
 

 

BIOINSPIRED NANOCARRIERS FOR 

THERAPEUTIC NUCLEIC ACID DELIVERY 

Giulia Della Pelle  

 
  



 

 

Doctoral Dissertation 

Jožef Stefan International Postgraduate School 

Ljubljana, Slovenia 

Supervisor: Assist. Prof. Nina Kostevšek, IPS and Jožef Stefan Institute, Jamova 

Cesta 39, Ljubljana 1000, Slovenija 

 

Evaluation Board: 

Prof. Dr. Toni Petan, Chair, IPS and Jožef Stefan Institute, Ljubljana, Slovenia  

Prof. Dr. Petra Kocbek, Member, Faculty of Pharmacy, University of Ljubljana, 

Slovenia  

Prof. Dr. Mauro Comes Franchini, Member, Department of Industrial Chemistry 

»Toso Montanari«, University of Bologna, Italy 

 

  



 

 

 

Giulia Della Pelle 

 

BIO-INSPIRED NANOCARRIERS FOR 

THERAPEUTIC NUCLEIC ACID DELIVERY 

Doctoral Dissertation 

BIOMIMETSKI NANONOSILCI ZA TERAPEVTSKO 

DOSTAVO NUKLEINSKIH KISLIN 

Doktorska disertacija 

Supervisor: Assist. Prof. Nina Kostevšek 

 
 

Ljubljana, Slovenia, June 2025 





 

 

To my cats 

 





 vii 

 

Acknowledgments 

Writing the acknowledgement of this thesis, now that I’m doing it, it’s proving to be 
the most challenging part of it all. The actual work was not difficult; it was not challenging 
per se. It was a long journey, that now, in hindsight, is already tinted with mist – it has 
the shade of a long run, the kind that doesn’t allow the runner to stop and take a breath. 
I was not yet 28 when I move to Slovenija. Now I’m almost 33, and this long run is not 
over yet. What no one tells you, at the beginning of this long, sandy, sweaty, run, is that 
in order to keep on learning – for those little, angry neurons to keep on firing in your brain 
–, you have to be patient. That, despite not having the time to take a deep breath, you’ll 
feel the force of time itself passing through you – with all its burden of tragicomical, useless, 
sometimes happy and meaningful, events. Wars started and ended during my PhD. The 
human world changed into a ugly, bitter, remorseful thing. Young enough to keep on 
running, too old – just like a desperate horse – to know how to stop. A world where someone 
may dream of solar sails bring us to Proxima, where cancer and genetic diseases are 
becoming just a memory of the past.  

To my old self, that 27-year-old girl that was crying while passing through the Fernetti 
border control, I’d just say: Be patient. Everything will be alright. 

During this run, I met some amazing people. I met my best friend, Surur Semsari. I met 
my partner, Ennio Visconti, and I thank both greatly for the everlasting support even 
during the hardest moments, when, I’m aware, - I was being myself an ugly, remorseful 
and bitter thing. I met my supervisor, Nina Kostevsek, whom I’ve never seen in person 
before, a passionate and curious scientist, who was always ready to listen to my, sometimes, 
bad ideas and be proud of them. Who trusted me enough with this huge project, that 
finally came to light. Among many, I’m extremely thankful to Urša Čerček for her precious 
contribution in the final paper of this thesis (Chapter 7) and for her kind friendship.  

I thank K7 youngsters for making bad days look more bearable: Abhilash Krishnamurthy, 
for his caustic judgement over everything; Belisa Alcantara, for bringing a light of joy even 
during the most tedious moments; Katarina Tomic, for her everlasting yearn for knowledge. 
My office mates, Ipeknaz Ozden and Nikhil Boothpur, for the random laughs and the very 
deep, equally random, discussions that we had. My affection and gratitude go also to Jernej 
Sribar, whose humanity and friendship have enriched my days. 

 

My little family, down there in Italy, never understood what I was working on, being 
composed of lawyers and linguists: but they all supported me, even when I announced that 
I was moving away from the country. Thank you, Mum, for your unconditional support 
and love. And for taking good care of the cats as a single parent.  

 

 



viii  Acknowledgments 

 

For the realization of this thesis, I sincerely thank Slovenian Research and Innovation 
Agency ARIS (program numbers P1-0207, P2-0084, P3-0003, P3-0108, project numbers 
PR-10482, J3-14531 and J4-50150).  

 



 ix 

 

Abstract 

The development of efficient, biocompatible drug delivery systems is a major challenge 
in modern medicine, particularly for nucleic acid-based therapies. This doctoral dissertation 
explores bioinspired and biomimetic nanocarriers designed for the delivery of small-
interfering RNA (siRNA), offering novel approaches to address pharmacokinetic 
limitations, immune recognition, and delivery efficiency. The work focuses on the synthesis, 
characterization, and therapeutic evaluation of nanocarriers inspired by natural systems 
such as erythrocytes and natural crosslinkers. The thesis integrates principles of 
nanotechnology, gene therapy, pharmacology, and materials science to present a 
multidisciplinary strategy for enhancing siRNA delivery via nanomedicine. 

The first part of the thesis provides a comprehensive review of nanomedicine, outlining 
its historical development, key innovations in drug delivery systems, approved nanodrugs 
(including gene therapy) and the emerging field of theranostics—where therapeutic and 
diagnostic functions are combined in a single nanosystem. Nanodrugs offer several 
advantages over conventional therapies, including prolonged circulation time, reduced 
toxicity, improved biodistribution, and the ability to cross biological barriers. However, 
challenges such as immune system recognition and activation, clearance by the 
reticuloendothelial system (RES), and endosomal trapping remain significant obstacles. 

To overcome these, we researched erythrocyte membrane vesicles (EMVs) as natural, 
stealth carriers that retain immune-evasive markers such as CD47, enabling prolonged 
systemic circulation and passive tumor targeting via enhanced permeation and retention 
effect. Genipin-crosslinked polyamine nanoparticles (GxS5) are also developed for their 
ability to complex siRNA and their inherent fluorescence properties, which facilitate real-
time tracking. The work further explores the combination of these two approaches through 
a hybrid system in which GxS5 nanoparticles are coated with erythrocyte membranes, 
merging the advantages of both carriers. The EMV formulation also show promise in terms 
of stability, controlled release, and imaging capabilities using indocyanine green (ICG) dyes 
for photothermal therapy. Several hypotheses are addressed, including the impact of 
zwitterionic surface modifications, membrane fusion mechanisms, and the Enhanced 
Permeability and Retention (EPR) effect in tumor tissue. 

Through a series of in experiments, we demonstrated the effectiveness of these 
nanocarriers in delivering siRNA to melanoma-derived tumors in vivo and in vitro, and 
lymphoblastoid cell lines, achieving significant gene knockdown with minimal cytotoxicity.  

This research contributes to the ongoing evolution of non-viral gene therapy methods 
and underscores the potential of bioinspired materials in next-generation nanomedicine. By 
tailoring carriers to evade immune responses, promote targeted delivery, and integrate 
diagnostic functions, this thesis presents a comprehensive platform for the treatment of 
genetic and oncological diseases. The findings support the feasibility of multifunctional 
nanocarriers and provide a foundation for future clinical translation. The dissertation 
concludes with a critical assessment of the limitations and prospects of RNAi-based 
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treatments, highlighting the importance of rational design, biocompatibility, and 
adaptability in therapeutic development. 
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Povzetek 

Razvoj učinkovitih, biokompatibilnih dostavnih sistemov za zdravila je velik izziv v 
sodobni medicini, zlasti za terapije na osnovi nukleinskih kislin. Ta doktorska disertacija 
raziskuje biomimetične nanonosilce za dostavo malih interferenčnih RNK (siRNK). Naša 
zasnova ponuja nove pristope za farmakokinetičnih omejitev, imunskega odziva in 
učinkovitosti dostave. Delo se osredotoča na sintezo, karakterizacijo in terapevtsko 
vrednotenje nanonosilcev, ki jih navdihujejo naravni sistemi, kot so eritrociti in naravni 
zamreževalci. Teza združuje načela nanotehnologije, genske terapije, farmakologije in 
znanosti o materialih, da bi predstavila multidisciplinarno strategijo za izboljšano dostavo 
siRNK s pomočjo nanomedicine. 

Prvi del teze ponuja celovit pregled nanomedicine, v katerem je opisan njen zgodovinski 
razvoj, ključne inovacije dostavnih sistemov, odobrena nanozdravila (vključno z gensko 
terapijo) in nastajajoče področje teranostike – kjer so terapevtske in diagnostične funkcije 
združene v enem samem nanosistemu. Nanozdravila ponujajo več prednosti pred 
konvencionalnimi terapijami, vključno s podaljšanim časom cirkulacije, zmanjšano 
toksičnostjo, izboljšano biodistribucijo in sposobnostjo premostitve bioloških ovir. Vendar 
pa izzivi, kot so prepoznavanje in aktivacija imunskega sistema, odstranjevanje s strani 
retikuloendotelijskega sistema (RES) in endosomski pobeg, ostajajo ključne ovire. 

Da bi te izzive premostili, smo raziskali vezikle na osnovi eritrocitnih membran (EMV) 
kot naravne, neimunogene nosilce, ki vsebujejo imunske markerje za izogib imunskemu 
sistemu, kot je CD47, kar omogoča podaljšan sistemski krvni obtok in pasivno ciljanje 
tumorja z izboljšanim učinkom prepustnosti in zadrževanja. Z genipinom zamreženi 
poliaminski nanodelci (GxS5) so bili razviti zaradi svoje sposobnosti kompleksiranja siRNK 
in zaradi svojih inherentnih fluorescenčnih lastnosti, ki omogočajo sledenje v realnem času. 
Delo nadalje raziskuje kombinacijo teh dveh pristopov s hibridnim sistemom, v katerem so 
nanodelci GxS5 prevlečeni z eritrocitnimi membranami, kar združuje prednosti obeh 
nosilcev. Formulacija EMV je obetavna tudi glede stabilnosti, nadzorovanega sproščanja 
in uporabe v diagnostiki z uporabo barvila indocianin zeleno (ICG) za fototermično 
terapijo. Obravnavanih je več hipotez, vključno z vplivom modifikacij zwitterionske 
površine, mehanizmi membranske fuzije in učinkom izboljšane prepustnosti in zadrževanja 
(EPR) v tumorskem tkivu. 

Z vrsto in vivo ter in vitro poskusov smo dokazali učinkovitost teh nanonosilcev pri 
dostavi siRNK v melanomske tumorje, ter v limfoblastoidne celične linije, s čimer smo 
dosegli znatno zmanjšanje genske aktivnosti z minimalno citotoksičnostjo. 

Ta raziskava ključno prispeva k razvoju metod nevirusne genske terapije in poudarja 
potencial bio-navdahnjenih materialov v nanomedicini naslednje generacije. S 
prilagajanjem nosilcev za izogibanje imunskemu odzivu, spodbujanje ciljne dostave in 
integracijo diagnostičnih funkcij ta teza predstavlja celovito platformo za zdravljenje 
genetskih in onkoloških bolezni. Rezultati in ugotovitve podpirajo možnost priprave 
večfunkcionalnih nanonosilcev in zagotavljajo osnovo za prihodnjo klinično translacijo. 
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Disertacija se zaključi s kritično oceno omejitev in obetov zdravljenja na osnovi RNAi, pri 
čemer poudarja pomen racionalne zasnove, biokompatibilnosti in prilagodljivosti pri 
terapevtskem razvoju. 
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Chapter 1 

1. Introduction 

The research work presented in this thesis was published in three scientific papers. The 
focus of the PhD was on the development of biocompatible, biomimetic small-interfering 
RNA carriers with added properties, such as indocyanine green fluorescence. The following 
introduction serves as a broad audience review about nanomedicine, its basis, where I 
further delve into the hurdles and advantages of drug miniaturization and engineering.  

The chapters presenting the research work are presented as four first-author papers. 
Each one has a focused and detailed literature review of the problem and the aim of the 
research. Together, they concur with creating a story about the development and 
optimization of bioinspired and biomimetic nanodrug carriers, based on liposomal-like 
particles and polymeric nanoparticles. 

1.1 The (Yet) Short and Intense Story of Nanomedicine 

According to Britannica Encyclopedia, the definition of nanomedicine is as follows: a 
branch of medicine that seeks to apply nanotechnology—that is, the manipulation and 
manufacture of materials and devices that are approximately 1 to 100 nanometers (nm; 1 
nm = 0.0000001 cm) in size—to the prevention of disease and to imaging, diagnosis, 
monitoring, treatment, repair, and regeneration of biological systems. 

Life has already discovered and evolved the advantages of miniaturization, with 
enzymes, ribozymes, exo/endosomes and lysosomes, for signaling, degradation, reactive 
oxygen species resistance, and many other functions. For example, while a typical folded 
monomer of hemoglobin or Rubisco is approximately 5 nm, multiprotein complexes such 
as human v-SNARE, which are associated with a t-SNARE—an adhesion ring-like complex 
for membrane fusion—can reach up to 300 nm in size according to atomic force microscopy 
(AFM) measurements [1]; bacterial virus capsids, bacteriophages, which are usually within 
the range of 100–200 nm, are the same as the photosystems in plant cells [2], whereas the 
infamous SARS-CoV-2 virion is approximately 100 nm and comprises a lipidic‒glucidic 
envelope [3]; furthermore, extracellular vesicles—lipidic and protein nanoparticles naturally 
secreted by cells for various reasons—usually account for a size of 100 nm [4]. 

As an official beginning of nanotechnology, the legendary speech by Richard Feyman 
in 1959—there is plenty of room at the bottom [5]—can be identified. On the other hand, 
the properties of colloidal suspensions of copper, gold and silver nanoparticles have been 
exploited in glass art crafts, although they are not understood, since the Bronze Age—
Lycurgus cup—is the most famous example. During the Renaissance, the famous alchemist 
Paracelsus (whose birth name is Philippus Aureolus Theophrastus Bombastus von 
Hohenheim) claimed to have synthesized the elixir for eternal life: Aurum Potabile, i.e., 
drinkable gold. Currently, the oral administration of heavy metal nanoparticles has no 
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health benefits; if anything, prolonged ingestion can cause kidney failure, liver stenosis and 
cirrhosis. Despite the myth surrounding drinkable gold, physicians of the Paracelsus era 
noted a correlation between certain symptoms and the habit of drinking colloidal gold: 
they called it auric fever, and its manifestation is that of typical heavy metal intoxication. 
Nevertheless, colloidal gold and, lately, colloidal silver were used for treating a wide range 
of conditions, mostly of bacterial origin, such as tuberculosis, in the late 19th century [6]. 

As a codified science, nanomedicine is still a young field. Like nanotechnology, it evolved 
together with analysis tools capable of visualizing such small objects: in 1928, the team of 
Adolf Matthias from the Technische Hochschule in Charlottenburg, and, mainly, Max 
Knoll and Ernst Ruska, managed to optimize an almost century-old design of a cathode‒
ray oscilloscope adapted for lens-focused magnetic fields. In 1933, the first electron beam-
generated pictures were acquired. In the fourties, transmission electron microscopy (TEM) 
methods were already commercially available. After the Second World War, simultaneous 
advancements in biology (with the elucidation of DNA structure in 1959, for instance), 
nanotechnology, pharmaceutics, and computing power all concurred with rapid 
improvements in drug delivery science. During those years, the LADME basics (liberation, 
absorption, distribution, metabolism, and excretion) and the kinetics of release (zero-, first-
, and second-order, retarded/sustained/controlled release) were first developed [7]. Of 
tremendous importance was the work of Professor Peter Paul Speiser, from ETH Zurich: 
polyacrylic beads, microcapsules, and micellized drugs were first introduced [8]. Moreover, 
the knowledge of clearance systems and organs has increased: the function of the 
reticuloendothelial system (RES) was investigated via album microspheres in the early 
1970s [9] by the same group. In addition, more: liposomes. The first mention of “lipid 
spontaneous aggregates” was in 1964, in a work from the lab of Alec D. Bangham [10], 
where lecithin double layers were characterized via first-ever negative staining with 
phosphotungstic acid; the first attempt to use liposomes as a delivery system for 
therapeutic purposes was in 1973 [11], with the loading, by G. Gregoriadis, of actinomycin 
D in DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) liposomes doped with 
cholesterol. Currently, as of 2024, more than 10,000 peer-reviewed papers containing the 
keyword “nanomedicine” have been published, and an ever-growing number of nanodrugs 
are being approved throughout the world [12]. 

1.2 The Pharmacokinetic of Nanodrugs 

Pharmacokinetics is the study of how the body interacts with administered substances 
for the entire duration of exposure. The encapsulation of a molecule, or a complex inside a 
nanodrug, will alter its pharmacokinetic parameters; therefore, knowledge of the 
pharmacokinetic steps is instrumental for optimizing a nanodrug. Conventionally, 
pharmacokinetic steps are collectively referred to as ADME (adsorption, distribution, 
metabolism, excretion), rules, or, more recently, LADME, including the liberation phase, 
where the drug is liberated from the dosage form (capsule, nanodispersion, or crystalline 

drug) [13]. The steps are briefly described and schematically illustrated in Figure 1. 

 

1.2.1 Liberation 

The liberation stage refers to the first step of the release of the active pharmaceutical 
ingredient (API) of a drug. It is highly relevant for orally administered drugs, such as 



3 Chapter 1. Introduction  

1.2. The Pharmacokinetic of Nanodrugs 3 

 

tablets, and involves the dissolution of excipients within the gastroenteric tract, making 
the API available for absorption. 

1.2.2 Absorption 

The absorption stage describes how a drug enters the bloodstream after administration 
(oral, parenteral, etc.). A drug can be broken away by enzymes in the gastrointestinal tract 
or even in the bloodstream; the final amount that will be capable of exerting an effect is 
defined by the term bioavailability. A drug that will not be broken down by bloodstream 
enzymes and that is intravenously administered will, conventionally, have 100% 
bioavailability, while this dramatically decreases for drugs that are orally administered, 
since they will encounter the liver. Factors such as drug solubility, pH, and the presence 
of food can affect absorption. 

1.2.3 Distribution 

Once absorbed, drugs are distributed throughout the body via the bloodstream to reach 
their target tissues or organs. The efficiency of this distribution depends on factors such as 
blood flow, tissue permeability, and the drug's ability to bind to plasma proteins (such as 
albumin). Plasma protein complexation is a key factor in nanodrug delivery since it can 
either improve biodistribution or hinder it. Briefly, objects not recognized as “self” by 
innate immune system phagocytic cells are rapidly cleared from the bloodstream by kidney 
filtration; this process is enhanced by the surface binding of opsonizing molecules 
(complement proteins, IgG) in the form of a “bocorona” [14]. Drugs tend to be distributed 
more easily to tissues with heavily perfused tissues, such as the brain, liver, and kidneys, 
whereas tissues with lower blood flow, such as muscle and fat, receive the drug more slowly. 
At this stage, the volume of distribution (Vd) is the key parameter, representing the 
apparent volume in which a drug is dispersed throughout the body. A higher Vd suggests 
extensive tissue distribution, whereas a lower Vd indicates that the drug stays more within 
the bloodstream. This parameter is not strictly related to the actual efficacy of the drug or 
to the clearance speed since it does not include the effective dose of the drug. 

1.2.4 Metabolism 

Metabolism involves the chemical alteration of a drug, primarily by liver enzymes, to 
transform it into metabolites, which are more easily excreted. The cytochrome P450 
enzyme system in the liver plays a critical role in drug metabolism, often converting drugs 
into inactive or less active forms. In some cases, metabolism may activate a drug (as with 
prodrugs) or convert it into toxic metabolites. First-pass metabolism occurs when a 
drug is metabolized significantly before it reaches systemic circulation, reducing its 
bioavailability. Metabolic reactions are categorized into two phases [15]: 

• Phase I: Chemical modification of the drug (oxidation, reduction, or hydrolysis). 
• Phase II: Conjugation reactions, where the drug is linked with another compound 

to increase its water solubility for excretion. 

1.2.5 Excretion 

Excretion is the removal of drugs and their metabolites from the body, primarily 
through the kidneys in urine, although drugs can also be excreted in bile, sweat, and breath 
subsequently to accumulate in the lungs or feces. Renal excretion involves processes such 
as glomerular filtration, tubular secretion, and reabsorption. This process, for nanodrugs, 
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is heavily dependent on the size of the nanoparticles and is related to the pore size of the 
blood vessel endothelium of the main clearance organ. For example, nanoparticles smaller 
than 5 nm are directly filtered by kidneys without participating in metabolic activity; those 
with sizes up to 400 nm are mostly cleared by the spleen and kidneys; an unquantifiable 
but large portion, 50–200 nm, ends in liver Kupffer cells [16] (Paragraph 0). 

A drug’s half-life (t½) is the time it takes for the concentration of the drug in the 
blood to decrease by half, and it plays a significant role in determining the administered 
dose and the frequency of treatment. Clearance (Cl) is the rate at which a drug is 
eliminated from the body and is determined by both metabolism and excretion. The mean 
residence time is another key pharmacokinetic parameter: it indicates the time spent by 
a drug within the bloodstream [17], depending on the absorption time and administered 
dose. Conventionally, these parameters can be inferred from the integral of the area under 
the curve (AUC) in a plot of the plasma concentration of the drug (mg/l, g/l, UI/l and 
so on) vs. time. Its integral, therefore, represents the whole exposure to the drug of the 
organism [18]. 

 

 



5 Chapter 1. Introduction  

1.2. The Pharmacokinetic of Nanodrugs 5 

 

 

Figure 1: Schematic representation of LADME phases and of the main 
pharmacokinetic parameters that can be inferred from the Area Under the Curve. 
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1.3 Advantages of Nanodrugs  

In the last two decades, the most important aim of nanomedicine has been to positively 
alter the pharmacokinetic parameters of the loaded active ingredient and improve its 
therapeutic index, defined as the ratio between the median lethal dose and median 
effective dose. For the sake of simplicity, the forthcoming paragraph refers only to 
intravenously administered drugs. 

Loading the active ingredient (AI) in a small, controlled-release box, indeed, would 
ideally have the following advantages [19]: 

• Protection of the drug from natural body clearance, exerted by the 
reticuloendothelial system (RES), spleen, liver, kidneys, and, in minor, by bone 
marrow and lungs [16], [20], will extend the circulation half-life of the drug; in this 
case, particular attention must be given to the size of the nanoparticles, since each 
organ has a slightly different optimum clearance in terms of diameter. 

• Achieving sustained or controlled release, resulting in a more favorable 
pharmacokinetic profile [21]; 

• Shielding the drug from the immune system so that, in the case of protein- or 
nucleic acid-based drugs, it can avoid recognition as nonself by innate immune 
system cells (stealth effect) without activating inflammatory pathways [22]; 

• Improvement of the uptake and internalization rates in the case of targeted delivery 
by surface charge (i.e., zeta potential), curvature radius, and drug solubility in 
aqueous or lipid phases (for example, crossing the cell membrane via the endosomal 
pathway and subsequent escape in siRNA delivery); 

• Active delivery, with the use of a targeting agent (antibody, aptamer, peptide, or 
receptor); 

• In the case of a nanoparticle coated with a drug monomer, the high surface/volume 
ratio due to miniaturization would allow it to host a high quantity of active 
molecule (nanosponge) and, at the same time, its synergistic drug [23] or its 
targeting agent (i.e., an aptamer, an antibody); 

• Extension and improvement of the imaging properties of encapsulated or adsorbed 
agents, such as superparamagnetic iron oxide nanoparticles (SPIONs) or cyanine 
dyes [24], [25], [26], and a reduction in toxicity; 

• In the case of anticancer drugs, nanoparticles could take advantage of the enhanced 
permeation and retention effects [27] due to the leakiness of newly formed blood 
vessels in tumor tissues. 

 

All the above improvements in design would ultimately improve the therapeutic index 
of the drug. For example, Abraxane, an FDA-approved nanodrug of paclitaxel conjugated 
with albumin, eliminates the need for toxic solvents (e.g., Cremophor EL) used in 
conventional paclitaxel formulations, reducing hypersensitivity reactions and improving 
the drug’s therapeutic index. The nanoparticle formulation also enhances drug delivery to 
tumors [28]. Similarly, the liposomal formulation of cytarabine, DepoCyt, has a prolonged 
release phase, allowing for less frequent dosing and improved therapeutic effects with 
reduced neurotoxicity related to free cytarabine. Last, Doxil (nanoformulated doxorubicin, 
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in liposomes) causes little to no cardiotoxicity and is conventionally bound to free 
dexamethasone; increased compliance from patients, due to reduced side effects, has led to 
successful approval of the drug, despite not having definitively greater anticancer potency 
than the free form does [27]. 

