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Abstract

One of the major limitations of chemotherapy in cancer treatment is the wide range of
side effects caused by anti-cancer drugs, due to their toxicity, their non-selective
distribution and their action on both cancer and normal dividing cells. The ultimate goal
of this study is to develop a novel delivery system for the potent and cytotoxic compound
CCI-001, which is a novel B-tubulin polymerization inhibitor, to protect it from
degradation, help its transport through the body, improve its therapeutic efficacy and

reduce its harmful side effects.

Albumin, one of the most abundant proteins in blood plasma, has shown to be non-toxic,
non-immunogenic, biocompatible and biodegradable. Furthermore, it strongly interacts
with both hydrophilic and hydrophobic compounds. Therefore, it is an ideal and versatile
substance to fabricate nanoparticles for drug delivery. The albumin carrier could
specifically target the desired site of action due to the active recognition by the albumin
receptors, gp60 and SPARC, which are overexpressed in tumours. Therefore, the
uniqueness of using albumin lies in the facts that firstly, it is a natural component of our
body and secondly, it can potentially provide both passive and active targeting, without

the use of any external ligands.

CCI-001, a tubulin polymerization inhibitor, which has been synthesized and patented in
the Department of Oncology, University of Alberta, Edmonton, Canada, has shown
potent anti-cancer activity in various cancer cell lines, in vitro (ICsos of 3.28 and 4.29 nM
in pancreatic and bladder cancer, respectively). Moreover, CCI-001 has been particularly
effective in cancer cells which have demonstrated to be resistant to paclitaxel. However,
its applications are limited by its extremely low water solubility, poor uptake into the
tumour site and non-selective distribution and uptake by healthy cells. These limitations
can reduce the efficacy of the compound and also could cause undesirable side effects,
upon in vivo administration. In the current study, CCI-001 was loaded into serum
albumin, both bovine and human, generating CCI-001-BSA and CCI-001-HSA
nanoparticles, using a modified version of the desolvation method, based on an incubation
process. Already formed and crosslinked albumin nanoparticles were incubated overnight

at 37°C with different drug solutions. The obtained CCI-001-loaded albumin
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nanoparticles were assessed for particle size, zeta potential, drug loading, release,

morphology and cell toxicity against SW620 and HCT116 colorectal cancer cell lines.

The spherical nanoparticles were negatively charged (zeta potential of ~-30 mV) and had
an average diameter of ~ 130 nm, with a narrow size distribution. The in vitro release of
CCI-001 from the albumin nanoparticles showed a sustained release pattern over 24-25
hours without any initial burst release, compared to the fast release of the free drug. Due
to the extremely high lipophilicity of the drug (solubility in water at pH 7.4 of 0.007
mg/mL), the drug loading resulted to be around 6 pg/mg albumin, which is still high
enough to be tested on the cell lines investigated, because of the extremely high
cytotoxicity of the compound. In fact, cellular toxicity studies of the CCI-001-loaded
albumin nanoparticles showed a similar activity to the free drug, with ICsos even slightly

lower in the cancer cell lines investigated.

These data support the advantages of the potential use of these versatile nanoparticles as
drug carriers in biological systems. However, the formulation of such CCI-001-loaded
albumin nanoparticles could be further improved (the drug loading could be increased
and toxicity of the carrier could be reduced, by replacing the crosslinking agent with a

less toxic one) for efficient delivery to tumours and future animal of human studies.
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1 Introduction

1.1 The clinical problem: cancer

This chapter is a general introduction, aimed at highlighting the biological background
and the reasons that led to the experimental work of this research project. Then, the
structure and function of microtubules, important part of the cytoskeleton of eukaryotic
cells, are outlined. The most studied and investigated microtubule-targeting drugs, which
are compounds that take advantage of the overexpression in cancer of some isotypes of
tubulin in order to fight the disease, their mechanisms of action, their mechanisms of
resistance, the toxicities and the possibility of improvement of the formulations are
described. In particular, the attention is focused on CCI-001, which is a novel colchicine
derivative, designed and synthetized by the Department of Oncology, University of
Alberta, Edmonton, Canada. It is described and compared with other colchicine-binding
agents, highlighting the advantages and the differences. Finally, albumin, the most
abundant protein in blood plasma, its characteristics, the sources of extraction and its

roles and advantages as a smart carrier in drug delivery are depicted.

