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Abstract
The development of nanomedical applications requires to take increasing attention to a
variety of different factors, to selectively address a specific pathological site maintaining
safe conditions. The nanoparticle formulation, surface modifications to reach a specific
target, and the biocompatibility of nanoformulations are just a few examples of the amount
of data required in preclinical settings, both in vitro and in vivo, to develop a theranostic
approach based on the peculiar characteristics of nanomaterials. In this context, we
initially focused on the characterization of a specific targeting peptide that has already
been demonstrated able to address inflamed synovial tissues and to specifically drive both
therapeutic molecules and theranostic nanoparticles in this pathological site. The precise
analysis of the binding capability of this targeting peptide and, most importantly, of its cell
surface interactions, required cellular, protein and computer-based molecular
simulations; collected data allowed to demonstrate that the CKSTHDRLC cyclic peptide
binds the calcium-activated potassium channel subunit alpha-1 (BKα1). Interestingly,
literature and database analysis report that BK channels are perturbed not only in
fibroblast-like synoviocytes as expected but also in several cancer cells. In particular, an
over-expression of this transmembrane molecule is considered as a poor prognostic factor
in breast and prostate cancers, prompted us the possibility to extend the use of targeting
molecule in different tumor microenvironments. To reach this goal, a chitosan-based
formulation with a core of perfluopentane for US-imaging, labelled with fluorescent dyes
and coated with the targeting molecule, has been produced and then studied in vitro and
in vivo, resulting to be stable, biocompatible in a variety of cell lines and characterized by
a low capability to interact with both the complement and coagulation systems. Finally,
the pivotal role of the targeting molecule on nanobubbles surface was demonstrated, both
in vitro and in vivo, using breast and prostate cancer cells, and xenograft zebrafish
embryos as cellular and animal models, respectively.
Altogether, these results pointed out the basis for the development of targeted chitosanbased nanobubbles as a novel theranostic approach, not only for patients affected by a
chronic inflammatory disease, like rheumatoid arthritis but also, for all of them with
different solid tumors both characterized by the over-expression of the BKα1 protein
channel.
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Chapter 1: Introduction
1.1 Nanomedicine: principles, challenges and
opportunities
Over the last years, nanotechnology has become an inescapable part of modern
everyday life. This revolutionary technology has been employed in an increasing
number of applications and products, including energy, electronics, food and
agriculture, cosmetics and health1,2.
Nanomedicine is a field in which nanomaterials and nanotechnologies are applied for
medical purposes, and it is defined as the use of nanoscale materials for diagnosis and
monitoring (nanodiagnosis), prevention and treatment of diseases. A new area,
termed theranostics, which

combines diagnostic and therapy is emerging as a

promising approach able to simultaneously monitoring drug release and its
distribution3. Combing knowledge from physics, mathematics, materials and
pharmaceutical science, chemistry, biology, and engineering, the current interests in
nanomedicine mainly focus on exploiting nanomaterials for drug delivery and
imaging4,5. However, the unambiguous definition of nanomaterial has been
controversial due to the fact that nanomaterials show novel and different physical and
chemical properties that distinguish them from bulk chemical equivalents due to their
small size5,6. To avoid any concern, the European Commission (EC) published the
‘Recommendation on the definition of nanomaterials’ that defines whether a material
can be considered a nanomaterial or not in terms of legislation and policy in the
European Union7,8. According to the EC recommendation:
‘Nanomaterial’ means a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50% or more of the particles in the number size
distribution, one or more external dimensions is in the size range 1 nm-100 nm.8
It emerges that there are three fundamental aspects to take into consideration to
identify nanomaterials, which are size, particle size distribution and surface area.
1
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Indeed, many intrinsic properties of nanoparticles are due to their high specific
surface area in relation to the volume that are both attributable to their small size.
Consequently, the particle surface energy is increased, making the nanomaterials
reactive. This is the reason why the optical, electric and magnetic properties of
nanomaterials can be regulated7,8. About the size, agglomerates and aggregates are
included because nanoparticles that constitute them may preserve the properties of
the unbound particles, with the potential to break down into nanoscale9.
For the European Medicines Agency (EMA), the officially recognized range of
dimension to define nanoparticles for medical purposes is between 1 – 1000 nm. This
definition is attributable to Maeda and co-workers’ observation on macromolecules
accumulation in the tumor tissue due to its hyperpermeable neovascularization and
compromised lymphatic system10. The so-called Enhanced Permeability and
Retention (EPR) effect has been validated also for nanoparticles up to 600nm, leading
to the need of a broader definition of medical nanomaterials11.
Nanomedicine is holding revolutionary changes in clinical practice providing
unparalleled freedom to modify fundamental properties of drugs such as the
alteration of their pharmacokinetics, namely the absorption, distribution, elimination,
and metabolism, the potential to more easily cross biological barriers and toxic effects.
These nanoscale agents are supporting promising changes in clinical practice,
enabling to address unmet medical needs both in diagnosis and treatment12,13.
Nanoparticles may provide to combine multiple effective molecules that otherwise
could not be used together, maximizing their efficacy and reducing dose and side
effects, and ultimately decreasing healthcare costs13,14. For diagnostic applications,
nanoparticles-based imaging contrast agents have been shown to improve the
sensitivity and specificity of acquisitions, allowing to identify disease markers that
could not be detected with traditional diagnostic techniques15.
Nanoparticles-based drug delivery has the potential to direct drugs to specific cells or
tissues, favoring a preferential distribution within the body and enhancing transport
across barriers, and to improve drug activity, prolonging the half-life of drug systemic
circulation. These properties ensure that therapeutic treatments act locally and not
systemically, and thus improve efficacy while reducing damage to healthy tissues and
frequency of administration. Indeed, the use of nanoparticles permits to overcome
limitations associated with the application of conventional therapeutic agents, such as
non-selectivity, undesirable side effects, low efficiency, and poor distribution. Many
2
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other important advantages related with nanoparticles for therapy have been
recognized. In particular, they allow the administration of poorly water-soluble drugs
and the delivery of two or more drugs simultaneously to generate a synergistic effect
and suppress drug resistance12–14,16.
Future discovery, fabrication and characterization of nanomaterials would be
certainly focused on the translation of nanotechnology from the bench to the market.
The main challenges found throughout the development of a nanomedicine product
are physiochemical characterization, biocompatibility and nanotoxicity evaluation,
pharmacokinetics and pharmacodynamics assessment, and then the process control
and scale reproducibility12.
After a careful nanoparticle rational design based on the physio pathological nature of
the target disease, the main issue relating to the clinical translation is the knowledge
of nanoparticles behavior in the human body through of its in vitro and in vivo
performance. In spite of not availability of a complete list of minimum parameters that
must be evaluated to characterize nanomaterials, the following properties must be a
starting point: particle size, shape and size distribution, chemical composition,
stiffness, surface chemistry, charge and funzionalization12,17,18. Nanomaterials have a
tendency to interact and adsorb biomolecules in biological fluids. Indeed, following
systemic administration, nanoparticles are rapidly covered by a ‘corona’ of biological
molecules, creating the so-called protein corona (PC). This protein adsorption layer
represents one of the most important interactions with the living matter and
modulates nanomaterial pharmacological and toxicological profile 11,12,19,20.
Biocompatibility is another essential property in the design of nanomaterials. To
define if a nanomaterial is safe, fundamental studies are required, especially to deeply
understand how nanoparticles penetrate cells and tissues, what is their distribution,
degradation, and excretion. Note that the nanoparticles behavior in the body depends
on their physiochemical characteristics and PC composition12,17,21. Due to all these
issues and to the need for a large-scale production of nanoparticles, a new field in
toxicology termed nanotoxicology has emerged. Our current knowledge of the effect
deriving from nanomaterial interaction with biological systems is still poor but
suggest that nanoparticles are be able to have adverse effects22. Indeed, nanoparticles
have greater potential to travel through the organism, and for this reason all their
interactions with fluids, cells and tissues need to be considered, also the target organs.

3
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Importantly, nanoparticles may activate inflammatory and immunological responses,
or affecting cardiac and cerebral functions22–24.
Unfortunately, most of the nanomedicine products are not introduced on the
pharmaceutical market due to challenges correlated to the optimization of their
formulation and reproducibility set-up, especially on large-scale. The concrete
problem is that nanoformulation process often involves multiple key steps (such as
homogenization, sonication…) that contribute to increase the batch-to-batch
variability, limiting the clinical and/or commercial translation of nanomedicine25,26.
Despite this problem, nanomedicine trend is positive, driven by new developed
delivery strategies, new technologies, new treatment modalities, new drug approvals,
and even clinical failures of current drugs27. Over the last decades, different types of
nanoparticles, such as liposomes, nanocrystals, nanoemulsions, polymeric complexes,
have been successfully introduced in the European pharmaceutical market27–29.
However, there is still a long way toward the complete regulation of nanomedicine
and the improvement of delivery efficiency, commonly recognized to be less than 1%.
Bringing nanomedicine to market is an enormous multidisciplinary effort which must
be realized to strongly improve the quality of life of many patients.

1.2 Design of cancer nanomedicine
Cancer continues to be the second leading causes of death worldwide and is
responsible for an estimated 9.6 million deaths in 2018 (globally 1 in 6 deaths is due
to cancer)30. For this reason, the use of nanomaterials to treat and image cancer is
probably the most active area of nanomedicine research. To address cancer,
bioengineers are designing increasingly sophisticated and selective nanoparticles
able to deliver drugs, contrast agents or heat to the tumor environmental, reprogram
cancer cells or the immune system in a target manner31–35.
Nanomaterials come in many different compositions that include lipid-based vehicles
(liposomes, solid lipid nanoparticles, and micelles), polymer carriers (hydrogels,
polymersomes, dendrimers, and nanofibers), metallic nanoparticles (gold, silver, and
titanium), carbon structures (nanotubes, and graphene), and inorganic particles
(silica)36. Therefore, a large variety of nanoparticles have been engineered but the
4
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capability to predict their interactions in a complex tumor environment is not always
intuitive, even for simple preparations. For example, nanoparticles that are optimized
to strongly interact with cancer cells mostly show limited diffusion behavior, tending
to be internalized by stroma cells localized near blood vessels. This phenomenon of
poor tissue penetration of nanoparticles, called binding site barrier, can also promote
adverse off-target effects. Weaker nanoparticle binding, although not optimal, could
lead to a better result, due their cooperative behaviours37,38.
Moreover, it is becoming clear, however, that different classes of materials are optimal
for specific applications. For example, the Food and Drug Administration (FDA)
approved a solvent-free formulation of paclitaxel for the treatment of metastatic
breast cancer, that exploits the natural properties of albumin to bind and increased
solubility of hard-to-deliver chemotherapeutics, such as paclitaxel39. Metallic
particles, especially gold nanoparticles and carbon nanotubes, are promising NIR
absorbance imaging and photothermal therapeutic agents40. In addition, polymeric
and lipid-based nanoparticles are the most extensively studied for the small
interfering RNA (siRNA) delivery therapy, due to their biodegradability and
biocompatibility41. Moreover, another important element to rationally select a
nanoplatform is to consider specific properties of every material. For example, gold
nanoparticles have shown potential as diagnostic probes for brain tumors, because of
their particularly capability to effectively cross the blood-brain barrier42.
Lastly, the base of precise medicine approach pushes for the development of patientspecific treatments, even though patient stratification will become more and more
indispensable43. Ultimately, the rationally designed therapy and imaging of cancer
nanomedicine in combination with specific patient stratification, is the only way to
save time and energy to introduce them on the pharmaceutical market, making them
available for who need it most: patients.

1.2.1 Nanoparticle behaviors
The behavior of each nanoparticle preparation depends on its rational design and the
resulting interactions with cells and body tissues. The main characteristics of
nanoparticles composition can be summarized by size, shape, charge, cargo, material
composition and coating17,38. [Figure 1.1]
5
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different endocytic pathways4,38. With regards to macrophages internalization, it is far
recognized that the reticuloendothelial system (RES) is largely responsible for blood
clearance of systemically administered nanoparticles. The RES consists of the
phagocytic cells, such as monocytes and macrophages, located in the connective
tissues, lymphoid organs, bone marrow, spleen, liver and lungs. Nanoparticles are
usually taken up by the liver and spleen, depending on their size and surface
charge44,47.

1.2.1.2

Shape

The nanoparticles shape and modulus can heavily influence the circulating half-life, cell
membrane interactions and macrophages uptake, consequently affecting particles’
biodistribution among the different organs. For example, filamentous polymer micelles
have shown longer circulation time in vivo compared with spherical particles with same
chemistry48. In situations where uptake and accumulation are fundamental, such as in
tumor environmental, spherical nanoparticles were far recognized to be more efficient38.

