fast and sterile nanoparticles. 5mg of doxorubicin 

powder were hydrated in 1mL of PBS, making a stock of 5mg/mL, whereas 100mg of 

saponin powder were hydrated with 10mL of PBS, making a stock of 1% m/v. The 

encapsulation efficiency of the nanoparticles after loading them with 400μg/mL of 

doxorubicin and using 0.1% v/v and 0.2% v/v of saponin respectively were compared. 

The concentration of 0.2% was found in literature [64]. After pipetting to mix all the 

components, the samples were left in agitation 200rpm at 37°C in dark for 5 minutes. 

Consequently, an Exosome Spin Column (MW 3000-invitrogen-Thermo Fisher 

Scientific) was employed for each sample to remove unencapsulated doxorubicin.  

Triton-X100 (1:1000 diluted and vortexed) was added to the samples reaching 350μL 

in order to disrupt the remaining nanoparticles and to release the encapsulated 

doxorubicin in them. After shaking the samples for 10 minutes, triplicate of 100μL 

were used to check for Doxo concentration. 

In order to prepare a Doxo calibration curve, dilutions from a stock of 5μg/mL of 

Doxorubicin in PBS were performed. The specific concentrations that were used are 

shown in Table 4.7 (other than PBS only). 
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Dilution Volume of PBS [μL] Volume of Doxorubicin [μL] 

5 0 350 

2 210 140 

1 280 70 

0.5 315 35 

0.2 336 14 

0.142857 340 10 

0.1 343 7 

0.07142857 345 5 

 

Table 4.8: List of dilutions used for doxorubicin calibration curve. 

Using the machine Synergy H4 hybrid plate reader and the software Gen5, the auto-

fluorescence of Doxorubicin was detected with Excitation wavelength of 480nm and 

emission of 590nm, based on doxorubicin spectrum found in literature [65] and 

shown in Figure 4.8 [66]. 

 

 

Figure 4.8: Absorbance and Fluorescence spectra of Doxorubicin 

 

4.9. Drug release (DR%) 

The drug release profiles of both EXO and IDEM were studied in parallel. EXO and 

IDEM were dox-loaded following the 0.1% saponin protocol explained in section 4.8. 

Samples were then injected in the center of two different Snakeskin Dialysis 

Membranes (10,000 MWCO 22cmx35 feet dry diameter, prod 68100) of 11cm length 

that were subsequentially folded in half and the extremities were clipped together 
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with SnakeSkin Dialysis clips. Each membrane with sample was immersed in a 50mL 

beaker with 20mL of PBS heated at 37°C on an Isotemp stirring hotplate (provided by 

ThermoFisher Scientific) with a magnetic stirring bar at 350rpm. The beaker was 

covered with multiple parafilm tape in order to avoid evaporation of water during the 

experiment. To complete the setting, both structures were covered with Aluminum 

foil to protect from the light. Monitoring of drug release was performed at the 

following time-points: 0-0.5-1-2-4-8-12-24-48-72-96 hours. At each time point, 1mL 

of liquid was withdrawn from each beaker for measurement and replaced with 1mL 

of 37°C-heated fresh PBS. Each withdrawal measurement, as well as the calibration 

curve, was done in triplicate by adding 300μL to each well of a Costar assay 96-well 

plate (Black with Clear flat bottom, provided by Corning), covered with aluminum foil.  

Regarding the calibration curve preparation, subsequent 1:2 dilutions starting from a 

stock of 5μg/mL of Doxorubicin in PBS were performed. The specific concentrations 

that were used are shown in Table 4.9 (other than PBS only). 

 

Dilution A 2.5μg/mL 

Dilution B 1.25μg/mL 

Dilution C 0.625μg/mL 

Dilution D 0.3125μg/mL 

Dilution E 0.15625μg/mL 

Dilution F 0.078125μg/mL 

Dilution G 0.0390625μg/mL 

Dilution H 0.01953125μg/mL 

 

Table 4.9: List of dilutions used for doxorubicin calibration curve. 

At each time point, the fluorescence of the sample was detected as written the 

section 4.8. After 96 hours, remaining sample in the snakeskin was removed, the 

volume was recorded, then Triton-X100 (1:1000 diluted) was added to reach 1mL in 

order to disrupt the remaining nanoparticles and so to release the encapsulated 

doxorubicin in them. After shaking the samples and left them rest for 10 minutes, 

triplicate was done as for the previous time points and for detection, the same 

procedure written in section 4.8 was performed. 
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To find the cumulative drug release, the following equation was used: 

 

(b)   𝐷𝑅% = ∑
(𝐶𝑛∙𝑉−𝐶𝑛−1∙𝑣)

𝑚0

𝑛=𝑡
𝑛=1 ∙ 100 

 

With 𝑡 number of time points which goes from 1 to 10, 𝐶𝑛 concentration of 

doxorubicin at time t, 𝑉 the total volume of liquid (in our case 20mL), 

𝐶𝑛−1concentration of doxorubicin at time t-1, 𝑣 non-withdrawn volume (in our case 

19mL), 𝑚0 the mass of doxorubicin in the nanoparticles. In Figure 4.8, the workflow 

of the protocol is shown. 