Cancer is the second leading cause of death globally (right after cardiovascular diseases)
and, in 2018, it was responsible for 9.6 million deaths worldwide: 1 in 6 deaths was due
to cancer. It is a genetic disease, caused by changes in the genes that modulate the way
our cells function: in particular, how they proliferate and migrate. These genetic changes
can be inherited (germline mutations) or acquired during the lifetime (somatic mutations)
because of damage to DNA, arisen for certain environmental exposures. Cancer cells are':
able to ignore signals that usually tell cells to stop dividing and to begin the process of
programmed death (apoptosis), less specialized than healthy cells, able to escape the
immune system and take advantage of it for their proliferation, able to influence the
tumour microenvironment, able to promote a general state of inflammation, able to induce
angiogenesis, able to activate invasion and metastasis. Cancer is characterized by the
sudden growth and proliferation of some cells which begin to divide without control and,
eventually, spread into surrounding tissues. A cancer that has spread from its primary site
is called “metastatic cancer” and the tumour cells begin to travel to other parts of the

body through the bloodstream and the lymphatic system. The final purpose of any cancer



treatment would be to destroy as many cancer cells as possible, without causing harm to

the healthy cells. The most popular cancer treatments are”:

- Surgery’ (e.g.: cryosurgery, laser treatment, hyperthermia, photodynamic
therapy), that physically removes the tumour tissue, but has the inability to
eliminate completely all the tumour cells from the patient’s body. Therefore, it
may affect the patient’s quality of life after the removal of a certain organ;

- Radiotherapy?, which uses high energy radiation (external beam radiation therapy
or internal radiation therapy) to kill cancer cells, producing DNA damage.
However, it may cause harm to surrounding tissues depending on the dose of the
radiation, the accuracy and the specific site of the cancer;

- Chemotherapy’, that uses anti-cancer drugs interfering with cell division.
However, it may be unable to kill a tumour on its own (it needs to be combined
with another treatment) and it may be toxic to healthy cells as well, such as the
ones that proliferate fast: digestive tract, hair follicles, cells of the bone marrow;

- Immunotherapy®, which is based on the modulation and improvement of the
body’s immune response against cancer (such as: immune checkpoint inhibitors,
T-cell transfer therapy, vaccines). However, it is limited by the poor availability
of tumour-specific antigens and the inability to predict the efficacy and the patient
response;

- Targeted therapy’, that uses drugs or compounds which target directly the specific
molecules responsible for tumour growth, progression and sustainment (such as:
hormone therapies, apoptosis inducers, angiogenesis inhibitors, signal
transduction inhibitors). However, the limitation is that the tumour could develop

resistance and find new pathways to develop.
New promising approaches® include:

- Gene therapy, that consists in the insertion of a foreign gene sequence into the
patient’s cells (delivery of a nucleic acid sequence to replace a mutated gene, to
silence it, to stimulate the immune system, or to directly kill cancer cells);

- Cell therapy, which is based on the injection of cells to replace the immune system
cells or to directly find and kill cancer cells (such as CAR T-cell therapy, where
the patient’s T cells are engineered in the laboratory to better recognize and attack

the tumour).