1.2.1.3

Surface charge

The surface charge of nanoparticles also impacts their circulation time and their
accumulation at specific sites of interest. In particular, positive and hydrophobic
surfaces are preferentially opsonized – that is the adsorption of immunoglobulins and
complement proteins onto potentially dangerous agents, making them visible to the
immune system - and have higher rate of nonspecific uptake, than neutral/negative
and hydrophilic ones44,49. Rapid clearance of particles can be partially alleviated by
adding polymer coatings, such as poly(ethylene glycol) (PEG) that partially shield
charge of nanoparticles. PEG is a synthetic polymer that is widely used as a gold
standard

in

bioconjugation

and

nanomedicine

due

to

its

solubility

and

biocompatibility. Consequently, PEG has been conjugated to proteins, peptides,
oligonucleotides, microRNA and particles for biomedical applications. In particular
PEGylation has been shown to improve the in vivo stability of micelles, liposomes,
dendrimers, gold nanoparticles, quantum dots and polymeric nanoparticles. Indeed,
PEGylated particles become more hydrophilic and less charged, minimizing the
opsonization and avoiding phagocytosis by RES. Moreover, the increase hydration
7
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Lipid-based class consist of different subset nanostructures typically pooled by at
least one lipid bilayer that can be composed of cationic, anionic, or neutral lipids,
surrounding at least one aqueous volume53. This class of nanomaterials offer many
advantages including formulation simplicity, capacity of self-assembly, high
biocompatibility and bioavailability, ability to stabilize a range of payloads with
radically different physicochemical and biophysical properties. For example,
liposomes that are typically composed of phospholipids, can entrap inside their
central aqueous space lipophilic and hydrophilic drug molecules, whereas
hydrophobic compounds are intercalated into their lipid bilayer53–55. Liposomes are
not only able to protect their encapsulated agent from inactivation and degradation,
but they are generally considered pharmacologically inactive with minimal toxicity,
due to their natural composition. However, an increase number of evidences suggest
that liposomes are not immunologically inert as once suggested55,56. The primary
organs associated with the RES are the main sites of liposomes accumulation after
their injection. Uptake of liposomes, especially by liver and spleen resident
macrophages, is typically secondary to particles opsonization. This is a serious
problem because excessive liposomes deposition in macrophages may saturate their
phagocytic capacity lead to an immunosuppression condition and an increased risk of
infections. The surface modifications, especially the conjugation of PEG polymers, on
the liposome membrane has enabled the use of this kind of nanoparticles in clinical
use, improving their circulation time and preventing their removal by RES55.
Another important subset of the lipid-base nanoparticles are lipid nanoparticles that
are the first RNAi-based drug approved by the FDA27. Beyond the siRNA, they are
typically composed of four major lipid components: ionizable cationic lipids that
complex with genetic material characterized by a negative charge, phospholipids to
structure nanoparticles, cholesterol to facilitate the membrane fusion and increase
stability, and PEGylated lipids to improve circulation57,58
For these reasons, lipid-based nanoparticles are the most extensively explored
nanocarriers for targeted drug delivery and the most common class of FDA-approved
nanomedicines27. However, these particles can still be limited by low drug loading and
high uptake by liver and spleen macrophages that effectively change their body
biodistribution54,58.

9
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In the past decades, considerable attention has been paid to the use of inorganic
materials, such as gold, iron and silica, that have been used to synthesize nanostructures
for various drug delivery and imaging applications 59,60.
Gold nanoparticles, which are the most well studied, have unique physical, electrical,
magnetic and optical properties, in addition to easy preparation, modification and size
control, granting them additional properties and delivery capabilities54,59. For example,
gold nanoparticles have been used as ultrasensitive fluorescent probe to detect cancer
biomarkers and for photothermal therapy, due to the capability of their free
superficial electrons to continually oscillate at a frequency dependent on their size and
shape53,61.
Magnetic iron oxide nanoparticles, that make up the majority of FDA-approved
inorganic nanomedicine, exhibit superparamagnetic properties and have shown
success to improve diagnosis, drug delivery and thermal-based therapeutics54,59.
Other common inorganic nanoparticles include silicon-based structures and quantum
dots and have been successfully used for gene and drug delivery. In particular, quantum
dots due to their interesting optical properties are incontestably adapted for in vitro and
in vivo biomedical imaging54,59. Thanks to their magnetic, radioactive and optical
properties, in addition to easy and precisely engineering in size, structure and geometry,
inorganic nanoparticles are strongly qualified for future medical applications, such as
diagnostic, imaging and theranostic. However, toxicity and low solubility are the may
limits in their clinical application53,54.
Polymeric nanoparticles can be synthesized from a variety of natural materials, like
chitosan, alginate, and gelatin, or synthetic polymers, such as poly(e-caprolactone)
(PLC), poly(lactide) (PLA), poly(lactide-co-glycolide) (PLGA), allowing for a
multiplicity of possible structures that can respond to a number of different chemical,
biological, and physical stimuli52,62. In particular, scientists are focusing on the
identification of specific classes of polymers able to respond to pathological
alterations within the body, such as changes in pH gradient, temperature, enzyme and
small molecule presence, but also external to the body, such as UV irradiation and
magnetic forces38,58. Polymeric nanoparticles can be synthesized through three main
principles, everyone in turn divided in a variety of different techniques: dispersion of
preformed polymers, ionic gelation of hydrophilic polymers and polymerization of
monomers53. Depending on the choice of polymer and the method of preparation, the
release characteristics of the incorporated drug can be controlled17,53. In the majority
10
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of cases, the result of these formulation methods is a nanocapsule, which is composed
by a cavity, where the drug is confined, surrounded by a polymer shell, or a
nanosphere characterized by a solid matrix where the drug is dispersed. Therapeutics
agents or contrast media with different molecular weight and hydrophobicity can be
encapsulated within the nanoparticle core, entrapped in the polymer matrix,
chemically conjugated to the nanoparticle surface17. Within these two large
categories, polymeric nanoparticles are further divided into micelles, polymersomes
and dendrimers.
Polymeric micelles typically contain amphiphilic block copolymers self-assembled to
form a spheroidal structure with a hydrophobic core shielded by a mantle of
hydrophilic group, that is perfect to improve the systemic delivery of water-insoluble
drugs54. For their long circulating time and their capability to be loaded with various
cargo, polymeric micelles have been already used for the delivery of different types of
cancer therapeutics in clinical trials63.
Dendrimers are highly branched polymers with complex three-dimensional structure and
easily modifiable surfaces. This makes them promising nanoparticles for conjugation with
drugs and in particular with nucleic acids, that usually form complexes with the positively
charge surface of most cationic dendrimers53,64.
Polymersomes are artificial vesicles costing of many repeating units of amphiphilic
co-polymers that through their self-assembly properties are responsible for the
formation of an aqueous central cavity65,66. They are comparable to liposomes, but to
their higher stability, polymersomes can be used to obtain more control release
kinetics. Indeed, polymersomes putting together the capability to encapsulate
hydrophilic, hydrophobic and amphiphilic molecules with their tough membrane, provide
a better stability in vitro as well as in vivo compared to many other similar types of vesicle
structures65,67.
Overall, polymeric NPs are ideal candidates for cancer nanomedicine because they are
biodegradable, water soluble, biocompatible and their surface can be easily functionalized
with different targeting molecules53,54,58. However, due to the increase risk of particles
aggregation and consequent toxicity, only a small number of polymeric nanoparticles are
used in the clinic, but a lot of them are currently undergoing testing in numerous clinical
trials27.
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different from the thickness obtained using proteins (~15-20 nm) or polymers (~100-200
nm)71. Moreover, if the shells are soft, they will break easily, while hard shells will not be
able to easily oscillate in ultrasonic fields. In particular, polymer shell bubbles are the more
resistant to compression and expansion when ultrasound are applied. In spite of this,
polymeric nanobubbles have been largely used for their stability, biocompatibility,
reproducibility, biodegradability and purity. Chitosan, that is a semisynthetic cationic
polyaminosaccharide obtained by chitin deacetylation, has attracted attention in different
biomedical and pharmaceutical fields, due to its low toxicity and immunogenicity and
excellent biocompatibility. Chitosan bubbles have been already design and tested as
successful oxygen delivery systems to tumor hypoxic microenvironment69,72,73. Finally,
shell composition is also important to define the approach to drug/gas loading and
functionalization of nanobubbles68,69. Different approaches have been proposed to
associate small molecules and macromolecules, either hydrophilic or lipophilic, within
nanobubbles structures. Drugs might be encapsulated within the core, incorporated at the
interphase or directly with the nanobubble shell, dissolved in an oil layer added to the
shell or directly associated to the nanobubble surface68. Alternatively, drugs can be
previously loaded into a nanostructure and then linked to the nanobubble surface72. The
main purpose of loading nanobubbles with drugs or genes to minimize the side effects and
improving therapeutic efficacy can be successfully reach only through particles
functionalization. Indeed, nanobubbles display poor in vivo tumor-selectivity and a
considerable tendency to accumulate in non-targeted organs, such as liver69,74,75. The
surface modification of nanobubbles is required for active targeting by incorporation of
different kind of targeting molecules, such as monoclonal antibodies, peptides, aptamers,
antibody fragment and small molecules76,77.
Overall, nanobubbles combined with ultrasound exposure present a number of
advantages in targeted imaging and selectively drug delivery, allowing the visualization
delivery of loaded drugs in real-time, and the immediately release of drug afterwards
precise disruption of the nanobubble shell in the tumor environment68.

1.2.1.5

Surface modifications

Surface modifications allow nanoparticles to increase their stability in biological
fluids and to avoid being recognized by RES that is the main responsible of
nanoparticles degradation. Obviously, the strategies choose to bind these ligands onto
13
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the nanoparticles surface highly depends on the composition of particles. It is possible to
recognize three main classes of functional groups generally used to reach this purpose,
that are thiols, amines, and hydroxyls54,78,79. There are several molecules that can be used
to preserve integrity of nanoparticles after injection, such as PEG, zwitterionic ligands,
lipids, proteins, glycans, aptamers78. Soft-based nanoparticles are the most susceptible to
instability and aggregation both in circulation and in storage. Thus, to improve their
robustness lipid nanoparticles can be formulated with helper lipids, cholesterol and
PEGylated lipids, whereas polymer NPs may utilize cross-linking techniques33,80. As
previously mentioned, PEGylation is the main suitable surface modification to avoid nonspecific interactions with proteins, reducing opsonization and consequently also
nanoparticles uptake by macrophages. However, its wide use is to be attributed to its
highly hydrophilic nature that provide long-term stabilization78.
Another strategy frequently used to stabilize nanoparticles is to develop a lipid bilayer
around nanoparticles as coating agent, providing particles with a demonstrated stability
over several days. Moreover, in contrast to polymers and other synthetic molecules, lipid
bilayer easily produces a homogenous shell around nanoparticles with an average
thickness ~5 nm78,81. However, the main drawback of using this approach is the absence
of covalent binding onto nanoparticles surfaces, causing lipid detachment, and,
consequently, particle aggregation and uptake78.
When injected, nanoparticles are dispersed in fluids containing proteins, that completely
cover nanoparticles causing their aggregation and clearance19. However, if properly
controlled, this process could become a powerful advantage to increase in vivo stability
and minimize phagocytic uptake of nanoformulations. Indeed, the pre-protein coating of
nanoparticles can provide their steric and electrostatic stability in physiological fluids
meanwhile avoiding the attachment on their surface of other unwanted free protein.
Among different proteins, serum albumin is particularly interesting not only because is
one the main proteins forming the PC, but also for its functional groups rich of cysteines
that allow highly reactive toward metallic surface78,82–84. Therefore, the PEGylation is not
the only way to minimize undesirable phagocytic uptake. Indeed, there is also the
possibility to coat nanoparticles with a ‘self-peptide’ derived from human including
human serum albumin and other ‘don’t eat me’ signal such as CD47 that is normally
expressed on the surface of all body cells like part of the common mechanism by which
cells protect themselves from phagocytosis38,85,86. As for other ligands, one of the main
drawbacks associated with protein coating nanoparticles is related to the considerable
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increase in thickness of the coating layer, changing the hydrodynamic diameter of the
NPs78.
Finally, the nanoparticles surface can be engineered with active targeting molecules for
selective cellular uptake and precise accumulation at target site38.