Moreover, nanoparticles themselves are currently used as antibiotic agents: commonly 
called, collectively, “nanoantibiotics”, they are usually some units to hundreds of nm-sized 
nanoparticles of metal oxides (Zn, Ag, Cu, and Ti) [29], [30]. Therefore, nanoparticles could 
be both inert and safe carriers (such as mesoporous materials)[31]) or play an active role 
in the pharmacological effect of the drug, enhancing its therapeutic effect as a main aim. 
With respect to contrast agents, the case of approved (even if withdrawn later) SPIONs, 
which are used to reduce the T2 relaxation time in magnetic resonance imaging (MRI) 
applications [24], is remarkable: iron oxide gains a superparamagnetic character only if it 
is in the nanoparticle phase [25]. 

 

1.3.1 Synthesis of nanodrugs 

Nanodrugs can be synthesized via 1) a top-down approach, as in nanocrystals, 
bioderived materials such as extracellular vesicles, or 2) a bottom-up approach, as in 
liposomes [32], lipid and polymeric nanoparticles, which are drug conjugated. Many 
different typologies of nanostructures have been developed for drug delivery, as shown in 
Table 1, ranging from one borrowed from another field of application (quantum dots, 
carbon allotropes) to traditional ones, such as nanocrystalline drugs and liposomes. 
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Table 1: General overview of the most common approaches for nanoparticle synthesis 
for biomedical applications. 

Synthesis 

modality 

Name of 

nanoparticle 

typology  

Description  Reference 

Self-assembly Liposomes A double layered vesicle composed 

of lipids, or lipid mimicking molecules, 

with a hollow space of various diameter; 

characterized as colloidal matter 

[33], [34], [35] 

Self-assembly Dendrimers Branched “tree like” polymers 

entrapping the drug 

[36] 

Self-assembly Micelles Lipidic/polymeric micelles 

entrapping the drug in the hydrophobic 

core, usually termed as lipoplex 

[37], [38] 

Chemical 

conjugation 

Drug conjugate Around the drug, that is in 

crystalline phase (if a small molecule) or 

monomeric state (if an enzyme), a 

massive polymer (i.e. PEG, PGLA, 

HPMA) or a protein (i.e. albumin) is 

built  

[39] 

Self-

assembly/catalytic 

polymerization 

Polymeric 

nanogels 

Cross-linked material entrapping 

the drug 
[34], [40] 

Shear stress 

processes 

Cell-membrane 

based 

Cell membrane is processed to give 

birth to a liposomal-like suspension; 

used as coating for nanoparticles; for 

physical adsorption of the drug 

(nanosponge) 

[41] 

Milling, high-

pressure 

homogenization 

Nanocrystalline 

drug 

A single crystal of the drug. It can 

be covered or not in a lipidic or 

polysaccharide envelope 

[32] 

Chemical 

conjugation, layer-

by-layer deposition 

Quantum dots 

and nanocrystals 

Surface decorated with the drug of 

interest, often via a spacer directly 

bound to the surface. Possible 

applications in imaging 

[23], [42] 

Chemical 

conjugation, layer-

by-layer deposition 

Metal 

nanoparticles 

Single crystal of transition metals, 

that can be surface functionalized for 

carrying the drug. Applications also in 

thermal therapy and imaging  

[12] 

Adsorption  Mesoporous 

materials 

Usually SiO2, high surface to 

volume ratio able to adsorb and host 

large quantity of drug. They can be 

coated or not in lipids and 

polysaccharides 

[31], [34] 

Chemical 

conjugation + 

supramolecular 

hierarchical 

assemble  

Carbon 

nanotubes, 

fullerenes, Carbon 

dots 

Carbon allotropes conjugated with 

drug of interest  

[43], [44] 
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1.3.2 Theranostics concept within nanomedicine  

The steady increase in the market of nanodrugs has led to the birth of the concept of 
“theranostics”, therapeutic and diagnostic, all in one formulation [45]. An ideal envelope 
will thus contain an actual drug (i.e., a chemotherapy agent, an antibiotic, a nucleic acid, 
a protein, or a photothermal agent) and one or more diagnostic agents (an MRI or 
ultrasound contrast agent or a fluorescence imaging fluorochrome) [46], as shown in Figure 
2. Therefore, they do not interact with each other (if this hinders their activity), do not 
create aggregates, disturb their solubility, or destructively interact with the chosen drug 
delivery system (DDS). A synergistic effect between the drug and the diagnostic agent is 
strongly desirable [47]. Additionally, active targeting (i.e., the delivery of the formulation 
directly to the tissue of interest and easy entry into the cell, if the desired action has to 
take place intracellularly) is a highly desirable feature via conjugation with antibodies, 
aptamers, and cell-penetrating peptides; controlled release of the payload could also be 
exploited in particular cases by embedding in pH-, ultrasound- or temperature-sensitive 
lipids and polymers or upon binding of the target, triggering a cascade of events [48], [49], 
[50]. The concept of theranostics is not new to nuclear medicine since nuclear isotopes have 
long been used both as therapeutic and contrast agents [51] for MRI or positron emission 
tomography (PET) and single-photon emission computed tomography (SPECT). The 
encapsulation of contrast and imaging agents is a reality [25], as in the case of dextran-
coated maghemite and magnetite nanoparticles. Contrast and imaging properties are 
usually improved by encapsulation [52], [53], [54], as in the case of indocyanine green. 

There are, anyway, some features to consider. While dealing, for example, with solid 
nanoparticles entrapped within a matrix and with the therapeutic active ingredient, efflux 
from the matrix must be carefully controlled because the contrast/imaging agent could 
have different kinetics of activity than the drug, leading to unwanted effects, such as 
bioaccumulation off-target [55]. Furthermore, the steric hindrance of the nanoparticle must 
be assessed to optimize the amount of drug that can be loaded. Such an evaluation must 
be performed not only in the case of self-assembled nanocarriers, such as liposomes but also 
in the solid phase while dealing with mesoporous materials. 

Theranostics are bound not only to imaging but also to what technique can be used to 
monitor the progression of the illness in real time [56] (the so-called companion diagnostics) 
and pharmacokinetic and pharmacodynamic studies [57], [58]. 
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1.4 The “Nano-Bio” Interface 

 

 

Figure 2: Example of a theranostic nanoparticle in nanomedicine for therapeutic nucleic 
acid (TNA) delivery, with dual imaging: a core composed of a fluorescent nanoparticle and, 
embedded in a liposomal-like coating, magnetic nanoparticles for MRI contrast. 
Furthermore, the surface of liposomes can be tailored with active targeting and stealthing 
agents (PEG, heparin, etc.). 

 

What changes with miniaturization in terms of physical behavior has important 
consequences from a pharmacokinetic point of view. Drug delivery is a complex 
phenomenon arising from the interplay of surface potential (due to defects, vacancies, 
electron holes in crystalline solid nanoparticles, or simply ionization in lipid vesicles), 
curvature, the presence of pores, and hydrophobicity—in addition to the latter, all arising 
from the much higher surface free energy in nanoparticles than in the bulk [59], [60]. At 
the macroscopic level, size and shape dominate: usually, shapes with extreme aspect ratios 
are less prone to phagocytosis by macrophages but also to less internalization by target 
cells [61], [62]. Additionally, the crystalline structure of nanodrugs is important since 
amorphous drugs have different bioavailabilities [63], as in the case of nanocrystalline drugs 
such as Emend [64]. Applying these properties to the overall behavior of a single 
nanoparticle inside the human body, important implications are evident: how the particle 
joins the serum suspension in blood flow; if it tends to stick and fuse with nanoparticles of 
the same nature [60], [65] according to the DLVO (Derjaguin–Landau–Verwey–
Overbeek) theory; if it will end up being coated—opsonized—with a “biocorona” [66] 
(Figure 3); its behavior in the case of laminar flow [67]; and how its shape, surface charge, 
and geometry allow it to interact with cell receptors, thus passively targeting a certain 
tissue [56]. Observations of these properties led to the birth of the concept of the “ nanobio 
interface” by a groundbreaking paper by Nel et al. [68]. This topic is the subject of extensive 
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research, both from the synthetic side and from the biological side: liposomes, dendrimers, 
crystalline drugs, metallic nanoparticles (oxides or not), or even biocompatible 
nanostructures can impair their supposed pharmacodynamic properties through 
opsonization and subsequent recognition by the immune system. 

 

 

 

Figure 3: Schematic representation of opsonization ("bio-corona" formation) on a NP in 
hematic flux. The proteins and glycoproteins represented are the most common to opsonize 
foreign nanoparticles. Protein Data Bank entries: IgG (1igy); transferrin (1a8e); Albumin 
(1ao6). Immunoglobulins (IgG) in soluble form can adhere to the surface of nanoparticles 
in transient binding (together with HDL/LDL proteins, not shown), while albumin usually 
forms an “heavy corona” with complement proteins and opsonins [14].  

 

As stated, body clearance is strictly related to size and geometry, so, while developing 
a nanodrug, its fate must be considered. For blood-administered nanoparticles, the quickest 
clearance systems are the spleen and reticuloendothelial system (RES), while the most 
efficient systems involve Kupffer cells in the liver [69], [70]. RES not only physically 
removes all nonself nanoparticles from blood and tissues via macrophage phagocytosis but 
also opsonizes them to be degraded and excreted. Under normal conditions with no surface 
functionalization, 60-80 nm-sized nanoparticles are cleared by the spleen in the red pulp, 
whereas the impact of a nanoparticle (entities such as liposomes or colloidal nanoparticles 
of 100–200 nm) on the spleen is essentially on the white pulp, which is colonized mainly 
by B lymphocytes and marginal-zone macrophages [69]. For larger hydrodynamic radii (up 
to 400 nm), filtration occurs mainly on the red pulp, accounting for nearly the total 
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administered dose in a few hours [67]. To avoid RES opsonization [71], albumin, or 
HDL/LDL deposition in the blood [14], [67], and IgM binding [72] and to minimize splenic, 
hepatic, and renal clearance [71], [73], the perfect size would therefore be 100–200 nm. 
Indeed, it is the most common size for approved nanodrugs, such as Doxil, Ambisome, or 
Eligard. 

Circulation time is a key pharmacokinetic parameter for drugs (Paragraph 1.2). 
According to the classic definition of pharmacology, it is the time that a drug spends in 
the blood during the distribution phase (according to the LADME theory). Indeed, the 
distribution phase is, in terms of drug efficiency, opposed to the clearance (or elimination) 
phase: even though the drug will exert its effect in the target tissue, a portion of it will 
always be lost owing to accumulation in off-target sites, biotransformation by the liver, 
kidney filtration and so on. Within drug distribution, the drug is transported in plasma, 
i.e., the noncorpuscolar portion of the blood, and can bind plasma proteins (albumins, 
transferrins, circulating IgG, α-glycoproteins, coagulation factors, fibrinogen, and 
complement proteins) [13]. This phenomenon usually hampers the biodistribution of a 
small-molecule drug due to the steric hindrance of the complex (up to a few tens of 
nanometers) and modified lipophilicity. In the case of nanodrugs, a common way to describe 
this complex is with the term “biocorona” [74], [75], which is divided into soft and hard 
coronas, where the hard corona represents the first layer of proteins directly in contact 
with the surface of the nanoparticle. This occurrence must not be imagined as a rigid 
structure but rather as a dynamic, ever-changing equilibrium: Vroman, in 1962, postulated 
that the continuous association and disassociation of plasma proteins from the surface of a 
(nano)drug can be described with a classic kinetic law [76]. Opsonization by circulating 
IgG, present in the “soft corona”, leads to enhanced clearance from the blood [77]. The 
main mechanisms responsible for the clearance of nanoparticles from an organism are either 
direct clearance organs (kidneys, spleen, containing red and white pulp macrophages, liver, 
with Kupffer cells) or, systemically, the mononuclear phagocyte system (MPS), i.e., the 
totality of circulating macrophages, astrocytes, dendritic cells, alveolar macrophages in the 
lungs, Langerhans cells in the skin, and other small populations in exocrine glands and 
organs such as the placenta [78]. Nanoparticle opsonization by serum proteins enhances 
recognition by phagocytic cells due to the increased bulk size of the nanoparticle [79], 
complement activation and complement-mediated clearance in the liver [70], and signaling 
from the Fc portion of the coronal IgG [16]. 

 
 

1.4.1 How to avoid nanoparticle immune system recognition: 

PEGylation 

The most commonly used approach to avoid opsonization is the use of polyethylene 
glycol (PEG) [73], whose heavy, negatively charged, hydrophilic chain physically impairs 
opsonization and prolongs nanoparticle plasma circulation; the occurring hydrated cloud 
precludes the interaction of the nanoparticles with each other and with proteins; 
furthermore, recent findings suggest the capacity of “stealth” nanocarriers to bind only 
“neutral”, not opsonizing, plasma protein markers (mainly apolipoproteins, where the 
coating with IgG, albumin, vitronectin and fibrinogen is of minor importance) effectively 
masking them from macrophages and dendritic cells [80]. Despite being almost not 
degraded in the human body [81], PEG is generally regarded as safe and widely used in 
cosmetic products. Many FDA-approved nanodrugs contain PEGylated lipids [82], to a 
certain degree, with individual branched monomers usually in the range of 2–10,000 Da 
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(light/medium chains of PEG), resulting in a final 5–15% molar ratio of PEGylated lipids 
to other lipids; a PEG side chain of 2 kDa is considered the gold standard [83]. Despite 
effectively prolonging the circulation time of the drug (Doxil circulation time is 5--6 hours, 
unlike the few minutes of unencapsulated doxorubicin)[84]), PEGylation has many 
drawbacks: it impairs endosomal escape (paragraph 2.6), cell uptake, and the activation 
of apoptosis cascades necessary for effective cancer-targeted therapy and is not suitable for 
prolonged therapies and frequent administration. Indeed, the so-called ABC effect 
(Accelerated Blood Clearance) was discovered in the early 2000s, i.e., the fast opsonization 
and clearance of PEGylated liposomes upon subsequent infusions, purportedly caused by 
preexisting or freshly developed adaptive immunity-related circulating IgMs, with splenic 
B lymphocytes having a determining role. Upon IgM binding, complement activation and 
opsonization occur, leading to fast recognition by liver Kupffer cells and clearance. 
Furthermore, the presence of anti-PEG antibodies can lead to anaphylactic reactions in 
patients [85], collectively known as CARPA (complement-mediated pseudoallergy), which 
can be avoided by increasing the time between PEGylated drug infusions [86]. 
Furthermore, the body of evidence suggesting preexisting, common immunity due to the 
ubiquitous presence of PEG in daily cosmetic products continues to grow [82]; PEG works 
as a T-cell-independent antigen and, most importantly, behaves as a hapten for the 
conjugated nanodrug, eliciting a strong immune response toward its cargo. A few 
alternatives to PEG have been proposed, such as heparin [87], polysorbate, and 
polyglutamic acid, which are heavy, hydrophilic, slightly negatively charged at neutral pH, 
and block copolymers [88]. However, in the case of therapies requiring multiple 
administrations, an alternative to PEG is needed. 

 

 

 

  



14  

 

1.5 Gene Therapy: General Overview  

 

The US FDA (United States Food and Drug Administration) official definition of gene 
therapy is as follows: “Gene therapy is a technique that modifies a person’s genes to treat 
or cure a disease. It can work by several mechanisms: replacing a disease-causing gene with 
a healthy copy; inactivating a disease-causing gene that is not functioning properly; and 
introducing a new or modified gene into the body to help treat a disease”. Despite plasmid 
technology, in bacteria, has been known for nearly sixty years [89], other attempts to 
introduce foreign genetic material into living organisms occurred only in the 1980s, owing 
to the work of Martin Cline. Quite early, it appeared evident that a gene could not be 
introduced per se as a coding sequence for a specific protein but needed a “vector”, i.e., 
either other genetic material to coadjuvate its insertion or any other technology capable of 
entering the nucleus and interacting with the recipient DNA. Bacteria and some yeasts 
have evolved plasmids as a physiological mechanism of horizontal gene transfer, but the 
success of infection by many retroviruses indeed relies on insertion within the host’s 
genome: an increase in efforts toward basic research on recombinant DNA led to the 
establishment of many genetic engineering protocols over the course of the 1990s and 
early ’00 [90]. Standard, proprietary transfection plasmids were developed by biotech 
companies for the purpose of research and treatment; transposons, such as Sleeping Beauty 
or piggiBAC, were engineered and adapted for gene transfer; adenoviruses were deprived 
of their perilous genes and forcefully evolved to retain infectivity but be harmless; adeno-
associated viruses were optimized as episomal viruses; and lentiviruses were developed from 
HIV. Enzymes such as zinc fingers and TALEN nucleases have become well-known genome 
editing tools. Nanomedicine came into play in the last quarter of the XX century, therefore 
developing the thriving field of nonviral gene transfer. Electroporation, gene guns, 
magnetofection and derived methods have become well-established techniques worldwide 
[91]. The definition of gene therapy was broad in 1993, including any treatment that would 
“modify or manipulate the expression of genetic material or to alter the biological properties 
of living cells”, thus including epigenetic mutations, newly discovered RNA interference, 
and yet-to-come mRNA vaccines. In 2018, it was narrowed again to “genetic elements that 
mediate their effects by transcription or translation of transferred genetic material or by 
specifically altering host genetic sequences”. Finally, the discovery of CRISPR-Cas9 opened 
a new world for precision medicine, which includes the permanent excision of a desired 
gene; currently, prime editing (a mechanism involving a fusion protein between the nickase 
Cas9 and a reverse transcriptase) has become the gold standard for genome editing [92]. 
The main gene therapy approaches are shown in Table 2. 

Currently, gene therapy can be roughly divided into the following: 

• Gene augmentation: the addition of a gene for the purpose of expressing a new 
protein or for correcting a nonfunctional one (gene replacement). 

• Gene silencing: the loss-of-function of a desired protein, which can be either 
persistent, such as in the case of CRISPR-Cas9, TALEN, and Zing finger 
knockdown, or transient, such as RNA interference knockdown. The latter acts on 
transcribed genes, blocking their translation and therefore not requiring entry into 
the nucleus. 

Both approaches can be used either in vivo, on the whole organism, or ex vivo, i.e., in 
cells collected from the organism and externally transfected (as in CAR-T-cell therapy); 
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at the same time, either on somatic cells or on the germline, the latter can exhibit 
heritable traits. 

RNA interference therapy has various advantages over conventional gene therapy. 
First, the transience of its effect, which is usually limited to a few months in vivo, allows 
rapid changes in therapeutic approaches. The advantages and disadvantages of this 
therapeutic approach are discussed in the next section. 
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Table 2: Mechanism of action, molecular agent, application, approved drugs and 
nanocarrier for the main gene therapy approaches currently used. 

Mechanism 

of action 

Agent Main 

medical 

applications  

FDA or 

EMA approved 

drugs/Trials 

Preferred 

nanocarrier 

Gene 

knockout or 

gene repair via 

homologous 

directed repair  

CRISPR-Cas9 

and variants [93], 

either in plasmid or 

mRNA forms 

Treatment of 

gene-linked 

diseases and 

tumors, 

transformation ex 

vivo of 

lymphocytes for 

CAR-T 

generation), 

transformation ex 

vivo of 

hematopoietic cells 

for bone marrow 

diseases 

Casgevy 

(sickle cell 

disorder) 

Viruses, Lipid 

nanoparticles, 

Liposomes, 

Nanopolymers 

Prime 

editing (direct 

genomic DNA 

re-write from a 

scaffold) 

CRISPR-Cas9 

and prime editing 

guide RNA 

Treatment of 

gene-linked 

diseases and 

tumors, 

transformation ex 

vivo of 

lymphocytes for 

CAR-T 

generation), 

transformation ex 

vivo of 

hematopoietic cells 

for bone marrow 

diseases 

PM3259 (Trial 

I) for chronic 

granulomatous 

disease  

Viruses, lipid 

nanoparticles 

RNA 

interference 

siRNA, 

miRNA, short-

hairpin RNA [94] 

Treatment of 

hereditary genetic 

illnesses, cancer 

therapy 

Onpattro 

(hATTR 

amyloidosis) 

Lipid 

nanoparticles, 

polymers, 

dendrimers, 

liposomes, 

extracellular 

vesicles  



17 Chapter 1. Introduction  

1.5. Gene Therapy: General Overview 17 

 

 
 

1.5.1 RNA interference overview and mechanism 

RNA interference is a phenomenon common to all eukaryotic species; its evolutionary 
relationship with the CRISPR-Cas9 system in Prokaryota is yet unclear [96]. To elucidate 
the underlying molecular mechanisms, Andrew Fire and Craig C. Mello obtained the Nobel 
Prize for Physiology or Medicine in 2006. First characterized in Caenorhabditis elegans, it 
was later discovered that RNA interference is ubiquitous in Eukaryota and that some 
protein components can be tracked back to Archea. In 2024, Victor Ambros and Gary 
Ruvkun received the Nobel Prize for Physiology or Medicine for this discovery in the late 
1990s and early 20 s [97]. The RNA interference mechanism of action involves repressing 
the expression of a specific gene in a physiological way (from gene-encoded micro interfering 
RNAs), either by repressing protein translation (i.e., the synthesis of proteins from 
messenger RNA scaffolds occurring in ribosomes) via degradation of the mRNA or by 
proteolysis of the final protein The main classes of natural and synthetic RNA are listed 
in Table 3. 

  

Block of 

translation due 

to heteroduplex 

formation and 

subsequent 

RNAse H 

cleavage; steric 

hindrance on 

ribosome 

binding; 

uncomplete 

maturation of 

mRNA 

Antisense-

oligonucleotides 

(DNA), modified 

[95] 

Treatment of 

hereditary genetic 

illnesses, cancer 

therapy 

Fomivirsen 

(hampers 

cytomegalovirus 

replication in 

retinopathy-

affected patiens) 

Naked, or 

with the same 

carriers as 

siRNA/miRNAs 

Transient 

expression of a 

protein 

mRNA  mRNA based 

vaccines and 

protein 

replacement 

therapy  

Spikevax 

(Sars-Cov-2 

vaccine) 

Lipid 

nanoparticles, 

cationic 

polymers, 

dendrimers 

mRNA 

transcription 

and long-term 

translation of 

protein product 

Plasmid DNA  Infective 

illnesses, protein-

replacement 

therapy, cancer 

therapy  

JVS 100 

(Clinical Trial II 

for chronic limb-

threatening 

ischemia; heart 

failure; peripheral 

arterial disorders) 

Naked, lipid 

nanoparticles, 

cationic polymers 
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Table 3: Overview of the main bioactive RNA classes. 

Type Size Origin  Function 

Messenger RNA 

(mRNA)  

~500 to >10,000 

nt (usually single 

stranded) 

Endogenous, gene 

encoded, translated 

Encoding of a 

protein, to be 

translated by 

ribosomes 

Short hairpin 

RNA (shRNA) 

~ 50-70 bp 

(usually double 

stranded) 

Exogenous or 

endogenous if 

recombinantly 

introduced the 

relative DNA in the 

host genome 

Forms a stem-

loop, processed by 

Dicer into siRNA; 

silences specific gene 

Micro RNA 

(miRNA) 

~ 21-23 bp 

(usually double 

stranded) 

Endogenous, gene 

encoded, untranslated 

Gene silencing by 

mRNA degradation or 

translational 

repression; transposon 

silencing, antiviral 

resistance.  

Small interfering 

RNA (siRNA) 

~ 21-23 bp 

(usually double 

stranded) 

Exogenous Gene silencing via 

mRNA cleavage 

(perfect match), 

translational 

repression 

Piwi-RNA (PIWI-

interactin RNA) 

~24-31 bp 

(usually single 

stranded) 

Germline cells Genome stability, 

suppression of 

transposons 

 

 

A central enzymatic and binding multiprotein system, the RNA-induced silencing 
complex (RISC), is the core of this process since it binds the lead strand of the siRNA and 
uses it as a template to cleave other foreign or unwanted dsRNAs. RNAi plays an important 
role in viral resistance and gene expression modulation; micro RNAs are short, double-
stranded RNAs that originate from longer transcripts called pri-miRNAs. After its 
elucidation in 1998 [54] and characterization of the specific features needed by an RNA to 
be bound by Dicer first and Argonaute then, RNAi technology gained the attention of the 
pharmaceutical world as a good alternative to DNA antisense oligonucleotides and DNA 
plasmids. This is mostly due to the greater robustness of siRNA target delivery: siRNAs 
do not require extensive modifications and generally show greater knockdown potency [98]. 