As far as gene therapy and delivery of sequence of foreign DNA inside the body are
concerned, it is of vital importance to find carriers able to protect and transport the cargos
and efficiently target them to the right place at the right time. The ones used in gene
therapy are usually viral carriers or non-viral carriers in form of nanoparticles (such as
lipid-based vectors or cationic polymers that can interact with nucleic acid through
electrostatic forces). Nanoparticles are used not only in gene therapy, but also for the
delivery of chemotherapeutic agents. In fact, nanotechnology is a versatile field® that
deals with the design, the synthesis and the characterization of nanomaterials, such as
nanoparticles, which can constitute smart and effective drug delivery systems. The use of
nanoparticles to carry and deliver small molecular weight compounds brings a lot of
advantages, compared to the use of free anti-cancer drugs: they increase treatment
selectivity, maximize treatment efficacy and minimize undesired side effects.
Nanoparticles are multifunctional devices, able to carry one or more therapeutic agents
(therapy) or contrast agents (imaging, diagnosis). They can rely on two main ways to
reach the tumour site: passive targeting and active targeting. The first is based on the
enhanced permeability and retention effect, that often characterizes the tumours'’: the
hyper-permeability of the tumour blood vessels and the immaturity of the lymph drainage
system are responsible for the accumulation of small nanoparticles (generally
characterized by sizes below 200-300 nm) inside the tumour site. For the EPR effect,
nanoparticles are required to have long blood residence time and efficient particle evasion
from the clearing organs (e.g.: liver): after reaching the tumour, they undergo cellular
internalization to release their cargo in the cytoplasmic and/or nuclear targets. This
mechanism works well in solid tumours and inflamed tissues where the leaky vasculature
is preponderant, but the problem with this type of targeting is that not all the tumours are
characterized by high permeability (such as pancreatic cancer and melanoma). Various
studies!!"!? have demonstrated the efficacy of some vascular modulator (such as nitric
oxide, NO), able to augment vascular permeability via vasodilation. The second type of
targeting, the active targeting, relies on specific recognition between a ligand (attached to
the surface of the nanoparticle) and its receptor on the target site. It requires the
functionalization of the surface of the drug delivery system with specific targeting agents,
able to be recognized actively by the tumours. In this way, the vehicle would be much
more selective towards the tumour tissue, preventing the drug from being released in the
wrong place (such as in healthy cells, where it could also produce deleterious side effects).

These ligands include antibodies, fragments of antibodies, peptides and aptamers, which

3



are DNA or RNA structures characterized by better site specificity and less
immunogenicity than antibodies'®. Furthermore, it is possible to modify the surface of the
nanoparticles with polyethylene oxide (PEO) or polyethylene glycol (PEG), which are
antifouling polymers'* that prevent proteins absorption and make the particle “invisible”
to the immune cells, such as macrophages. It is known that every foreign body is
recognized and eliminated by the immune system, so that it cannot reach the desired site
of action. For this reason, it is fundamental for the nanoparticles to escape the immune
recognition, prolong their blood residence time and be able to reach the tumour site
without being phagocytized first. The PEG chains can be found in two main
conformations, brush and mushroom'>. The former is the most resistant one and it
prevents more effectively the attack of the immune cells and the absorption of the protein
thanks to the steric activity of the chain. It is preferable to have high density and length

of the chain, so that they can cover the entire surface of the nanoparticles.

Therefore, drug delivery systems play a vital role in nanomedicine: they protect the cargo
from our immune system and from degradation, allow a controlled release in space and
time offering a specific and selective targeting and are able to overcome biological
barriers. However, the nanoparticles could have some drawbacks: a non-specific uptake
by phagocytic cells and poor control over intracellular internalization!®. The final purpose
would be to deliver to the target the optimal amount of drug with appropriate kinetics
without inducing deleterious side effects on healthy tissues. For this reason, it is
extremely important to modulate the physical and chemical properties of the
nanoparticles (e.g.: shape, size, charge, ligand density, elasticity), since they strongly
affect the efficacy of the system. The pharmacokinetics, vascular transport and cellular
uptake are strongly controlled by the size of the nanoparticle; the blood circulation and
internalization by the cells depend on the shape; the charge can determine electrostatic
interaction with the cargos or functionalization of the carrier; the ligand density influences
the biodistribution and the cellular uptake; and different elasticity of the vehicle
determines the level of phagocytosis and endocytosis. For these reasons, it is fundamental
to modulate and choose the optimal features of the nanoparticles so that it is possible to

direct the system to the desired responses.