1.2.1.5.1 Aiming at a target molecule
The analysis of nanoparticles delivery efficiency to solid tumors from studies published in
2005-2015 reveal the complexity to translate nanomedicine to human use. The low
delivery efficiency obtained, less than 1.0% of the injected dose, is essentially attributable
to the huge amount of interactions with off-target tissues87. To further improve tumor
specificity and prevent non-specific distribution, nanoparticles can be design to
selectively interact with surface molecules which are overexpressed or specifically
present on cancer cells or tumor vasculature16,36. This approach is generally known as
active targeting or ligan-based targeting88. The majority of targeting ligands -including
antibodies and its fragments, peptides, aptamers and small molecules such as glucose and
integrin ligands - are able to interact with molecules on the target cell’ surface, such as
ligand–receptor, enzyme–substrate or antibody–antigen mediated interactions88–91.
Therefore, target receptors and molecules are important new markers which help in the
appropriate selection of patients for personalized treatment. It is also important to study
the precise targeting moiety density able to optimize the interactions with cell surface to
overcome the initial energy barrier to nanoparticles uptake54. However, despite the
advantages related to the use of active targeting, this approach needs to be increased to
confront the variation of target markers during single patient disease well as among
patients in a population87.
The most popular modality to performed active targeting for cancer therapy is the use of
monoclonal antibody labelled nanoparticle. Monoclonal antibody (mAb) are laboratory
engineered antibodies able to mimic the physiological ones, specifically attacking a certain
previous identified antigen related to disease, such as that express on the surface of cancer
cells92. After binding with tumor antigen, mAb can destroy cancer cells directly, inducing
their apoptosis, or indirectly, activating complement-mediated cellular cytotoxicity and
antibody dependent cell mediating cytotoxicity93. Importantly, though antibodies are
successfully used as therapeutic agents in their own right, they can be also use as targeting
agent to deliver conjugated agents for imaging or therapy to specific disease sites94.
Antibody labelled nanoparticles can potentially circumvent some of the issues associated
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with direct conjugates, such as the possible inactivation of the drug and the necessary
release of the drug once internalized into endosomal/lysosomal vesicles through pH labile
or reducible linkers. Furthermore, the use of nanoparticles increases the low
stoichiometric ratios of drug to antibody, maximizing the concentration of drug that can
be targeted to the disease site. Moreover, the presence of two binding sites within a single
antibody increase the binding opportunity. However, the drawbacks of using mAb
including their large size, the requirement of optimization through engineering
technologies, and also their potential immunogenic features due to the uncontrolled
exposition of immunogenic regions on the nanoparticle surface54,88,93. Indeed, it is well
known that signaling cascade to kill a cancer cell start when macrophages bind to the Fc
segment of the antibody, but it is also recognized that the Fc portion of mAb can be bind
by the Fc receptors on macrophages leading to uptake of nanocarrier95. However, the mAb
limitations such as their large size that lead to an increase in nanoscale diameter and in
surface crowing, immunogenicity and rapid clearance, can be overcome using antibody
fragments96. Phage display allow to rapidly select antibodies or their fragments, including
antigen-binding fragments (Fab), dimers of antigen-binding fragments (F(ab’)2), singlechain fragment variables (scFv)97,98. Obviously, there is an increasing interest on antibody
fragments, which maintain the specificity of the parent antibody, but with less
immunogenicity and less significant changes in nanoparticle diameter93,96.
Peptides represent another very attractive and versatile alternative to antibodies to
mediate the delivery of nanosystems. They are economic and easy to produce, conserving,
at the same time, a high specificity and affinity (sometimes comparable to those of full
antibodies) to their target molecule. Moreover, their small size leads to a little alterations
of the hydrodynamic diameter of nanoparticles and reduces in vivo immunogenicity99,100.
One of the most commonly peptide used to guide nanoparticles delivery is the RGD
peptide36. The tripeptide Arg–Gly–Asp (RGD) binds specifically to αβ-integrin, which is
aberrant regulated in variety of pathological conditions included different tumor cell lines
such as breast, lung or fibroblast cancer cells, and also by the epithelial cells of the tumoral
blood vessels101,102. Surprisingly, the cyclic version of RGD, called iRGD, which is cyclized
by the disulfide bridge between both terminal cysteines, when associated with
nanoparticles leads to a significantly enhanced tumor targeting, penetration, and efficacy
compared to linear RGD. Indeed, iRGD first it binds to αβ-integrin express by tumor
endothelial cells by the RGD sequence, where proteolytic cleavage exposes a binding motif
for neuropilin-1, which mediates penetration into tissue and cells103,104.
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Aptamers are small single-strand oligonucleotide that exhibit a characteristic threedimensional structure capable to bind targets express on cell membrane with high
specificity and sensibility. The selective aptamers are usually obtained by the technique
named systematic evolution of ligands by exponential enrichment (SELEX)104.
The active targeting is already one of the most used strategies to improve the specificity
of nanoformulations, but even if the use of these moieties exhibits great in vitro results,
there has no real enhancement in vivo especially regarding cell internalization105.
Simultaneous targeting of tissue and cells in a unique nanoparticle has been proposed as
a new approach to overcome some physical and biological barriers in nanomedicine. In
this way, tissue targeting molecule would improve the nanocarriers accumulation on
disease site, once there the presence of the cellular targeting moieties would enhance the
cellular uptake into tumor cells104. An example of dual targeting system is presented for
glioblastoma drug-delivery. Glioblastoma due to the presence of the blood brain barrier
(BBB) is one of the major challenges for nanomedicine. In this case, liposomes were coated
with two peptides, Angiopep-2 and tLyP-1, both of them with homing and brain
penetrating properties for the simultaneous delivery of siRNA and docetaxel. The
synergistic collaboration with these two targeting peptides lead to an improvement of
nanoparticles internalization only when liposomes have both targeting systems exposed
on their surface106. Another strategy to improve nanoparticle delivery is based on the
combination of an unspecific cell internalization and endosomal escape molecule, like RGD
peptide, with a selective targeting ligand107.
Finally, there are molecules able to drive multiple targeting mechanism by themselves,
like albumin. Indeed, albumin-based nanoparticles accumulation are affected by the EPR
due to their size and by the active interaction with Gp60 receptor expressed in the
endothelial cell surface108,109.
Considering that nanomedicine is at the beginning, it will be important spend more
energies on the development of novel and more functional targeted nanoparticles that
would eradicate devastating diseases in the coming future.
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1.2.2.1

Systemic barriers to biodistribution

The biological barriers that nanoparticles encountered firstly depend on the route of
administration. Obviously, the local delivery methods may allow nanoparticles to avoid
the majority of systemic obstacles, but this approach is often extremely invasive and can
be applied only to disease with a localized pathological site, such as tumor. Therefore, the
systemic injection is still confirmed as the most common methods for nanoparticles
administration. However, injection is to be considered as an invasive and unfavorable way
of administration because it affects the patient compliance and raises controls and sterility
required, increasing costs17,54,110.
While in circulation, nanoparticles stability and delivery can drastically change under the
specific effect of factors such as excretion, blood flow, PC formation and phagocytic cells
action54.

1.2.2.1.1 Protein corona formation
After injection, once in contact with biological fluids, nanoparticles are rapidly undergoing
a ‘bio-transformation’ of their surface due to their interfacial interaction with various
blood constituents. This spontaneous self-assembly and layering of circulating molecule,
onto NP surfaces, called PC, bestows nanoparticles of a new biological identity. Indeed, this
lipid and protein that bind nanoparticles surface mostly through non-covalent forces, are
often the prime reason for loos of nanoparticles colloidal stability, quick clearance,
undesirable interactions, and immunological reaction. Indeed, PC formation could
remodel size and aggregation state of nanomaterials, and consequently nanoparticle
interaction with biological barriers and cells.
PC architecture is composed by an “hard” protein corona, that strongly interact with
nanoparticle surface, and a more external and dynamic layer of indirectly bound proteins,
defined “soft” protein corona20,111–113. The PC composition depends on both nanoparticles
features, and interindividual (e.g., age, gender, diet, state of health) and interspecies
characteristics. These differences are particularly relevant because they have serious
repercussions on toxicological evaluation performed during pre-clinical studies111. PC
formation is almost immediately, and the total amount of adsorbed proteins did not
substantially change over time. Moreover, the composition of the surface protein layer is
unique, but it generally consists of a subset of about 125 proteins involved in complement
activation, pathogen recognition and blood coagulation. They are mainly proteins with a
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negatively charged and a molecular weight typically between 20 and 80 kDa, and an
isoelectric point between 5 and 8. In particular, immunoglobulin G, serum albumin,
fibrinogen, clusterin and apolipoproteins are generally present in the PC of the majority of
nanoformulations20,111,112. Interesting, it was observed that the majority of identified
proteins are constant, but their abundance fluctuates over time. These kinetics
considerations have relevant consequences on nanoparticles interactions, because
particles with a partially different biological identity can reach the tumor in different
moments111. The new nanoparticles identity provided by PC formation may negative
impact on their targeting properties. Indeed, the PC covering the nanoparticles surface can
hide the functionalization molecules, thereby inhibiting the interactions with specific
receptor on targeting cells114. However, the impact of PC on targeting capabilities is still
under debate, especially because in some cases PC formation is exploited for targeting. In
these cases, PC contains proteins that act as efficiently ligands for targeting molecule,
confirming the significant and complex role of PC115,116. These discrepancies highlight the
need to study more in deep how manipulate nanoparticles synthesis to favor the binding
of specific proteins in the PC turns out to be increasingly indispensable. Moreover,
understanding and predicting the nanoparticles PC interactions and ability to alter the
immune response is essential. In particular, it is known that complement proteins’
deposition on nanoparticles is able to induce opsonization and removal process of nonself-entities by immune cells and contribute towards adverse effects such as allergic
responses112,113. In particular, nanoparticles in the blood may activate the complement
system through classical, lectin and alternative pathways, causing nanoparticles
clearance. The exchangeable and dynamic nature of PC lead to continuous formation and
release of that proteins and their complexes, suggesting that is important to define which
of them are effectively in an active state and which are only passively bind on
nanoparticles surface112,117.
More generally, controlling PC composition on the nanoparticles surface could offer
exciting possibilities to modulate the biological identity, contributing to improve clinical
translation111,113.

1.2.2.1.2 Organs competing with target sites
The RES organs and the renal system strongly compete with target sites for circulating
nanoparticles, sequestering and eliminating them.
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are excreted into the bile, transiting through biliary canaliculi and bile ducts to reach the
intestines46,118.
The kidney glomeruli, that are the filtration units of kidney, are composed by fenestrated
endothelial cells, the glomerular basement membrane and podocytes. In this case, both
charge and size are fundamental to determine the fate of nanoparticles in kidney. Indeed,
the basement membrane and endothelium behave like filters. Consequently, only
nanoparticles with a hydrodynamic diameter from 2 to 6 nm can traverse all of them, with
smaller ones that crossing faster than larges. Furthermore, all the three main components
of kidney glomeruli are negatively charged causing the rapid glomerular filtration of
positive charge nanoparticles, followed by neutral and finally negative ones87,119.
Obviously, to increase delivery efficiency, it is necessary to decrees the blood
nanoparticles clearance, especially by liver and kidneys, and at the same time increase
their accumulation in targeting sites.

1.2.2.2

Microenvironmental barriers

Once at the target site, nanoparticles must take on other obstacles due to the
substantially different conditions of this microenvironment compare to those in the blood,
which can alter the physical properties and stability of nanoparticles. For example, in
numerous tumors were observed variations in pH and oxygenation level, which both of
them tend to decrease, and also in temperature, which instead lead to obtain a tumor
hyperthermic region. These typical characteristics of tumor microenvironmental are
precious to define new nanoparticle approaches, such as pH-sensitive or temperatureresponsive systems54,87. Many other characteristics of the tumor microenvironment,
including the vascular abnormalities, interstitial fluid pressure and extracellular matrix
(ECM) density, play a key role in determining nanoparticles fate, changing their capability
penetrating in the tumor site120. In particular, tumor vessels display abnormal structure
with a chaotic organization due to the imbalanced expression of angiogenic factors and
inhibitors. Indeed, tumor endothelial cells develop a discontinuous monolayer, with a
decreased vascular density from the host tumor interface towards the central portion of
tumor and a hierarchical disorganization and irregular branching. Nanoparticles are able
to cross the vascular barrier and enter the tumor compartment, taking advantages of these
abnormal hyperpermeability, due to the overexpression of vascular permeability factor
(VEGF) in response to hypoxia. Moreover, these tumor vessels, due to their wide
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fenestrations and the lack of lymphatic drainage, lead to an increased local hematocrit and
blood viscosity causing a slowdown of blood flow. As a consequence, nanoparticles inside
tumor vessels tend to move slowly or become stagnant, and this provides them enough
time to extravasate through the abnormal large gaps (100-500 nm) between adjacent
endothelial cells. This phenomenon, called EPR effect, is considered the most extensively
adopted passive targeting strategy for reach the tumor systemically17,54,87,120,121.
Unfortunately, the EPR effect is not always a certain approach because of its heterogenous
expression in different kind of tumors and its correlation with many individual patient
factors, such as age, genetics, lifestyle and previous antitumor treatments122. Recent
studies suggest that other mechanisms such as immune cell interactions, protein corona
composition and molecular mechanisms may strongly contribute to the enhanced passive
tumor accumulation of nanoparticles54.