 

 

Figure 4.9: Schematic workflow of the drug release profile protocol analysis 

 

4.10. E-sight 

For cell viability, the opportunity to collaborate with the enterprise Agilent was 

possible by using the xCELLigence RTCA eSight machine (eSight). The eSight machine 

provides label-free, real-time biosensor impedance-based measurements and kinetic 

imaging of a live cell population simultaneously, it monitors cell health and adhesion, 

morphology, proliferation, cytolysis, imaging supports three fluorescent channels, 5-

well plate formats and a user-friendly software is provided for monitoring and post-

processing of data [67]. The machine could stay inside a wide range of incubator 

models [68]. 

 

4.10.1. Physical principle 

A specialized electronic 96-well microplate is used for eSight cell viability 

monitoring. Every well is composed by a gold biosensor embedded with the glass 

bottom of the well that continuously and noninvasively monitors cellular 
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impedance of the cells in it, making an array of biosensor (Figure 4.10.1 point 1, 

above). An electric current in the order of micro-Ampere (μA) passes through the 

gold wire, but since cells make a resistance to the current flow, it’s possible to 

correlate the change of impedance to the cell number, cell size, cell substrate 

attachment strength and cell-cell interaction strength. The user can set a 

temporal resolution (how frequent the impedance value is measured) in which 

an adimensional value called “cell index” is measured. Apoptosis/cell death bring 

a drop in impedance signal, while an increase of number of alive cells will 

increase it. As shown in the point 3 of Figure 4.10.1, the live cell imaging is 

possible thanks to fluorescent dyes (red, blue, green) [69]. 

 

 

 

Figure 4.9.2.1: Agilent eSight workflow and features. Real-time impedance monitoring (Number 3) 

was used for cell viability monitoring in this work. 

 

4.10.2. Protocol 

6,000 SKOV3 cells were seeded in a specialized electronic 96-well microplate with 

200μL of media and then put in the eSight machine in incubator. After 24 hours, 
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the treatment was administered to the cells (dox-loaded exosomes and IDEM). 

Controls such as non-dox-loaded exosomes, non-dox-loaded IDEM, 10μg/mL free 

doxorubicin and no treatment, were injected, too. The multiwell was then 

replaced in the eSight machine in incubator for 96 hours monitoring. In Figure 

4.10.2 a block scheme of the procedure is shown. 

 

 

Figure 4.10.2: Block scheme of eSight protocol followed for cell viability test on SKOV3 with dox-

loaded exosomes and IDEM treatment 

 

4.11. Confocal microscopy 

4.11.1. Physical principle 

A confocal microscope is an optical or fluorescent microscope with improved 

spatial resolution of the specimen thanks to the deletion of artifacts as halos and 

passive phenomenon made by diffused light from the out-focus plans of the 

sample [70]. This is possible thanks to a pinhole between specimen and detector 

that selects the information from a single focal plane, producing a highly precise 

optical slice of the sample. By repeating the scanning at different heights, it’s 

possible to obtain a 3D imaging [71]. There are many ways to obtain this, but the 

most common one uses a laser as a source of light, so it’s called Laser Scanning 

Confocal Microscope (LSCM). It’s composed by one or more laser sources of light 

tunable at different wavelengths, which scans point-by-point the specimen (epi-

illumination); an optical pathway with pinholes, dichroic mirrors for focusing the 

laser beam on the sample; objectives and eyepieces; detector, photomultiplier 

and a computer for post-processing [72]. The oscillating mirrors scan a point of 

light across the specimen. The emitted fluorescence by the sample passes 

through a system of dichroic mirrors that reject reflected excitation wavelength. 

Finally, the fluorescent signal passes through the pinhole for detection. The 
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image is built by recording the brightness of each point. In Figure 4.11.1 [73] a 

schematic view of the main parts of the confocal microscope is shown. 

 

 

 

Figure 4.11.1: Schematic view of the main parts of the confocal microscope. The heart of the system 

is laser and dichroic mirror, which are responsible of high laser precision, high resolution and high 

depth of field 

 

4.11.2. Protocol 

10,000 SKOV3 cells were seeded in 12 wells of Chamber glass slide (8 chambers 

mounted on glass slide with cover) in 200μL of media. The next day, 1μg/mL and 

3μg/mL doses of dox-loaded exosomes and dox-loaded IDEM were injected, 

together with the doxorubicin positive control and the control without any 

nanoparticle. The experiment was set to have three time points, 2-4-12 hours 

from injection, respectively.  At every time point, the cells of the four selected 

wells were washed twice with prewarmed PBS at pH 7.4, then they were fixed in 

4% paraformaldehyde solution in PBS for 10 minutes at room temperature, 

avoiding any methanol containing fixative that can disrupt actin during the 

fixation process. Cells were then washed two or more times with PBS, 

permeabilized with 0.1% Triton X-100 in PBS for 3-5 minutes and re-washed two 

or more times with PBS.  Regarding the staining with Phalloidin Alexa-Fluor 488, 
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a dilution of 5μL methanolic stock solution into 200μL PBS for each well to be 

stained was prepared. To reduce nonspecific background staining, 1% BSA was 

added to the staining solution. The latter was placed on the coverslip for 20 

minutes at room temperature in a covered container in order to avoid 

evaporation. Subsequentially, the sample was washed with PBS two or more 

times. The specimens were ready for detection. The machine used to take 

pictures is a “Fluoview TM3000” provided by Olympus.  