When a physiological mechanism, RNA interference in mammals has less antiviral 
importance than in plants, and it is mostly devoted to silence regulatory short RNAs, 
which are genome encoded, and generally called microRNAs. Of lesser importance are P-
element-induced wimpy testes (PIWI)-interacting RNAs, which are conventionally bound 
to repress transposable elements [99]. The pri-microRNA, which is directly transcribed 
from the genome in the nucleus by RNA polymerase III, results in a double-stranded stem 
loop that is subsequently processed by an RNAse, Drosha, and is subsequently available 
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to be exported in the cytoplasm and further processed by another nuclease, Dicer. Indeed, 
Dicer is a cytosolic protein. The resulting miRNA, and its synthetic counterpart siRNA, 
possess overhangs at the 3’ and 5’ termini, the latter being a monophosphate nucleotide. 
The selection between the passenger strand and the guide strand is based on 
thermodynamic stability: the strand whose 5’ is a less stable base pair—adenine or uracyl 
bases—will probably be selected as a guide strand [99] by the RISC complex. In Figure 4, 
the RNA interference mechanism and the main differences between miRNA and siRNA 
sequences are summarized. 

Therefore, the protein actors involved in RNA interference are as follows: 

• Dicer, a nuclease responsible for cleaving a pre-miRNA and obtaining a mature, 
fully functional microRNA. It has a nuclease, a helicase and a PAZ 
(Piwi/Argonaute/Zwille) domain of yet unknown function [100]. It cleaves the pre-
miRNA into 21--23 dsRNA fragments. 

• (TAR) RNA-binding protein (TRBP), a dsRNA-binding protein usually 
associated with Dicer in the case of miRNA, is responsible for recruiting Ago2. 

• Argonaute 2 (Ago2) is the main character: a protein responsible for binding 
either an already processed miRNA or a small-interfering RNA, a synthetic analog 
already sporting the posttranscriptional modifications that lead to a miRNA. The 
Ago2 subunit first disassembles the dsRNA, degrading the passenger strand, 5’-3’, 
and incorporating the guide strand. This stage is called pre-RISC. This 
complexation leads to the recruitment of other proteins to give rise to RISCs. 

• The RNA-induced silencing complex (RISC) is a massive ribonucleoprotein 
complex composed of the guide strand, Ago2, SND1, AEG1, FMR1, VIG, R2D2, 
another argonaute-like protein and, finally, an RNA helicase domain. Its assembly 
has been extensively studied and dramatically differs from that of humans to that 
of plants and insects [101]. In the RISC, the role of the guide strand is to scan the 
cytoplasm for complementary mRNAs with mi/siRNAs. Usually, gene-encoded 
miRNAs are directed toward the 3’UTR of mRNAs and require further machinery 
for mRNA degradation, while siRNAs are perfectly complementary to an exon 
region in the target, and the Ago2 PIWI domain itself catalytically cleaves it. 

• Chaperons, such as Hsp40, 90 and 70, protect the RISC from proteasome 
degradation. Furthermore, their ATP-lytic domain seems to be instrumental for 
effective dsRNA loading into Argonaute 2 but not for cleavage activity [101]. 

• GW182, a regulatory protein that interacts with Ago2, which is rich in glycine‒
tryptophan repeats, is present in suborganelles in the cytoplasm and is named 
glycine‒tryptophan bodies. It is involved in repressing post-RISC translation of 
target mRNAs. The removal of GW bodies in humans impairs RNA interference, 
while transfection with exogenous siRNA significantly increases their number and 
size [102]. 

• Regulatory kinases cycle-phosphorylating Ago2 [103] and increase its RNA-
binding activity. 

Small RNAs in the RISC are divided into 4 domains, which are 21-23 bp in length: the 
guide strand, which is a seed of 6 nucleotides (2-8); the central region, which is 3-4 
nucleotides and is conventionally the area of cleavage in the complementary mRNA; the 
supplementary region, which ensures stability in complementarity with the target; and the 
tail region, which initiates complexing with the RISC and whose optimization improves 
the turnover of cleavage and final knockdown. RNA interference does not exert its activity 
by simply cleaving the target mRNA. In physiological regulatory miRNAs, as mentioned, 
even imperfect pairing in the seed region can lead to the recruitment of other regulatory 
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proteins to target the mRNA, causing deadenylation of the polyA tail and degradation of 
the corresponding mRNA, RISC directly decapping the mRNA, or blocking the translation 
of the final protein via GW182 activity. Indeed, translation inhibition appears to be the 
greatest outcome of physiological RNA interference, where miRNAs are usually more prone 
to mismatch with the target than are siRNAs: in insects, the GW182 protein binds PABS, 
which, in turn, does not complex eukaryotic initiation factor 4 complex (elF4G) assembly 
to begin translation; in mammals, a similar mechanism is followed, probably involving a 
paralog of the insect elF4G [104]. In the case of siRNAs, which therefore possess a perfect 
match with their target mRNAs, the main knockdown source appears to be the PIWI-
mediated cleavage of mRNAs within the RISC rather than protein translation blockage 
[105]. Finally, the fate of the leftover parts of the sliced mRNA is still somewhat unknown: 
in Arabidopsis thaliana, secondary protein machinery degrades them and prevents such 
fragments from being intercepted by Ago1 and working as “secondary” siRNA[106]; in 
mammals, these fragments might still be translated into truncated, nonfunctional proteins, 
which are highly likely to be concurring, in the end, with cytotoxicity [107]. The problem 
of the intrinsic toxicity of interference drugs is elucidated in Paragraph 1.5.5 “Drawbacks 
of RNA interference as a therapeutic approach”.  

  



21 Chapter 1. Introduction  

1.5. Gene Therapy: General Overview 21 

 

 

 

 

Figure 4 Summary of the main actors of the RNA interference mechanism. A pri-
miRNA is a gene encoded and transcribed in the nucleus, processed by Drosha and then 
exported as a pre-miRNA in the cytoplasm; it is further processed by Dicer into 21–22 bp 
doublestranded oligonucleotides. At this point, the fate of a physiological miRNA is shared 
with that of an exogenous siRNA: while miRNA requires a further co-factor to be loaded 
with Ago2 (TRBP), a siRNA is directly loaded in the active site. This complex is pre-
RISC. The passenger strand is subsequently ejected from the complex, and more cofactors 
bind RISC, leading to a mature RISC complex. Then, according to the complementarity 
ratio with the target mRNA, two different pathways can be followed: for perfectly 
complementary siRNAs, the main outcome would be direct cleavage of the target mRNA, 
whereas for miRNAs, there would be further recruitment of cofactors, shuttling to GW 
bodies, and complexing with the GW182 complex for translation blockage. 

 

1.5.2 What are the biological barriers for a siRNA to exert its action? 

 

siRNAs are double-stranded RNA molecules. For immunity studies, polyinosine 
polycytidylic acid (poly I:C) is used to mimic dsRNA. Conventionally, dsRNA molecules 
are inherently troublesome for eukaryotes because of their connection with negative-strand 
RNA viruses, such as NDV, Sendai, seasonal influenza virus or hepatitis C virus. In innate 
immune cells (macrophage and dendritic cells), these byproducts of viral replication behave 
as PAMPs (pathogen-associated molecular patterns); they activate an antiviral cascade via 
toll-like receptor 3 recognition, including dsRNA-activated protein kinase R (PKR), which 
inhibits mRNA translation by phosphorylating elF2a, even though the occurrence of such 
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effects in mammals in vivo is the subject of debate [108]. Moreover, in mammals, Type-I 
interferons, which are activated by the presence of dsRNA, further activate a cascade of 
approximately 2000 genes, including those involved in signal transducer and activator of 
transcription (STAT) metabolism. Finally, mitochondrial apoptosis is initiated via dsRNA-
dependent caspase-binding domains in important RNA helicases and transducers such as 
MDA5 and RIG-I [109]. Caspase-1 inflammasomes are formed during this stage, with final 
activation by a protein belonging to the NOD-like receptor superfamily, Nlrp3 [110]. 
“Infected” cells undergo programmed cell death and release inflammatory cytokines, such 
as IL-1β, that are directly activated by Caspase 1. 

The discovery of miRNAs has complicated our understanding of anti-dsRNA immunity. 
Precursors of miRNAs, long noncoding RNAs, indeed have double-stranded portions, and 
even pre-miRNAs possess a stem loop. The selectivity toward RNAi-activating dsRNA 
resides in their sequence: the helicase domains of RIG-I are not activated by siRNAs or 
miRNAs, not just owing to their length but also due to the presence of 3’ overhangs and a 
5’ monophosphate group and, in pre-miRNAs, the stem‒loop structure [108]. 

The challenges to overcome for an external siRNA/miRNA to exert its effects are 
summarized in Figure 5. Apart from immunogenicity, a major hurdle that a miRNA or a 
siRNA must overcome to exert its activity is its insolubility in cell membranes owing to 
its hydrophilicity and bulk size. In general, humans do not possess SID-1, an Arthropoda-
specific dsRNA transporter [111], which is often used for pest control trials [112]; double-
stranded RNA is rapidly cleared when intravenously injected, ends up in the kidneys or is 
degraded by hepatocytes in the liver [113]. Additionally, in human blood, there are 
circulating RNases such as RNase 4 [114], which rapidly cleave any “naked” molecules 
together with phosphatases. 

Even if internalized by cells, a macromolecule such as a siRNA is likely trapped in an 
endosome, a membrane invagination involved in the internalization of solutes, molecules 
and nanoparticles. There are many different proposed mechanisms for endocytosis, such as 
caveolar- and clathrin-mediated endocytosis, potocytosis, pinocytosis, and patocytosis 
[115]. A small interfering RNA, when not rapidly cleared (10 minutes) by kidney filtration, 
extravasates due to its small size (approximately 4 Angstroms), and from the interstitial 
space, it reaches organ tissues; if internalized by cells, it is trapped in endosomes and then 
matures into lysosomes; therefore, the molecule needs to find a way out of the 
lysosome/endosome via endosomal escape. The chances of this happening spontaneously 
are reported to be 0.2% [116]. The acidic enzymes within lysosomes are involved in 
degrading the dsRNA. This barrier can be overcome by 1) using a cationic, buffering 
polymeric nanoparticle capable of complexing the nucleic acid; 2) avoiding this limiting 
step by aiming to direct cell membrane fusion, taking advantage of the extracellular vesicle 
machinery; and 3) incorporating the siRNA in nanocarriers that are endocytosed but 
capable of endosomal escape via membrane fusion and, finally, liberating the content in 
the cytoplasm [117]. In Paragraph 2.3, we explore the last two approaches, while the 
first approach is explained in 2.6 and 2.7. 
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Figure 5:  The main barriers that a naked siRNA must overcome to exert its function. 
Within the blood, circulating RNAses quickly degrade them, and the kidney filters them 
out; hardly ever would it be possible to surpass the blood vessel endothelium. On the other 
hand, when a carrier is used, cytoplasmic delivery can be achieved both by direct membrane 
fusion with the endosome and endosomal escape via rupture. Finally, even in the cytoplasm, 
the sequence could have a low affinity for Ago2; therefore, the molecules would be 
incorporated at a low rate in the RISC complex..   

 

1.5.3 Overview of approved interference drugs  

The pioneering intuition of Friedman and Roblin, in 1972 [118], paved the way for 
the development of a revolution in medicine—gene therapy. For the first time, a nucleic 
acid was meant to be a drug; thus far, we can define all the approved plasmid DNAs, 
antisense oligonucleotides, siRNA-lipid complexes, viruses, and genetically engineered 
cellular therapy products under the umbrella term “gene therapy”. 

In November 2012, the European Commission granted marketing authorization for the 
first gene therapy medicine, Glybera, in all 27 European Union member states; it was 
developed by UniQure (formerly Amsterdam Molecular Therapeutics) for the treatment of 
patients with familial lipoprotein lipase deficiency; unfortunately, its authorization was not 
renewed in 2016 owing to excessive cost. Glybera is an adeno-associated virus whose 
genome encodes a lipoprotein-lipase substitute. Fomivirsen, on the other hand, was the 
first oligonucleotide phosphorothiolate to be approved; in 1998, it was withdrawn because 
of negligible market sales [119]. However, other than orphan diseases, the most promising 
field of application of gene therapy is oncology, a field suffering from multiple issues: lack 
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of specificity in medications, severe countereffects, frequent emergence of drug resistance 
in aggressive tumor cases [120], and, finally, only temporary resolutive treatment. The 
potency of gene therapy resides in the fact that, virtually, it is possible to modulate, 
suppress, enhance, or activate the expression of whatever gene—even if not present at all 
in the recipient, introducing it—with no or mild side effects—the so-called precision 
medicine. Two main events pushed even forward the research with this approach: the 
discovery of RNA interference and of the CRISPR‒Cas9 system (and analogous) [121] in 
bacteria, the latter becoming a powerful biomedical research tool. Most approved gene 
therapy drugs are enclosed within a viral vector, such as an adenovirus, an adeno-associated 
virus, or a lentivirus capsule [119], [122], but such an approach is cause of some concern 
[123]. Furthermore, most Cas9 gene therapy treatments involve at least one ex vivo step, 
with the harvesting of hematopoietic stem cells, their editing, and reinjection in an 
immunosuppressed patient. Finally, DNA plasmids, as gene therapy agents, usually do not 
require an additional DDS and, therefore, are administered “naked” [124]. 

The first RNAi-based drug was Onpattro, approved by the EMA (European Medicine 
Agency) and FDA (Food and Drug Administration) in 2018, for polyneuropathy caused by 
hereditary transthyretin amyloidosis (hATTR); its RNA oligonucleotide is enclosed in 
liposomes made up of DLin-MC3-DMA ((6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-
tetraen-19-yl 4-(dimethylamino)butanoate), PEG2000-C-DMG ( 1,2-dimyristoyl-rac-glycero-
3-methoxypolyethylene glycol-2000), DSPC (distearoylphosphatidylcholine), and 
cholesterol [125]. 

Notably, the development of nonviral vectors—while viral vectors often lead to an 
inflammatory state, unwanted sites of insertion, and allergic responses—has markedly 
increased the number of gene therapy drug approvals and publications [126]. As of 2022, 
five siRNA drugs have been approved by the US FDA and, later, by the European Medicine 
Agency (EMA): the already mentioned Patisiran (Onpattro), Givosiran (Givlaari), 
Lumasiran (Oxlumo), Inclisiran (Leqvio), and Vutrisiran (Amvutta), all of which are 
directed to the liver. Apart from Onpattro, which exploits a lipid nanoparticle, all the 
others are N-acetylgalactosamine conjugated; indeed, this moiety has a high affinity for the 
asialoglycoprotein receptor, whose expression is concentrated almost exclusively in 
parenchymal hepatocytes. Therefore, nanocarriers capable of targeting other organs rather 
than the liver are urgently needed for systemic delivery. Another route of administration 
involves the eyes and the eye cavity: as an immune-privileged sector, any adverse reaction 
is concentrated at such a site and allows local treatment. Indeed, as of 2024, many 
formulations in clinical trials are against glaucoma, macular eye degeneration and Leber 
congenital amaurosis [127]; cosdosiran and tivanisiran are examples that are currently in 
the third phase of clinical trials under the FDA. 

 

 

1.5.4 Nanostructured approaches in theranostics and “precision 

medicine” 

As the concept of theranostics has already been defined, a great advantage is the ability 
to deliver, simultaneously, an interference drug and a reporting/imaging agent. Multiple 
examples of coadministration of gene therapy agents, for example, siRNAs and imaging or 
contrast agents, include mixed siRNA/chitosan/poly-L-arginine and PEGylated SPION 
[128]; nonionic surfactant nanoparticles loaded with indocyanine green for infrared imaging 



25 Chapter 1. Introduction  

1.5. Gene Therapy: General Overview 25 

 

and si/miRNA [129]; rod-like radiolabeled nano-objects with a hydrophilic shell 
electrostatically binding siRNAs [44]; PDMA-b-PCL 
(poly(dimethylacrylamide)/polycaprolactone) micelles loaded with an irinotecan-like 
molecule, a PEGylated siRNA and ultrasmall-SPIONs [38]; and quantum dots 
encapsulated in aptamer-liposomes together with a siRNA for fluorescence in vivo imaging 
[130]. Finally, erythrocyte membranes have shown excellent properties as carriers for 
indocyanine green imaging and MRI contrast agents [131], [132]; additionally, as gold-
nanoparticle carriers, they have been employed for dynamic X-ray imaging of blood flow 
[133]. 

As stated before, the main advantages of such an approach are the simultaneous: 1) 
evaluation of delivery in the tissue of interest; 2) eventual bioaccumulation; 3) precise 
enhanced imaging (regardless of the technique of interest) of the target tissue; and 4) 
synergistic effects. The latter consists of an imaging agent that can also act as a 
photothermal agent: this is the case for gold nanoparticles, which, owing to their unique 
local surface plasmon resonance effect, can generate heat upon laser irradiation, cause 
payload release and act as a photoacoustic agent [134]; cyanine dyes have the same effect. 
All these features are of utmost importance in the case of cancer therapy via chemotherapy: 
the targeting agent must be robust enough to ensure good internalization of the drug and 
good, and less toxic, uptake of the imaging agent [46]. 

 

 

1.5.5 Drawbacks of RNA interference as a therapeutic approach  

RNA interference is a powerful tool. One siRNA, once loaded into the RISC, can cleave 
several mRNAs before its turnover; it is highly specific but temporary, providing the chance 
to adjust the therapy in a timely manner. As of 2024, many nanoparticle-siRNA 
formulations (such as CALAA-01 and ARC-520) fail in clinical translation due to off-site 
accumulation and knockdown of off-target mRNAs, insufficient gene knockdown in target 
tissues, and hepatic or kidney toxicity. At the microscopic and cellular levels, several 
mechanisms have been reported to lead to siRNA-induced cytotoxicity; among those 
mechanisms, RISC saturation seems to be particularly common. Indeed, synthetic siRNAs 
are bound to compete with physiological miRNAs, therefore hindering certain cell pathways 
that are RNA interference dependent [135]. The toxic effect of externally induced RNA 
interference was reported very early in the history of this phenomenon, in 2006, when Mello 
and Fire received the Nobel prize for its discovery: upon adeno-associated virus delivery 
(and stable integration and expression in hepatocytes) of short hairpin RNAs, many hAAT 
(hereditary transthyretin-mediated amyloidosis)-phenotype rats showed signs of 
hepatotoxicity, even with a scramble, not targeted short hairpin RNA. Interestingly, the 
study did not show that the activation of double-stranded RNA elicited antiviral pathways. 
During this seminal study, the most suitable way to repress a gene without causing 
cytotoxicity was to use (either via stable expression or temporary delivery) a short, targeted 
19‒21 RNA dimer at the lowest dose possible capable of eliciting any RNAi effect. 
Furthermore, the root cause of such fatal effects has been confirmed to be, indeed, the 
inability of the cell to carry out the physiological functions of RNAi, such as the cell cycle 
(e.g., miR-122)[136]. The toxicity of an excess dose of an interfering drug in the liver is 
ultimately related to nuclear karyopherin exportin-5, a double-stranded RNA-binding 
protein transporter involved in RISC activation and Dicer turnover [137]. 



26  

 

Apart from RISC oversaturation, another intrinsic drawback of the use of RNAi drugs 
is the possibility of off-target effects in terms of sequence, resulting in the targeting of 
undesirable mRNAs. With respect to this, computational biology has aided in the 
development of more efficient algorithms for siRNA/shRNA sequence prediction[135], [138]. 
In addition to sequence optimization, chemical modifications, such as phosphorothioate 
linkages, methylation of the 2-OH group of ribose [139], and the presence of DNA overhangs 
[140], appear to improve the specificity of the target. The enormous corpus of research 
within this approach led, finally, to the approval of Onpattro, against hereditary 
transthyretin-mediated amyloidosis, which has 2'-O-methyl (2'-OMe) and 2'-fluoro (2'-F) 
modifications to increase stability and reduce immunogenicity; more recently, Vutrisiran 
(Ammvuttra), approved in 2022, was conjugated with N-acetylgalactosamine (GalNAc), 
and its sequence includes six PS linkages, 35 2'-OMe, and nine 2'-F modifications, offering 
extended metabolic stability and infrequent dosing schedules. For a comprehensive review 
of the existing (and most successful) nucleic acid modification techniques, the reader is 
encouraged to read them [141]. Another reason to optimize the sequence of an RNAi drug 
is the potential translation of truncated/not completely cleaved mRNAs, leading to 
aberrant, nonfunctional, incorrectly folded or toxic enzymes and proteins: a gain-of-
function temporary mutation that can cause an undesirable phenotype in cases where the 
P-bodies GW182 suborganelles are not efficient enough to block the translation of the 
defective mRNA [142]. 

Finally, another source of potential toxicity in the case of RNAi drugs is off-site delivery 
in terms of the target tissue/organ. Since most of the currently approved RNAi 
formulations are lipid nanoparticle-based (Table 4), whose natural tropism would be in 
the liver, research has focused on the use of this tropism to cure liver-affecting diseases, 
such as hepatitis B (Heplisav), TTR (TEGSEDI, an ASO; ONPATTRO, a siRNA), and 
hypercholesterolemia familial (LEQVIO, a GalNac siRNA), and, alternatively, the use of 
immune-privileged sites of the eye, therefore leading to the development of Vitravene 
(ASO), against CMV retinitis. Interestingly, naked nucleic acid drugs can be directly 
injected into the ocular site, eliminating the need for a capsule, such as QPI-1007, an 
orphan drug used to treat glaucoma that is currently in Clinical Trial III. Actively targeted 
nanomedicines can aid in changing the tropism and pharmacodynamics/pharmacokinetics 
of nucleic acid-based drugs, such as the use of aptamers, peptides, and antibody-conjugated 
nanoparticles, with additional properties (e.g., endosomal escape routes, the “proton-
sponge effect”, and direct membrane fusion). Furthermore, in addition to increasing uptake 
in target tissues, nanomedicine can also minimize circulation in nontarget tissues by 
adjusting the nanoparticle size, surface charge and shape (i.e., minimizing kidney and liver 
clearance, avoiding the blood‒brain barrier)[143]. 
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Table 4: Overview o of advantages and disadvantages of RNAi agents’ delivery systems. 