1.2.2.3

Cellular and intracellular barriers

When nanoparticles have crossed the vascular barrier, they start to interact with
heterogeneous components of the tumor stroma and parenchyma, that are malignant
target cells. In this face, the first contact between corona-covered nanoparticle and a cell
may determine the nanoparticle fate and consequently its therapeutic potential54. Upon
interaction with cell surface, nanoparticle could be taken up by passive diffusion through
the cell membrane or by active transport. The first one is predominantly limited to small
and uncharged nanoparticles, therefore is it clear that the majority of them most
commonly use an active transport to cross the cell membrane. In particular, nanoparticles
tend to utilize endocytic pathways basically performed through membrane folding to
create a vesicle to engulf nanoparticles, that could be based on specific interactions with a
cell surface receptor, or not, such as pinocytosis and micropinocytosis. Clathrin-mediated
endocytosis is the most common route of nanosphere uptake. However, it is important to
highlight that the process used by nanoparticles to be internalized is dependent by
numerous factors including characteristics of the cell membrane as well as properties of
the nanoparticles. During endocytic processes, the vesicle changes, reducing pH,
increasing ionic strength and activating degradative proteolytic enzymes until it become
a lysosome123,124. For certain therapeutic agents’ delivery into cytosol is required,
consequently, several nanoparticles are specifically designed to escape from lysosomes
before the nucleic acids or drugs cargo are getting degraded125. Once in the cytosol, the
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viscosity and cytosolic enzymes can be able to negatively condition stability and
movement of nanoparticles. The translocation of nanoparticles to subcellular organelles,
such as nucleus and mitochondria, is another challenge, due the physiological nature of
these intracellular compartments and the requirement to cross their membranes17.
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Chapter 2: Aim of research
The clinical applications of nanomedicine are increasing rapidly with the promise of
targeted and efficient drug delivery and diagnosis. Indeed, nanoparticles have been
developed to overcome the limitations of free drugs and navigate through the
systemic, microenvironmental and cellular biological barriers, that are extremely
heterogeneous across patients, populations and diseases. However, despite the
extensive research, the number of nanomedicine available to patients is drastically
below projections for the filed. This is due to the fact that the majority of nanoparticles
in physiological conditions were unable to overcome the biological barriers to
delivery for which they were thought. For this reason, researchers are focus to design
nanoparticles based on a controlled synthesis strategy and conjugated with a variety
of bio-responsive moieties and active targeting agents to enhance delivery. For this
reason, the interest in deeply characterized targeting agents is growing. Moreover, the
possibility to guarantee a complete preclinical application remains a pivotal factor and
the possibility to characterize molecules able to cross-react with evolutionarily
conserved targets make research easy. Finally, the possibility to address molecules
expressed in several clinical microenvironmental, using the same targeting agent,
allows developing powerful approaches aiming to treat or to produce early diagnosis
in different pathologies.
In this study, we focused on a previously described peptide, CKSTHDLC, with homing
properties specific for human synovial microvasculature endothelium that has already
been presented as an innovative active targeting agent for a preclinical nanomedical
treatment and early diagnosis of rheumatoid arthritis. This targeting peptide was isolated
by in vivo phage display selection that is a powerful strategy for directly identifying agents
able to target the vasculature of normal or diseased tissue in living animals. In particular,
Lee et al. have identified this homing peptide without knowing its possible target, by
injecting intravenously a disulphide-constrained 7-amino acid peptide phage display
library in a human synovium-SCID transplantation model. The comprehension of the
potential applications of this peptide is absolutely one of the most important objectives of
this study. Indeed, it will be important to understand if the bio-target of this molecule,
similarly expressed in human and animal synovial settings is also present in other
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pathological microenvironmental. Basically, the identification and characterization of the
peptide bio-target interactions is the easier way to have the possibility to extend the use
of this molecule as targeting device for the delivery of therapeutic/diagnostic agents in
other diseases.
In the development of nanomedical approaches, particular attention should be placed,
however, not only to targeting evaluation, but also to innovative formulation design of
nanoparticles. Since the theranostic nanostructures, combining the modality of therapy
and diagnostic imaging, appear to be particularly relevant to improve the biomedical
applications, we decided to focus our attention on chitosan nanobubbles. These chitosanbased formulation (kindly provided in collaboration with Prof. Cavalli – University of
Turin) with a core of perfluoropentane for US-imaging and coated with the targeting
molecule, will be studied in vitro and in vivo as a novel potential therapeutic and early
diagnostic approach, not only for rheumatoid arthritis, but for other diseases
characterized by a high surface expression of the targeting peptide target protein.
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Chapter 3: Materials and methods
3.1 Production of the targeting molecule
The sequence of the targeting peptide, composed by 9 amino acids (CKSTHDRLC), used in
this study and coated on nanobubbles, has been previously cloned in fusion with a human
Fc region generating the targeting molecule.
The monoclonal cell line transfected with the vector pcDNA3.1/Hygro+ coding for the
targeting molecule (Fc-targeting peptide) has been cultured in the CELLineTM Device
bioreactor (BD Biosciences), to maximize the production. The culture started adding
~15x106 cells in ProCho5 enriched with 10U/mL penicillin, 1μg/mL streptomycin, 10%
FBS, 2mM L- glutamine and 200μg/mL Hygromycin B to the cultivation chamber of the
bioreactor. Twice a week the supernatant containing the high concretion of targeting
molecule produced by cells has been collected from the cultivation chamber and replace
with fresh cells. The medium of the nutrient chamber has been change every 2 weeks.
The collected supernatant has been centrifuged at 1500g for 20 minutes to remove any
debrides and the resulting sample were stored at -20°C. Once obtained a considerable
number of collected supernatants, the targeting molecule has been purified by protein A
affinity chromatography. After the column equilibration with 20mM sodium phosphate
buffer pH 7, the previously collected supernatants were passed through the column using
a peristaltic pump with a flow of 1 mL/minute. After a column wash using the initial
equilibrating buffer, the target molecule has been eluted adding a 0.1M sodium citrate
buffer pH 3 to the column. To restore the physiological pH, the collected fraction, each of
1.5mL, have been rapidly equilibrated with 300μL of neutralizing buffer consisting in a 1
M Tris-HCl pH 9.0 solution. Finally, only the fractions containing the purified targeting
molecule have been dialyzed O/N in DPBS at 4°C. The final concentration of the targeting
molecule after dialysis have been quantified by absorbance assay at 280nm using a
spectrophotometer (Eppendorf BioPhotometer Plus).
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3.2 Preparation of nanobubble formulations
Chitosan shelled nanobubble formulations were prepared according a tuned multistep protocol elsewhere described126. Briefly, a pre-emulsion was obtained adding an
Epikuron®200 and palmitic acid ethanol solution (1% w/v) to perfluoropentane.
Then, ultrapure water was added, and the mixture was homogenized using an UltraTurrax SG215 homogenizer (IKA, Konigswinter, Germany). Finally, to obtain the
chitosan-shelled nanobubbles, a chitosan solution (2.7% w/v, pH 4.5) was dropwise
added under magnetic stirring to the preformed ones. Double-labelled fluorescent
nanobubbles formulations (NB, tNB) were produced encapsulating coumarin-6 in the
nanobubble perfluoropentane core (50 µg/mL, Sigma Aldrich, St. Louis, MO, USA) and
binding cyanine 5.5 (Cy5.5, 10nmol/mL, FluoroLinkTM Cy5.5 Monofunctional Dye, GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) to chitosan shell of nanobubbles. The
labeling of NBs with Cy5.5 was made by incubating the chitosan nanobubble
formulation with a Cy5.5 DMSO solution under magnetic stirring in the dark for 1 hour.
The amount of Cy5.5 was quantified by spectrophotometric methods using the molar
extinction coefficient of 250,000 M-1 cm-1 at 678 nm. Targeted formulation was
prepared by the chemical conjugation of the targeting molecule (100µg/mL) to the
chitosan shell of fluorescent NBs. The targeting molecule was oxidized by periodate
oxidation and conjugated by reductive amination to chitosan amino groups127.

3.3 Physical characterization of nanobubbles by DLS,
TEM and Nanoparticle tracking analysis
Nanobubbles produced have been firstly characterized by dynamic light scattering
(DLS), obtaining information about the hydrodynamic diameter, aggregation state and
charge of particles in solution. These measurements were performed at a scattering
angle of 90°C and a temperature of 25°C, using both nanobubble suspensions diluted
1:200 in deionized H2O. For zeta potential determination, samples with the previous
dilution were placed in the electrophoretic cell where an electric field of approximately 15 V/cm was applied.
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We utilized the nanoparticle tracking analysis, that combine the properties of light
scattering and Brownian motion, to obtain information about the concentration of
particle in both NB and tNB nanoformulations. For this analysis sample were diluted
1:2000 in deionized H2O and analyzed using a Malvern Nano ZS instrument (Malvern
Instruments, Ltd, Marvel, UK). For transmission electron microscopy (TEM)
acquisitions, 10µL of both nanobubble formulations were washed adding 500µL of
PBS and centrifugating 400g for 5 minutes and then resuspended in 5µL of ultrapure
H2O. A single drop of every obtained sample has been deposited on a carbo foil
supported on copper microgrids. Finally, samples were contrasted for ~2 minutes
using uranyl acetate. Images have been acquired by Philips CM100 TE microscope
(Philips research, Eindhoven, The Netherlands) operating at 80kV. The same protocol
was used to acquired images of nanobubbles after NHS incubation (detailed protocol
3.4.2.2).

3.4 SDS-PAGE and Western blot/Coomassie staining
The gels used to perform the SDS-PAGE of this study were made up by a stacking layer
4% acrylamide concentrated and a resolving layer 10% acrylamide concentrated. In
particular, the stacking composition was: Acrylamide/Bis-acrylamide solution 30%
(Sigma), 130mM Tris- HCl pH 6.8, 0,1% SDS, 0,1% Ammonium persulfate and 0,01%
N,N,N’,N’-tetramethylethylendiamine (TEMED, Sigma).
The resolving was: Acrylamide/Bis-acrylamide solution 30% (Sigma), 400mM TrisHCl pH 8.8, 0,1% SDS, 0,1% Ammonium persulfate (APS) and 0,01% TEMED (Sigma).
The gels have been prepared by Mini-PROTEAN, Tetra Vertical Electrophoresis Cell, (BioRad Laboratories) with a thickness of 1.5 mm.
All the samples of this study were analyzed in reducing conditions, diluted them in sample
buffer (62.5mM Tris-HCl pH 6.8, 2.5% SDS, 10% Glycerol, 0.0025% bromophenol blue, 5%
β-mercaptoethanol) and then boiled for 5 minutes.
The all runs have been performed in running buffer (50mM Tris-HCl, 384mM Glycine,
0.1% SDS) at 15mA until proteins reached the running gel, then the current has been
increased to 20mA.
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3.4.1 Western blot
Proteins separated by SDS-PAGE have been transferred to nitrocellulose membrane
(GE Healthcare, Amersham, UK) by Western blot using a Mini Trans-Blot® Module
(Bio-Rad Laboratories). The transfer has been performed at 3.5mA cm2 for 45 minutes in
transfer buffer (25mM Tris-HCl, 192mM Glycine, 20% Methanol pH 8.3).

3.4.1.1

Western blot of the targeting molecule

The sample containing 0.5µg of the targeting molecule previously purified has been
subjected to SDS-PAGE separation and transfer to nitrocellulose membrane. This
membrane has been blocked with 2% of skim milk in PBS overnight (O/N) at 4°C, then
washed three times with wash buffer solution (0.1% Tween20 (Sigma) in PBS), and
finally incubated 1h at room temperature (RT) with a human alkaline phosphatase
diluted 1:10000 in the diluent buffer (0.1% skim milk, 0.05% Tween20 in PBS). Then
the membrane has been washed three times using wash buffer and developed with 0.3
mg/mL of BCIP (5-Bromo-4-Chloro-3-Indolyl-phosphate, Sigma) and 0.6 mg/mL of
NBT (Nitro Blue Tetrazolium, Sigma) in alkaline phosphate buffer (100mM Tris-HCl,
0.1M NaCl, 5mM MgCl2 pH 9.6).

3.4.1.2

Western blot of the final purified fraction

We loaded the same sample, 18µL of the final purified fraction, two times because with
needed to analyze them using two different primary antibodies. This membrane has
been blocked with 5% of skim milk in PBS 2h RT, and then washed three times with
wash buffer solution (0.1% Tween20 (Sigma) in PBS). Then, one sample was incubated
O/N at 4°C with the targeting molecule and the other with a control antibody
characterized a human Fc, both used 2µg/mL in diluent buffer (0.1% skim milk, 0.05%
Tween20 in PBS). Then, the membrane has been washed three times using wash buffer
and incubated for 1h RT with a secondary antibody anti-human peroxidase in in
diluent buffer. Finally, the membrane has been washed three times using wash buffer
and developed the using ECL detection reagents (Sigma).
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3.4.1.3

Western blot of NB and tNB

We loaded two different sample were subjected to SDS-PAGE: 20µL of NB and 20µL of
tNB. This membrane has been blocked with 2% of skim milk in PBS 1h RT, then washed
three times with wash buffer solution (0.1% Tween20 (Sigma) in PBS, and finally
incubated 1h RT with a human alkaline phosphatase diluted 1:10000 in the diluent
buffer (0.1% skim milk, 0.05% Tween20 in PBS). Then the membrane has been
washed three times using wash buffer and developed with 0.3 mg/mL of BCIP (5Bromo-4-Chloro-3-Indolyl-phosphate, Sigma) and 0.6 mg/mL of NBT (Nitro Blue
Tetrazolium, Sigma) in alkaline phosphate buffer (100mM Tris-HCl, 0.1M NaCl, 5mM
MgCl2 pH 9.6).

3.4.2 Coomassie Blue staining
Proteins separated by SDS-PAGE have been detected immersing the gel in Coomassie
Blue solution (methanol: H2O: acetic acid = 45:45:1, 0.1% Coomassie Brilliant Blue
R250 (Merk)) for 4h to ON with gentle agitation. Destain the gel in destaining solution
(30% methanol (Sigma), 60% H2O, 10% acetic acid).

3.4.2.1

Coomassie staining of the targeting molecule

The sample containing 0.5µg of the targeting molecule previously purified has been
subjected to SDS-PAGE separation and then detected by Coomassie Blue staining.