 

4.12. 3D cultures and IDEM cytotoxicity 

4.12.1.  Physical principle 

The 3D cancer model aims to be biologically closer to in vivo tumors compared 

to 2D in vitro cell culture. In fact, in 3D model tumor cells are exposed to 

suboptimum growth conditions such as hypoxia, low nutrient level and the 

interactions between cells highly influence the surrounding environment and the 

other cells [74]. Also, the morphology of the tumor is not the same between 2D 

and in vivo conditions, which implies that cells behavior is far from reality, for 

example they replicate the human solid tumor, which resist to therapeutics [75]. 

All these conditions are impossible to replicate in monolayer culture, which leads 

to an unreliability to the in vivo conditions. That’s why 3D model is a fundamental 

step do to as a bridge between 2D in vitro and in vivo models [76]. 

The technique that was employed for creating spheroids is scaffold-free and 

formed without specific equipment and tools [75]. 

 

Regarding cell viability assay, CellTiter-Glo 3D cell viability Assay was used. it 

determines the number of viable cells in 3D cell culture by quantifying the ATP, 

a sure marker of metabolic activity of an alive cell. After cell lysis, the luciferase 

acts with luciferin and ATP and the emitted signal is linearly proportional to the 

amount of ATP in 2D case, curvilinear in 3D culture (Figure 4.12.1). This different 

correlation is due to the fact that spheroids usually have necrotic core and the 

cells in them proliferate less because of lack of cell adhesion to substrate, but by 

correlating the amount of RNA to the one of DNA (linear correlation), it’s possible 
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to quantify the number of viable cells. CellTiter-Glo 3D is ready-to-use reagent, 

fast, highly sensitive, for every type of plate/multiwell format and it can 

penetrate into microtissues [77]. 

 

 

Figure 4.12.1: chemical reaction that involves luciferin, ATP and luciferase with a resulted light 

signal proportional to the amount of ATP in the sample, so directly related to the quantity of viable 

cells. 

 

4.12.2. Protocol 

As mentioned above, spheroids were obtained using Black walled Ultra Low 

Attachment (ULA) plates (Corning, #4515). 5,000 SKOV3 cells were seeded in 

each well with 200μL of media. After briefly shaking, cells were incubated to 

permit the formation and stabilization of the spheroids. Half of the media in each 

well was exchanged with fresh media on alternate days. After 24 hours since cell 

seeding, the treatments were added as shown in the block scheme in Figure 

4.12.2.  

From 3D cell viability assessment, the CellTiter-Glo 3D Reagent assay was 

performed at each time point following the protocol from Promega [77]. Briefly, 

the reagent was heated at 22°C prior the use for 30 minutes and mixed gently to 

obtain a homogeneous solution, then the test compound was added to 

experimental wells and put in incubation. The plate was then equilibrated to 

room temperature for 30 minutes, the CellTiter-Glo was added in the same 

amount of medium present in each well (100 μL) and the plate was vigorously 

shaken to induce cell lysis. The plate was then incubated for additional 25 

minutes at room temperature to stabilize the luminescent signal.  
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Figure 4.12.2: Block scheme of the procedure followed for spheroid cell viability assay. 

 

4.13. Statistical analysis 

A two-tailed Student’s t-test was performed. Data with p<0.01 were considered 

consistent. All the graphs show median and standard deviation, whereas data with 

p<0.001 were considered highly consistent.  
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5. Results and discussion 

 

5.1. Dimensional characterization and concentration assessment 

Both exosomes and IDEM were produced as reported in sections 4.2 and 4.3. An initial 

characterization of size and concentration for both the formulations was performed 

following the protocol described in section 4.4.1.2. A scanning electron microscope 

(SEM) analysis was also used to visualize the particles and to confirm their size, shape 

and distribution. Samples were prepared as described in the protocol in 2.4.2.2. 
 

5.1.1. Nanoparticle Tracking Analysis  
Data obtained from NTA provided information regarding the number of particles, 

the dimensional distribution and diameter of both, exosomes (EXO) and IDEM. 