 

Carrier  Example Advantages Drawbacks  

Lipid 

nanoparticles 

(cationic lipids and 

nucleic acid core 

covered by 

phospholipids) 

Ionizable lipids 

(SpikeVax, Patisaran) 

-Efficient 

encapsulation 

-Efficient 

endosomal escape 

-clinically 

validated  

-May trigger immune 

responses 

-Need optimization for 

tissue targeting 

-Fast clearance 

Polymeric 

nanoparticles 

Polyethylenimine 

(PEI), PLGA 

- Versatile and 

modifiable 

- Biodegradable 

(e.g., PLGA) 

- Protects siRNA 

from degradation 

-Cationic charge-

induced toxicity 

-Variable release 

kinetic 

Liposomes[144] DPPC-DSPE-

PEG2000 liposomes 

-Easy to 

prepare 

-Tunable 

surface chemistry 

-

Biocompatibility 

-Unstable 

encapsulation 

-Fast clearance 

Viruses[145] Adeno-associated 

virus (AAVs) 

-Good 

transfection 

efficiency 

-natural 

tropism 

Hepatotoxicity 

-May trigger immuno 

response 

Cell penetrating 

peptides 

TAT peptide, 

penetratin 

-Direct cell 

entry 

-Chemical 

conjugation with 

siRNA 

-Fast degradation 

-Lack of tropism 

EV-like 

particles 

Engineered 

exosomes vesicles 

-Biocompatible 

-Natural 

tropism according 

to membrane 

receptors 

-Absent 

immunogenicity 

-Challenging isolation 

and low yields 

-Labour intensive 

loading 

-Presence of 

endogenous miRNA 

Antibody-

conjugated  

Interchain/lysine/A

sparagine conjugates 

with siRNA on 3’ 

terminus 

-Biocompatible 

-Excellent 

targeting activity 

-Expensive 

-Fast clearance 
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1.6 Bio-Inspired Therapeutic Nucleic Acids Carriers  

 

Despite the many therapeutic successes and approvals of synthetic nanoparticles, such as 
liposomes and lipid nanoparticles, some concerns regarding their safety and the 
development of adverse immune reactions remain. An improved biocompatibility would 
enhance cell uptake, prolong circulation time, and avoid bioaccumulation in the liver; 
biotechnology techniques came into play with the discovery of extracellular vesicles and 
virus-like particles (VLPs), conjugation with massive proteins (antibodies, albumin‒
paclitaxel), and the use of the whole cell membrane as a starting material for a drug 
delivery system. The premise of these biocompatible nanocarriers is to minimize adverse 
reactions and/or to target a specific tissue by exploiting natural tropism, i.e., mimicking 
the natural function of the original material. Hereby, the most important examples are 
briefly treated 

1.6.1 Nature-engineered nanocarriers: exosomes and viral particles 

 

Since the discovery of liposomal-like, cell-derived objects, in the Seventies, the number 
of studies on extracellular vesicles (EVs) has increased. Despite representing a wide range 
of cell-secreted particles with diverse biogenesis, the collectively accepted term refers to 
50–200 nm liposomal-like particles with tissue-specific receptors, coreceptors and fusogenic 
proteins on their membrane (tetraspanins, ALIX, flotillins, TSG101, etc.); such proteins 
are currently being investigated as markers. They are naturally equipped with delivery 
machinery [115], [146] and often follow a direct-internalization pathway or exhibit a fusion-
mediated endosomal escape mechanism. Notably, “extracellular vesicle” is an umbrella 
term for membrane-bound particles released by cells, which carry proteins, lipids, signal 
nucleic acids, and are involved in cell-to-cell communication. Exosomes are the most 
characterized ones, ranging from 30--150 nm in size, and are formed inside endosomal 
compartments in the multivesicular bodies within the cell membrane and released via 
exocytosis. Other EV objects are microsomes and apoptotic bodies [147]. 

Despite the evident advantages (natural tropism, total biocompatibility), several 
drawbacks of exosomes/EVs can be noted: their purification from cell culture medium is 
tedious and laborious, with a yield restricted to a few micrograms per milliliter of medium 
[148]. Interestingly, red blood cells appear to be among the cells which releases the most 
EVs in the human body [149]. Despite countless attempts [147], [150], [151], no RNAi/gene 
therapy drug encapsulated within an exosome/EV has ever been approved. 

Other nano-objects engineered by nature and evolution include virus capsids, which, 
when depleted of their internal content and virulence capacity, are called virus-like particles 
(VLPs). The clear advantages of using VLPs are their extreme resistance to unsuitable 
environments (GI tract, mature lysosomes); their ability to penetrate stiff matrices such as 
the extracellular matrix, blood‒brain barrier, and blood endothelium; and facilitated 
uptake from host cells [152]. For decades, viruses have been used in vaccines [153], which 
is different from viral infection because of the absence of a genome; therefore, they are 
capable of infection: only the capsid and its natural tropism are responsible for delivery. 
Indeed, capsid proteins are usually self-assembled [154] into nanosized (20–250 nm) virions 
that are icosahedral, spherical, helicoidal, or rod shaped and have slightly variable numbers 
of building blocks; the act of assembling itself is responsible for entrapping the cargo in a 
shell-pearl fashion. In the case of lentiviruses, the only required protein is indeed Gag. In 
other viruses, up to three different proteins are required for self-assembly; for example, 
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influenza virus requires both hemoagglutinin and neuraminidase [155]. The greater the 
number of proteins, the more complex the virus. Conventionally, VLPs are generated in 
vitro via cells encoding a plasmid containing the few genes encoding proteins required for 
assembly and are subsequently purified from the cell culture medium after being released. 
Depending on the nature of the original virus, the VLP can be enveloped by the plasma 
membrane; furthermore, if enveloped, the outer shell can be organized into one or two 
layers of the “stolen” plasma membrane. VLPs, therefore, still retain their function as 
PAMPs (pathogen-associated molecular patterns), i.e., they are easily recognized by the 
immune system. VLPs can be easily engineered. A common approach is to substitute an 
unnecessary infective protein within an operon with an agent with a desired function, i.e., 
an antibody for active targeting or any other surface antigen—a fusion protein. This surface 
display method is currently used in nanovaccines, such as hepatitis B and malaria [156]. 
More recently, the AstraZeneca SARS-CoV-2 vaccine employs an adenovirus capsid to 
deliver spike protein mRNA. Indeed, many attempts have been made to load VLPs with 
therapeutic nucleic acid/RNAi drugs: plant-infecting viruses, such as cowpea chlorotic 
mottle virus [157] and brome-mosaic virus [158], appear to generate the highest yield, most 
diverse, and least immunogenic VLPs for this purpose. Despite being widely used for 
vaccines, no approved RNAi/gene therapy formulation uses the VLP platform. 

1.6.2 Whole-cell approach: the case of erythrocytes 

Compared with other immune-masking technologies, the use of the whole membrane of 
cells has many advantages. In addition to masking from immune system recognition, cell-
membrane-coated nanoparticles mimic the surface properties of the source cells: 
biocompatibility, inherent tropism toward certain tissues, and a relatively high rate of 
endocytosis. To date, various cell lines have been used as coating materials for solid (i.e., 
metal nanoparticles, mesoporous silica) and soft nanoparticles (e.g., polymers, dendrimers), 
including stem cells, neutrophils, cancer cells, platelets, and, finally, erythrocytes [159], 
[160]. Erythrocytes have a long history of attempts in terms of clinical translation and 
some success. In the 1970s, Ihler et al. succeeded in loading erythrocyte ghosts (i.e., those 
depleted of hemoglobin) with B-glucocerebrosidase [161]. Currently, a few erythrocyte-
based therapies are undergoing advanced stages of clinical trials: RTX-224 (NCT05219578, 
Rubius Pharmaceuticals), which uses engineered allogenic erythrocytes with interleukin 12 
and costimulatory molecule 4-1BB ligands on their surface for hyperactivation of natural 
killer cells in the case of solid tumors; an ex EU, now the United Kingdom, which is a trial 
for using erythrocytes as carriers for thymidine phosphorylase replacement therapy for the 
treatment of mitochondrial neurogastrointestinal encephalomyopathy [162]; the Italian 
company Erydel, which has developed an automated method to load autologous 
erythrocytes; the patented “red cell loader” for dexamethasone; and its EryDex kit, which 
is currently in phase III clinical trials against Ataxia telangiectasia [163]. Erytech, a French 
company, has developed eryaspase, which encapsulates L-asparaginase inside erythrocytes 
to treat cancers such as pancreatic cancer and leukemia. Kan101, which is based on 
modified, sporting gluten moieties on its surface, apoptotic erythrocytes, and liver targeted, 
in phase 2 as of 2024. Unfortunately, RTX-134, again from Rubius Therapeutics, which 
uses allogenic erythrocytes loaded with phenylalanine hydroxylase against phenylketonuria, 
was discontinued in 2021. 

While the history of taking advantage of the erythrocyte membrane as a drug delivery 
system (DDS) is long and tortuous, other cell-membrane-based DDSs have been developed: 
for example, stem cells have natural tumor-tropism and can be used as “Trojan horses” 
[164] to deliver nanoparticles to the target tissue; moreover, the same approach has been 
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used for macrophages (immune system cells), which naturally tend to accumulate in tumor 
tissues, loaded with doxorubicin [165] and iron oxide therapeutic particles [166]; to target 
inflamed blood vessels, neutrophil-derived vesicles have been employed in vivo to take 
advantage of integrin β2, which binds to endothelial cells via ICAM-1 molecules [167]. To 
date, none of these attempts have been translated into preclinical or clinical trials. 
Erythrocytes are not only hemoglobin containers; their interactome is vast and diverse. 
This process includes the transfer of opsonized particles to macrophages via the CR1 
protein, cytokine storm clearance, ROS protection, and, of course, the initiation of blood 
clotting via phosphatidylserine (usually confined on the inner leaflet) exposure via a pro-
thrombin pathway [168]. 

As this thesis focuses on the use of erythrocyte membranes as a starting material, the 
following advantages in the use of erythrocytes can be identified: 

• Erythrocytes are easy-to-collect and abundant. In human blood, there are 5×109 
cells/mL; indeed, patient blood could be used in therapeutic applications to avoid 
allergic reactions to allogenic blood (due to Rh antigens and AB0 incompatibility). 

• They express, on their membrane, some coreceptors, such as CD47 and TER 119 
[169], that make them naturally “stealth” to the immune system; 

• Their membrane is somewhat unique because of the elastic properties of the 
spectrin-actin-ankyrin cytoskeleton [170]. 

• They possess an aspecific RNAse inhibitor of 31 kDa that, in vitro, removes any 
RNAse activity in erythrocyte lysates [171]. 

• Owing to the accelerated blood clearance phenomenon, erythrocytes circulate for a 
few hours--three days [73], [172], [173], and the average life of erythrocytes before 
spleen clearance is approximately 3 months. 

• They can be easily depleted of hemoglobin via various methods [174], thus 
recovering what is called a red blood cell ghost: this membrane, which still retains 
integral proteins (with stealth effects), can be used for more refined purposes than 
whole-cell loading [175]. We can consider, for example, its use as a coating agent 
for underlying nanoparticles [176], [177] and its extrusion and sonication (shear 
stress-related processes) to produce nanoerythrosomes. 

There are several procedures that can be carried out to load erythrocytes with external 
agents, such as dialysis, hypotonic swelling (on which EryDel technology is based), and 
electroporation. For a thorough review on this topic, the reader can consult [168]. 

Unfortunately, there are several disadvantages to the use of erythrocytes as drug 
delivery systems or as sources of nanoparticles. Indeed, upon aging, they are subjected to 
spleen clearance, while the blood rate in the human spleen is 150–200 ml/min [178]. 
Furthermore, if ATP is depleted, since lipid composition imbalance between the two leaflets 
is an energy-consuming process, phosphatidylserine could flip-flop to the outer leaflet; the 
imbalance is maintained by the enzymes flippase and floppase. This leads to rapid clearance 
[179] and, further, degradation by calpain (an enzyme hydrolyzing protein membrane 
anchorages to actin) and gelsolin (which severes actin filaments). All these enzymes are 
activated by the presence of calcium ions. Indeed, flippase inactivation leads to membrane 
budding, leading to the formation of natural extracellular vesicles [180], [181]. Additionally, 
the use of allogeneic erythrocytes for therapeutic purposes is inherently difficult because of 
the presence of AB0 and Rhesus antigens; the first are various sets of sugars exposed on 
the outer leaflet of the erythrocyte membrane, whereas RhD is a massive transmembrane 
protein. While the absence of AB0 markers leads to functional erythrocytes, RhD has a 
pivotal role in maintaining their discoidal shape. The Kell antigen system is based on the 
Kell protein, which is encoded by a highly polymorphic locus: some alleles are linked to 
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degenerative, genetic diseases such as muscle dystrophy [182], [183]. Recently, Zhao et al. 
managed to remove the RhD antigen by engineering an RBC membrane via an immobilized 
horseradish peroxidase shielded by a tyramine-polysialic acid 3D hydrogel structure. 
Therefore, the safe administration of the subsequently modified erythrocytes in the 
bloodstream is recommended [184]. Furthermore, band-3 membrane integral proteins can 
behave as antigens in senescent erythrocytes; their aging process is related to the loss of a 
segment of the band-3 protein, which is lacking only in senescent cells. This has long been 
known as the “senescent antigen”. To date, it is the only known autoimmunogenic feature 
of these cells in the absence of illnesses [185]. 

The cytoskeleton of erythrocytes is an intricate scaffold of spectrin, ankyrin and actin 
underneath the cell membrane and is anchored to integral proteins, such as glycophorin A, 
band 4.1 and band 3 proteins. It is composed of spectrin tetramers connected to an actin 
network; band 3 protein, an integral protein, then bridges spectrin and actin via ankyrin. 
The degradation of the band 3 protein is connected to spherocytosis and erythrocyte aging 
[186]. All the metabolic activities of erythrocytes are somewhat anchored to the 
cytoskeleton. Erythrocytes also possess an unusual number of large proteasomes [187], 19S 
and 26S, of which only 19S is active and complex, detoxifying byproducts of glycolysis. 
Therefore, the structural integrity and shape of erythrocytes are strictly connected to the 
cytoskeleton, and this structure must be preserved if they are used as drug delivery systems. 

1.6.3 Cell membrane-drug interaction: pharmacological features  

The eukaryotic cell membrane is a complex structure, as it is also that of erythrocytes. 
It acts as an ion and molecule filter from the outer environment, as it is channeled by 
proteins; it hosts enzymes; it shows unique lipid-driven biochemistry, with a combination 
of many different phospholipids and cholesterol; it drives cell differentiation and 
specialization via the exposure of markers on its surface during cell signaling processes; it 
takes part in cell migration—for example, in macrophages [188], [189]; and it can be 
decorated by a forest of polysaccharides of various natures. Therefore, when a cell is 
depleted of its cytoplasm and used as a drug carrier, regardless of whether processing is 
necessary, the interaction of the drug with it must be considered. The main issues to 
address are as follows: 

1) Semipermeability and drug release kinetics must be fully characterized for each 
different drug to encapsulate due to the heterogeneity of the membrane. ; 

2) Solubility in the lipid phase, i.e., if it tends to be embedded in the double layer or if 
it partitions within the latter; 

3) eventual interaction with integral proteins (inner and outer) and the glycocalyx; 

4) Zeta potential of the lipid surface; 

5) Microfluidity of the double layer. A thorough characterization of the double 
layer/drug interaction is lacking in the current literature, whereas it has been well reviewed 
in model membranes [190], [191], [192]. 

Therefore, the “topological” arrangement of a drug, when loaded in a cell-based 
nanodrug, must be analyzed since there is no coherent theory for predicting behavior. This 
could be accomplished via techniques such as fluorescence spectroscopy or immunogold 
labeling for electron microscopy [193]. These features dramatically influence the 

encapsulation efficiency of a drug and, consequently, the scaling-up of the process. 
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1.6.4 Erythrocytes membrane vesicles or nanoerythrosomes, EMVs  

The idea of taking advantage of erythrocyte membrane properties is not new. Small 
objects derived from erythrocyte membranes, termed nanoerythrosomes, were developed 
by Lejeune in the 1990s [194]. Shear stress methods, including sonication, followed by the 
extrusion of filters with a 200 nm pore size, are used to prepare nanoerythrosomes [176]. 
The Deàk group [195], [196] compared the structure of nanoerythrosomes with that of 
erythrocyte ghosts and reported that no considerable protein degradation occurred after 
extrusion/sonication. The bilayer thickness, including the glycocalyx, was estimated to be 
11 nm after small-angle X-ray scattering (SAXS) analysis, which is significantly greater 
than the 50 nm thickness of native erythrocytes and the 20--25 nm thickness of compressed 
cells at 103 Pascals [195], [197]. Recently, the nanoerythrosome membrane was reported to 
be approximately 65% stiffer than that of parental erythrocytes [198]; however, the reasons 
behind this phenomenon have yet to be investigated. 

Some sample inhomogeneity is present in the samples analyzed in Lejeune papers [199], 
[200] with respect to their hydrodynamic radii. The thickness of the bilayer is 4 nm; the 
remainder is a cytoskeleton and glycocalyx forest that is slightly modified by shear stress. 
Most peripheral proteins are removed during hemoglobin removal and subsequently 
undergo osmotic shock, but proteins contributing to the stealth effect, such as CD47 and 
[201], are untouched. The Lejeune group did not describe in vivo toxicity [202]. In addition, 
hypotonic swelling, sonication and extrusion essentially do not change the content of the 
marker membrane proteins CD47 and TER119 [203]. To date, nanoerythrosomes have been 
used as antigen carriers in spleen-targeting immune vaccines [204], for the delivery of 
daunorubicin [205], for encapsulation with fasudil [206], for the delivery of indocyanine 
green [132], [207], for the systemic delivery of siRNAs [208] and as carriers for iron oxide 
nanoparticles as MRI contrast agents [209]. 

The generation of nanoerythrosomes/EMVs is depicted in Figure 6. A 
nanoerythrosome suspension may also be characterized in terms of its colloidal properties, 
which are akin to those of other drug delivery nanoparticles. Zeta potential is slightly 
negative (around – 20 mV) given the ability of sialyl groups to mimic native erythrocytes 
whole glycocalix [207]. Different biophysical techniques used to study nanoerythrosomes 
include DLS, SAXS, SANS (small-angle X-ray scattering), freeze-fracture or 
cryo/conventional TEM, and 2D/1D NMR, FT-IR and Raman spectroscopy. Notably, 
nanoerythrosomes mostly maintain the biconcave shape of parental erythrocytes, according 
to the Canham-Helfrich effect [210], since the cytoskeleton is not destroyed during shear 
stress processing. In Figure 6, the potential issues associated with the use of erythrocytes 
as a starting material are summarized: they are all closely intertwined with erythrocyte 
aging, which is accelerated by processing. Phosphatidylserine exposure to the outer leaflet 
might lead to immune system recognition, similar to Band 3 unfolding [211]; furthermore, 
the erythrocyte membrane will continue budding during storage, generating defective 
extracellular vesicles and causing early release of the payload. 

Nanoerythrocytes have also been extensively used as coating materials for solid 
nanoparticles, as in the case of cationic bovine serum albumin [212], for polymeric 
nanoparticles [213], [214]. The superiority of EMVs over PEGylated nanoparticles for 
prolonging drug residence time is outlined in Hypothesis 1; the use of the already present, 
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naturally occurring in erythrocyte membranes, exosome/EV protein machinery for 
achieving a high delivery rate and biocompatibility is described in Hypothesis 2. The 
advantages, in terms of passive targeting to solid tumors, given the smaller size of EMVs, 
are treated in Hypothesis 3. In Hypothesis 4, the improvement in indocyanine green 
photothermal properties when encapsulated in EMVs was explored. In the present thesis, 
EMVs are investigated as small-interfering RNA carriers[208] in Chapter 6 and in 4 for 
cyanine photothermal dyes [54]. Last, in Chapter 7, EMVs are investigated as 
camouflaging materials for genipin-spermine-glycine-based nanoparticles. 

Figure 6: Schematic representation of the generation of erythrocytes membrane vesicles 
from whole erythrocytes. EMVs still retain CD47, sialic acids glycocalyx forest, and the 
antigen system AB0. Furthermore, the risks associated with the use of erythrocytes as 
starting material are mostly connected to early senescence: phosphatidylserine exposure, a 
phagocytic signal; similarly, unfolding of Band-3 protein. Lastly, aging erythrocytes are big 
producers of extracellular vesicles: membrane budding is a common mechanism that will 
cause early release of the encapsulated drug.  
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1.7 Polymeric Nanoparticles: Principles, Advantages and 
Drawbacks 

 

Like lipid nanoparticles (LNPs) nanocomplexes, the rationale of delivery via polymeric 
nanoparticles relies on electrostatic interactions, i.e., a cationic nanosized polymer capable 
of complexing negatively charged nucleic acids. A specific group of polymeric nanoparticles 
is represented by dendrimers, i.e., heavily branched polymers stemming from a central core 
[215]. Many commercially available, well-established, positively charged polymers, such as 
Lipofectamine, have been used to complex nucleic acids. The commonly used polymers 
include polyethylenetanolamine (PEI), which is commercially available with different 
branches and molecular weights, polylysine (PL), polyaspartate with modified side chains, 
and crosslinked chitosan [216]. However, polymeric transfection relies on an intrinsically 
cytotoxic mechanism for transfection: endosomal escape via endosomal rupture [217]. 
Therefore, a heavy cationic charge and an excessively strong buffering ability can lead to 
cytotoxic effects [218]. 

DNA and RNA are negatively charged; therefore, a cationic or ionizable polymeric net 
is theoretically suitable for electrostatic interaction: such a nanoparticle is termed a 
polyplex. Cationic polymers, or a polymerized mixture of cationic lipids, are usually 
employed for in vitro transfection for basic research applications: gold standards such as 
Lipofectamine are easy to use, relatively cheap and well-established products. In this case, 
complexes of nucleic acids and cationic lipids are called lipoplexes and conventionally form 
the nucleus of lipid nanoparticles [219] in a core‒shell fashion. Typically, a positive charge 
is provided by amine groups (primary, secondary, tertiary, and quaternary). The molecular 
weight, branching, charge, and composition can vary, making polymeric nanoparticles 
highly tunable drug delivery systems. The most common polymers include polylysine, 
polyethyleneimine, and polyornithine, but the application of natural polysaccharides as 
scaffolds offers a wide variety of arrangements. Conventionally, chitosan, dextran, alginate, 
and gelatin monomers are employed in polymeric hybrid nanoparticles. The mechanism of 
action of polymeric nanoparticles is explained in Hypothesis 5. 

In the present study, the potential of genipin as a crosslinking agent to generate 
zwitterionic nanoparticles capable of complexing small-interfering RNAs was explored. 
Genipin can crosslink unprotonated amines (refer to section 1.7.1 Biomedical 
applications of genipin and mechanism of action), and naturally occurring 
polyamines serve as excellent scaffolds. Genipin can bridge only two polymerized chains; 
therefore, a size tuning agent is needed. For this reason, glycine, a simple amino acid with 
a carboxylic and an amine moiety, was used to block the polymerization chain. 

  

1.7.1 Biomedical applications of genipin and reaction mechanism 

Genipin is a secoiridoid extracted from the fruit of Gardenia jasminoides, where it acts 
as a crosslinker to generate a pigment called blue gardenia. Additionally, it is present in 
relatively high concentrations in Genipia americana [220]. Recently, it has gained attention 
as a natural, nontoxic, amine crosslinker and as a replacement for glutaraldehyde [221]. 
Colorless by itself, it is mildly soluble in water (up to 5 mg/ml) and completely soluble in 
ethanol. Its mechanism of action has been partially elucidated, but it is still somewhat 
elusive: genipin reacts with nonprotonated amines—its reaction is, therefore, heavily 
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dependent on pH—and crosslinking involves at least two steps. The first is the opening of 
the iridoid ring, with the formation of a heterocycle and simultaneous release of methanol, 
followed by final crosslinking on the overhanging amidic moiety [222], [223]. Additionally, 
genipin can react with both aliphatic and aromatic amines [224], with the final product 
color varying according to the length of the substrate. Given the multiple steps involved 
in the reaction, its reaction orders appear to be fractional [222], [225]. In every case, the 
final crosslinked product will possess faint fluorescence (1–2% fluorescein isothyocyanate 
and rhodamine B) in the green and red regions, whose excitation peaks depend heavily on 
the structure of the product [226]. 

Genipin toxicity appears to be several thousand times lower than that of glutaraldehyde 
for fibroblasts [227]; in Caco2 and MCR5 cells, the viability was greater than 75% at 3 mM 
and 60% at 5 mM [228]. Additionally, free genipin is involved in many apoptotic and 
antiproliferative pathways: it activates the Cas3 cascade in the MDA-MB-231 breast cancer 
cell line [229], and it actively inhibits the Hedgehog pathway [230]. Owing to its anti-
inflammatory properties and preventive action against ischemic brain injury, 
atherosclerosis, platelet aggregation, hyperglycemia, hyperlipidemia, and hypertension, it 
has been used for centuries in traditional medicine [231]. 

Owing to its interesting properties and mild reaction conditions (RT, aqueous solution), 
genipin has attracted interest as a crosslinker for biomedical matrices: collagen, as a support 
hydrogel scaffold for cell differentiation and growth [232], [233]; chitosan, a polysaccharide 
composed of D-glucosamine and N-acetylglucosamine, for almost unlimited biomedical 
applications [234]; wearable patches for wound healing [235]; and even siRNA delivery 
among those [236] and nanoparticles for the sustained delivery of α1-antitrypsin [237]. 
Finally, even the extracellular matrix derived from the human umbilical cord, where 
genipin has greater biocompatibility than another conventional crosslinker, EDC [238]. 
Owing to its safety and wide range of applications, genipin is reported to be present in 
many cosmetic formulations from L’Oreal and Estèe Lauder. 