3.4.2.2

Coomassie staining of NB after NHS incubation

To detect and consequently identified the proteins that constitute PC, we have adapted
a published protocol to our nanoformulation128. Therefore, 20µL of NB were, firstly
wash adding 500µL of PBS and centrifugating 400g for 5 minutes. The nanobubbles
were then resuspended in a solution NHS in PBS 1:1 and incubated at 37°C for 30
minutes with little agitation of 800rpm. The same sample, after wash, was incubated
with 50µL of PBS, in the same conditions, as control. At the end, the two samples were
wash two times as before and finally resuspended in 20 µL of sample buffer. These
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two samples have been subjected to SDS-PAGE separation and then detected by
Coomassie Blue staining.

3.5 Immunostaining of tissue sections
The tissue collected from arthritic mouse mice was submitted to decalcification in
order to remove mineral from bone or other calcified materials. Therefore, after the
appropriate tissue fixation in 10% paraformaldehyde (PFA) (maximum 48h) at 4°C in
gentle agitation, the arthritic paws were repeatedly washed under running water.
Afterward, paws were immersed in the decalcifying solution for 48h at 4°C in gentle
agitation, washed again and then, after cutting the paws in half, immersed for the last
time in decalcifying solution for 24h in previously described conditions. After a wash
under running water, tissue was submerged in a 20% saccharose in PBS solution for
24h at 4°C maintaining the light agitation state. Finally, tissue was store at -80°C in a
biocompatible gelatinous matrix with 10% polyvinyl alcohol and 4% polyethylene
glycol (Tissue Tek OCT). Sections of 7µm, obtained after included tissue cutting by
cryostat Leica CM 3050S, were left to dry O/N at RT and then stored at -20°C.
To start the immunostaining experiment, sections of arthritic whole mouse paw have
been thawed for 15 minutes RT and fixed with cold Acetone (Carlo Erba) for 15’ at 4°C.
Then, after a wash of 5 minutes in PBS, sections have been rehydrated and gently
permeabilized using TritonX100 1:1000 in PBS for 15 minutes RT. Sample have been
blocked with blocking solution (2% of the animal serum in which the secondary
antibody has been developed) for 45 minutes in a humid chamber. Then, section have
been incubated with the targeting molecule used 20µg/mL diluted in diluent solution
(0.2% BSA and 0.05% Tween20 in PBS) in humid chamber at 4°C O/N. A section
belonging to the same arthritic animal was not no incubated with the targeting
molecule, but only with the secondary antibody, as a control. Once incubation was
over, sections were gently washed, firstly, in PBS for 10 minutes and then, for two
consecutive times in 0.1% TritonX100 in PBS 10 minutes each. Afterwards, the
secondary antibody, goat anti-human conjugated with FITC (Sigma) used 1:400 in
diluent has been incubated for 1h RT in humid chamber and the wash as before. Nuclei
have been stained incubating DAPI (Sigma) 1:1000 in PBS for 5 minutes RT. After final
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washes, slices have been mounted using Mowiol anti-fade medium (Polysciences.
Inc.). Images were acquired using Nikon Eclipse e800 microscope (Nikon) equipped
with a Nikon DS-Qi2 camera. Post processing of images has been conducted with FIJI
(ImageJ) software.

3.6 Cell culture and transfection
EA.hy926, HEK293, 3t3 and MDA-MB-231 cell lines were cultured in DMEM medium
containing 10U/mL penicillin, 1μg/mL streptomycin, 2mM L- glutamine and 10% FBS.
CHO-s, PC-3 and THP-1 cell lines were cultured in RPMI-1640 medium containing 10U/mL
penicillin, 1μg/mL streptomycin, 2mM L- glutamine and 10% FBS.
For transfection of KCNMA1 plasmid, obtained from Addgene plasmid repository
(https://www.addgene.org) with the code name of pM2AH+Slo1129, we used
Lipofectamine 2000 (Invitrogen) according to a standard protocol, both in HEK293 and
CHO-s. Briefly, cell lines were transfected with 500 ng of DNA in 24-well plate for 24h with
a starting seeded cell confluency more than 70%. Control was treated using the same
protocol transfecting a GFP-expressing plasmid DNA.

3.7 Antigens expression and nanobubbles binding to
cell surface
3.7.1 Immunofluorescence cell staining
Samples for immunofluorescence cell analysis were prepared essentially as described
in the elsewhere protocol130. The cells were grown at low density on glass slides and
fixed with 4% PFA for 30 minutes. After incubation with 0.1M glycine in PBS pH 7.4
for 5 minutes to quench fixation autofluorescence and saturation in 2% BSA/PBS for
1h RT in humid chamber, cells were incubated with nanobubbles/primary antibody
(concentration depends on the primary antibody used, see below) diluted in diluent
buffer containing 0.5% BSA/PBS. The secondary antibody conjugated with a
fluorescent probe and diluted (concentration depend on the secondary antibody used)
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in diluent buffer has been incubated for 1h RT in humid chamber. Nuclei have been
stained incubating DAPI (Sigma) 1:1000 in PBS for 5 minutes RT. Three washes have
been performed in PBS at the end of every previously reported passage. Then, the
glass slide with cells were mounted using Mowiol anti-fade medium (Polysciences.
Inc.). Images were acquired using Nikon Eclipse e800 microscope (Nikon) equipped
with a Nikon DS-Qi2 camera. Post processing of images has been conducted with FIJI
(ImageJ) software.
The colocalization staining were performed incubating at the same time both the
primary antibodies and then, the second ones, taking care to use different fluorescent
conjugated probes.

3.7.1.1

Immune cell staining with targeting molecule

This binding have been tested incubating EA.hy926, HEK293, CHO-s, MDA-MB-MB and
PC-3 cell lines with the targeting molecule used 20µg/mL in diluent buffer for 90
minutes RT in humid chamber, and then detected with an anti-human Alexa Fluor 488
used 1:400 in diluent buffer for 1h RT in humid chamber.

3.7.1.2

Immune cell staining of CD34

This antigen expression has been tested incubating EA.hy926 cell line with a rabbit
anti-CD34 (Bioss) used 1:200 in diluent buffer for 1h RT in humid chamber, and then
detected with a goat anti-rabbit-Cy3 (Jackson) used 1:200 in diluent buffer for 1h RT
in humid chamber.

3.7.1.3

Immune cell staining of vWF

After permeabilization with 0.3% TritonX100 for 10’ RT, the antigen expression has
been tested incubating EA.hy926 cell line with a rabbit anti-vWF (Dako) used 1:400 in
diluent buffer for 1h RT in humid chamber, and then detected with a goat anti-rabbitCy3 (Jackson) used 1:200 in diluent buffer for 1h RT in humid chamber.
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3.7.1.4

Immune cell staining of BKα1

After permeabilization with 0.3% TritonX100 for 10’ RT, the antigen expression has
been tested incubating HEK293, MDA-MB-231 and PC-3 cell lines with a rabbit antiBKα1 (Invitrogen) used 2µg/mL in diluent buffer for 1h RT in humid chamber, and
then detected with a goat anti-rabbit Alexa Fluor 568 (Invitrogen) used 1:400 in
diluent buffer for 1h RT in humid chamber.

3.7.1.5

Immune cell staining with nanobubbles

After fixation and saturation phases, MDA-MB-231 and PC-3 cell lines were incubated
with 4µL of nanobubble formulation, NB or tNB, in diluent buffer for 30 minutes in
humid chamber. The nanobubbles interactions with cells have been directly detected
through the evaluation of incapsulated cumarin-6.

3.7.2 Cytofluorimetric analysis
The antigen expression and the binding/internalization of nanobubbles were
essentially analyzed by flow cytometry as described in the elsewhere protocol33. MDAMB-231 and PC-3 cells (1x106) were fixed with 1% PFA (Sigma) for 30’ RT under
shacking. After fixation, three washes were performed in PBS to eliminate the excess
PFA, and saturation in 2%BSA/PBS for 1h under shacking, cells were incubated with
nanobubbles/primary antibody (concentration depends on the primary antibody
used, see below) in diluent buffer containing 2% BSA/PBS. After washes, the
secondary antibody conjugated with a fluorescent probe and diluted (concentration
depend on the secondary antibody used) in diluent buffer has been incubated for 1h
RT under shaking. Finally, cells were washed to remove the excess of antibody and
fixed in 1% PFA in PBS.
The cytofluorimetric analysis was performed by Attune NxT flow cytometer (Thermo
Fisher Scientific) acquiring 10,000 events.
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3.7.2.1

Cytofluorimetric analysis with targeting peptide

The binding of targeting molecule has been evaluated incubating MDA-MB-231 and
PC-3 cell lines with the targeting molecule used 20µg/mL in diluent buffer for 90
minutes under shaking, and then detected with an anti-human Alexa Fluor 488 used
1:400 in diluent buffer for 1h RT under shacking.

3.7.2.2

Cytofluorimetric analysis of BKα1

After permeabilization with 0.05% TritonX100 for 10’ RT, the antigen expression has
been evaluated incubating MDA-MB-231 and PC-3 cell lines with a rabbit anti-BKα1
(Invitrogen) used 2µg/mL in diluent buffer for 1h RT under shacking, and then,
detected with a goat anti-rabbit Alexa Fluor 568 (Invitrogen) used 1:400 in diluent
buffer for 1h RT under shacking.

3.7.2.3

Cytofluorimetric analysis with nanobubbles

After fixation and saturation phases, MDA-MB-231 and PC-3 cell lines were incubated
with 4µL of nanobubble formulation, NB or tNB, in diluent buffer for 30 minutes under
shacking. The nanobubbles interactions with cells have been directly detected through
the evaluation of incapsulated cumarin-6.

3.7.3 Cellular ELISA with nanobubbles
This experiment were carried out essentially as elsewhere described89.MDA-MB-231
and PC-3 cells (5x104) were seeded in 96-well plate. After 24h, wells have been washed
twice with PBS and then, fixed with 1% PFA for 30 minutes RT and saturated using 2%
BSA/PBS for 1h RT. Afterwards, wells have been incubated with 2µL of nanobubble
formulations, NB and tNB, in 30% FBS for 30 minutes at 37°C. Finally, in order to
remove nanoparticles which do not bind cells, wells have been washed three times
with PBS. The fluorescence intensity has been directly detected, through the
evaluation of incapsulated cumarin-6, with a FLUOstar Omega microplate reader
(BMG Labtech) at 520 nm.
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3.8 Protein extraction using RIPA lysis buffer
This experiment were based on protocols elsewhere described131,132. After washes
using ice-cold PBS, EA.hy926 cells were scraped using a cold plastic cell scraper and
collected in a tube for the next centrifugation, 400g for 5 minutes. Cells were finally
resuspended in freshly prepared RIPA lysis buffer (150 mM NaCl, 5mM EDTA, 50 mM
tris-HCl pH8, 1% NP40, 0.5% Sodium deoxycholate, 0.1% SDS in deionized H2O) and
slowly mixed for 1h at 4°C. Cell lysate was sonicated for 30 seconds, three times in
total, at 10% power, altering with 30 seconds of rest in ice. Finally, the obtained
sample were centrifugated at 17000g for 30 minutes at 4°C, and then stored at -20°C.

3.9 ELISA tests with the targeting molecule
ELISA tests were performed to identify the purified fractions containing the unknown
protein of interest and to verify the targeting molecule capability to bind BKα1
expressed by zebrafish embryos. The samples used for this last experiment were
EA.hy926 cell lysate and zebrafish embryo lysate (50 embryos 48hpf), both obtained
using RIPA lysis buffer protocol.
In both experiments, wells were coated with samples diluted 1:10 in 0.1M carbonate
buffer pH 9.6 O/N at 4°C. The day after, wells were washed three times with the wash
buffer (0.1% Tween20 in PBS) and blocked with 2% skim milk in PBS for 1h RT. Then,
the targeting molecule used 2µg/mL in diluent buffer (0.05% Tween20 and 0.1% skim
milk in PBS) were incubated for 90 minutes RT. A human antibody with no specificity
for our samples were used as a control. Other three washes have been done with
washing buffer, and then the secondary antibody anti-human peroxidase (Sigma)
diluted 1:2000 in diluent buffer, was incubated for 1h RT. After the final washes,
100µL of peroxidase substrate 3,3’,5,5’-Tetramethylbenzidine (TMB) (Sigma) was
added to any well, the development reaction has been stopped with 100µL of 1M
H2SO4 (Sigma). The plate has been measured at 450 nm by Infinite M200 Pro plate
reader (Tecan).
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3.10

Computation details in MD analysis

The starting structure for the BKα1 was obtained from the RCSB Protein Data Bank (PDB
ID 6V22)133, of which only the single monomer was retained for the preliminary docking
study. The CHARMM-GUI server134 was used to embed the complete channel structure in
a palmitoyl-oleyl-phosphatidyl-choline (POPC) bilayer solvated with explicit TIP3P water
molecules to succeed complete hydration of the membrane. Antechamber program from
AMBER19 was used to assign gaff2135 atom types to targeting molecule. Molecular
Dynamics simulations on BKα1 in complex with targeting molecule derivatives are carried
out following a well validated procedure136. Briefly, the system density and volume were
relaxed in NPT ensemble maintaining the Berendsen barostat for 20 ns. After this step 50
ns of unrestrained NVT production simulation was run for energy calculation purposes.
Following the MM/PBSA approach137, the complex binding free energy value was
calculated as the sum of the electrostatic, van der Waals, and solvation contributions. All
simulations were carried out using the pmemd and pmemd.CUDA modules of Amber 19
running on a CPU/GPU calculation cluster. Molecular graphics images and trajectory
analysis were performed using the UCSF Chimera package (v.1.14)138.