Figure 5.1.1 a show their profile distribution in function of the diameter of both 

the particles from eleven different batches. Both nanoparticles show Gaussian 

profiles, with a larger diameter distribution and a higher mode for IDEM. This 

result is corroborated in Figure 5.1.1 b, where EXO and IDEM samples have an 

average diameter of 112.44±14.59nm and 177.08±19.64nm, respectively. This 

difference was confirmed to be statistically significant (p<0.001) by a T-Test 

analysis. In spite of the difference in diameter, IDEM still fall within the size-

window that is expected from EXO and can hence be considered as exosome 

mimetics. 
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Figure 5.1.1: Size distribution analysis. A) Profile distribution of particles in function of the diameter for exosomes (in red) 

and IDEM (in blue) obtained by Nanosight analysis. A gaussian distribution of the particle diameter larger in IDEM samples 

is observed, B) Average size of exosomes and IDEM from 11 samples (p<0.001) 

 

Figure 5.1.1.1 represents the concentration of particles per mL of obtained 

solutions in 11 bathes of both nanoparticles. Data show that 

9.42x109±2.31x109 and 2.34x1010±7.91x109 particles/mL are obtained for 

exosomes and IDEM, respectively, which means that IDEM are 2.48 times more 

concentrated than exosomes, although they have been obtained from the 

same number of cells This data taken all together reveal that IDEM have a size 

distribution that is similar to the exosome-one, which means that they are 

biomimetics in this characteristic, but they are also bigger, which allows to 

increase the possible encapsulation efficiency of drugs, chemical compounds, 

biological fragments etc. Also, the higher concentration of IDEM make it 

possible to increase the production efficiency for future scalability of 

production and decrease the doses to have the same number of nanoparticles. 

A B 
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Figure 5.1.1.1: Concentration expressed in particles/mL of exosomes and IDEM according to data obtained from 11 samples 

by Nanosight analysis. Statistically significant differences (p<0.001) are observed between the two nanoparticle types, in 

particular IDEM are 2.48 times more concentrated than exosomes.   

 

5.1.2. Scanning Electron Microscopy (SEM) 

SEM analysis was fundamental to see the samples of EXO and IDEM that were 

synthetized. Samples were prepared following the protocol mentioned above 

and analysis images of significant regions are shown in Figure 5.1.2 a for EXO and 

5.1.2 b for IDEM. All the samples were studied at different magnifications as 

reported in the images. For both samples, nanoparticles with a diameter 

between 30nm and 175nm were found and measured. From SEM photos we can 

see that both nanoparticles are rounded-shaped, and the dimension distribution 

goes between 30nm and 180nm, but still in the range of Gaussian distribution 

obtained from Nanosight and in the range of exosomes dimensions. 
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Figure 5.1.2: SEM images of A) EXO and B) IDEM at increasing magnification from left to right. Some nanoparticles 

measures are shown to underline the range of dimensions of nanoparticles and the gaussian distribution. 

 

5.2. Protein content characterization 

To verify the protein expression of IDEM and to compare it with the one of exosomes, 

Western blot and flow cytometry were performed. In particular, the analysis was 

focused on the detection of the tetraspanins CD63, CD09, and CD81, Apoptosis-

Linked Gene 2-Interacting Protein X (ALIX) and Tumor Susceptibility gene (TSG101), 

which are typical marker of exosomes. 

Molecular weights of the proteins are reported in Table 5.2: 

ALIX 95kDa 

CD63 30-60kDa 

TSG101 44kDa 

CD09 22-27kDa 

CD81 25kDa 

 

Table 5.2: Molecular weight of the proteins detected. 

A 

B 
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CD63 and ALIX detection required specific optimization. Proteins were extracted and 

processed as specified in the protocols at section 4.5.2 and 4.6.2 respectively for 

western blot and Flow cytometry. 

 

5.2.1. Western blot 

Figure 5.2.1 shows the results obtained from the western blot analysis. Lanes for 

exosomes and IDEM are shown for ALIX, CD63, TSG101 and CD09. In all the 

molecular range weights areas a clear expression of the proteins for IDEM is 

visible, meaning that IDEM express typical markers of exosomes and they could 

be considered a biomimetic characteristic. 

 

 

Figure 5.2.1: Western blot lanes for A) ALIX and CD63, B) TSG101 and CD09 for exosome and IDEM respectively. Signal is 

clear and in the range of molecular weight mentioned above in table 5.2 

 

The signal of exosome sample is not present for ALIX and CD63.  The optimization 

of the protocol was performed in terms of quantity of proteins and dilution of 

the primary antibody was performed. Results are shown in paragraph 5.2.2. 

 

A 

B 
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5.2.2. Optimization of western blot for exosomes characterization 

Western blot optimization was performed with different protein concentrations 

(10-20-30-40μg) and serial dilutions of the primary antibody used (1:200 and 

1:500 for ALIX, 1:250 and 1:500 for CD63). As shown in Figure 5.2.2 a, no signal 

for ALIX was detected for all the samples with 10 μg and 20 μg of loaded proteins 

regardless of the dilution. However, a light signal was observed at 30 μg and 40 

μg for 1:500 dilution. The best signal was found to be for dilution 1:200 30 μg 

and 40μg. As shown in Figure 5.2.2 b no signal is observed for 10μg regardless of 

the dilution. A slight signal for 10μg and 20μg at 1:250 dilutions, a good signal for 

all the other samples. For next western blot, the samples ALIX 1:200 30μg and CD63 

1:500 30μg will be used. 

 

 

 

Figure 5.2.2: Optimization of Western blot for A) ALIX and B) CD63. Best signals are in the samples ALIX 

1:200 30μg and CD63 1:500 30μg, which will be used for future experiments. 