1.7.2 Polyamines: natural polycations 

Naturally occurring polyamines, particularly putrescine, spermine and spermidine, are 
small, organic cationic molecules found in all living cells. They are involved in a wide range 
of cellular processes, including DNA stabilization, gene expression, cell growth, ROS 
protection and aging [239], [240]. In mammals[241], they also play a role in hair growth 
and wound healing. Two naturally occurring polyamines, spermine and spermidine, are 
bound to RNA in the cytoplasm of all living beings on Earth [242]. Spermidine appears to 
be involved in autophagy, and its concentration is directly intertwined with longevity [243]. 
On the other hand, spermine regulates cell proliferation, apoptosis, and differentiation and 
has an impact on mitochondrial function [244]. Furthermore, spermine and spermidine 
(Figure 7) also possess interesting properties in terms of the ionizability of their amine 
groups. At physiological pH (7.4), spermine has a charge of +4, whereas spermidine has a 
charge of +3, both with full protonation of the amino groups. The short length of the 
aliphatic chain (with spermine being approximately a rod with a length of 4.4 Angstroms) 
and the heavily concentrated charge make them extremely prone to interact with nucleic 
acids: in the cytoplasm, one to four spermines are found for each 100 bp mRNA, stabilizing 
(but not condensing) the double-stranded portions[245]. Spermine and spermidine are safe 
molecules, with LD50 values (in mice, administered intravenously) of 600 mg/kg circa and 
50–100 mg/kg, respectively [246]. They have been widely used for complexing nucleic acids 
in nanomedicine: spermine has been used to modify dendrimers, liposomes or polymers, 
facilitating endosomal escape as well [247], [248], [249], whereas spermidine has been used 
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to functionalize nanoporous nanosilica beads [250]. Owing to their biocompatibility, safety 
and interesting chemical properties, spermidine and spermine were chosen as building 
blocks to explore genipin-polyamine-based nanosized polymers (Paragraph 1.7.3). 

1.7.3 Genipin-polyamine-glycine nanoparticles  

As previously mentioned, genipin reacts with nonprotonated amine groups. To generate 
crosslinked polyamines, genipin can be allowed to react with a molar excess of spermine 
and spermidine , naturally occurring polyamines. The success of such reaction, with similar 
occurring natural polyamines has been already reported elsewhere[251]. Given the 
stoichiometry of the mechanism of action of genipin, it is possible to tune the properties of 
nano-sized polymers based on it. 

In Hypothesis 5, the feasibility, in terms of siRNA transfection efficiency, from a 
tailored and tuned particle size, zeta potential and ionizability are explored; the possibility 
of following the intracellular fate and cell uptake using GxS5 own fluorescence is outlined 
in Hypothesis 6. The experimental results regarding the ultrastructure, reaction kinetics, 
cytotoxicity and transfection efficiency of siRNA have been reported [252] and are described 
in Chapter 7. Finally, in Hypothesis 7, the favorable properties arising from 
camouflaging genipin-spermine-glycine nanoparticles with EMVs are described. Lastly, in 
Chapter 8, the relative results are reported as in [253] 

 

 

Figure 7 Schematic representation of the building block for the synthesis of genipin-
polyamines-glycine polymers.
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Chapter 2  

2. Aims and Hypotheses  

 

Figure 8: Overview of the hypotheses and the results of the thesis. Briefly, three 
nanocarriers were developed, the last starting from the first two. EMVs are derived from 
erythrocyte ghost membranes, as outlined in Paragraph 1.6.4. They are meant to be used 
to 1) compare two cyanine dyes, IR820 and the well-known indocyanine green, and 2) serve 
as novel small-interfering RNA carriers for in vivo delivery. Second, GXS5 nanoparticles, 
described in Paragraph 1.7.3, are also meant for siRNA delivery, but their development 
also includes physiochemical property tuning to exert more efficient action. Finally, the 
most efficient GxS5 nanoparticle is chosen because of its superior biocompatibility and 
ability to be camouflaged with hybrid membranes composed of EMVs and DPPC-DSPE-
PEG2000 phospholipids (Chapter 7).  
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2.1 Aims and Rationale 

The main aim of this dissertation is the development of safe, biocompatible therapeutic 
nucleic acid carriers on the basis of 

a) erythrocyte membranes and 
b) on zwitterionic nanosized polymers. 
The application and main outcomes are described in Figure 8. 

These will serve as alternatives to toxic, commercially available transfection agents with 
added functionalities, as follows: 

• Photothermal/photodynamic properties; 
• In vivo tracking and imaging for diagnostic purposes; 
• Biocompatibility (as a lack of immunogenicity) due to the use of the patient’s own 

blood as the starting material; 
• A lower cationic charge in the case of polymeric transfection agents, due to the 

introduction of carboxylic groups in the net, reduces the eventual cytotoxicity; 
• The successful camouflaging of polymeric nanoparticles using erythrocyte 

membranes improved cell uptake and therefore dose reduction. 
These carriers are based on nanoerythrosomes, as described in section 1.6.4, and on 

genipin-based cationic polymers, as described in section 1.7.3. 

Furthermore, this study aimed to establish a reliable, well-characterized protocol for 
loading siRNAs with good encapsulation efficiency (>50%) within EMVs (erythrocyte 
membrane vesicles). The protocol will serve as the basis for a future scale-up program and 
will include the removal of unloaded siRNA to obtain a ready-to-go formulation. Indeed, 
purification from unloaded siRNA appears to be lacking in the literature regarding 
noncationic (neutral) transfection agent preparation, despite the inherently toxic nature of 
the molecule (Paragraph 1.5.5). This study aimed to determine whether EMVs are 
suitable carriers for cyanine dyes with photothermal properties and whether encapsulation 
can help stabilize them and reduce potential cytotoxicity, together with stabilizing them. 
Moreover, it aims not only to develop a novel class of genipin-spermine-based zwitterionic 
transfection agents but also to optimize their size and shape by tuning the glycine 
concentration in the reaction batch and thoroughly characterizing their spectroscopic 
properties. Finally, we explored the possibility of using EMVs to camouflage genipin-
spermine-glycine complexes with siRNA and demonstrated how the coating improved the 
transfection efficiency of the carrier. 

The results in these arose from confirmation, partial confirmation or rejection of seven 
different hypotheses, hereby briefly summarized and in Figure 9: 

1) To prolong the nanodrug circulation time thanks to the presence of  the “don’t eat 
me” CD47 marker. The erythrocyte membrane contains a phagocytosis inhibitor that is 
active on phagocytic cells (mainly macrophages), whose presence on a nanoparticle might 
increase its circulation time. 

2) The internalization efficiency and the cargo release of the nanodrug can be increased 
by the presence of extracellular vesicle machinery on erythrocytes membrane. Erythrocytes 
are the largest producers of extracellular vesicles (EVs) in the body and already serve as 
typical EV markers in their proteome. Such protein armories can be used to achieve 
transfection efficiencies like those of naturally occurring EVs. 
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3) Exploiting the enhanced permeation and retention effect (EPR) for tumor tissue 
penetration. The EPR effect is a well-known mechanism by which nanoparticles of a 
certain size extravasate from leaky, heavily fenestrated neoplastic blood vessels and 
accumulate in solid tumors. It has a minor role in humans than it does in rodents; 
therefore, careful tailoring of the nanoparticle shape and maximization of the circulation 
time are needed. 

4) Stabilizing cyanine dye monomeric forms to reduce light-induced degradation and 
improve the photothermal properties. ICG is generally regarded as a safe, approved 
molecule for imaging purposes. The encapsulation within erythrocyte membrane vesicles 
might stabilize their photoinduced degradation and prolong the lifetime of the 
fluorophore. 

5) Improving endosomal escape and biocompatibility via tailoring the cationic charge 
of transfecting agents toward a zwitterionic character. In a mildly acidic environment, 
ionizability is instrumental for successful proton-sponge effects and endosomal escape in 
the case of cationic polymers used for nucleic acid transfection. Optimizing the amount of 
tertiary, ionizable amines would improve the endosomal escape ratio. 

6) Camouflaging the genipin-polyamine nanoparticles with erythrocyte-derived 
membranes to generate a novel vector with properties of both. Such an approach would 
create a new nanoparticle with the advantages of both systems, i.e., biocompatibility and 
enhanced endosomal escape. 

7) The self-fluorescence, both green and red, of GxS5 polymers makes it possible to 
follow their internalization route in real time. Genipin polymerization products are self-
fluorescent over a wide range, and despite having a low quantum yield, their cell 
internalization can be used to investigate their mechanism and cytoplasmic localization. 
The use of self-fluorescence, together with endocytosis inhibitors, would help elucidate 
the mechanism of internalization by cells by tracking uptake. 
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Figure 9 Summary of the hypotheses on which this Thesis is based. Each of them is 
addressed more in depth in the body of text.  
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2.2 Hypothesis 1: Prolonging Nanodrug Circulation Time 
via “Don’t Eat Me” CD47 Marker 

As stated in Paragraphs 1.4. and 1.4.1, the circulation time is a key parameter for the 
performance of a nanodrug. Circulation time is strictly connected to clearance, which, in 
turn, is affected by immune system recognition and the deposition of opsonizing molecules 
(antibodies, albumin, transferrin, complement proteins, and plasma components). An 
important feature of erythrocytes is the presence of the CD47 coreceptor on their 
membrane: it can mask the surroundings from phagocytosis by macrophages [254]. The 
relationship between macrophages (and phagocytic cells in general) and red blood cells is 
complicated and intertwined with other parties. Macrophages are involved in erythroid 
differentiation and erythrocyte maturation, but in the spleen, within sinusoids, they are 
responsible for checking their loss of deformability due to aging, the presence of oxidized 
hemoglobin inclusions (Heinz bodies) and other defects; the presence of phosphatidylserine 
in the outer membrane leaflet, due to senescence, elicits strong clearance [189]. Erythrocytes 
naturally avoid opsonization under physiological conditions and are embedded in their 
membrane, and CD47, a coreceptor that acts as a “don’t eat me!” marker for macrophages 
[12]. CD47 is a well-characterized phagocytosis inhibition marker for macrophages since it 
binds Sirpα, an inhibitory membrane receptor present on macrophages [255]. 

As stated in Paragraph1.6.4, this protein is also retained in erythrocyte membrane 
vesicles (somewhere else termed nanoerythrosomes). A chronic issue in delivering siRNAs 
is their fast clearance (Paragraph 1.5.5): a few hours of blood residence is not enough to 
exert any significant therapeutic effect. To date, the issue of a short residence time has 
been addressed via the use of lipid nanoparticles (or other kinds of artificial nanoparticles) 
conjugated with polyethylene glycoles of various molecular weights (Paragraph 1.4.1). This 
approach has many drawbacks, such as an accelerated blood clearance effect and IgM 
arising against the nanoparticle itself, which is enhanced by PEG itself. Therefore, 
PEGylated formulations are not suitable for multiple administrations, such as RNAi 
therapies. Erythrocyte membrane vesicles (EMVs), which retain CD47 on their membrane, 
can serve as alternatives to PEGylated nanoparticles for longer circulation times and 
efficacious delivery of the siRNA payload to the target site. We aim to take advantage of 
this property and prepare vehicles that are not recognized by the immune system as nonself 
and, consequently, have long circulation times in blood. This approach has been used 
multiple times for hybrid nanoparticles and liposomes [255]. A technique for loading high 
quantities of siRNA inside EMVs will be optimized, together with the removal of unloaded 
siRNA.  

 

2.3 Hypothesis 2: The Internalization Efficiency and the 
Cargo Release of the Nanodrug Can Be Increased by the 
Presence of Extracellular Vesicle Machinery on 
Erythrocytes Membrane 

Erythrocytes are the most abundant cells in mammals, and they continuously release 
extracellular vesicles (EVs). EVs directly bud from the cell membrane since erythrocytes 
do not possess a Golgi apparatus [256]. Erythrocytes release EVs containing regulatory 
miRNAs, such as miR-125b-5p, which are capable of inhibiting the inflammatory 
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TRAF6/MAPKs/NF-κB pathway in chondrocytes [257]. The exact endocytic mechanism 
followed by erythrocyte-derived EVs is still unclear, but it is mediated by the interaction 
between a cell receptor and a signaling protein on the EV surface; an important role of 
lipid rafts and their embedded proteins cannot be ruled out. Among the most important 
contributors to membrane fusion are tetraspanins, a wide class of membrane-spanning 
proteins that play a role in protein adhesion and phagocytosis initiation, and they organize 
themselves within tetraspanin-enriched microdomains. Despite being of low abundance, 
human erythrocytes possess CD82 and CD151 [258]. Another class of important EV 
markers is integrins, and CIB1 is well represented in erythrocytes and erythrocyte ghosts; 
CIB1 appears to play a role in adhesion (by binding FAK, focal adhesion kinase)[259]), 
spreading, calcium flux regulation, and, overall, integrin biology by binding the 
αIIb cytoplasmic domain [260]. In addition to tetraspanins and integrins, erythrocytes 
contain other typical EV proteins, such as ALIX and TSG101, which are involved in the 
packing of miRNAs and other short RNAs in exosomes [261]. Overwhelming evidence 
suggests that EVs and exosomes are usually internalized by recipient cells via caveolae- or 
clathrin-mediated endocytosis, aided by the above-described classes of proteins [115]. 

Finally, a well-represented protein pair in erythrocytes is flotillin 1 and 2 [186], [262]: 
these two proteins are capable of inducing membrane microdomains that result in a 
caveolae/clathrin-independent endocytosis mechanism. This protein machinery is involved 
in direct membrane fusion and endosomal escape. Therefore, we postulate that EMVs are 
successfully internalized in cells via a membrane fusion mechanism and later escape 
endosomes and release siRNA at the target site. 

2.4 Hypothesis 3: Exploiting Enhanced Permeation and 
Retention Effect for Tumor Tissue Penetration 

The term enhanced permeation and retention effect (EPR effect), which has been known 
since the beginning of the last century regarding solid tumors, was coined by Hiroshi Maeda 
from Kumamoto University School of Medicine in 1986. It refers to the extravasation and 
accumulation of macromolecular complexes, or nanoparticles, in solid tumors and 
metastases, whose newly formed blood vessels possess leaky and heavily fenestrated 
endothelium [263]. It has been described in model mammals (rodents, monkeys) and 
humans and exploited by approved nanodrugs such as Doxil [84] to passively deliver 
doxorubicin to the target tissue. The nanoparticles extravasated not only because of 
fenestration but also because of the increased permeability of the endothelium itself, which 
is physiological for fast-growing tissues such as solid tumors. Furthermore, the substantial 
lack of infiltrated lymphatic cells in solid tumors reduces clearance by the 
reticuloendothelial system. At the same time, delicate equilibrium within the tumor 
microenvironment is at play: owing to rapid and uncontrollable growth, the interstitial 
fluid pressure pushes toward the marginal zone of the tumor, compressing the blood vessels 
and causing a theoretical impediment to the diffusion of macromolecules [264]. For this 
reason, nanoparticles and macromolecules tend to accumulate in peritumoral areas; at the 
same time, interstitial fluid pressure causes hypoxia in the central area of the tumor, 
leading to necrosis. The unorganized extracellular matrix, which is composed of unaligned 
collagen fibers present in solid tumors, further hinders tissue penetration by nanoparticles 
[265]. 

Unfortunately, after many years of elusive research, the EPR effect has been much more 
effective in rodents and small animals than in humans [27]; this discrepancy is due to the 
much stronger blood flow rate—and, therefore, greater shear force—in humans than in 
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mice [266]. For this reason, careful optimization of a tentative nanodrug must be carried 
out, together with coupling for adjuvant therapies. For example, the application of 
angiotensin II improved, both in rodents and humans, the perfusion rate in solid tumors 
but did not affect the blood pressure in healthy vessels; increasing the tumor perfusion rate 
can lead to optimal penetration of the nanodrug farther from capillaries [267]. 

There are few strategies that can be used to improve tissue penetration, owing to the 
EPR effect, of nanoparticles: 1) tailoring the particle size, shape, and charge; 2) engineering 
the nanoparticles to have tissue-penetrating activity, such as conjugating them with 
metalloproteases or using an external stimulus to trigger ultrastructure modification and 
enhance tissue penetration [268]; and 3) exploiting the acidity of the tumor 
microenvironment (6, 6.5 pH) for a tropism-optimized nanoparticle [264]. In terms of 
optimal size, many studies have confirmed that a diameter of 100–200 nm is optimal both 
for avoiding kidney clearance and enhancing extravasation and retention within tumor 
tissue [269]; ellipsoidal shapes appear to penetrate better than spherical or extreme aspect 
ratio shapes [61]. In this context, we aim to exploit the small size of EMVs (100–170 nm), 
their slightly negative zeta potential, and their biconcave disk-like shape to achieve an 
efficient EPR effect and good solid tumor penetration. 

 

2.5 Hypothesis 4: Stabilizing Cyanine Dyes Monomeric 
Forms to Reduce Light-induced Degradation and 
Improve Photothermal Properties 

Indocyanine green (ICG), also known as Cardiogreen, is generally regarded as a safe 
(GRAS) dye. It is widely used for blood vessel tracking because of its strong infrared 
emission, widely approved, and common use in ophthalmology. It has a high affinity for 
plasma proteins, especially human globulins [270], and a very short plasma residence, on 
the order of minutes, without any known liver metabolites [271]. However, it is a relatively 
unstable molecule in aqueous solution [272] and undergoes fast degradation even in the 
absence of light [54]. Furthermore, it is capable of releasing heat during IR-laser irradiation, 
making it suitable for photothermal therapy (PTT) [273], a novel approach used to sensitize 
cancer cells to more favorable uptake of anticancer drugs or, when the local temperature 
increases, trigger a cell death cascade [274]. The limitations of its clinical translation as a 
PTT agent are, indeed, its scarce accumulation in tissues, its short lifetime, and, 
importantly, the presence of degradation products after IR irradiation [271].  

The mechanism of ICG degradation in aqueous suspensions involves radical oxygen and 
ion mediation; therefore, human tissues and plasma are suitable environments for the 
accumulation of leucoforms during light-induced degradation[272]. Therefore, as ICG is not 
a good source of singlet oxygen upon photoinduced degradation, these degradation products 
are indeed the source of intrinsic cytotoxicity [275]. ICG spontaneously inserts within a 
phospholipid double layer, and its fluorescence is greatly enhanced without the need for 
binding to plasma proteins [276], as is the case for nanoerythrosome membranes [54], [273]. 

The steps of the degradation mechanism are as follows: 

• ICG, in water, is either in monomeric form or in H-dimer aggregates: the two 
forms have distinct absorbance spectra, and the preference for one form or the 
other is dependent on the concentration of the substance [277], with the fully 
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monomeric form present in water until 0.5 mM; in the presence of salts and at 
millimolar concentrations, J-type oligomers also appear [278], a rather stable form 
if stored in the dark. Within double layers at a suitable lipid/ICG ratio [276], the 
fully monomeric form is predominant. 

• Upon laser irradiation at IR wavelengths, singlet oxygen is formed from 
atmospheric oxygen due to energy transfer from the triplet ICG excited state 
(due to the intersystem crossing mechanism); the radical ignites a degradation 
reaction with the concurrent emission of heat [279]. 

• In the presence of H and J aggregates, the triplet state half-life appears to be 
longer; therefore, the formation of singlet oxygen radicals is more likely, leading 
to overall faster photooxidation and subsequent degradation [271], [280], [281]. 
The spatial proximity of ICG molecules further increases the reaction speed. 

• The monomeric form of ICG, on the other hand, consists of well-spaced, 
unorganized molecules—the excitation lifetime is shorter, leading to less ROS 
production [278]; furthermore, superoxide radical diffusion is hampered within 
double layers, slowing the chain reaction [271] and ultimately leading to complete 
photobleaching. 

 

There is a growing amount of evidence regarding the stabilization of monomeric forms 
within micellar/liposomal objects: within erythrocyte-derived vesicles [54], [273], 
PEGylated liposomes [276], [282], and even block copolymers [283]. Therefore, 
encapsulation with a nanocarrier would be beneficial for ICG properties for many reasons: 
enhancing the fluorescence properties, stabilizing the monomeric form (leading to lower 
photodegradation), and, overall, reducing the formation of potentially toxic leucoforms. 
Finally, all the known advantages of biocompatible nanocarriers, such as EMVs, have been 
added in addition to what has just been elucidated: these advantages include the generation 
of a theranostic nanoparticle (Paragraph 1.3.2 and Paragraph 1.5.4), an all-in-one 
formulation capable of delivering both siRNA and a safe, approved, imaging agent such as 
ICG. Within the scope of this hypothesis, alternative IR-820 materials will be evaluated in 
terms of their photothermal efficiency and the protection that EMVs will exert against 
photoinduced degradation. Indeed, IR-820 has a more stable absorbance spectrum and is 
less influenced by the chemical environment [284], [285], making its spectroscopic properties 
easier to investigate. Additionally, it has a lower degradation rate upon infrared irradiation 
and simply upon light exposure [284]. The evaluation of the properties of IR-820 when 
encapsulated in EMVs will provide a theoretical basis for research on theranostics capable 
of photothermal degradation, such as nanodrugs. 

 

 

2.6 Hypothesis 5: Improving Endosomal Escape and 
Biocompatibility via Tailoring the Cationic Charge of 
Transfecting Agents toward a Zwitterionic Character 

Nucleic acid transfection via cationic or ionizable lipids is the gold standard for in vitro 
transfection [286], but the intrinsic cytotoxicity of the mechanism of action hampers its 
clinical translation, i.e., the proton sponge effect. Cationic nanoparticles are taken up 
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by cells predominantly through endocytosis, becoming encapsulated within endosomes for 
several hours postinternalization [287]. As the endosome matures into a lysosome, its 
internal pH decreases due to proton influx. The presence of ionizable tertiary or quaternary 
amine groups within the LNPs contributes to the "proton sponge effect," which remains 
debated. Briefly, the nanoparticles buffer the increasing proton concentration, which drives 
the cotransport of chloride ions (Cl-) into the endosome. This ion accumulation increases 
osmotic pressure, ultimately causing endosomal rupture and the release of the nanoparticles 
into the cytosol [288]. The mechanism is explained in Figure 10. 

A dense and highly cationic charge in transfecting agents has been connected to 
increased cytotoxicity and the activation of multiple apoptotic cascades [289]. The lower 
net surface charge of genipin-spermine-glycine polymers (paragraph 1.7.3, GxS5) 
improves the overall biocompatibility, and a neutral-to-negative charge, due to 
complexation with siRNA, increases the cell uptake efficiency. 

The presence of ionizable tertiary amines is instrumental for the successful cationic 
delivery of therapeutic nucleic acids [290]. The increasing glycine ratio in the GxS5 reaction 
batch increased the pKa of the nanoparticles due to the presence of tertiary amines in the 
iridoid ring of genipin. This further protonation occurs at mildly acidic pH values, such as 
those of endosomes [291], at approximately 5–5.5, whereas the overall charge of the 
nanoparticle is milder at neutral pH. This approach, which involves ionizable polymers or 
ionizable lipids, is extremely successful and has led to the approval of many nanodrugs, 
such as the Covid Pfizer/BioNtech vaccines. We aimed to ameliorate the cationic charge 
of a genipin-polyamine-based scaffold by tailoring the amount of glycine, a small amino 
acid containing only one amine moiety, in the initial reaction batch. Glycine not only stops 
the reaction chain (as explained in Paragraph 1.7.3) but also confers a zwitterionic 
character due to the presence of carboxylic moieties in the nanoparticles [292]. This milder 
cationic charge can effectively improve the biocompatibility, reduce the cytotoxicity of the 
nanoparticles and enhance their uptake by target cells. 

. 

. 
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Figure 10 Summary of the main steps of endosomal escape mechanism by 
cationic/ionizable nanoparticles. Upon maturation, endosomes, containing the 
nanoparticles, acidify, with influx of chlorine ion as co-substrate of protons. Ionizable 
moieties of the nanoparticles act as buffer, therefore allowing the influx of even more 
protons and chlorine ions. After a certain threshold, the endosome will undergo rupture 
and release its content. 