3.11

TCC quantification

The assay used for TCC quantification is based on a combination of a solid phase-bound
mAb aE11 and biotin-labeled goat IgG anti-C5 followed by alkaline phosphatase conjugate
to streptavidin (Sigma) following published procedure139,140. The mAb aE11 diluted
1:1000 in 0.1M carbonate buffer pH 9.6 was used as ELISA coating and incubated O/N at
4°C. The day after, wells were washed three times with the wash buffer (0.1%
Tween20 in PBS) and blocked with 2% skim milk in PBS for 1h RT. Then, samples
composed by NB and tNB after incubation in NHS (detailed protocol 3.4.2.2), diluted
1:50 were incubated for 90 minutes RT. A sample of starting was used as a control.
After three washes, the secondary antibody goat anti-C5 biotin-labelled diluted
1:2000 in diluent buffer, was incubated for 1h RT. After other three washes, the
streptavidin-alkaline phosphatase (Sigma) used 1:6000 in diluent buffer was
incubated 45 minutes RT. After the final washes, in order to develop the reaction, the
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alkaline phosphatase substrate p-nitrophenylphosphate (pNPP) (Sigma) has been
used 1mg/ mL in glycine buffer (0.1M Glycine, 0.1mM MgCl2 and 0.1mM ZnCl2, final
pH 9.6). The plate has been measured at 405 nm by Infinite M200 Pro plate reader
(Tecan).

3.12

Hemolytic assay of complement system

The hemolytic activity of the classical pathway of complement system was evaluated
incubating different samples of NHS or NRS with sensitized sheep red blood cells as
elsewhere described139,141. The tested samples consisted in 8µL of nanobubble
formulations, NB and tNB, incubated in 100µL of NHS/RHS for 2h at 37°C under shaking.
The sample obtained after in vivo rat injection of 50µL of NB (similar concentration of
particles used for in vitro testes) was collected 2h post-injection. CH50 value obtained
reflects the ability of the complement contained in tested samples to lyse red blood cells
and it is the reciprocal of the dilution of serum to lyse 50% of antibody coated sheep
erythrocytes.

3.13

Turbidity assay to test coagulation

To perform this test, 4uL of nanoformulations, NB and tNB, were added to 80µL of normal
human plasma in a 96-well plate. The analysis started when the 40mM CaCl2 in
physiological solution (0.9% NaCl) were added to wells (final concentration of 20mM
CaCl2) causing the coagulation cascade activation responsible for an increase of turbidity
easily detectable. The entire process, performed at 37°C, was measured every 2 minutes
for 1h at 405 nm by Infinite M200 Pro plate reader (Tecan).

3.14

MTT test to evaluate of cell viability

To investigate the ability of nanobubbles to affect cell viability, THP-1, 3t3 and EA.hy926
cells (3x104) were incubated with increased amounts of NBs and tNBs for 24h or with a
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same quantity of two nanobubble preparations for 48h at 37°C. The number of residual
viable cells was determined via the MTT assay, adding 20µL of 5mg/mL MTT formazan
(1,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan) to each well and waiting 4h. Finally,
each well has been resuspended with 200μL of dimethyl sulfoxide (DMSO) and the
absorbance have been measured at 570nm by Infinite M200 Pro plate reader (Tecan).
The percentage of living cells was calculated using not treated cells as the reference of
100% viable, according to the formula, %V= [(test release – spontaneous release) / (total
release – spontaneous release)] x 100.

3.15

Evaluation of direct erythrocytes lysis

In this test increased amounts of both nanoformulations, NB and tNB, were incubated
sheep erythrocytes at 37°C for 30 minutes under shaking. The cell lysis level was
quantified through the detection of free hemoglobin absorbance at 415nm by Infinite
M200 Pro plate reader (Tecan).

3.16

Zebrafish care and maintenance

All animal procedures were approved by the ethical committee of University of Trieste
and by Ministry of Education, University and Research, and conducted in full compliance
with the guidelines of the European Animal Care Committee (86/609/ECC). Adult
zebrafish were maintained in the animal house of Trieste (University of Trieste) at 28.5°C
on a 14 h light/10 h dark cycle. About 200–300 embryos were produced on average and
cultured at 28.5°C in fish water.

3.17

Zebrafish intravenous injection of NBs/tNBs

Nanobubbles, both NB and tNB, were injected into 2 days old zebrafish embryos (~54hpf)
following the general elsewhere protocol142.
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Dechorionized 2dpf zebrafish embryos were anaesthetized with 0.003% tricaine (Sigma)
and positioned on a 10 cm Petri dish coated with 1% agarose. The intravenous injection
of 4,6nL of nanobubbles were performed using a borosilicate needle for microinjections
associated with the microinjector Nanoject II (Drummond Scientific Company). The
technique used for a good intravenous injection into the sinus venosus/duct of Cuvier
provided the skin penetration with the injection needle and its gently pulling back, thereby
creating a small pyramidal space in which nanobubbles could were successfully injected.
Embryos images were acquired using Nikon Eclipse e800 microscope (Nikon)
equipped with a Nikon DS-Qi2 camera. Post processing of images has been conducted
with FIJI (ImageJ) software.

3.18

Zebrafish localized injection of cancer cells

Mammalian breast cancer cells, MDA-MB-231, were injected in the yolk sac of 48hpf
zebrafish embryos to develop a xenograft localized breast cancer zebrafish model. In
particular, the injection of ~250 MDA-MB-231 labelled cells in 4,6nL were performed in
the perivitelline space localized in the yolk, with the aim to facilized the neovascular
response against tumor cells143. After cell labelling, performed incubating them with
5µL/106 cells of Vibrant DiD Cell-Labeling solution (ThermoFisher) for 5 minutes at 37°C
under shacking, the local injection has been realized in 0.003% tricaine (Sigma)
anaesthetized zebrafish embryos using a borosilicate needle for microinjections
associated with the microinjector Nanoject II (Drummond Scientific Company). Embryos
images were acquired using Nikon Eclipse e800 microscope (Nikon) equipped with a
Nikon DS-Qi2 camera. Post processing of images has been conducted with FIJI
(ImageJ) software.
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Chapter 4: Results and discussion
4.1 History and structure of targeting molecule
The targeting molecule used in this study is a previously described peptide, a 7 amino
acids molecule flanked by two cysteines that constrain the peptide in a circular shape
(CKSTHDRLC). Initially, it has been isolated after an in vivo screening of a peptide phage
display library in a human-SCID mouse transplantation model144. The obtained peptide is
the result of the attempt to identify new targeting molecules for delivering
therapeutic/diagnostic agents to human arthritic joints. After its identification, this
homing peptide has been used both fused with the IL-4 cytokine either with the Fc portion
of anti-complement component C5 antibody in order to increase the specific action of
these molecules into inflamed joints, reducing at the same time their associated side
effects145. Finally, the homing peptide has been able to guide polymeric nanoparticles
tissue-specific delivery in two different animal models of rheumatoid arthritis, confirming
its selectivity for inflamed joints89. Using the same approach of all these studies, the
CKSTHDRLC peptide was fused with a human IgG Fc fragment protein in order to be able
to easily purify it and detect it during experiments; moreover, the Fc portion provide
primary amine for the binding on the nanoparticle surface and its dimension avoid being
masked by the protein corona. Therefore, the Fc region acts as a spacer in such a way the
homing peptide has the steric space to interact with its target molecule. In order to obtain
a stable transduced cell, able to produce high amount of the whole targeting complex, the
vector containing the sequence of human IgG CH2-CH3, sv5 tag used for detection and the
targeting peptide, has been transfected in mammalian cells Chines Hamster Ovary (CHO).
Starting from that point, we will refer to the whole targeting complex simply with the label
of “targeting molecule”, knowing that only the homing peptide has the active targeting
properties [Figure 4.1 A].
After its purification by affinity chromatography, the targeting molecule shows the
expected molecular weight of 37 kDa in reducing condition and an excellent level of purity
assessed by Coomassie Blue gel staining and Western blot [Figure 4.1 B].
Moreover, it is also essential to verify if the active targeting features of the homing peptide
have been preserved unchanged after all the design and production phases. Therefore,
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4.2 Isolation of the homing peptide target protein
When the homing peptide CKSTHDRLC has been identified, also due to the technique used
to isolate it, its target protein was completely unknown. The only thing that was certain in
that period, was its specificity for the synovial microvasculature endothelium of the
inflamed joints. The central role of this tissue in the pathogenesis of rheumatoid arthritis
has already been extensively recognized. Indeed, the destruction of the rheumatoid joint
is a consequence of abnormal synovial membrane proliferation. This process is associated
with an uncontrolled synovial endothelial cell migration and proliferation, able to power
the persistent inflammatory state146.
Subsequent studies have demonstrated that only the CD34+ endothelial precursors were
specifically addressed in inflamed synovium by the homing peptide89. The human cell
surface molecule CD34 is highly expressed on committed hematopoietic progenitor cells
and it has been suggested that this transmembrane protein regulates early events in blood
cell migration and differentiation147. Therefore, starting from these results, with the aim
to go more in deep in the identification of the target molecule able to interact with the
homing peptide, we firstly need a suitable cell model expressing the CD34 marker together
with the classical endothelial cell features and, in particular, bound by the targeting
molecule.
The stabilized endothelial cell line, EA.hy926, has proved to have all the characteristics to
be the cell model that we are looking for. Performing an immunofluorescence cell staining,
it is clear that these cells not only express a generic endothelial cell marker as expected,
such as the von Willebrand factor (vWF)148, but the majority of these cells turn out to be
positive both for the CD34 marker then for the binding site of the targeting molecule
[Figure 4.2.1 A].
Moreover, the merge of the immunofluorescence staining performed with the targeting
molecule and the anti-CD34 highlights their high colocalization level. In particular,
comparing those images it is clear that all the EA.hy926 cells expressing the unknown
protein recognized by the targeting molecule are CD34 positive [Figure 4.2.1 B].

44

Results and discussion
¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾
approach has allowed us to divide the huge number of proteins obtained from the cell
lysate into a high number of eluted samples, in order to isolate as much as possible, the
unknown target protein from the others, facilitating its identification. All the obtained
eluted fractions were be tested to evaluate which of them contains the target molecule,
performing an ELISA test with the targeting molecule. The result is that the unknown
molecule was contained only in the unbound fraction of this chromatography, suggesting
a positive or absent charge in physiological conditions used in the study [Figure 4.2.2 A].
A similar approach was use on the unbound fraction performing a gradient elution cationexchange chromatography to separate and remove the greatest possible number of
undesirable proteins. Finally, the obtained fractions were tested by means of another
ELISA test using the targeting molecule as a probe and, for the second time, the target
protein was specifically recognized only in the unbound fraction of this second
chromatography. This suggests that the targeting molecule selectively bind an uncharged
protein in physiological conditions [Figure 4.2.2 B].
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Figure 4.2.2 ELISA test to identify the fraction enriched for the target protein
(A) All the fractions resulting from the gradient elution anion-exchange chromatography,
performed starting from the EA.hy926 cell lysate, have been tested through an ELISA test with the
targeting molecule, to detect the fraction containing the unknown protein. The increased signal
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4.4 The targeting molecule from arthritis to tumor
BK channels are ubiquitously expressed in cell membranes of mammalian tissues, where
they operate both as key actors controlling the homeostasis in numerous physiological
processes of nervous and non-nervous cells151,152. In many diseases, defective regulation
or expression of BK channels, which respond to changes in intracellular calcium and
membrane potential, have strongly been associated with alterations in cell cycle
progression, proliferation and migration, and also with secretion of cytokines,
neurotransmitters and hormones. These factors are fundamental to the development of
cancer and are described in a wide variety of tumours150,158,159. Moreover, the BK channels
represent a potential target also for the treatment of rheumatoid arthritis. Indeed, it was
demonstrated that the homeostatic function of BK channels are perturbed in fibroblastlike synoviocytes causing an increased proliferation, invasion, and production of VEGF, IL8 and other inflammatory cytokines149,158. This is extremely interesting, because it is
another confirmation of the double fundamental role of BK channels both in rheumatoid
arthritis and tumors. As the matter of fact, it has been demonstrated in a variety of
electrophysiological studies on cervical and breast cancer cells, BK channels are directly
activated by estrogens, which have an essential role in cancers of the uterus, breast and
prostate150,160. In particular, KCNMA1 amplification was significantly associated with high
breast tumor stage and high proliferation of these tumor cells, leading to a poor prognosis.
Moreover, it was demonstrated the presence of moderate or strongly expression levels of
BKα1 protein in 8 out 9 human breast cancers150. Our consultation of PROGgene and
Kaplan-Meier plotter databases about the correlation between both mRNA and protein
expression of the BKα1, and the breast cancer poor prognosis confirmed what reported in
literature. The PROGgene analysis revealed that the increased expression of KCNMA1,
evaluated considering the mRNA levels, is associated with a reduced survival of breast
cancer patients [Figure 4.4.1 A]. The Kaplan-Meier analysis follows the same trend. Indeed,
patients with breast cancer and a high expression of BKα1 protein show a highly
significantly worst evolution (P=0.019) compared with patient expressing low protein
levels [Figure 4.4.1 B]