 

5.2.3. Flow cytometry 

Regarding CD81, the results show of flow cytometry protocol for exosomes 

(Figure 5.2.3 a) and IDEM (Figure 5.2.3 b) below. Both samples are positive for 

CD81, in particular a 37% of positivity is shown in IDEM. We can deduce that 

IDEM express CD81 as exosomes, increasing their biomimicry. 

A B 
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Figure 5.2.3: Results of flow cytometry for detection of CD81 for A) exosomes and B) IDEM. 19.9% of the 

exosomes and 37.1% of IDEM are positive for CD81 

 

5.3. Test drug cytotoxicity  

Three of the most common chemotherapeutic drugs (Paclitaxel, Carboplatin and 

Doxorubicin) were compared for their cytotoxicity potential against SKOV3 cells. 

Different doses (mentioned in chapter 4.7.2) were tested in order to find the best one 

to be used in the following experiments. In Figure 5.3 the percentage of cell viability 

is reported normalized to control. Anyway, paclitaxel and doxorubicin induce cell 

mortality even at the lowest dosage unlike carboplatin. In particular, cell viability 

following the treatment with the lowest dose of paclitaxel (0.01μg/mL) is 60%, 

whereas for doxorubicin is 20%. These data led us to choose doxorubicin at the 

dosage of 10μg/mL as the positive control for the following experiments. 

 

 

Figure 5.3: Cell viability of SKOV3 cells for three different chemotherapeutics at 5 different doses each, 

mentioned at section 4.7.2 and in the above legends. From left to right, data for Paclitaxel, Carboplatin and 

A B 
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Doxorubicin are shown. Data were normalized to control (SKOV3 cells without any treatment). Paclitaxel and 

doxorubicin induce cell mortality even at the lowest dose unlike carboplatin. In particular, 10μg/mL doxorubicin 

induces 80% of cell mortality. 

 

5.4. Encapsulation efficiency (EE%) 

In order to have a remarkable encapsulation efficiency, EXO and IDEM were 

doxorubicin-loaded (dox-loaded) and then analyzed as in the protocols described in 

paragraph 2.7. Two concentration of saponin were compared (0.2% and 0.1%). In 

Figure 5.4 the percentage of encapsulation efficiency (EE%) is shown normalized to 

the initial doxorubicin concentration (400μg/mL). Even though the encapsulation 

efficiency is higher in exosome treated with 0.2% saponin, the cells that received the 

treatment with this percentage died after few hours. No differences were observed 

between 0.2 and 0.1% of saponin in IDEM. For all these reasons, the 0.1% saponin 

method was the chosen to proceed with the doxorubicin loading into IDEM and EXO. 

 

 

Figure 5.4: percentage of encapsulation efficiency (EE%) starting from a concentration of 400μg/mL of 

doxorubicin in each sample. At 0.1% saponin, IDEM show higher EE% than exosomes (p<0.01). 

 

5.5. Drug release (DR%) 

The drug release (DR%, quantity of drug in  μg/mL released, normalized to the amount 

of encapsulated drug in μg/mL, calculated with encapsulation efficiency experiment) 

was performed in three technical replicates. Data collected in this experiment shows 

the average value of DR% and the standard deviation for each timepoint (expressed 

in hours, over a period of 96 hours, Figure 5.5). Both nanoparticles show a 
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pronounced burst release that reaches the plateau after 12 hours. Regarding the 

percentage of doxorubicin released, IDEM show to release the 55% of drug after 12 

hours, whereas EXO the 75%. As a consequence, IDEM have a lower burst release 

compared to EXO. Also, the standard deviation of EXO is larger compared to IDEM, 

which means that the IDEM drug release is more controllable than the one of EXO. 

 

 

Figure 5.5: Drug release (DR%) profile of EXO and IDEM over 96 hours.  

 

5.6. 2D cultures and IDEM cytotoxicity  

5.6.1. Alamar blue 

Cell viability analysis was tested on SKOV3 cells at 1-3-5μg/mL of Doxorubicin 

(DOX). In Figure 5.6.1, data of dox-loaded exosomes and IDEM at a)1μg/mL 

b)3μg/mL and c)5μg/mL are plotted together with the positive control (free 

doxorubicin, 10μg/mL) and non-loaded nanoparticles (EXO and IDEM). All the 

data are normalized to the control represented by untreated cells. From these 

graphs, we can deduce that at all doses, both dox-loaded exosomes and IDEM 

are more cytotoxic than free doxorubicin. Also, controls (EXO and IDEM without 

dox-loading in the same quantity of the dox-loaded doses) are less cytotoxic than 

the loaded nanoparticles. EXO seem to be more cytotoxic than IDEM comparing 

the same doses (3% and 18% of viability for EXO and IDEM, respectively in 

1μg/mL dose, 3% and 10% for EXO and IDEM in 3μg/mL dose). 
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Figure 5.6.1: Data of dox-loaded exosomes and IDEM at a)1μg/mL b)3μg/mL and c)5μg/mL. At all doses, 

dox-loaded EXO and IDEM are more cytotoxic than the control of doxorubicin. The non-loaded EXO and 

IDEM show no toxicity over 96 hours. All the data are normalized to negative control (SKOV3 cells). 