Having understood the great potential of nanoparticles in the treatment of cancer, this

research project is focused on improving the formulation of a novel PB-tubulin



polymerization inhibitor, CCI-001, which demonstrated to be even more efficient and
cytotoxic then paclitaxel, being characterized by a stronger anti-tumour activity (even in
those tumours which are paclitaxel-resistant) and selectivity. Moreover, it can be used
synergetically with gemcitabine, an antimetabolite, producing an even robust effect. The
drug delivery system investigated is constituted by CCI-001-loaded albumin
nanoparticles. The idea comes from the already FDA approved (2005) Abraxane®,
paclitaxel-loaded albumin nanoparticles, used for metastatic breast cancer, non small cell
lung cancer, metastatic adenocarcinoma of the pancreas, bladder cancer, gastric cancer.
The strategies investigated are nab-technology, a desolvation method and a modified

version of desolvation, based on an incubation process.

Proteins are natural molecules that share the advantages of synthetic polymers, plus the
biodegradability and low toxicity. The reasons for choosing albumin, as will be explained
in the next chapters, are its great potential and wide range of applications: it is one of the
most abundant proteins in blood plasma and it is a versatile carrier. It can bind both
hydrophilic and hydrophobic drugs with high affinity, it is not rejected by the immune
system being an endogenous substance, and it can actively deliver the drug to the tumour

site in a specific and selective manner (active targeting through gp60/SPARC pathway).

From the idea of nab-paclitaxel, the purpose of this work was to investigate, design, and
generate a new formulation, consisting on CCI-001-loaded albumin nanoparticles,

analyse its characteristics and determine its efficacy on cancer cell lines.
1.2 Microtubules and tubulin

1.2.1 Main components of the cytoskeleton

The cytoskeleton is the structure that provides shape, stability, internal organization and
mechanical support to eukaryotic cells. It is composed of three types of protein, very

different in size and composition:

1. Actin filaments. They are the smallest type, with diameters of 6 nm and they are
composed of a globular protein called actin, which polymerizes to form long polar
filaments. Each actin monomer (globular G actin) is composed of 375 amino acids
and has head-to-tail interactions with two other actin monomers, creating

filaments (filamentous F actin). The filaments are double-stranded helix because
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each monomer is rotated by 166° in the filaments. Actin polymerization is
reversible and there is always equilibrium between actin monomers and
filaments!”. Actin has been extensively studied in muscle cells: here, besides the
thin actin filaments, it is possible to find some thick filaments formed by a protein
called myosin. These two types of filaments, organized in a structure called
sarcomere, are responsible for the mechanism of muscle contraction. In non-
muscle cells, actin forms a network of filaments which determines cell shape,
mechanical support and cellular movements'®.

Intermediate filaments. They are thicker than actin filaments, but thinner than
microtubules, with diameters of about 10 nm'®. They share a common tripartite
structure, composed of a highly conserved central a-helical rod domain, a variable
N-terminal head and a C-terminal tail domain®. They are less dynamic than actin
filaments or microtubules (in particular, they are extremely compliant at small
deformation but stiffen at larger stretch) and their main function is to provide
integrity, strength and support to the fragile tubulin structures®'. Unlike actin or
tubulin, intermediate filaments are not polar. Cells in different tissues of the body
have different types of intermediate filaments (e.g.: keratins in epithelial cells,
desmin filaments in muscle cells, neurofilaments in neurons), which possess
particular functional characteristics, determining the function of the cell.

Microtubules. They are rigid hollow

rods with internal diameter of around 14 14 { 25
nm nm
nm and external diameter of 25 nm and S R l

they are composed of a single type of
globular protein, tubulin. Tubulin is a
dimer consisting of two 55-kDa

polypeptides called a-tubulin and B-

tubulin®?, which polymerize to form B-tubulin  @-tubulin
microtubules, made of 13 parallel  Figure 1: Microtubule. From THE
protofilaments assembled around a CELL, Fourth Edition, Figure 12.42.
hollow core. The a-tubulin and B-tubulin are approximately 40% identical at the
sequence level. A third type of tubulin, y-tubulin, is found in the centrosome,
which plays a vital role in the microtubule assembly. Microtubules, like actin
filaments, have a polarity and furthermore, they are ever-changing, constantly

adding and subtracting tubulin dimers at both ends of the filament. There is a
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discrepancy in the growth rate between the end that possesses an exposed [3-
tubulin (faster extension, plus end), compared to the end that exposes an a-tubulin
(slower extension, minus end). They influence cell shape, cell movements, the
intracellular transport of organelles and the separation of chromosomes during

cell mitosis®.
1.2.2 Microtubule dynamic instability

The reversible polymerization and depolymerization %o & am
% -

of tubulin dimers show that microtubules can "°'"'“°"“y sl \

undergo rapid cycles of assembly and disassembly, in
a process called dynamic instability?*. Both a-tubulin
and B-tubulin bind GTP: the GTP bound to pB-tubulin
is hydrolyzed to GDP and this hydrolysis weakens the
binding affinity of tubulin with the nearby molecules,

stimulating the depolymerization of microtubules®.