2.7 Hypothesis 6: Coating Zwitterionic Polymers with 
Erythrocyte Membranes would lead to Novel Material 
with Properties Belonging to Both Models  

 

Camouflaging (i.e., coating) nanoparticles via a biomimetic agent, which is usually 
derived from naturally occurring cell membranes [293], has become a thriving field of 
research to confer interesting properties to parental nanoparticles. For these purposes, we 
aimed to select the genipin-spermine-glycine polymer with the best properties in terms of 
biocompatibility and transfection efficiency. A commonly used source of camouflaging 
material is indeed erythrocytes [294], [295], which are frequently used to coat polymeric 
nanoparticles (such as polylacticglycolic acid, PLGA)[296], or solid, mesoporous silica 
nanoparticles[297], [298]. While G10S5 (genipin-to-glycine molar ratio, in the reaction 
batch, 1:10, and 1:5 with respect to spermine) showed the lowest cytotoxicity and the most 
efficient siRNA complexation and transfection, it suffered from insufficient cell uptake at 
low concentrations, which hindered its activity. We therefore hypothesize that by coating 
G10S5-siRNA polyplexes with internalization activity, which can be followed by self-
fluorescence of the polymer (Hypothesis 6), the siRNA dose, which is effective in exerting 
significant knockdown of a reporter gene, can be reduced. Furthermore, if the erythrocyte 
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membrane alone is not able to efficiently cloak G10S5 polyplexes, the addition and tailoring 
of the concentration of external phospholipids, such as dipalmytoilphosphatidylcholine 
(DPPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000] (DSPE-PEG-2000), would confer new mechanical properties to the resulting 
hybrid membranes. Shear stress processes (such as extrusion and sonication) can be 
adapted to generate stable, repeatable, fully coated polyplexes. The final nanoparticles 
(Figure 10) therefore possess both erythrocyte endocytosis-favorable membrane 
characteristics (outlined in Hypothesis 2) and the ionizability of tertiary amines when in 
a mildly acidic environment, i.e., efficient endosomal escape, of G10S5 (Hypothesis 5). 

2.8  Hypothesis 7: The Self-Fluorescence, in Green and 
Red, of GxS5 Polymers, would make it possible to 
follow their Internalization Route in Real Time 

It has long been known that genipin products, once crosslinked, exhibit fluorescence 
[299], [300], [301]. This effect arises from the long, π-conjugated double bonds in the 
crosslinked matrix, and it is highly dependent on the reaction conditions. Indeed, in [302], 
continuous emission from 500 to 800 nm was reported for excitation at 488 nm; in this 
case, genipin was used to crosslink collagen matrices, as already established for soluble 
collagen [303]. Conversely, a peak at 615 nm was reported for genipin-conjugated 
PEI/globin [304]. For hydrogels composed of chitosan and polyvinylpyrrolidone (PVP) 
crosslinked with genipin, an excitation of 485 nm was used, and the peak was identified at 
520 nm; a faster increase in the total fluorescence was evident when the reaction was carried 
out at pH 10, followed by a faster decrease over the course of 24 hours, suggesting 
crosslinking degradation and the establishment of thermodynamic equilibrium. 
Furthermore, such fluorescence intensity is strong enough to allow quantification of the 
uptake efficiency. To date, no in vivo studies of the biodistribution of genipin products in 
vivo have been reported, but the biocompatibility, cost-effectiveness and low cytotoxicity 
of such entities make them suitable for in vivo imaging and as potential theranostic agents. 

Owing to their intrinsic fluorescent properties, we hypothesize that these NPs can be 
used for following the internalization route used by cells and how camouflaging 
(Hypothesis 6) affects the endocytosis mechanism. Indeed, the preferential route of 
internalization followed by various classes of nanoparticles is still a matter of debate [305], 
and it strongly depends on the surface chemistry of the nanoparticle and/or the presence 
of biomimetic agents [306]. The fluorescence of GXS5 was used to prove 1) its successful 
internalization and, if so, at which rate, how the uptake efficiency is affected by the 
zwitterionic character according to Hypothesis 5) to investigate the preferential 
mechanism (caveolae, clathrin-coated vesicles, pinocytosis, etc.) by which cells internalize 
the above-described fluorescent particles. 
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Figure 11 Summary of Hypothesis 7. Hybrid membranes, composed of erythrocyte 
ghost membranes and external phospholipids, will be employed to coat G10S5-siRNA 
polyplexes, resulting in nanoparticles sporting the advantages of both systems. 
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Chapter 3 

 

3. Materials and Methods 

This doctoral thesis has two main cores: the preparation of erythrocyte-based 
nanocarriers, termed erythrocyte membrane vesicles (EMVs), and the preparation of 
genipin-polyamine-based nanocarriers. The characterization techniques are mostly 
superimposable, apart from where specifically stated. Paragraph 3.1 pools all the 
materials used in the thesis. 

3.1 Materials 

Indocyanine green (ICG, laser grade) was purchased from Acros Organic (Thermo 
Fisher Scientific Company, Morris Plains, NJ, USA), and IR820 (dye content 80%) and 
CHCl3 (>99%) were purchased from Sigma‒Aldrich (Sigma‒Aldrich, Munich, Germany). 
Liposomes were prepared using 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 
1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine (MSPC), and N-[carbonyl 
methoxy(polyethylene glycol)-2000]-1,2-distearoyl-sn-glycero-3-phosphoethanolamine, a 
sodium salt (DSPE-PEG2000) purchased from Lipoid GmbH (Ludwigshafen, Germany). 

For all preparations, the following chemicals were used: phosphate-buffered saline buffer 
(PBS, tablets; Sigma Aldrich), Alsever’s medium (TCS Biosciences Ltd., UK), and NaCl 
(Sigma‒Aldrich, >99.5%). For purposes involving siRNA, diethylpirocarbonate (DEPC)-
treated water and buffers were used. -HCl (306-67-2), spermidine (124-20-9), glycine (56-
40-6), heparin sodium salt (porcine intestinal mucosa, 9041-08-1), and genipin (6902-77-8) 
were purchased from Sigma‒Aldrich. The latter stereoisomer was reported to be 1S, 2R, 
6S (PubChem SID 329799931, Figure 1). The buffer of choice was PBS (cat. number 
P4417), which was dissolved from tablets in DEPC Milli-Q water at a final concentration 
of 10 mM phosphate buffer, 137 mM sodium chloride, and 2.7 mM potassium chloride 
(from now on, 1× PBS). RNase A from bovine pancreas (EN0531) was purchased from 
Thermo Fisher. Ninhydrin (485-47-02, amino acid detection grade) was purchased from 
Sigma Aldrich, and TNBS (2,4,6-trinitrobenzene sulfonic acid) was purchased from Pierce 
Protease Assay (Thermo Scientific catalog, 23263). All the disposables were certified to be 
pyrogenase-, DNase- and RNase-free, and the glassware used was autoclaved before use. 
Sephadex G25 PD10 columns were purchased from Cytiva, UK, and each column was used 
up to ten times and regenerated with a 20× excess of elution volume after every purification 
round and kept under sterile conditions in DEPC water/PBS. Trisodium citrate dihydrate, 
RNase A (catalog number 10109142001) and Amicon centrifugal devices (30, 10 and 4 kDa 
NMWL, EMD Millipore), as well as fluorescent dyes (CM-DiI, C7000, and Vybrant DiO, 
V22886), were purchased from Sigma Aldrich. For the Stewart assay, ferric chloric 
hexahydrate (F2877) and ammonium thiocyanate (A7149) were obtained from Sigma 
Aldrich, whereas the heart lipid extract (171201), which was used as a standard, was 
obtained from Avanti Polar lipids. The Bradford reagent was prepared according to the 
traditional recipe (Coomassie Brilliant Blue R-250, B7920, ethanol and phosphoric acid 
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were obtained from Sigma Aldrich), and bovine serum albumin (A9418, Sigma Aldrich) at 
a stock concentration of 1 mg/mL was used as a standard. 

For agarose gel assays, low-melting-point agarose (Promega) and custom-made Tris-
acetic acid-EDTA buffer were used (all reagents were purchased from Sigma Aldrich). 
Midori Green was purchased from Nippon Genetics. 

For extrusion, the polycarbonate membranes were 19 mm wide, 800 nm wide (610009), 
and 200 nm wide (610006), and the support filters (610014) were all purchased from Avanti 
Polar and installed on an Avanti Polar mini extruder. 

The Presto Blue reagent (A13261) and Hoechst 33342 solution (62249) were purchased 
from Thermo Fisher Scientific, and the MemBrite® Fix 488/515 Cell Surface Staining Kit 
from Biotium (#30093-T, Fremont, CA, USA) were used. 

3.1.1 Cell culture-related chemicals 

Advanced Dulbecco’s modified MEM (ADMEM), Advanced Roswell Park Memorial 
Institute 1640 medium (RPMI-1640), and MCDB 131 media were purchased from Gibco 
(Thermo Fisher Scientific, VA, US), and FGM™-2 fibroblast growth medium-2 BulletKit™ 
was purchased from Lonza (Basel, CH). All media except FGM™-2 were supplemented 
with GlutaMAX (100x, Gibco) and penicillin‒streptomycin (100x, Sigma‒Aldrich, Merck, 
Darmstadt, Germany). ADMEM and ARPMI were supplemented with 5% fetal bovine 
serum (FBS; Gibco). MCDB 131 was supplemented with 10% FBS (Gibco), 10 ng/mL 
epidermal growth factor (EGF; Gibco), 1 µg/mL hydrocortisone (Sigma‒Aldrich) and 10 
mm glutamine (GlutaMAX; Gibco). The MycoAlertTM PLUS Mycoplasma Detection Kit 
was purchased from Lonza (Basel, CH). The B16F10 (CRL-6475), CT26 (CRL-2638), 4T1 
(CRL-2539), and Hulec-5a (CRL-3244) cell lines were purchased from ATCC (VA, US), 
the NHLF cell line was purchased from Lonza (Basel, CH), and the B16F10-tdTomato line 
was a kind gift from Dr. Muriel Golzio (The Institute of Pharmacology and Structural 
Biology, IPBS-Toulouse). HaCat cells (ATCC PCS-200-011) were also purchased from 
ATCC. Lymphoblastoid cells were isolated as reported previously [307]. The cells were 
cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 
with endocytosis inhibitors (chlorpromazine, imipramine and genistein). The endocytosis 
inhibitors used for the experiments described in Chapter 7 were purchased from Sigma 
Aldrich, dissolved in DMSO at a final concentration of 30 mg/ml and stored at 4°C. 

 

3.2 Small interfering RNAs and RT-qPCR primers 

Anti-TdTomato siRNA was purchased from IDT Genomics from Custom Silencer™ 
ThermoFisher design; its sequence is 5’rGrCrC rArCrC rArCrC rUrGrU rUrCrC rUrGrU 
rATT- 3′; 3′rUrArC rArGrG rArArC rArGrG rUrGrGrUrGrG rCGG-5′; “r” stands for 
ribonucleotide to distinguish it from DNA overhangs). For in vivo tracking, as in 
Paragraph 3.8, the Cy-5 fluorophore is conjugated at the 5’ end of the passenger 
strand. In Appendix A of this thesis, the tdTomato cDNA sequence is reported with 
highlighted primer positions and siRNA guide strand complementary sequences. Cy-5 
conjugated siRNA had the same sequence, but the fluorophore was conjugated at the 5′ 

end of the anti-tdTomato passenger strand.   

Primer Sequence 
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TdTomato - Forward 5’-GACAACAACATGGCCGTC-3’ 

TdTomato - Reverse 5’-GGTCTGGGTGCCCTCGTA-3’ 

β-actin - Forward 5’- GAAGTGTGACGTTGACATCC -

3’ 

β-actin – Reverse 5’- ACTCATCGTACTCCTGCTTG -3’ 

 

3.3 Blood sourcing and ethical approvals 

The whole blood of the sheep used for EV preparation described in Chapter 6 
was supplied by the Veterinary Faculty (University of Ljubljana, Slovenia) in 
homemade Alsever’s medium (pH 6.1) and used within 1 week. Red blood cells for 
the preparation of DCC-siRNA-EMVs (Chapter 6) and EMV-hybrid coatings 
(Chapter 7) were obtained from the Transfusion Center of Ljubljana (ethical 
approval number 0120-592/2020/7) and belonged to two young anonymous males, 
a RhD+ blood type supplemented with CPD-SAGM preservative, 70% v/v 
hematocrit, accounting for 4 × 109 RBCs per ml. The experiments involving live 
animals were approved by the Ministry of Agriculture, Forestry and Food of the 
Republic of Slovenia (permissionno. U34401-35/2020/8). 

3.4 Nanoparticles preparation and basic characterization 
and storage 

3.4.1 Erythrocytes membrane vesicles (EMVs) preparation 

EMVs are prepared from erythrocytes (fresh, stored at -80°C in Alsever’s solution, 
human or sheep) via the hypotonic lysis method [208]. Briefly, 1 ml of erythrocytes is 
dispersed in 40 ml of 0.1x PBS (where the composition of 1x PBS is 10 mM phosphate 
buffer, 137 mM sodium chloride, and 2.7 mM potassium chloride) and incubated at 4°C 
for one hour or overnight. Afterwards, the suspension was centrifuged multiple times to 
remove excess hemoglobin. The incubation with a hypotonic buffer causes the opening of 
transient pores in the cell membrane, and the hemoglobin can subsequently flow outside 
toward the gradient [308]. After 4 rounds of washing, the pellet was rehydrated with 1x 
PBS containing the molecule of interest to be loaded (indocyanine green, IR-820, or 
siRNA). Afterwards, the suspension was sonicated in a sonicating finger (Vibra Cell) for 
10 s (1 second on, 1 second off) and extruded at 37°C at 800 nm five times and via 200 
nm membranes 15 times in an Avanti Polar Mini extruder. Sonication and extrusion 
confer the shear force necessary to break down and reduce the size of self-assembled, 
multilamellar liposomal suspensions, and it is also applicable to whole cells, such as in 
the case of erythrocyte ghosts [309]. During the photostability assays in [54], extrusion 
was avoided to keep the ICG/IR820 concentration constant  

3.4.1.1 Density-changing centrifugation (DCC) 

To select only the most dense siRNA-packed EMVs, a protocol was adapted [310]. 
This allows selection on the basis of the mixed effects of changed solubility and density 
rather than time-consuming sucrose gradient ultracentrifugation. Heavier and denser 
EMVs will be found in the upper layer of the tube with decreasing siRNA concentration 
while approaching the bottom, where protein and other cellular debris, together with 
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unloaded siRNA, will be pelleted. A solution of 20% trisodium citrate (w/v) in PBS was 
added to an ultracentrifuge tube, and the siRNA-EMV suspension was carefully pipetted 
on top of it. The final volume ratio of the TC solution to the siRNA-EMVs was 1:1. The 
tubes were subsequently centrifuged in a Beckman Coulter Optima XPN-90 
ultracentrifuge equipped with an SW 60 Ti swinging bucket rotor for 40 minutes at 4°C 
and 100.000 × g (27.200 rpm). Eight 0.25 mL fractions were then collected and subjected 
to analysis. The six top fractions were determined to contain siRNA via a Quantifluor 
RNA assay. The TC was removed with an Amicon centrifugal device, 10 kDa NMWL 
(EMD Millipore, UFC8010). Finally, the DCC-siRNA-EMVs were resuspended in PBS 
and stored at 4°C until further use. The prepared DCC-siRNA-EMVs were used for all 
further in vitro and in vivo experiments without any further addition. 

The rationale behind DCC exploits density deltas among the colloidal suspension. The 
heaviest particles, but capable of floating—a tightly closed liposome-like suspension—
accumulated toward the top of the tube after centrifugation; the particles incapable of 
floating, i.e., cell debris or unloaded siRNA—pelleated at the bottom of the tube. 

3.4.2 Liposomes preparation 

Liposomes are prepared via the conventional thin film method. In the case of [54], a 
mixture of phospholipids composed of DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine), DSPE-PEG2000 (N-[carbonyl-methoxy(polyethylene glycol)-2000]-
1,2-distearoyl-sn-glycero-3-phosphoethanolamine) and MSPC (1-myristoyl-2-stearoyl-sn-
glycero-3-phosphocholine) was used. This formulation is clinically approved 
(DPPC/MSPC/DSPE- mPEG2000 = 90:10:4 molar ratio, i.e., low-temperature-sensitive 
formulation, ThermoDox®). MSPC is a lysolipid, i.e., sporting only one acyl tail, and, upon 
mild heating (approximately 41°C, as the DPPC transition temperature to liquid-
crystalline from the gel ordered phase), tends to leave the double layer, effectively releasing 
the internal content. Above a certain temperature, a lysolipid tends to reside in the solution 
rather than in the double layer, reaching its critical micelle concentration and effectively 
creating pores in the liposomes [311]. For Hypothesis 6 and Chapter 7 formulation 
preparation, the addition of a lysolipid was avoided. 

In the thin-film method, the lipids are mixed from chloroform/methanol at a precise 
molar ratio; the organic solvent is then evaporated under continuous rotation in Rotavapor 
equipment (R-100 equipped with a heating bath, Interface I-100, and vacuum pump V-
100; Bunchi, Switzerland) and allowed to dry completely. This mixture is subsequently 
rehydrated at temperatures higher than the melting point of the main lipid with an 
appropriate water-based buffer containing the molecule that it is intended to encapsulate; 
at this point, any phospholipid suspension spontaneously forms multilamellar liposomes 
[309]. For the encapsulation of cyanine dyes, the thin film was rehydrated with PBS 
containing 30 µg/ml ICG or IR-820. Multilamellarity is reduced, and the size of liposomes 
is equal when shear stress- and pressure-based techniques, such as ultrasonic sonication 
and extrusion, are used. More specifically, for Thermodox-based liposomes (excluding the 
Doxil drug, therefore only the DPPC-DSPE-PEG2000-MSPC phospholipid formulation), 
we allowed the thin film to rehydrate at 60°C while extruding it 5 times via the 800 nm 
pore membrane, 10 via the 200 nm membrane, and 20 via the 100 nm membrane. During 
the photostability assays described in Chapter 5, extrusion was avoided to keep the 
ICG/IR820 concentration constant. 
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To summarize how liposomes are employed in the present thesis, compared with the 
EMVs used for cyanine dye experiments in Chapter 4 and without MSPC, additional 
phospholipids are used to generate the coating material in Chapter 7. 

 

3.4.3 Labeling with lipophilic trackers 

EMVs and liposomes (as described in Chapters 6 and 7) were labeled with lipophilic 
trackers, such as DiI, DiO, and DiD, according to the manufacturer’s specifications. 
Erythrocyte ghosts were incubated in PBS with 1 µM dye for any experiment, while thin 
films were rehydrated with buffer containing the same concentration. Erythrocyte ghosts 
and rehydrated thin films were incubated with the dye for 15 minutes at 37°C, then 
incubated for 15 minutes at 4°C, and then briefly washed by centrifugation. 

3.4.4 GXS5 (Genipin-polyamine-glycine) polymers preparation and 

siRNA complexation  

GXS5 nanoparticles are composed of a mixture of genipin crosslinked with 
spermine/spermidine polyamines, whose polymerization chain is blocked by the addition 
of glycine, a small amino acid with only one amino group. The reaction kinetics and 
mechanism of action are explained in Paragraph 1.7.1 “Biomedical applications of 
genipin and mechanism of action”. In a buffered solution (pH 7, 10 mM phosphate buffer, 
137 mM sodium chloride, and 2.7 mM potassium chloride), genipin, spermine and glycine 
were added at a molar ratio (relative to genipin) of 1:5:1/5/10, with a variable 
concentration of glycine. Notably, genipin reacts only with unprotonated amines, requires 
oxygen and has extremely long reaction times at neutral pH in the presence of biomolecules 
[312]; therefore, the obtained suspension was incubated for 36 hours with vigorous shaking 
in the presence of air. The nanoparticles were subsequently purified via size exclusion 
purification. 

In the present thesis, GxS5 polymers are employed in the confirmation of 
Hypotheses 6 and 7 and in Chapters 7 and 8. 

3.4.4.1 Size exclusion purification (GxS5 polymers and ICG/IR-820 EMVs) 

For ICG/IR820-loaded EMVs, an easy table-top, scaled-down, size exclusion 
chromatography protocol was applied to remove the unloaded cyanine dye particles [54]. 
Commercially available, Sepharose-packed columns are commonly employed for either 
buffer exchange or solute removal for nanoparticulate suspensions. Sepharose (a 
portmanteau of separation-pharmacia-agarose) is the tradename for a crosslinked, beaded 
form of agarose and therefore a porous, gel-like matrix with a lattice of various areas; it is 
registered by Cytiva (formerly GE Healthcare). The rationale of this technique relies on 
the differential ability of a nanoparticle suspension, depending on the bulk size of the 
particles, to enter the lattice of the packed column: incapable of entering the lattice, the 
largest particles are promptly eluted upon addition of the buffer; the smallest particles will 
enter the lattice and will be eluted last. Therefore, in [54], from a sample volume of 1 ml, 
the ICG/IR820-loaded EMVs are eluted after the addition of 5/6 ml, for a total wash 
volume of 20 ml of the column (PD-10 column, GE-Healthcare). Similarly, in the case of 
GxS5 polymers [252], the almost spherical, larger, and dispersed nanoparticles are eluted 
after the addition of 6/7 ml of DEPC water, whereas the unreacted spermine and glycine 
are eluted last. 
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3.4.5 Freeze drying of DCC-siRNA-EMVs and GxS5 polymers 

Long-term storage was optimized for both DCC-siRNA-EMVs and GxS5 polymers. 
First, various cryoprotectants were tested (50 mM sucrose/trehalose, presence and absence 
of 2.5% PVP40). Briefly, DCC-siRNA-EMVs were concentrated, dispersed in a PBS 
solution containing the cryoprotoprotectant, flash-frozen in liquid nitrogen and 
subsequently freeze-dried in a Martin Christ table-top freeze-drier. After rehydration, the 
loss of siRNA content (in the eluted volume of ultrafiltration with Amicon 30 kDa 
centrifugal devices), together with the ultrastructure of the siRNA, was checked via 
transmission electron microscopy (TEM), as in negative-stain transmission electron 
microscopy (TEM). On the other hand, for the GxS5 polymers, after size exclusion 
purification and elution with DEPC water, no cryoprotectants were added, and 
lyophilization was carried out on the same Martin Christ table-top freeze-drier. The 
polymers were rehydrated to 20 mg/ml in 1× PBS after storage at RT. 

3.4.6 UV/Vis and fluorescence readings 

The total UV/Vis spectra presented in this thesis were acquired either on a 
Lambda950 UV/VIS/NIR spectrometer (PerkinElmer, Waltham, MA, USA) or on a 
Synergy Microplate Reader (Biotek). The latter was also used for fluorescence spectra. 

3.4.7 Superresolution Fluorescence Microscopy 

The total UV/Vis spectra presented in this thesis were acquired either on a 
Lambda950 UV/VIS/NIR spectrometer (PerkinElmer, Waltham, MA, USA) or on a 
Synergy Microplate Reader (Biotek). The latter was also used for fluorescence spectra. 

3.4.8 Quantification of siRNA via Quantifluor assay 

The most common quantification method for nucleic acids is the use of an intercalating 
dye whose fluorescence emission is stronger when intercalated in the double strand [313]. 
This effect has been used to develop multiple proprietary assays and molecules, in addition 
to the well-established but cancerogenic ethidium bromide [314]. In our case, we chose the 
QuantiFluor RNA System assay developed by Promega, which can be used either with the 
proprietary Quantus™ Fluorometer or in a microplate-based assay. The fluorophore dye 
therefore inserts within double-stranded sections of the RNA, those accessible to the 
solvent. It can be used for absolute quantification via a calibration curve using a reference 
RNA of known concentration. The following equation was used to quantify the efficiency 
of siRNA encapsulation in [208], [252] (Equation (1)): 

 

𝐸𝐸 % = 𝜇𝑔 𝑜𝑓 𝑠𝑖𝑅𝑁𝐴 𝑖𝑛 𝐷𝐶𝐶−𝐸𝑀𝑉𝑠

𝜇𝑔 𝑜𝑓 𝑎𝑑𝑑𝑒𝑑 𝑠𝑖𝑅𝑁𝐴
× 100 (Equation 1) 

3.4.9 Quantification of lipids and proteins in EMVs/ghosts 

For the quantification of proteins in erythrocyte ghosts and EMVs, the widely used 
Bradford assay was used, with bovine serum albumin used as a standard (2 mg/ml 
standard). An in-house assay was prepared according to the conventional recipe [315] with 
a final 1:30 v/v ratio of sample to assay. Moreover, for lipid quantification, a Stewart assay, 
another colorimetric assay based on ferric chloric hexahydrate and ammonium thiocyanate 
in a chloroform solution, which uses a heart lipid extract (Avanti Polar) as a standard, 
was used [316]. While the Bradford assay was carried out in microplates (96 wells) and 
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visualized on a Synergy Microplate (Biotek) reader, for the Stewart assay, a quartz cuvette 
and a UV/Vis spectrophotometer were used because of the presence of chloroform. 