 

In Figure 5.6.1.1 Alamar bue data normalized to the untreated controls are 

shown for all the three doses of dox-loaded exosomes and IDEM. At all doses, 

IDEM and EXO show a cytotoxic behavior after 24 hours. In particular, after 48 

hours cell viability is under 40% and is further reduced to 20% at 96 hours. 

 

 

Figure 5.6.1.1: Comparison of all the doses of dox-loaded EXO and IDEM. A higher cytotoxicity is 

demonstrated for both nanoparticles at all doses compared to free doxorubicin. All the data are 

normalized to negative control (SKOV3 alone) 
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Figure 5.6.1.2: cell viability (%) of a) 1μg/mL dose and b)3μg/mL for both exosomes and IDEM at different 

time points compared with free doxorubicin (DOX) and SKOV3 cells without treatment (CTRL). At all doses, 

both dox-loaded exosomes and IDEM are more cytotoxic than free doxorubicin. All the data are normalized 

to negative control (SKOV3 alone) 

 

Lastly, a focus on the two lowest doses was done to understand their particular 

behavior compared to free doxorubicin (DOX). In Figure 5.6.1.2 we can see the 

a) 1μg/mL dose and b)3μg/mL for both exosomes and IDEM. We can deduce that 

at all doses, both dox-loaded exosomes and IDEM are more cytotoxic than free 

doxorubicin.  

 

5.6.2. E-Sight 

XCelligence eSight is an innovative machine that can make easier and more 

precise measurements of cell viability compared to manual and more operator-

dependent cell viability procedures. For this experiment, two out of the three 

doses (specifically 1μg/mL and 3μg/mL) are shown. The obtained results are 

showed in Figure 5.6.2 for EXO (A) and IDEM (B). Data provide information 

regarding the Cell Index in function of the time (expressed in hours), so the cell 

viability during monitoring. Data demonstrate that both dox-loaded exosomes 

A 

B 
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and IDEM have a cytotoxic behavior compared to non-loaded controls even at 

the lowest doses (as indicated by the cell index under 2 after 72 hours). In 

particular dose 3μg/mL is more cytotoxic than the 1μg/mL.   

 

 

 
 

Figure 5.6.2: eSight graphs that show cell index in function of the time in hours for SKOV3 cell treated with 

dox-loaded exosomes and IDEM, their corresponding controls (empty exosomes and IDEM), with 10μg/mL 

doxorubicin (DOX) and untreated cells (CTRL). A) SKOV3 treated with exosomes B) SKOV3 treated with 

IDEM. Both dox-loaded exosomes and IDEM have a cytotoxic behavior compared to their empty 

counterparts. 

 

5.7. Cellular uptake 

5.7.1. Confocal Microscopy 

Confocal microscopy allows to investigate cellular uptake thanks to its high 

resolution and low noise images and to the possibility to use fluorescent dyes to 

mark cell nucleus, actin cytoskeleton and doxorubicin (auto-fluorescent). 

Imaging was performed for 2 doses (1μg/mL and 3μg/mL) for the both type of 

A 

B 
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nanoparticles and was compared to the positive (10μg/mL free Doxorubicin, 

DOX) and negative CTRL (untreated cells). 

In Figure 5.7.1, images at x40 magnification are shown at the three timepoints 

considered the study, 2h, 4h, and 12h). 

After 2 hours, doxorubicin is in the nucleus, both in cells treated with dox-loaded 

EXO and IDEM. In particular, at 3µg/mL the signal persists until 12h, so the 

nanoparticles are uptaken from the cells till the nucleus. We can conclude that 

IDEM are internalized by the cells as efficiently as the natural exosomes. 

 

 

 

Figure 5.7.1: Confocal microscopy photos et x40 magnification at the three timepoints (2h-4h-12h) of DOX, 

EXO at the two doses, IDEM at 1μg/mL 3μg/mL. 

 

5.7.2. Flow cytometry 

Flow cytometry for cellular uptake study was set for one dose only, 3μg/mL, for 

both nanoparticles and the results obtained confirmed those observed by 

confocal microscopy. As plotted in Figure 5.7.2 A, SKOV3 treated with exosomes 

(EXO) and the ones treated with IDEM (IDEM) are uptaken by the cells after 2 
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hours and the fluorescent signal increases overtime, reaching 92.3% for EXO and 

94.9% for IDEM after only 2 hours and 99% after 12 hours (Table 5.7.2). IDEM 

are recognized and internalized by the cells. The median fluorescence intensity 

(MFI, Figure 5.7.2.B) allowed to compare the doxorubicin signal released by cells 

as means of incorporation of EXO and IDEM. The latter shows higher MFI 

compared to EXO in all the time points considered, meaning that IDEM are more 

prone to be uptaken by the cells compared to exosomes. Finally, Figure 5.7.2.1 

displays the uptake of different samples divided for the three time-points. The 

graphs show a higher positive signal to doxorubicin (purple peak) compared to 

cells alone (green peak). EXO (red) and IDEM (blue) peaks are overlapped in all 

the timepoints. 