55

Results and discussion
¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾

4.6 Evaluation of nanobubbles protein corona effect
Nanoparticles are increasing emerging for their use in biomedical applications, aiming
to improve the drug delivery and enhance the diagnosis in different pathologies. Most
of these systems are designed to be administered intravenously. This administration
route has the advantage to widely distribute nanoparticles in the body, allowing them
to reach target organs and cells. However, it is known that once in contact with
biological fluids, nanoparticles assume a new biological identity111,162. We clearly
observed this biotransformation, incubating NB with normal human serum (NHS) and
analyzing the nanostructures by TEM. The NBs morphology appeared dramatically
different, even if we didn’t find significant size variations [Figure 4.6.1 A].
The deep understanding of dynamics interplaying between the circulating proteins
and the nanovectors is crucial to make nanomedicine safe and more efficient. For this
purpose, we analyzed the PC composition on NBs, obtained after their incubation with
NHS, quantifying and identifying the proteins adsorbed on NB surface through a MS
analysis. The proteins associated with NBs in vitro were separated by SDS-PAGE and
visualized by Coomassie Blue staining [Figure 4.6.1 B]. The analysis of these proteins by
MS, led to the identification of 198 proteins associated with NBs. According to literature,
the resulting proteins were classified by their molecular weight and isoelectric point. In
particular, NBs were found to be mainly coated with proteins characterized by molecular
weight <20 kDa (about 20.2%) and ranging from 40 to 60 kDa (about 18.1%), while they
showed a low affinity especially for serum protein >300 kDa [Figure 4.6.1 C]. For what
concern the isoelectric point, it was observed that the largest fraction of corona proteins
has a negative charge (isoelectric point, pI <7 - 70.2%), and in particular, that
nanoformulation adsorbed mainly proteins with a pI between 5 and 6 (40.4%) [Figure
4.6.1 D]. This was expected, taking in consideration the positive charge of NBs in
physiological conditions. Afterwards, all the identified proteins were also classified by
their physiological function [Figure 4.6.1 E]. We observed that the PC of nanobubbles was
strongly enriched with more typical dysopsonins, that with their low affinity for cell
surface show a protective action, prolonging blood circulation and reducing
nanotoxicology163. In particular, lipoproteins (13.3% different proteins – 8.42%
abundance) and together with human serum albumin, that is the more abundant of our
identified proteins (72%), constituted more than 80% of the whole identified proteins.
However, the PC of NB was enriched in complement proteins, both considering the
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Figure 4.6.1 NB changes with NHS incubation
(A) TEM contrasted images of NB (line 1) and NB after their incubation for 30 minutes with NHS.
Magnification 50000X. Scale bar 100 nm. (B) The two samples, NB (line 1, 20uL) and NB after in
vitro incubation with NHS (line 2) separated by SDS-PAGE in reducing conditions, were analyzed
by Coomassie Blue staining. The proteins visualized with this experiment are the same, later
recognized by MS analysis. (C) Relative abundance of in vitro identified PC proteins divided
according to their molecular weight. (D) Relative abundance of in vitro identified proteins divided
according to their isoelectric point. (E) Relative and normalized abundance of in vitro identified PC
proteins classified according to their physiological function.

Immunoglobulins, complement and coagulation identified proteins have been classified
more clearly considering their ownership to a precise pathway (such as classical, lectin
and alternative constituting the complement system) or to a defined subgroup (such as
late pathway or inhibitors). For what concern immunoglobulins, it is well known that their
interactions, especially those of IgM and IgG, with the nanoparticle surface could involve
C1q binding to their Fc region, activating the classical pathway of complement. In addition,
nanostructures could enhance C3 deposition by acting as a scaffold for initial C3b binding
and the amplification of its deposition through the alternative pathway, whereas the lectin
pathway may be triggered via binding of mannose-binding lectin to sugar residues on IgG
antibodies164. Moreover, despite a prevalence of IgG antibodies was expected compare to
other immunoglobulins, it was essential to understand if they were effectively implicated
in the NB clearance, directly or through the activation of complement pathways [Figure
4.6.2 A]. In this regard, from MS results we observed a high deposition of the third
component of complement (C3) [Figure 4.6.2 B]. This fact was particularly interesting,
because, upon activation, all three pathways of the complement system converge at point
where the C3 is cleaved through assembly of C3 convertases, generating a common set of
effector molecules, including C3a and C3b, that adhering to the nanoparticle surface drive
its engulfment by leukocytes and macrophages164,165. Despite the relevant enrichment of
complement inhibitors, the high abundance of C3 and the late pathway proteins of the
complement system, made us suppose the activation of the classical pathway. This
conclusion is also supported by the absence of Factor B (marker of the alternative
pathway), MBL and MASPs (both markers of the lectin pathway).
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Figure 4.6.2 Immunoglobulins and complement proteins in PC relived by MS
(A) Normalized abundance of different subtypes of immunoglobulins composing the in vitro PC of
NB relived by MS analysis. (B) Normalized abundance of all the three different pathway of
complement system (classical, alternative and lectin), its late pathway and specific inhibitors. All
these proteins were part of the in vitro PC of NB relived by MS analysis.

To verify the hypothesis of an activation of the classical pathway of the complement
system, firstly, we evaluated the terminal complement complex (TCC) production. TCC is
the final multimolecular complex resulting from the activation of the complement cascade
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and responsible for the membranolytic conclusive effect of complement system. Changes
in the quantity of free TCC available on serum directly reflects the activation of the entire
cascade166. Observing that the quantity of free TCC in NHS didn’t change after NB or tNB
incubation, allowed as to conclude that NB were not able to induce a strong activation of
complement system, even if part of the complex could bound on the NBs surface [Figure
4.6.3 A]. Finally, to evaluate the possibility of a partial activation of the classical pathway
we performed a hemolytic assay to test the residual activity of the classical pathway
(CH50). The CH50 assay relies on the ability of serum to lyse antibody-sensitized sheep
erythrocytes through the activation of classical pathway proteins166. This experiment
performed using NHS, showed effectively a reduction of the classical pathway activity,
observable from the reduced lytic power of NHS after incubation with NB or tNB; this
could be due to the consumption of these proteins reacting against particles [Figure 4.6.2
B]. The results obtained analyzing soluble TCC formation and reduction of complement
activity usually show that a complement consumption is associated to an increase in TCC
concentration; this was not confirmed in our setting. Since rats show a similar complement
activity compared to human system, in vitro and in vivo experiments were performed
analyzing normal rat serum (NRS). The residual lytic activity studied in vitro showed again
a dramatic inhibition of the activation of the classical pathway; it remains not clear if it is
a real consumption or an inhibition of the in vitro test [Figure 4.6.2 C]. In fact, in vivo
experiment with the intravenous injection of nanoparticles in rat, trying to obtain similar
concentration used in vitro, demonstrated that in 2 hours there is no consumption of rat
complement, leading us to conclude that NB were safe and not able to activate the entire
cascade of complement system [Figure 4.6.3 D].
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Figure 4.6.3 Complement system of PC in vitro activation
(A) TCC production evaluated through ELISA test of NHS before incubation, used as a control, and
after 2 hours in vitro incubation with NB or tNB. We didn’t observed variations on the quantity of
fluorescence detected between the two samples and the control, thus, NB and tNB didn’t cause a
complete activation of the complement pathway. All report data as the mean ± SD. (B) CH50
hemolytic activity was evaluated in NHS, as a control, and in the same NHS after 2 hours in vitro
incubation with NB and tNB. The large consumption of classical pathway, especially for tNB
sample, shows an important activation of the complement pathway. (C) CH50 hemolytic activity
was evaluated in NRS, as a control, in the same NRS after its 2 hours in vitro incubation with NB
and tNB, showing a complete consumption of the classical pathway components. (D) CH50
hemolytic activity was evaluated in a sample of a single rat serum collected 2 hours post
nanoparticles in vivo injection. The total amount of injected nanobubbles is 200µL and the ratio
between the amount of nanobubbles and the quantity of serum is maintained both in vitro and in
vivo experiments. The drastically consumption of classical pathway observed in vitro was not
confirmed in vivo. The NRS previously used for in vitro experiments was maintained as control.
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The interactions of nanoparticles with the blood coagulation system may influence the
natural balance between pro- and anticoagulant pathways. Undesirable effects of
nanoparticles on the coagulation system have to be monitored to avoid toxicities. For this
purpose, we focused on the in vitro identified coagulation proteins resulting from MS
analysis of NBs incubated with NHS [Figure 4.6.4]. Observing these proteins, we didn’t find
a congruent cascade to investigate more in detail. Indeed, we recognized some proteins
belonging to the intrinsic coagulation pathway and only one of the main important
proteins associated with the late pathway. The presence of different types of inhibitors
was, obviously, another point supporting the unsuccessful activation of the coagulation
cascade, and not a specific interaction of these proteins with NB surface.
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Figure 4.6.4 Coagulation proteins in PC relived by MS
Normalized abundance of intrinsic pathway of proteins of coagulation system, its late pathway and
specific inhibitors. All these proteins were part of the in vitro PC of NB relived by MS analysis.

To confirm these observations and verify the concreate contribute to activation of fibrinogen,
we performed a turbidity analysis [Figure 4.6.5 A]. Briefly, NBs and tNBs in plasma, after Ca2+
addiction that triggers the beginning of the coagulation cascade, showed a very similar trend to
that observed for simple activated plasma, used as control. However, the analysis of that data
lead to a significant difference between NB half coagulation time and its control [Figure 4.6.5
B]. Obviously, further experiments will be required, especially those performed in vivo or with
plasma of animals injected with particles, to definitively understand if NBs are actually able to
significantly interfere with the coagulation system.
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Figure 4.6.5 Coagulation proteins of PC in vitro activation
(A) Turbidity curve trend of NBs and tNBs in activated plasma during time, in vitro compared with
simple activated plasma as control. (B) The half coagulation time extrapolated from the curve of
trend data showed a potential NBs effect on coagulation system. All data report as the mean ± SD
of a triplicate. Statistical significance has been assessed by unpaired Welch’s test. P ≤ 0.05 = *; P ≤
0.01 = **; P ≤ 0.001 = ***; P ≤ 0.0001 = ****.
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(A) Confocal image of NB (green fluorescence of coumarin-6) uptake by THP-1 cells after 30
minutes of incubation at controlled temperature (37°C) and CO2 (5%) showing the NB distribution
in all the cell cytoplasm. Nuclei of cells have been stained using DAPI. Scale bar 20 µm. (B) MTT
viability assay using THP-1 cell line. Three different concentrations (0.2µL, 2µL and 4µL) of NB and
tNB have been tested for 48h showing no relevant toxicity. Results are reported as the mean of
biological triplicates ± SD. (C) MTT viability assay using 3t3 cell line. The single quantity of 4µL of
NB, tNB and free targeting molecule has been tested for 48h without any significant toxicity.
Results are reported as the mean of biological triplicates ± SD. (D) MTT viability assay using
EA.hy926 cell line. The single quantity of 4µL of NB, tNB and free targeting molecule has been
tested for 48h without any toxicological effect. Results are reported as the mean of biological
triplicates ± SD. (E) Percent of erythrocytes directly lysed after incubation with different quantities
(2µL, 4µL, 6µL, 8µL) of NB and tNB for 30 minutes. The haemolysis was evaluated at 540 nm.

With the rapid progression of nanotechnology, there is a growing need to develop
representative animal models to evaluate the potential toxic effect of nanoformulations
after their body injection. Recently, Danio Rerio, also known as zebrafish, has become a
vertebrate model able to assess accurately toxicity of nanostructures. The increasing
popularity of zebrafish as an experimental animal model for in vivo high-throughput drug
screening, pre-clinical studies and toxicological applications, is due the exceptional variety
of advantages that contributed to establish its versatility in research. First of all, the costs
of zebrafish husbandry are low compared to other animal models, making them very costeffective. Moreover, their small size contributes to reduce the housing requirements as
well as the quantities of agents required for tests. Zebrafish generates large numbers of
progeny with a fast development outside the mother, indeed the embryos develop into
larvae showing all the major organs within 5 day of fertilization. These aspects offer a high
confidence in statistic and easy manipulation. Moreover, human and zebrafish share a high
grade of similarity, indeed 71% of human proteins have an ortholog in zebrafish, and
nearly all organs. For these reasons, zebrafish is an ideal model for the screening of
different nanomaterials and to obtain precious preliminary nanotoxicity information168–
172.