O
Growing microtubule &

It is the comparison between the rate of tubulin
addition and the rate of GTP hydrolysis that mirocioue

determine the growth (rescue) or shrinkage
Figure 2: Dynamic instability.

(catastrophe) of microtubules?: if the GTP-bound From ref|24] with permission.

tubulin is added more rapidly than GTP is

hydrolyzed, the microtubule grows, whereas if the tubulin addition is slower, the GTP
bound to the tubulin is hydrolyzed to GDP resulting in the dissociation of the GTP-bound
tubulin from the growing microtubule?’. Stabilization of the whole microtubule structure
is normally afforded by the binding of a GTP cap at the end of the microtubule, which
shields the terminal B-tubulin from a conformation change that induces its dissociation.
The onset of microtubule assembly is critically dependent on a number of factors,
including temperature range, local concentration of tubulin and supply of biochemical
energy in the form of GTP. This mechanism of continuous turnover is vital in many
cellular functions, such as mitosis?®: during prophase, chromosomes have been condensed
and form an identical copy, called sister chromatids. Centrosome consists of two
centrioles from where spindle formation originated. The centrosomes move to opposite
direction to generate spindle pole. At metaphase, polymerization of microtubules occurs

and pushes the sister chromatids from pole towards the centre (equator). Mitotic spindles



attach to centromeres of sister chromatids through the kinetochore and are then called
kinetochore spindles. At anaphase, mitotic spindles contract, leading to the pulling of
sister chromatids towards opposite poles and separation of chromosome. At telophase,
mitotic spindles disappear and chromosomes are encapsulated inside the nuclear
envelope. Therefore, during the mitosis, the dynamics of microtubule assembly and
disassembly change drastically: the rate of microtubule disassembly and the number of
microtubules emanating from the centrosome increase. Because of their vital importance
in the mechanisms of cell division and proliferation, microtubules are appealing targets
in pharmacological applications: it is possible to use drugs that affect the polymerization
and depolymerization of microtubules, changing the mitosis process and, therefore,

leading cells (e.g.: cancer cells) to apoptosis.
1.2.3 The tubulin code

1.2.3.1 Tubulin isotypes

As already highlighted, microtubules play various roles, modulating cell shape, division,
motility and differentiation?®. Being constituted by heterodimers of a-tubulin and B-
tubulin, one of the questions that may arise is how the microtubules can adapt to a huge
variety of functions, behaviours and properties. The first thing to consider is that
microtubules can interact with many microtubule-associated proteins (MAPs), able to
modulate the MT dynamics, promoting their assembly/disassembly, and connect them to
cell structures (membranes or cytoskeletal components)*’. Moreover, microtubules
features and functions are determined by the “tubulin code”, a combination of tubulin
variants, called isotypes, and post-translational modifications of tubulin (PTMs). Tubulin
isotypes have homologous amino acid sequences that appear to have diverged as a result
of accumulated mutations (which arise from the altered genetic expression of tubulin) and
they differ from species to species: in human, both a-tubulin and B-tubulin are encoded
by nine genes, whereas in yeast, a-tubulin is encoded by two genes and B-tubulin by one.
The incorporation of different tubulin isotypes in a microtubule can have two main
functions: first, it can affect the primary structure of tubulin dimers and thus the dynamic
assembly and disassembly, stability and also physical properties of MTs, and secondly it
can affect the interaction of MTs with the MAPs. Several isotypes of a-tubulin and B-

tubulin were discovered, but much more information regards -tubulin, which is a more