 

Figure 5.7.2: A) histogram of SKOV3 treated with exosomes (EXO) and with IDEM (IDEM) at 3μg/mL. The 

legend of the colors is shown in table 3.7. IDEM are uptaken by the cells after 2 hours and the 

incorporation increases during the monitoring time, so IDEM are recognized by the cells B) Median 

Fluorescence Intensity (MFI) of doxorubicin signal of EXO and IDEM. 

 

 

Table 5.7.2: percentage of positive signal to doxorubicin normalized to control. The incorporation of 

doxorubicin by the cells with IDEM is around 95% after only 2 hours from the injection 
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Figure 5.7.2.1: Uptake of doxorubicin of cells treated with EXO and IDEM at 3μg/mL divided for the three 

time-points. The graphs show a higher positivity to doxorubicin (in purple) compared to the control (in 

green), but EXO (red) and IDEM (blue) graphs are overlapped overtime. 

 

5.8. 3D cultures and IDEM cytotoxicity 

The experiment on spheroids is a pilot study that potentially will link 2D experiments 

with the in vivo ones. To understand cell viability in 3D, two parallel aspects were 

analyzed: average diameter of spheroids, ATP content with fluorescent dye. In Figure 

5.8 a, photos of spheroids at different time points and with different treatment (a) 

and the graph of average diameter in function of the different timepoints (b) are 

shown. Figure 3.8 b shows that i) empty particles does not affect negatively spheroid 

diameter (from 375nm at time 0h to 335nm at 96h), ii) spheroids treated with dox-

loaded IDEM determine a 15.5% decrease in diameter, iii)  an increase in diameter in 

spheroids treated with dox-loaded exosomes is registered. However, Figure 5.8 a  

shows that spheroids treated with EXO+DOX are darker, meaning that they are 

undergoing a necrotic process. We can conclude that spheroid diameter is not a 

reliable factor of cell viability. In Figure 5.8.2 the cell viability normalized to control 

(derived from quantification of ATP content with CellTitrer Glo assay) in function of 

the different timepoints is shown. It is evident that both controls are not toxic for 

spheroids, whereas both dox-loaded exosomes and IDEM induce cell death to a 

greater extent than doxorubicin and as much as doxorubicin, respectively. We can 

deduce that although IDEM are incorporated in cells, in spheroids, they are cytotoxic 

only if when dox-loaded. 
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Figure 5.8: Diameter study of spheroids. A) photos of spheroids with different treatments (CTRL, DOX, 

EXO+DOX, EXO CTRL, IDEM+DOX, IDEM CTRL) at different timepoints (0-24-48-72-96 hours). Necrosis is 

present in all the spheroids treated with dox-loaded nanoparticles and DOX after 48 hours. A decrease in 

diameter is evident in IDEM-DOX samples. B) Graph of average spheroid diameter overtime. The EXO-DOX 

sample show a diameter increase. 

 
 

Figure 5.8.2: Percentage of cell viability normalized to control (cells without any treatment) of all the 

different treatments for 96 hours form CellTitrer Glo viability assay. Both controls are not toxic for 

spheroids, whereas both dox-loaded exosomes and IDEM induce cell death more than doxorubicin and as 

much as doxorubicin, respectively. We can deduce that IDEM are incorporated in cells in spheroids, but 

they are cytotoxic only if dox-loaded. 

 

  

A B 
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6. Conclusions 
 
The aim of the thesis was to develop a strategy to obtain a versatile and smart 

nanoparticle platform bioinspired by exosomes with the potential to be used as carriers 

of chemotherapeutics for cancer treatment. The nanoparticles, called IDEM were 

synthetized and characterized, then loaded with a chemotherapeutic drug and 

administered to ovarian cancer cells to study their cytotoxic potential. Throughout the 

entire study, natural exosomes were compared to IDEM in order to assess any differences 

or advantages when employing the semi-synthetic approach. 

As shown by NTA and SEM analysis, it is possible to conclude that through the protocol 

we optimized for the production of IDEM, a higher yield of exosome mimetics can be 

obtained. These particles maintain the shape, the dimensions and the size distribution 

profile of natural exosomes. Furthermore, protein analysis clearly demonstrates that 

IDEM also express exosomal markers and the same moieties. Doxorubicin-loading of the 

IDEM and EXO showed that IDEM represent the ideal platform to achieve a greater encapsulation 

efficiency of drugs compared to exosomes. However, whereas the drug release presents a burst 

release for the first 6 hours of a percentage of drug higher than 50% for both the nanoparticles, 

IDEM show more retention of the drug overtime. 

Cellular uptake of doxo-loaded exosomes and IDEM by ovarian cancer cells was 

remarkable soon after the administration of the treatment, with the consequent cytotoxic 

effect demonstrated in both 2D and 3D culture systems, even at low doses. Finally, from 

this study we can conclude that IDEM can overcome the limits of exosomes but maintain the 

biological and physical characteristics of natural exosomes since they are closely comparable in 

these aspects. 