Therefore, we used zebrafish embryos as a rapid and cost-effective whole animal

model to assess the in vivo toxicity of NBs. After the intravenous injection of NBs and tNBs
through the duct of Cuvier into the circulation of 48 hours post-fertilization (hpf) zebrafish
embryos, we evaluated the toxicity level of our nanomaterial samples observing their
percent of viability and or malformations [Figure 4.7.2 A-B]. Our results demonstrated that
embryos after injection with NB and tNBs didn’t exhibited any increased rate of mortality
or acute toxic effect, indicating that these particles could be considered safe.
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Figure 4.7.2 In vivo toxicity of nanobubbles
(A) Living zebrafish embryos rate (%) after injection of 4,6 nL of NB or tNB in the Duct of Cuvier.
The embryos injected at 48hpf were analyzed over 48 hours, showing no significant toxicity. We
considered two control groups, one composed of no injected embryos and the other consisting of
embryo injected in the Duct of Cuvier with a saline solution. Every group is composed by 60
embryos. hpi – hours post injection (B) The same injected embryos were analyzed checking their
morphology. Some malformations, especially pericardial and yolk sac edemas, have been observed
but we considered them the result of an unperfect injection since they have been observed in
particular in the control group of injection.
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(A) Immunofluorescence cell staining of prostate cancer cells, PC-3, showed that tNBs (green
fluorescence on the central image) were able to more strongly bind BKα1 specifically expressed
on cell surface, if compared with NBs (green fluorescence on the left image) without any active
targeting mechanism. The NB and tNB samples (4µL each) were incubated with fixed cells for 30
minutes, whereas the cells showed on the right image were no incubated, as a control. Nuclei have
been stained using DAPI. Scale bar 20 µm. (B) (B) In-cell ELISA confirmed the differential binding
power of tNB compared to NB on PC-3 living cells. The NB and tNB samples (2µL each based on
the use of a 96-well plate) were incubated with cells for 30 minutes at controlled temperature
(37°C) and CO2 (5%). Cells without any incubation were as to detect the autofluorescence value.
Data were expressed as intensity of fluorescence at 525 nm (mean of 2 biological replicates ± SD).
(C) The cytofluorimetric analysis show that the tNB (black line) specifically interact with fixed
cancer cells (99.6% of cells) more than NB (dark grey line – 71.9% of cells), thanks to their
functionalization with the targeting molecule. The light grey line is the corresponding control nottreated cells.
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4.9 Zebrafish as a model for characterization of tNBs
against breast cancer
Nanomedicine for cancer therapy has the potential to improve the efficiency of current
anti-cancer treatments and, consequently, the quality of life among cancer patients.
Unfortunately, nanotherapies used in the clinic today have the capacity to reduce any sideeffects, but they are not able to deliver their encapsulated drugs specifically to tumor,
overcoming the simple passive targeting of EPR effect. Our targeting molecule, once
conjugated on nanobubbles surface, has already proved to be a good in vitro active
delivery system for different BKα1-expressing tumor cell lines. At this point, our interest
was to verify the real in vivo capability of tNBs to be more selectively for tumor cells,
promoting nanoparticles accumulation in the pathological site.
Over the last decade, zebrafish has come up beside the traditional murine model, proving
to be a powerful model in cancer research. This gained popularity is not only ascribable to
their small size and quick development, but also to their ability to support the growth of
human cancer cells, developing tumors with many analogous behaviors to those tumors
in mammalian models, such as mice. Another great advantage is the zebrafish amenability
to genetic modifications that allowed the development of more sophisticated disease
animal models and of a large number of fluorescently tagged transgenic lines, making
specific cells directly visible for deeper studies. Moreover, despite adult zebrafish has a
complete immune system with a full range of immune effectors, such as T cells and B cells,
macrophages and monocytes, zebrafish embryo lack a functional immune system. In
particular, zebrafish embryos have not completely developed their innate and adaptive
immune system until 21 days of life, when immature T and B cells reach the thymus. The
complete lack of immune defense until 3-4 days post-fertilization (dpf) prevents the
requirement of immunosuppression to overcome the immune rejection of inoculated
human tumor cells. An especially valued aspect of zebrafish system is that zebrafish
embryos are optically transparent, and their tissues can be imaged in real-time, down to a
the single cell level, allowing to follow some process, such as tumor growth, migration and
metastasis, directly in vivo142,168–170. Therefore, it is clear that zebrafish embryos have
emerged as a promising fast in vivo model to bridge the gap between in vitro experiments
and in vivo rodents model used to nanomedicine optimization and design173.
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Our interest was to use zebrafish embryo breast cancer model to evaluate the capability
of tNBs to reach and bind injected tumor cells, with the future aim to use this designed
nanovector to deliver the encapsuled drugs specifically to tumors, increasing its
concentration at target site, and reducing, at the same time, off-target toxic effects.
Before to start, we needed to confirm that the BKα1 protein sequence was evolutionary
conserved from human to zebrafish. This is important to have a complete scenario of toxic
effects, including the results of the targeted delivery outside tumor microenvironment.
Therefore, performing the alignment of the protein sequences (Q12791 human, B7ZC96),
it appeared evident the high level of conservation of the two sequences [Figure 4.9.1].
Indeed, the amino acids that are important for pore folding (amino acids between the two
black bars) and general structural stability were conserved, with few amino acid
replacements, and in any case substitutions, with similar biochemical properties. For
completeness, an alignment with the sequence of all the main mammalian models already
used in arthritic studies, mouse and rat, were performed confirming the evolutionary
conservation of BKα1 protein sequence also in this animal models. A very high level of
conservation was observed for all the four species in the region of interest identified
through the molecular modelling (S200-T214). This result allowed us to start the in vivo
studies to effectively test the bind of the targeting molecule on the BKα1 expressed by
zebrafish embryos.
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The protein sequences of zebrafish (Uniprot:B7ZC96), human (Uniprot:Q12791), mouse
(Uniprot:Q08460) and rat (Uniprot:Q62976) have been subjected to a multiple sequence
alignment using Clustal Omega. The four analyzed sequences appeared conserved especially in
amino acids of pore forming region (from amino acids 87 to 388, region between the two black
lines). The enlarge box highlight the high protein conservation reviled in the region (S200 – T214)
of the specific interaction site between targeting molecular and BKα1 channel, previously
identified by molecular modelling.

After completing the protein sequence analysis, an ELISA test with a zebrafish embryo
lysate was performed as a confirmation [Figure 4.9.2]. Even if a lower signal was obtained,
the zebrafish lysate appeared able to specifically interact with the targeting molecule,
providing evidence that the small difference observed in the alignment was not significant
and that zebrafish embryos could be used as a model organism for the characterization of
tNBs.
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Figure 4.9.2 The targeting molecule can bind BKα1 expressed by zebrafish embryos
The zebrafish lysate was obtained from 50 embryos and bound on ELISA wells; the targeting
molecule was then incubated, showing a specific binding. The EA.hy926 lysate was used as a
positive control and the incubation with a negative control human antibody showed that the signal
obtained was the result of specific interaction of the targeting peptide and not of the Fc region of
the molecule.

The behavior of both nanobubble preparations, NB and tNB, were studied in zebrafish
healthy embryos to characterize the in vivo biodistribution of nanobubbles, their
circulation properties, and, in particular, their clearance by macrophages. Indeed, cell-type
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specific targeting is a common goal in nanomedicine, but the inability to beyond the
macrophages and monocytes of RES has prevented the progress of these technologies into
clinical use. Cells with a scavenging function have been identified in all vertebrates. In
zebrafish, these cells, known as scavenger endothelial cells (SECs), are a specialized
endothelial cell type functionally defined as the major clearance site of the embryo. In
particular, the distal region of the embryo’s tail displays a functional homology to the
mammalian liver sinusoids and includes macrophages, monocytes and functional SECs,
representing the equivalent of the mammalian fetal liver142,174–176. Interestingly, both
fluorescent NBs and tNBs, after their intravenously injection into the duct of Cuvier of
zebrafish embryos at 48 hpf appeared to be associated with the blood vasculature,
especially in the caudal region [Figure 4.9.3 A]. In general, the two preparations seemed
to behave in the same way in tumor free embryos, showing a high affinity for the
endothelium, visible in the heart where a notable fraction of particles adhered
immediately after injection, and in the caudal region, thereby hindering further circulation
in the bloodstream. During time NBs and tNBs didn’t appear to change their condition but
observing the increased accumulation of nanobubbles in the head of the embryos from 24
to 48 hours they continued to move and circulate [Figure 4.9.3 B].

79

Results and discussion
¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾¾
The zebrafish embryo is an established and accepted model for human cancer. Our starting
point was to use MDA-MB-231 cells, a breast cancer cell line expressing the BKα1 channel
and known to grow tumors in mice and also into zebrafish embryos [Figure 4.9.4 A].
Fluorescent labelled human cancer cells (~250 cells) were injected into the yolk sac,
considered an optimal acellular transplant site able to nurture cancer cells, of 48hpf
zebrafish embryos. The next day, the obtained xenograft embryos, characterized by a
localized breast tumor mass, received NBs or tNBs in the duct of Cuvier and were analyzed
investigating the distribution of nanobubbles throughout the body. Through this
biodistribution study, we demonstrated that tNBs were found to be more efficient than
untargeted particles in the interaction with tumor injected cells. The visible colocalization
between NBs and tNBs supporting the conclusion that the higher tNB accumulation in the
tumor site was the result of active targeting. This is confirmed by the quantifying
fluorescence nanobubbles colocalizing with tumor cells, 30 minutes post-injection (mpi)
and 24 hpi [Figure 4.9.4 B]. Indeed, starting from an initial situation of a similar
fluorescence measured in the target site, the result was completely change after 24,
showing an increase amount of tNB that colocalized with tumor cells.
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Therefore, these results were a further proof that the use of an active targeting approach
is a potential way to overcome the lack of efficacy of untargeted nanocarriers based on
passive delivery; moreover, it is important to underly that the targeting agent usually
enhance the internalization of nanosystems. Finally, these data evidenced zebrafish as an
easy in vivo model and powerful system to rapidly test nanoparticles functionalities on the
route to preclinical testing.
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Chapter 5: Conclusions
This study started from evidence previously collected by the group, showing that the cyclic
peptide CKSTHDRLC represents an effective targeting agent for the diagnosis and
treatment of rheumatoid arthritis. In particular, this peptide was able to drive
methotrexate-loaded nanoparticles to inflamed synovial tissue without significant side
effects. Despite the protein bound by the cyclic peptide was never described, it was clear
that the expression of that target in healthy tissues must be very low, because of not
significant “off target” toxicity was documented. On the contrary, it appeared clear that the
target protein was highly expressed on endothelial cells of formed vessels during
neoangiogenesis; in fact, the therapeutic effect of drug-loaded targeted nanoparticles
clearly depended on their ability to kill endothelial cell and endothelial cell precursors,
blocking the neoangiogenesis, which is essential to sustain the inflammatory process.
The starting point of the study was to understand if the target of the cyclic peptide was
selective for inflamed synovial tissue or shared by other pathological microenvironments.
The identification of an extracellular loop of the BKα1 channel as the targeting epitope of
the cyclic peptide, and subsequent “in silico” analysis allowed to confirm that this protein
is over-expressed in inflamed synovial tissue but also in several cancer cells, representing
a good tumor-associated antigen. Breast cancer and prostate cancer have been described
as two cellular models expressing high levels of BKα1 protein, as previously described in
literature. These data evidenced the possibility to exploit one target and, as a consequence,
a single targeting agent, to address both tumor vessels and cancer cells. Through this
evidence it was possible to think about the possibility to drive high amounts of probes for
diagnostic purposes or design a therapeutic approach to control tumor growth blocking
neoangiogenesis and killing cancer cells.
The use of the cyclic peptide, produced in the context of the Fc part of human IgG, allowed
to easily obtain a targeting molecule, with a sufficient affinity for BKα1 and already
characterized for its selective binding to the target, without side effects. No alternative
targeting molecule, like a new antibody against BKα1, resulted necessary for the
theranostic purposes of this study.
The theranostic approach proposed in this study was obtained linking the targeting
molecule to the surface of chitosan-based nanobubbles. These nanosystems were initially
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developed as diagnostic probe for ultrasound imaging but was then clear the possibility to
link fluorescent probes for preclinical characterization and the possibility to load
chemotherapeutic drugs to induce cell cytotoxicity. This nanoformulation resulted stable
and seemed not to induce significant interaction with biological systems, in particular,
hypothesizing an intravenous administration, with erythrocytes, complement and
coagulation systems. As described for other nanoparticles, macrophages-rich organs (in
particular the liver) are the main elimination route of the nanobubbles.
The use of the targeting agent is mandatory to guarantee a selective activity of these
nanosystems. The CKSTHDRLC cyclic peptide allowed to target tumor microenvironment,
both in vitro and in vivo.
The CKSTHDRL peptide-guided nanobubbles characterized in this study represents an
effective platform for theranostic applications. Unfortunately, due to the pandemic
situation, the final characterization is still “on going”; in a few weeks data collected in
zebrafish embryos well be associated to results in mouse model of breast cancer. The
cytotoxic effect of drug-loaded nanobubbles will be tested in different cell lines and then
in the same animal settings with the final aim to characterize a targeted theranostic
nanostructure able to visualize breast cancer microenvironment enhancing ultrasound
diagnosis and to deliver cytotoxic agents without side effects, but also to extend this
theranostic purposes to other different inflammatory diseases.
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