3.4.10 Quantification of primary and secondary amines in GxS5 
polymers  

For the quantification of the primary and secondary amines present in the GXS5 
polymers, the ninhydrin assay was used. Ninhydrin is a compound capable of forming a 
purple complex with primary and secondary amines. The final assay conditions were a 2 
mg/ml concentration of ninhydrin in absolute ethanol at a 1:5 volume ratio with the 
assayed suspension/standard. As a standard reference, spermine in aqueous solution was 
used [317]. The reaction was carried out in Eppendorf tubes, heated at 85°C for five minutes 
and allowed to cool at room temperature for one hour. The final absorbances of both the 
samples and standards were recorded at 290, 350, 400 and 570 nm. The obtained amount 
of amines was then termed the “total nitrogen concentration”. 

3.4.11 Laser irradiation on ICG/IR820 EMVs/liposomes for 
photostability/photothermal effect 

To test the photostability of cyanine-carrying nanoparticles in [54], an n FC-808 Fiber 
Coupled Laser System (CNI Optoelectronics Tech, Changchun, China) configured for 
continuous-wave operation at 808 nm with different powers was used. This experiment 
mimics real-life conditions for cyanine dyes to exert their photothermal activity [318]. The 
laser light was focused on a quartz cuvette (size 1 × 1 × 3 cm3) via an optical lens with a 
spot size of approximately 8 mm. PBS was used as a control. The employed laser power 
was P = 0.5, 1, or 3 W/cm2 for 5 min. The temperature of the liquid samples (volume of 
1 mL) was measured with a J-type Teflon thermocouple that was immersed in the cuvette 
and connected to a computer to collect the data in real time. The UV/Vis spectra of the 
irradiated samples were subsequently visualized in triplicate on a microplate. 

 

3.4.12 Dynamic light scattering (DLS) and Zeta-potential 

measurements 

DLS is a widely used technique, useful to characterize the size, size distribution and 
surface charge (termed Z-potential) of nanoparticles distribution. It is based on the 
Brownian motion of the particles, i.e. the random movement of small objects in aqueous 
solution; when hit by a laser beam, smaller particles move faster, bigger particles move 
slower. According to an autocorrelation function, the diffusion coefficient is calculated by 
the built-in software of the equipment; the Stokes-Einstein equation then allows the 
calculation of the hydrodynamic diameter (dh, Equation 2). Additional proprietary 
algorithms, such as Antoon Paar’s Kallyope, permit to weight the recorded events 
according to their refractive indexes, obtaining different information according to the 
nature of the nanoparticles. Moreover, more advanced algorithms are also able to calculate 
the surface, number or volume weighted size of the nanoparticles.  

 𝑑
ℎ= 

𝑘𝑏𝑇

3𝜋𝜂𝐷

 (Equation 2) 

where: 

• Kb = Boltzmann constant 
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• T = Temperature (Kelvin) 

• η = Viscosity of the medium 

• T = Diffusion coefficient 

Also, DLS calculated the polydispersity index (PDI) of the suspension, ranging from 0 
to 1, where a 0 value corresponds to hypothetically size uniform particles. DLS assumes 
particles to be spherical and Anton Paar Litesizer 501 allows three angles of measurement 
(i.e. the angle in which the laser beam impacts with the cuvette), 15° (forward scatter), 
90° (side scatter) and 175° (back scatter). Within [54], [208], backscattering was used, as 
more reliable for heavily concentrated suspension, with volume-weighted algorithm; in 
[252], for GXS5 polymers, forward scatter settings were used, due to their low refractivity 
and high PDI. Litesizer by Anton Paar allows also for Zeta potential measurement, given 
in millivolt units: in this case, the zeta potential is measured on the counter-ions on the 
particle surface, defined as electro-chemical double layer. Reusable Omega Cuvettes from 
Anton Paar were used for all measurements.  

 

3.5 Microscopy techniques used in Chapter 6 and 7 

3.5.1 Negative-stain transmission electron microscopy (TEM) 

Liposomes and EMVs are composed of phospholipoids that have low electron density 
and cannot be visualized under regular transmission electron microscopy (TEM) conditions. 
Therefore, to enhance the contrast, a negative stain is used. The name describes how the 
dye acts: electron-dense compounds that surround the sample and that appear bright 
against a dark or dark gray background. Usually, heavy metal salts and weak acids with 
high lipophilicity, such as osmium tetroxide, uranyl acetate, phosphotungstic acid, yttrium 
salts, and ammonium molybdate, are used. The technique requires a formvar or collodion-
coated TEM grid, nickel-copper, to better adhere the sample to the substrate. 
Unfortunately, the salts need to be dissolved in a percentage of ethanol (up to 10% v/v) 
that can harm particularly susceptible samples; moreover, yttrium salts and 
phosphotungstic acid are susceptible to mildly acidic pH, collapsing into crystals rather 
than entering the phospholipid double layer. Overall, negative staining is a fast and easy 
technique that can lead to artifacts and misinterpretations. In the case of EMVs, a drop of 
7–10 µl is blotted onto the Co grid and allowed to adhere for 15 minutes, after which the 
excess water is removed; prefixation with paraformaldehyde can help preserve the sample 
on the grid for longer periods. Afterwards, the grid was placed on a drop of negative stain 
(UA Zero from Agar Scientific) for 30 s, allowed to dry and imaged on a Jeol JEM-2100. 

3.5.2 Cryo-TEM and freeze fracture microscopies  

Cryo-TEM is a nondestructive technique that allows reliable imaging of low-contrast 
biological samples, eliminating the chance of possible dye-related artifacts. The EMV 
suspension (DCC with and without siRNA) was subjected to flash freezing via Vitrobot 
Mark IV and imaged on Quantifoil® R 2/2, 200 mesh holey carbon grids via a 200 kV 
Glacios microscope. On the other hand, freeze fracture microscopy provides insight into 
the internal side of the assayed nanoparticles: the same set of samples used for cryo-TEM 
was also prepared for freeze fracture TEM. The samples were mixed 1:1 with 60% glycerol, 
frozen in liquid nitrogen, transferred to a freeze-fracture device (BALZERS, BAF200), 
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fractured (knife temperature of −150°C), shadowed with carbon-platinum (nominal angle 
of 45°) and further strengthened with carbon (nominal angle of 90°). The obtained replicas 
were cleaned overnight in a sodium hypochlorite solution, subsequently collected on copper 
microscopic grids and examined with a CM100 transmission electron microscope (Philips, 
Netherlands) running at 80 kV. CryoTEM was used in Chapter 6 to characterize EMVs 
and DCC-EMVs and in Chapter 7 to investigate the ultrastructures of DPPC-DSPE-
PEG2000/EMV hybrids and hybrid-camouflaged G10S5. 

3.5.3 Atomic Force Microscopy, used in Chapter 7 

Atomic force microscopy is a nondestructive technique that is useful for investigating 
the surface properties of soft and stiff samples at the nanometer scale. It works by scanning 
a sharp tip attached to a flexible cantilever across a sample's surface. As the tip interacts 
with the surface (via weak interactions), it deflects, according to Hooke’s law. A laser beam 
reflected off the cantilever measures these deflections, and a computer uses that data to 
construct a 3D image of the surface. It can work in two main modes: contact and tapping. 
In contact mode, the tip is kept close to the surface, and it scans it via cantilever deflection; 
in this case, the spring constant of the cantilever is instrumental for the sensitivity and 
resolution of the scans (the less rigid the spring constant is, the better the signal). In 
tapping mode, the AFM cantilever oscillates up and down near its resonance frequency, 
typically using a piezoelectric element. Contact with the surface is therefore fast, and in 
this technique, the cantilever can be worn out less at the end of the measurement. 

Furthermore, AFM can image nonconductive and biological samples in both settings. 
The following operating conditions can be adapted to a sample: air, vacuum, or liquid. 

For the experiments in Chapter 7, an AFM Digital Instruments Dimension 3100 was 
operated in contact mode, and the cantilever (ContGD-G-10, gold contact mode AFM 
probe; spring constant of 0.2 N/m, frequency of 13 kHz, beam shape) was obtained from 
Nanoandmore GMBH. The samples (EMVs, G10S5, hybrid membranes, liposomes, and 
camouflaged G10S5) were mounted on polylysine-coated glass (Sigma‒Aldrich, P0425), 
allowed to adhere, gently washed with 0.2 µm filtered water to remove salts and allowed 
to dry. 

3.6 Cell biology methods used in Chapter 5, 6, 7 

3.6.1 Cell culture condition 

Cell tests were carried out at the Oncology Institute of Ljubljana, at the K9 Advanced 
Materials Department of Institute Jozef Stefan and at the B3 Department of Biotechnology 
of Institute Jozef Stefan. All media (RPMI, DMEM and GMEM) were supplemented with 
GlutaMAX (100x, Gibco), 5% fetal bovine serum (FBS, Gibco), and penicillin‒
streptomycin (100x, Sigma‒Aldrich, Merck, Darmstadt, Germany). The cells were 
routinely tested for mycoplasma infection via the MycoAlertTM PLUS Mycoplasma 
Detection Kit (Lonza, Basel, Switzerland) and were mycoplasma free. While all the other 
cell lines were grown in DMEM (Advanced Dulbecco’s modified MEM) or GMEM 
(Glasgow’s MEM), the CT26 and 4T1 cells were cultured in Advanced Roswell Park 
Memorial Institute 1640 medium (RPMI-1640, Gibco, Thermo Fisher Scientific, VA, US). 
Lymphoblastoid cells were cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, 
Waltham, Massachusetts, USA) supplemented with 15% FBS and 
100 U/mL penicillin/streptomycin. The conditions were, in all cases, a 5% CO2 atmosphere 
at 37°C. 
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3.6.2 Cytotoxicity test 

GxS5 polymer cytotoxicity was tested in murine melanoma B16F10 (CRL-6475), kidney 
epithelium-like 293T (CRL-3216), undifferentiated colon carcinoma CT26 (CRL-2638), and 
human stage IV breast cancer 4T1 (CRL-2539) cells at various concentrations. A total of 
1500 cells were seeded on a 96-well plate and incubated with the polymers for 72 hours. 
The Presto Blue assay was subsequently employed to determine cell growth 
(fluorescence/emission at 590/560 nm measured after 1 hour of incubation, read on a 
Cytation 1 system by BioTek Instruments). Furthermore, HaCat cells (PCS-200-011, 
20,000 cells in a 24-well plate) were incubated with GXS5 polymers for 72 hours at various 
concentrations, and the Presto Blue assay was used to determine cell viability. For EMV 
cytotoxicity, the same protocol used for GxS5 was followed, with the addition of Hulec-5a 
(CRL-3244) and NHLF cell lines. To assess the cytotoxicity of DPPC-DSPE-
PEG2000/EMVs camouflaged with G10S5 (Chapter 7), B16F10 and NHLF were employed, 
and a Presto Blue assay was similarly used. For determination of lymphoblastoid cell 
viability, 200,000 cells per well in a 24-well plate were seeded the day prior to the addition 
of the carriers. After incubation with DPPC-DSPE-PEG2000/EMVs camouflaged with 
G10S5 (hybrid-G10S5), 4% trypan blue in water was added to the cells, and the cells were 
allowed to grow. was determined via a Countess 3 automated cell counter. The same 
settings (focus = 65 and light = 37) were used to estimate the percentage of dead cells. 
The experiment was repeated three times with two technical replicates. [319]. 

 

 

3.6.3 B16F10 in vitro transfection with EMVs, GxS5 and Hybrid-

G10S5 

B16F10 (ATCC number CRL-6475) is a well characterized, immortalized murine 
melanoma cell line. TdTomato expressing B16F10 were chosen as the model cell line for 
both the nanoparticles examined in this thesis, i.e. GxS5 polymers and EMVs. A custom 
small-interfering RNA was purchased from ThermoFisher, generated via Silencer ™ 
algorithm. As positive control, RNAiMAX was used. In both [208], [252], 50.000 cells, 
seeded in a 24-well plate, were transfected with 30 picomoles of siRNA, contained either in 
RNAiMAX, GxS5 polymers or DCC-siRNA-EMVs. After 48 hours of incubation, RNA 
extraction was carried out as in “Quantitative Reverse Transcriptase Polymerase chain 
reaction of tdTomato mRNA”. The experimental setting was similar, for DPPC-DSPE-
PEG2000/EMVs camouflaged G10S5 (Hybrid-G10S5), but doses of 5 and 10 picomoles 
were used.  

3.6.4 Lymphoblastoid cells in vitro transfection with G10S5 and 

Hybrid-G10S5 

Small interfering RNA (siRNA) targeting FARSA (phenylalanyl-tRNA synthetase 
alpha chain; UniProt ID: Q9Y285) was used as part of an ongoing characterization of 
lymphoblastoid cells (Malnar Črnigoj et al., 2023). Two hundred thousand cells per well in 
24-well plates were seeded the day prior to transfection. Protein knockdown was assessed 
by Western blotting of the FARSA protein 72 hours posttransfection with siRNA-loaded 
carriers (20 and 30 pmol). Flow Cytometry 

To quantify B16F10 uptake by GxS5 polymers in complex with or without siRNA, flow 
cytometry (BD FACSymphony™ A3 Cell Analyzer) was used. After being trypsinized and 
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washed, the cells were stained with DAPI (3 µg/ml) after coincubation for 72 hours with 
GxS5 polymers, and the intrinsic orange fluorescence of the polymers was used to quantify 
the internalization in the PE channel. The data are reported as the median fluorescence 
intensity.  

3.6.5 Hemotoxicity study 

To evaluate the hemotoxicity of ICG/IR820 EMVs/liposomes and GxS5 polymers, fresh 
red blood cells were employed, and their hemoglobin release at 541 nm was checked. In the 
case of cyanine dye-containing EMVs, sheep red blood cells (from the Veterinary Faculty 
of Ljubljana) were washed and stored in 1× PBS and subsequently incubated with the 
carriers for 3 h at 37°C under gentle shaking; 1× PBS and water were used as negative 
and positive controls, respectively. After incubation, the cells were pelleted (1500 rpm, 4 
minutes), and the supernatant was analyzed in triplicate in a 96-well plate. The following 
equation was used for quantification: hemolysis (%)=100∙(Asample – Acontrol)/(A100% dead – 
Acontrol). 

 

3.7 Molecular biology methods used in Chapter 5, 6, 7 

3.7.1 Agarose gel assays: RNAse A resistance, dye exclusion assay 

heparin displacement  

As electrophoresis agarose gels have long been used for basic purposes in molecular 
biology and, in lesser part, proteomics, their nucleic acid resolving capability can also be 
applied to nanoparticles. Gels can be prestained with UV-excited fluorescent intercalating 
dyes, e.g., Midori Green and Sybr Gold. Resolved nucleic acids are therefore visualized 
owing to the fluorescence emitted by the intercalated dye upon UV excitation in a 
transilluminator. The “molecular sieve” ability of agarose gels was exploited in [208], [252] 
to test the ability of the carriers (EMVs and GxS5 polymers) to exclude the siRNA from 
the buffer, which contained a commonly used RNase, Rnase A, from bovine pancreas, for 
4 and 24 hours of incubation, 5–50 µg/ml of enzyme. The running buffer of choice, which 
was also used for gel preparation, was TAE buffer (pH 8.5, 40 mM Tris, 20 mM acetic 
acid, and 1 mM EDTA sodium salt) diluted 1:10000 with Midori Green dye. In the case of 
GxS5 polymers, two prerequisite tests were performed: to test the exclusion of siRNA from 
the buffer due to the electrostatic interaction with GxS5 positively charged nanoparticles, 
a dye exclusion assay was performed. Briefly, various siRNA backbone phosphate-to-
nitrogen ratios (quantified as in Paragraph 3.4.10 “Quantification of primary and 
secondary amines in GXS5 polymers”) were allowed to run on a 2% w/v agarose gel and 
then visualized: the stronger the band, the fainter the interaction. A heparin displacement 
assay was subsequently performed to decomplex the polyplex (polymer/siRNA complex), 
exploiting the ability of heparin to sequester positively charged nanoparticles. After 
incubation at various P/N ratios, with the RNase A enzyme, the polyplexes were 
disassembled via incubation with 2 mg/ml heparin before being subjected to a normal 
electrophoresis run and visualization on a transilluminator (ChemiDoc gel imager). 
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3.7.2 Quantitative Reverse Transcriptase Polymerase chain reaction 
of tdTomato mRNA 

The gene of choice to be silenced was tdTomato (tandem-dimer tomato), an orange-
emitting fluorescent protein derived from Coral Discosoma sp. [320], expressed by 
tdTomato + B16F10 murine melanoma cells. The primers were generated from the mRNA 
sequence via Primer-BLAST. After the cells were transfected as described in Paragraph 
3.5.3 “B16F10 in vitro transfection with EMVs and GxS5”, the mRNA was extracted with 
PEQgold total RNA (VWR), retrotranscribed via a Scriptase II kit (Nippon genetics, 
according to the manufacturer’s specifications), and subsequently used as a template for 
qRT‒PCR. PowerSybr Green (Applied Biosystems) master mix was used, with 2 ng/µl 
template. TdTomato mRNA was quantified via the ddCT method, and murine β-actin was 
used as a calibrator for both EMVs and GxS5-mediated transfection. The primers used are 
listed in Table 1 and Table 5 of [208], [252]. 

 

3.7.3 Protein knockdown quantification in lymphoblastoid cells 

Lymphoblastoid cells were transfected as described in Paragraph 3.6.4. Total protein 
lysates were prepared via RIPA buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 0.5 mM 
sodium deoxycholate; 0.1% SDS; 1% Triton X-100) supplemented with protease inhibitors. 
The lysates were mixed with 2× SDS loading buffer containing 200 mM dithiothreitol 
(DTT) and denatured at 95 °C for 5 minutes. Equal amounts of protein were resolved on 
12% stain-free SDS‒PAGE gels (Bio‒Rad, Hercules, CA, USA) at 125 V and transferred 
to nitrocellulose membranes (GE Healthcare, Chicago, IL, USA) via a semidry transfer 
system (Bio‒Rad). The gels were imaged via the GelDoc System and ImageLab software 
(Bio-Rad) to assess the total protein load via stain-free technology. Blocking was performed 
for 1 hour at room temperature with 5% (w/v) skim milk in TBS. The membranes were 
incubated overnight at 4°C with an anti-FARS-A primary antibody (Proteintech, USA) at 
a 1:1000 dilution, followed by a 2-hour incubation at 4°C with a StarBright 520-conjugated 
anti-rabbit secondary antibody (Bio-Rad) according to the manufacturer’s protocols. 
Fluorescent signal detection and imaging were conducted via the GelDoc System and 
ImageLab software. Densitometric analysis was performed via ImageJ (NIH, Bethesda, 
MD, USA). FARSA protein levels were normalized to total protein per lane, as quantified 
via stain-free images. 

 

3.8 In vivo assays in Chapter 6 

3.8.1 DCC-siRNA-EMVs administration to tumor-affected mice: 
biodistribution 

Vybrant-DiO and Cy-5-siRNA containing DCC-EMVs were intravenously injected at 
a dose of 1.5 mg of siRNA/kg of mouse weight into B16F10 (tdTomato +)-tumor-induced 
mice (6–8-week-old C57BL/6NCrl, Charles River, Lecco, Italy). The mice were randomly 
divided into four groups: the control group (n=4), 2 hours after injection (n=5), 24 hours 
after injection (n=5) and 48 hours after injection (n=5). A more thorough description of 
the experiment is reported in [208]. Ten minutes after the injection, 100 µl of blood was 
collected from the retro-orbital blood vessel and used for quantification. At the time of 
mouse sacrifice, the spleen, lungs, brain, kidneys, tumor, heart and liver were collected and 
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weighed, and one half of each organ was flash frozen. Additionally, blood was extracted, 
and plasma was separated from red blood cells and leucocytes via BD Microtainer SST 
Blood Collection Tubes. The resulting powder was collected and stored at −80°C until 
further use. The other half of each organ/tumor was fixed in 4% PFA overnight at 4°C 
and dehydrated in 30% sucrose overnight at 4°C before being embedded in Tissue-Tek 
O.C.T. compound (Sakura Finetek, VWR) and stored at −80°C for further use. 

3.8.2 DCC-siRNA-EMVs administration to tumor-affected mice: 
RNA interference quantification and tdTomato fluorescence 

Similarly, for Cy-5/DiO EMVs, a single dose of unlabeled DCC-siRNA-EMVs was 
injected into 6 tumor-induced mice, which were sacrificed after 48 hours. As negative 
controls, a similar amount of naked siRNA and a similar volume of 1× PBS were injected 
into n=5 and n=4 mice, respectively. The fluorescence of the tdTomato-B16F10-induced 
tumors was monitored via a SteREO Lumar V12 fluorescence microscope (Zeiss) at 2, 24 
and 48 hours. Images were processed via ImageJ, which was also used for the quantification 
of tdTomato fluorescence. Furthermore, after 48 hours and for controls, the tumors were 
processed for RNA extraction with a mirVANA MagMax kit (Thermo Fisher), and 
tdTomato mRNA was quantified as described in Paragraph 3.6.2 “Quantitative reverse 
transcriptase polymerase chain reaction of tdTomato mRNA”. 

3.9 Stem-loop PCR for quantification of siRNA guide-
strand in tissues and plasma 

The other half of each organ (spleen, lungs, brain, kidneys, tumor, heart and liver) was 
processed for RNA extraction with liquid nitrogen and a mortar and pestle. The weight of 
each powdered organ subsequently used for RNA extraction was noted (≤ 15 mg), and for 
RNA extraction, a mirVANA MagMax kit (Thermo Fisher) was used. A TaqMan assay, 
specifically for anti-tdTomato siRNA, was purchased from Applied Biosystems and 
contained a proprietary reverse transcriptase primer (5 ng of initial total RNA/reaction, 
with a MicroRNA Reverse Transcription Kit). The resulting cDNA was subsequently used 
as a template for stem‒loop PCR via a TaqMan real-time PCR kit. A standard curve was 
generated from naked siRNA, where 5 nanograms were subjected to serial dilutions, 
retrotranscripted and used as a template for qPCR. For the quantification of siRNA 
quantities in the tissues, the following equation was used (Equation 3): 

𝑛𝑔 𝑜𝑓 𝑑𝑢𝑝𝑙𝑒𝑥

𝑔𝑟𝑎𝑚𝑠 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒
= 𝑛𝑔 𝑖𝑛 𝑃𝐶𝑅 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

×
 𝑅𝑁𝐴 𝑠𝑡𝑜𝑐𝑘 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

 𝐷𝐹𝑐𝐷𝑁𝐴−𝑞𝑃𝐶𝑅  × 𝐷𝐹𝑅𝑁𝐴 𝑠𝑡𝑜𝑐𝑘−𝑐𝐷𝑁𝐴  × 𝐸𝑙𝑢𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑡𝑖𝑠𝑠𝑢𝑒 (𝑔)
 

 

(Equation 3) 

 

A similar approach was used for quantification of siRNA in plasma; these data were 
then used to calculate pharmacokinetic parameters of DCC-siRNA-EMVs with the help of 
PKSolver Excell add-in [321]. Stem Loop PCR is a technology developed for quantification 
of short RNAs, such as miRNAs, since regular qPCR requires a template at least 200 nt 
long; therefore, during retrotranscription, a special primer, containing a stem-loop 
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structure, is added. Such primer has a specificity at the 3’ end of the siRNA sequence, 
preventing non-specific binding due to steric hindrance. This primer is also retrotranscribed 
during the regular RT stage. During qPCR, the forward primer is specific for the siRNA 
sequence, while the reverse prime targets the stem-loop sequence; a TaqMan fluorescent 
probe is also added to the master mix, and it binds specifically to the amplified siRNA 
cDNA, emitting fluorescence proportionally to the initial siRNA template quantity [322].   

 

3.10 Fluorescence microscopy in Chapter 6 

3.10.1 Internalization of DCC-siRNA-EMVs in B16F10, CT26 and 

NHLF 

To determine whether and how the DCC-siRNA-EMVs were internalized by the 
abovementioned cell lines, they were incubated with CM-DiO-labeled carriers containing 
Cy-5-labeled siRNA. The cells were incubated with DCC-siRNA-EMVs for 24, 48 and 72 
hours, washed, labeled with the MemBrite® Fix 488/515 Cell Surface Staining Kit 
(Biotium) and Hoechst 33342, following the manufacturer’s instructions, fixed with 4% 
PFA, mounted with Prolong Glass Antifade Mount (Thermo Fisher Scientific) for 24 h at 
RT, and then sealed with nail polish. Finally, the samples were imaged with an LSM 800 
confocal microscope (Carl Zeiss, Oberkochen, Germany). This experiment allows precise 
estimation and theorization of EV internalization pathways. 