 

As future perspectives of IDEM, there are development of IDEM loaded with different type 

of drugs, for different tumor treatments. In this study, the monocytic cell line ThP1 was 

used as a proof of concept. However, IDEM can be produced starting from different cell 

types depending on the different cancer therapeutics to be loaded, inherent targeting 

properties of the parental cells, and the application envisioned. 
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As future perspectives of IDEM, there are development of IDEM loaded with different type 

of drugs, for different tumor treatments, from different cell source for different cancer 

therapeutics. In order to have a complete study of exosomes, it will be also interesting to 

have a mathematical model of the behavior of exosomes in vivo.  
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7. Other skills acquired during the 

experience at Corradetti Lab 

 

Working at Corradetti Lab allowed me to fully study the exosomes and to express my 

potentialities in many aspects, from practical laboratory procedures in tissue culture room 

with the engineering of IDEM, to animal testing of exosomes used as vaccines against 

ovarian cancer. I had the opportunity to test my communicative skills as I participated in 

a 3-minutes-speech competition organized by MAPTA (Methodist Association for 

Postdoctoral and Trainee Affairs) and to improve my capability of rendering and 3D 

printing for the development of exosome prototypes. This helped me a lot to not be 

focused on only one aspect of the research, but also to have a deep and complete view of 

what the mission of Corradetti Lab is. 

 

7.1. Animal testing 

One of the researches that Corradetti Lab is pursuing is the one that uses exosomes 

derived from dendritic cells (Dex) as a vaccine for ovarian cancer treatment. By using 

Dex, it would be possible to both induce the immunoresponse against cancer 

initiation and progression. For this reason, in vivo studies were performed, and I had 

the opportunity to take part in some of the steps of the experiment that the PhD 

Student Simone Pisano conceived and developed. Also, I had the opportunity to 

follow a training on animal experiments provided by the Houston Methodist Research 

Institute and I could understand another potential interesting application of 

exosomes in cancer treatment. 

First of all, ID8 ovarian cancer cells were injected intraperitoneally in female black 

mice to produce advanced metastatic cancer; subsequentially, the tumor growth was 

monitored in order to inject the treatment with Dex as soon as the intraperitoneal 

cavity was colonized by metastases. Chemotherapeutics and PBS were injected 

mouse-tail-intravenously. The monitoring and imaging of mice was possible thanks to 
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the machine Spectrum In Vivo Imaging System (IVIS, Figure 7.1 a [78]) which 

combines 2D optical and fluorescent analysis. The system uses optical technology for 

non-invasive imaging in order to follow up tumor progression and treatment efficacy 

without sacrificing the mice. The machine can image 5 mice per time, it inhales 

anesthetics and it heats the imaging platform in order to not stress the mice, it can 

detect multiples fluorescent signals (430-850nm) with high resolution (20μm) and the 

new version of the machine can also do parallel 3D Computed Tomography [78]. In 

this survival study, mice were monitored every 6-7 days and at every detection, they 

were anesthetized, their abdomen was epilated in order to avoid luminous signal 

coverage and noise, then they were intraperitoneally injected with luciferin to emit a 

detectable luminescent signal. The progression of the tumor in mice treated with 

different nanoparticles were followed up until natural death of the mice. In Figure 

7.1 b an example of image obtained is shown. 
 

 
 

Figure 7.1: in vivo imaging with IVIS. A) IVIS machine. The mice are placed in the machine while 

anesthetized and with an injection of luciferin in order to have imaging. Before every measurement, mice 

were epilated in the abdominal area to allow the signal to be visible and detectable to the machine. B) 

example of image derived from IVIS analysis. In the image we can see five mice with a tumor in them. The 

color of the halo is directly related to the luminescence of the tumor in that area, which gives information 

of the growth of the tumor. 

 

A B 
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7.2. Rendering of exosomes and 3D printing 

To make a scientific message or article more effective and clearer to readers, it is 

fundamental to have also clear images. This is why part of my experience at Corradetti 

Lab included rendering and 3D modelling and 3D printing of an exosome. In Figure 

7.2 a, the different parts of the 3D model are shown, from left to right an exosome, 

RNA, DNA and a symbolic structure of a drug. For 3D modelling, Solidworks CAD CAM 

software was employed. 

In Figure 7.2 b the final rendering of the exosome is shown for two different purposes. 

For rendering, Solidworks, Photoshop, Power Point (Office 2012) and Biorender were 

used. 

Finally, Figure 7.2 c traces all the main steps of 3D modelling, printing and painting of 

a 3D exosome. For the 3D printer, the “Makerbot Replicator MINI+ 3D printer” from 

Grattoni Lab (Department of Nanomedicine HMRI) that works with “Makerbot Print 

4.7” Software and that ejects PLA polymer was used. 

 

     

 

 

A 

B 
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Figure 7.2: 3D printing and rendering of an exosome. A) Different parts of the 3D model, from left to right 

an exosome, RNA, DNA and a drug. B) final rendering of an exosome. C) Main steps of 3D modelling, 

printing and painting of a 3D exosome. 

  

C 
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