3.10.2 Fluorescence-aided tissue biodistribution of DCC-siRNA-EMVs 

As stated, half of each organ (spleen, lungs, brain, kidneys, tumor, heart and liver) was 
saved and prepared for fluorescence microscopy. From each organ, 14 µm thick slices were 
cut with a Leica CM1850 cryostat and collected on SuperFrost Plus slides; nuclei were 
labeled with 3 µg/mL Hoechst 33342 nuclear stain, the sections were mounted with 
ProLong Glass Antifade Mountant and the coverslip 1.5# was sealed with nail polish. The 
slides were subsequently imaged on an Axio Observer 7. tdTomato fluorescence intensity 
in tumors was quantified using ImageJ suite. With this approach, the fine distribution of 
EMVs within tissues can be appreciated.  

3.11 Statistical analysis  

In all cases, Graphpad 9.0 or 10.0 (Prism) was used for statistical analysis. For q-RT 
PCR, tdTomato and β-actin gene expression, CTs data were trimmed with built-in 
Graphpad 10 outlier recognition algorithm. Dall datasets were tested for normality or 
lognormality before any stat test. ANOVA, two or one way, were used for normally 
distributed data, while non-parametric Kruskall-Wallis was used for lognormal data. For 
all purposes and in all papers, significance was determined as p≤0.05 *, p≤0.01 **, p ≤ 
0.001 ***, p ≤ 0.0001 **** 

  



63 Chapter 4. Cyanine dyes for Photo-Thermal Therapy: A Comparison of Synthetic 
Liposomes and Natural Erythrocytes-Based Carriers  

   63 

 

Chapter 4 

4. Cyanine dyes for Photo-Thermal 
Therapy: A Comparison of Synthetic 
Liposomes and Natural Erythrocytes-
Based Carriers  

In this work, we aimed to compare the properties of an approved liposomal formulation 
Thermodox, used for Doxil delivery, with those of a nanocarrier derived from an 
erythrocyte membrane, hereby named erythrocyte membrane vesicles (EMVs). 
Indocyanine green (commercially known as cardiogreen) is an approved infrared dye for 
imaging cardiac and eye blood vessels and is generally regarded as safe [323]. It binds 
quickly to plasma protein upon intravenous injection [324] but has a short circulation time 
(3–4 minutes). Furthermore, indocyanine green and a related dye (IR-820) are capable, 
upon IR-laser irradiation, of photothermal effects coupled with a singlet oxygen-based 
radical degradation pathway [325]. This moderate and local increase in temperature paves 
the way for in vivo mild photodynamic therapy and photothermal therapy [326]. It has 
been shown that cyanine degradation products upon laser irradiation have potentially 
mitochondria-bound toxic effects [325], [327]. Finally, the degradation of NIR dyes seems 
to be related to the proximity of monomers and/or their aggregation in dimers and trimers 
and, therefore, a more favorable diffusion of singlet oxygen that would lead to 
decomposition [328]. Loading into nanocarriers to stabilize the monomeric form of the dyes 
would improve their photothermal properties while reducing the amount of cytotoxic 
degradation products, i.e., the leucoforms arising from the decomposition of parental 
cyanine dyes. Moreover, erythrocytes have been proven to be suitable starting materials 
for biomimetic nanocarriers. Finally, a suitable alternative to ICG is IR-820, a similar, but 
more stable, cyanine dye [284]. 

With these bases, we aimed to compare either a) a thermally sensitive liposomal 
formulation containing a lysolipid (MSPC) or b) erythrocyte membrane vesicles, which are 
ICG and IR-820 carriers. c) Photothermal performance and degradation of ICG and IR-
820. Thermodox-based liposomes decomplex once their lipid transition temperature is 
reached, and for this reason, they are widely used for photodynamic therapy. Our findings 
revealed that loading ICG in EMVs not only stabilizes their monomeric form, as measured 
by the decrease in absorbance after IR-laser irradiation but also does not affect the 
hemolytic activity of Thermodox-ICG formulations. ICG and IR-820 are highly likely 
localized within the phospholipid double layer. Therefore, EMVs exhibit great potential as 
near-infrared dye carriers. Finally, we confirmed the superiority of ICG as a photothermal 
agent with respect to IR-820, since, under our experimental conditions, it showed the same 
degradation rate but a lower heat generation. 

In this paper, Hypothesis 4 was assayed and confirmed.  
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Chapter 5 

5. Efficient siRNA delivery to murine 
melanoma cells via a novel genipin-
based nano-polymer 

Genipin is known to be a safe amine-group crosslinker that is used as an alternative to 
glutaraldehyde. It has been used to crosslink chitosan, collagen, and other naturally 
occurring amine-containing polymers. In its 2-step mechanism of reaction, a monomer of 
genipin can spontaneously include an unprotonated amine group in its iridoid ring; as a 
second step, or finally crosslinking, two amined genipin moieties can crosslink on the 
overhanging carboxylic group via a substitution reaction and finally produce methanol 
[223]. The reaction is strongly pH dependent and can therefore be tuned by changing the 
acidity of the solution. The products of the polymerization of genipin are green‒blue-purple 
according to the length of the amine-donor aliphatic chain [224]. 

Polyamines are a wide group of short, aliphatic carbon- and nitrogen-based molecules; 
both spermine and spermidine are ubiquitous in life on Earth and are necessary for many 
cell functions, such as RNA and DNA stabilization, mitochondrial metabolism, and 
differentiation, and they are strongly linked to mammal fertility [329]. They both have a 
highly cationic charge at neutral pH, +3 and +4 for spermidine and spermine, respectively, 
which is derived from their high pKas values for all amine groups (>9.5). 

We therefore speculated that it would be possible to obtain polymeric nanoparticles by 
carefully tuning the molar ratios of genipin and polyamines, while the polymerization chain 
can be blocked by the addition of a small amino acid, glycine, containing only one amino 
group. The addition of a carboxylic moiety can also contribute to reducing potential 
cytotoxicity by tuning the “zwitterionic character” of nanosized polymers. As stated in the 
introduction, an excessive cationic charge can elicit an apoptotic cascade in eukaryotic cells 
and, thus, high cytotoxicity. Polymeric nanoparticles represent a growing field of study in 
terms of transfecting agents, both for RNA and DNA agents [40], owing to their 
concentrated positive charge, which makes them capable of complexing with the phosphate 
backbone of nucleic acids . 

The synthesis of genipin-polyamines-glycine polymers is outlined in Figure 12. During 
this study, while the pH (7.4) and the genipin to spermine molar ratio (1:5) were held 
constant, the final amount of glycine in the reaction batch was varied. We finally selected 
G1S5, G5S5 and G10S5 (collectively termed GxS5), with 1:1, 1:5 and 1:10 glycine-to-
genipin ratios, respectively, in the reaction batch. All three of these polymers presented 
strong short-RNA complexing ability, which was the initial hypothesis. Furthermore, the 
GxS5 polymers showed continuous fluorescence emission from light orange to far red, 
despite having a low quantum yield (approximately 1% with respect to Rhodamine B and 
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Fluorescein), but they were strong enough to quantify the internalization efficiency via 
FACS. Indeed, as a transfection model, B16F10 murine melanoma was used as a fast-
growing and well-known cancer model. Interestingly, the polymers appeared to have little 
toxicity to various cell lines – normal and cancerous—with G10S5 being the least toxic 
polymer. Additionally, G10S5 was the most efficient transfection agent among the set, 
capable of eliciting 60% gene knockdown at a 30 nM dose in various complexes combined 
with siRNAs. Taken together, our data suggest that the genipin-polyamine scaffold 
represents a promising starting point for a novel class of safe and self-fluorescent polymeric 
transfection agents. Finally, the supplementary material from this chapter is presented in 
Appendix B. 

In this paper, Hypothesis 5 and Hypothesis 7 were assayed and confirmed.   

 

 

Figure 12 Graphical Abstract for Chapter 5. Reprinted from [330].  
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Chapter 6 

6. Red Blood Cell Membrane Vesicles 
for siRNA Delivery: A Biocompatible 
Carrier with Passive Tumor 
Targeting and Prolonged Plasma 

Residency 

Erythrocytes have long been used as drug carriers for pharmaceutical applications. 
Their long story began in the Seventies, as elucidated in the Introduction, but reached a 
halt due to HIV epidemics. Recently, the use of erythrocytes as starting materials for 
biocompatible carriers has gained new momentum because they have entered into clinical 
trials of several formulations [331]. Erythrocytes are the most abundant cells in mammals; 
they have a lifespan of 2--3 months in humans, do not possess any nucleus but only 
regulatory miRNAs [257], and their membrane shows exciting rheological properties owing 
to its relative stiffness, lipid raft composition and unique cytoskeleton, which endows them 
with the typical biconcave shape [332], [333]. The use of erythrocyte membranes for 
nanodrug applications has been attempted multiple times in the literature [194], and such 
nanoparticles have been termed nanoerythrosomes. In the present work, we aimed to load 
nanoerythrosomes, which we termed erythrocyte membrane vesicles (EMVs), with a small-
interfering RNA to be passively delivered to solid tumors via the enhanced permeation and 
retention effect [84] and prolonged plasma residence. 

The following conceptualization follows certain hypotheses inherent in red blood cells: 

1. The small size of EMVs—100–180 nm—is suitable for extravasating from leaky, 
newly formed tumor blood vessels and therefore accumulating in the extracellular 
matrix; 

2. CD47, known as the “don’t eat me!” marker of macrophages and is capable of 
blocking phagocytosis, is retained on the membrane of EMVs; 

3. The sialic acid glycocalyx of erythrocytes is also retained and confers the negative 
zeta potential of parental cells to EMVs; 

4. These EMVs have either prolonged cell persistence or fast diffusion toward target 
organs and escape recognition by the reticuloendothelial system [78]. 

On this basis, as outlined in Figure 13, we followed a conventional protocol to generate 
erythrocyte ghosts, i.e., empty erythrocytes deprived of hemoglobin, and sonicated and 
extruded the ghosts in the presence of a siRNA targeting a fluorescent reporter gene, 
tdTomato. We then developed a density-based ultracentrifugation protocol based on a 
trisodium citrate cushion, selecting only the most densely packed EMVs and eliminating 
membrane debris and unencapsulated siRNA. We characterized the ultrastructures of the 
EMVs via conventional TEM, freeze-fracture EM, cryo-EM and STED confocal 
microscopy. A well-known murine melanoma cell line, B16F10, which contains the 
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fluorescent protein tdTomato, was chosen as the transfection model. EMVs could elicit 
80% target gene knockdown at a dose of 0.3 nM and showed no signs of cytotoxicity in 
multiple cell lines. Furthermore, they follow an endosome-independent internalization 
pathway in the B16F10, NHLF and CT26 cell lines. We also tested EMV activity in vivo 
in mice challenged with a B16F10-derived tumor in the left flank. At a dose of 2.5 mg/ml, 
after 48 hours, the tdTomato gene showed a 78% reduction in gene expression after a single 
injection, while its fluorescence was halved from the beginning of the experiment. Using a 
stem‒loop TaqMan PCR technique, we tracked the lead strand of the siRNA, and we 
excised and prepared for fluorescence microscopy the tumors, kidneys, lungs, spleen, brain, 
liver and heart of mice that were intravenously injected with fluorescently labeled siRNAs 
and EMVs. Surprisingly, EMVs were still present (1% of the injected dose) in the blood at 
48 h postadministration but almost completely escaped liver clearance and accumulated in 
capillaries of the lungs and brain. Indeed, the most important clearance organs were the 
spleen and the kidney. Finally, 10% of the injected dose was in the tumor, where it passively 
accumulated in the cells and the ECM. These results show how erythrocytes are suitable 
starting materials for biocompatible and efficient nanodrugs that can be engineered for 
precision medicine via the use of patients’ own blood. Finally, the supplementary material 
from this chapter is presented in Appendix C. 

In this paper, Hypothesis 1, Hypothesis 2, Hypothesis 3 were assayed and 
confirmed.  
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Figure 13 Graphical Abstract of Chapter 6, reprinted with permission from [208]. 
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Chapter 7 

7. Novel Vector for Efficient siRNA 
Delivery to Lymphoblasts and 
Melanoma based on Genipin-
Spermine Nanocarriers Protected 
with Hybrid Erythrocyte Membrane 
Coating 

In this work, on the basis of the findings of Chapters 5 and 6, we aimed to develop 
EMV-camouflaged genipin-spermine-glycine polymers for siRNA delivery. As camouflaging 
is a widely used approach to improve the efficiency of nanoparticles and confer interesting 
properties [293], erythrocyte membranes are among the most desirable coating agents 
because of their stealth ability (due to the presence of CD47), unique mechanical properties 
and easy isolation [294]. From the results of Chapter 5, we selected the best performing 
polymer from the developed set, whose initial molar fraction in the reaction batch was 
genipin-spermine-glycine = 1:5:10, which was termed G10S5. The process is outlined in 
Figure 14. We therefore aimed to further improve its transfection efficiency by 
camouflaging the nanoparticles with erythrocyte membranes. This proved to be difficult 
because of the mechanical properties of the two materials. As siRNA complexation was 
confirmed to be a prerequisite for successful coating, owing to the electrostatic repulsion 
between the erythrocyte glycocalyx and the negatively charged polyplex, doping 
erythrocyte membranes with DPPC/DSPE-PEG2000 (9:1 ratio) proved to be instrumental 
in conferring the resulting membrane with suitable properties for camouflaging G10S5. 
Hybrid membranes, i.e., erythrocytes doped with 10% DPPC/DSPE-PEG2000 
phospholipids, were characterized via conventional TEM, cryo-TEM and AFM, and the 
fusion of the two parental membranes was confirmed via Forster Resonance Energy 
Transfer and confocal fluorescence microscopy. The successful camouflaging of G10S5-
siRNA polyplexes was confirmed via the solvatochromic effect: the intrinsic fluorescence of 
G10S5 was used to evaluate the best phosphate-to-nitrogen ratio (and, therefore, the zeta 
potential) with the highest hypsochromic potential and a blueshift in the fluorescence peak 
emission, i.e., the most complete coating. Furthermore, the resulting nanoparticles, termed 
hybrid-G10S5-siRNAs, were characterized via cryo-TEM and AFM and appeared to be 
widely dispersed in terms of size and core‒shell structure. Moreover, the self-fluorescence 
of G10S5 was used to investigate the uptake efficiency and mechanism in the b16F10 
murine melanoma cell line in the presence of the endocytosis inhibitors genistein, 
imipramine and chlorpromazine. While naked G10S5 appears to follow clathrine-mediated 
endocytosis, hybrid-G10S5 preferentially follows pinocytosis and direct-membrane fusion 
mechanisms, similar to parental erythrocyte–membrane vesicles [208]. Moreover, we tested 
the capability of successfully delivering and silencing a model gene that we previously used, 
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tdTomato, which encodes a fluorescent orange protein at doses of 5 and 10 
picomoles/50,000 cells. In murine melanoma cells expressing tdTomato, hybrid-G10S5-
siRNA outperformed naked G10S5 at 5 and 10 picomoles in terms of protein knockdown, 
as indicated by fluorescence assisted cell sorting (FACS), and had comparable results to a 
commercial cationic polymer (interferin). Interestingly, the q-RT‒PCR results for 
tdTomato mRNA expression revealed a different story at 5 picomoles, i.e., that, at 
extremely low concentrations of siRNA, in B16F10 cells, translation repression is preferred 
over RISC-driven silencing. Finally, we assessed the ability of hybrid-G10S5-siRNA to 
deliver the payload to lymphoblastoid cells, which are known to be extremely difficult to 
transfect with commercial agents [307], [334], [335]. Our target was FARS-A, the A-subunit 
(and the catalytic subunit) of FARS, an aminoacyl tRNA synthetase, and a potential 
therapeutic target for genetic diseases[336]. Surprisingly, hybrid-G10S5-siRNA almost 
completely knocked down FARS-A at a dose of 20 picomoles/200,000 cells, greatly 
outperforming naked G10S5. 

Taken together, these data show how camouflaging with a biomimetic agent 
dramatically improves the properties of a polymeric nanoparticle, combining the 
advantages of both models. 

In this paper, Hypothesis 6 and Hypothesis 7 were assayed and confirmed.  
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Figure 14 Graphical Abstract of Chapter 7. 
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8. Conclusions 

RNA interference is a powerful yet temporary phenomenon with considerable 
therapeutic potential. At the same time, nanotechnology can be the key to the translation 
of unconventional theranostic medicine: diagnosis/reporting agents and biotech 
therapeutics, all in one formulation. Small interfering RNAs (siRNAs) are artificial 
molecules that mimic naturally occurring miRNAs and exert a knockdown effect. In this 
study, two kinds of carriers for small-interfering RNA were used: erythrocyte membrane 
vesicles (EMVs), also known as nanoerythrosomes, and genipin-spermine-glycine 
crosslinked nanopolymers. While the first one was thoroughly optimized in terms of process, 
encapsulation efficiency, unloaded siRNA removal, and ultrastructure characterization, the 
second represents a de novo model for a naturally fluorescent, easy-to-synthesize, scalable 
and repeatable transfection agent. The low cost, both in terms of labor and reagents, of 
GXS5 makes it suitable for translation to other laboratories as an in-house transfection 
agent. Moreover, the effectiveness of EMVs in encapsulating indocyanine green, a well-
known cyanine dye used in blood vessel-related diagnostics that is capable of photothermal 
effects when irradiated by infrared light but also prone to fast degradation, was tested. 
Interestingly, EMVs significantly reduced the degradation of ICG, paving the way for 
theranostic agent development. 

The ability of EMVs to deliver the payload siRNA to the target organ in rodents (i.e., 
a melanoma-derived solid tumor) was also tested in vivo; the final efficiency was extremely 
satisfactory for a pilot-scale nanocarrier, with more than 80% gene knockdown two days 
after intravenous injection. Given these interesting premises, we decided to investigate the 
possibility of using erythrocyte membranes to cloak the best-performing GXS5 (G10S5). 
Indeed, while doping with external phospholipids was needed to achieve full camouflaging, 
the coated-G10S5 outperformed the naked polymer in terms of its knockdown efficiency in 
murine melanoma, and its success in transfecting lymphoblasts—which is known to be very 
difficult in that sense—paves the way for further applications. 

In conclusion, in this study, the feasibility of tumor delivery via erythrocyte-derived 
carriers was finally established; the biocompatibility of genipin as a crosslinking agent 
established a new class of zwitterionic transfecting agents, which are also suitable for being 
coated with doped-erythrocyte membranes, yielding an agent with the advantages of both 
systems. In future work, active targeting via conjugation with peptides, antibodies, and 
aptamers will be attempted on EMVs to further increase their delivery efficiency to the 
site. 

Lastly, it hereby follows a table summarizing the confirmation or rejection or partial 
rejection of hypotheses explained in Chapter 2.  
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Table 5: Summary Table with the rejection, acceptance of partial acceptance of the 
formulated hypotheses.  

Hypothesis Paper 

reference 

Chapter in this Thesis Conclusion  

To prolong the 

nanodrug circulation 

time thanks to the 

presence of “don’t eat 

me” CD47 marker. 

[208] Chapter 6 Acceptance: circulation time 

prolonged by circa 10 hours than for 

naked siRNAs 

The internalization 

efficiency and the cargo 

release of the nanodrug 

can be increased by the 

presence of extracellular 

vesicle machinery on 

erythrocytes membrane. 

[208] Chapter 6 Acceptance: Confocal 

Fluorescence studies show that the 

carrier is internalized and releases 

the payload in the cytoplasm 

without endosomal sequestration 

Exploiting the 

enhanced permeation 

and retention effect 

(EPR) for tumor tissue 

penetration. 

[208] Chapter 6 Acceptance: the passive 

accumulation in solid tumor (10% of 

Injected Dose) occurred solely due to 

EPR effect. However, this effect has 

a lesser importance in humans. 

Stabilizing cyanine 

dye monomeric forms to 

reduce light-induced 

degradation and 

improve the 

photothermal properties 

[54] Chapter 4 Acceptance: the photo-induced 

degradation of ICG loaded in EMVs 

was significantly lower than for 

soluble ICG 

Improving 

endosomal escape and 

biocompatibility via 

tailoring the cationic 

charge of transfecting 

agents toward a 

zwitterionic character 

[330] Chapter 5 Partial acceptance: the 

cytotoxicity of GXS5 based polymers 

is significantly lower than similar 

cationic delivery agents. The 

knockdown effect was present but 

lower than well-established 

transfecting agents (i.e. RNAiMAX) 

at the same dose. This opened the 

need for further optimization, carried 

out in Chapter 7.  

Camouflaging the 

genipin-polyamine 

nanoparticles with 

erythrocyte-derived 

membranes to generate 

a novel vector with 

properties of both 

[253] Chapter 7 Acceptance: the novel vector 

arising from genipin-based polymers 

and coated with DPPC-

PEG/erythrocytes hybrid membrane 

retained the lower cytotoxicity of the 

first and the internalization 

mechanism of the latter. Its 

knockdown efficiency overperformed 

naked polymers.  

The self-

fluorescence, both green 

and red, of GxS5 

polymers makes it 

possible to follow their 

[330] Chapter 5, Chapter 7 Acceptance: Genipin-polyamines 

products are self-fluorescent in a 

broad spectrum, and despite the low 

quantum yield, it is possible to assay 

their internalization efficiency and 

internalization route via fluorescence 
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internalization route in 

real time 

assisted cell sorting and fluroescence 

microscopy.  
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9. Appendix A 

TdTomato sequence , small interfering 
RNA position and primers 

Tdtomato cDNA 

 

ATGGTGAGCAAGGGCGAGGAGGTCATCAAAGAGTTCATGCGCTTCAAGGT
GCGCATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGC
GAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGG
GCGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCATGTACGGC
TCCAAGGCGTACGTGAAGCACCCCGCCGACATCCCCGATTACAAGAAGCTGTC
CTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGT
CTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCACGCTGATCTACAA
GGTGAAGATGCGCGGCACCAACTTCCCCCCCGACGGCCCCGTAATGCAGAAG
AAGACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCG
TGCTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTA
CCTGGTGGAGTTCAAGACCATCTACATGGCCAAGAAGCCCGTGCAACTGCCC
GGCTACTACTACGTGGACACCAAGCTGGACATCACCTCCCACAACGAGGACTA
CACCATCGTGGAACAGTACGAGCGCTCCGAGGGCCGCCACCACCTGTTCCTG
GGGCATGGCACCGGCAGCACCGGCAGCGGCAGCTCCGGCACCGCCTCCTCCG
AGGACAACAACATGGCCGTCATCAAAGAGTTCATGCGCTTCAAGGTGCGCAT
GGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGC
CGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGCG
GCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCCCAGTTCATGTACGGCTCC
AAGGCGTACGTGAAGCACCCCGCCGACATCCCCGATTACAAGAAGCTGTCCTT
CCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGTCTG
GTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCACGCTGATCTACAAGG
TGAAGATGCGCGGCACCAACTTCCCCCCCGACGGCCCCGTAATGCAGAAGAA
GACCATGGGCTGGGAGGCCTCCACCGAGCGCCTGTACCCCCGCGACGGCGTG
CTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTACC
TGGTGGAGTTCAAGACCATCTACATGGCCAAGAAGCCCGTGCAACTGCCCGG
CTACTACTACGTGGACACCAAGCTGGACATCACCTCCCACAACGAGGACTACA
CCATCGTGGAACAGTACGAGCGCTCCGAGGGCCGCCACCACCTGTTCCTGTAC
GGCATGGACGAGCTGTACAAGTAG 

 

Forward primer: GACAACAACATGGCCGTC 
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Reverse primer: GGTCTGGGTGCCCTCGTA, whose reverse complement is: 
TACGAGGGCACCCAGACC. 

siRNA sequence for the passenger strand (complementary with lead strand, that 
targets this sequence within RISC): GCCACCACCTGTTCCTGT 
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10. Appendix B 

Supplementary Material from Chapter 5 
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11. Appendix C 

Supplementary Material from 
Chapter 6 
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