suitable target for many antimitotic drugs (less is known about a-tubulin, which shows
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higher conservation). In fact, one of the main disadvantages of the tubulin-binding drugs
is that they bind tubulin indiscriminately, leading to death of both cancer and healthy
cells. However, the broad cellular distribution of several tubulin isotypes provides a
platform upon which to construct novel chemotherapeutic drugs that could differentiate
between different cell types, decreasing the harmful side effects linked to the current
chemotherapeutic treatments. Therefore, drugs with increased specificity for tubulin
within cancerous cells are required to provide effective tools in the treatment of cancer.
In particular, ten different B-tubulin isotypes have been investigated: Bl (TUBB), BITIA
(TUBB2A), BIIB (TUBB2B), BIII (TUBB3), BIVA (TUBB4), BIVB (TUBB2C), BV
(TUBBS6), BVI (TUBB1), BVII, BVIII, expressed by different types of cells®!. In healthy
normal cells, the most expressed types are BI, BIVB and BV. In the brain, BIIA, BIIB, BIII,
BIVA, whereas in the hematopoietic cells, BVI. The BIII tubulin is overexpressed in
tumour tissues, compared to healthy ones: therefore, it is the most appealing isotype for
the development of antimitotic drugs®2. The importance of the tubulin isotypes becomes
apparent, since the ultimate goal of cancer research is to develop compounds that will
target only cancer cells. That is the reason why researchers are focusing their attention on
obtaining data for drug binding to each B-tubulin isotype. This would permit the
formulation of individualized treatment regimens for any given cancer cell type, reducing

the side effects that are normally linked to current chemotherapeutic treatments.
1.2.3.2 Tubulin PTMs

The second component of the tubulin code is constituted by the post-translational
modifications, which are catalysed by a range of enzymes and label distinct microtubule
subpopulations in cells, programming these microtubules to specific functions*>. Some of
the most investigated PTMs of tubulin are: detyrosination-tyrosination,
polyglutamylation and polyglycylation, acetylation, methylation and phosphorylation.
Most of the PTMs are localized in the C-terminal tails of a-tubulin and p-tubulin,
exposed to the outer surface of assembled microtubules, and enzymes catalysing these
PTMs usually modify microtubules over soluble tubulin dimers. The tubulin code can
influence the structural and mechanical features of microtubules. For example, depending
on the tubulin isotypes and the PTMs present, the microtubule formed can be constituted
by 11, 13, 14 or even 15 protofilaments, which determine different MT functions.

Furthermore, the microtubule flexibility is modulated by the different tubulin isotypes



present: the right mechanical assembly of microtubules is determined by the slide of
adjacent protofilaments one against each other, a movement that is allowed by specific
non-covalent interactions between tubulin molecules. Not only the tubulin isotypes
influence the microtubule mechanics, but also the PTMs are known to have an effect on
it: for example, the acetylation of a-tubulin has been demonstrated to promote the
mechanical ageing, in which the microtubules lose their flexural rigidity, preventing
microtubule breakage. The tubulin PTMs also affect the microtubule dynamics: some of
the post-translational modifications, such as phosphorylation and acetylation, prevent the
tubulin dimers to assemble, downregulating the microtubule polymerization, whereas
others, such as polyamination, have the opposite role, preventing the depolymerization.
The interactions between microtubules and the microtubules-associated proteins can be
modulated by both the tubulin isotypes and the tubulin PTMs*: several studies have
identified the precise site of communication between MAPs and tubulin and have realized
the major influence of the tubulin sequence in the interactions with the proteins. The
unfolded C-terminal tubulin tail is involved in various MAP interactions and a single
amino acid difference, such as a lysine residue in the tail of BIII-tubulin, reduces the run
length of kinesin-1 on microtubules. Moreover, the tyrosination state of microtubules
affects the nature of the interactions between microtubules and MAPs: detyronisation is
able to reduce the binding of the cytoplasmic linker protein CLIP170 to the microtubules,
affecting negatively the MT growth and resistance. Many modifying and demodifying
enzymes (that catalyze the post-translational modifications) are able to control the
intracellular distribution of MAPs and organelles. Therefore, microtubule functions and
transport processes in cells are influenced by a combined effect and crosstalk of PTMs
and/or tubulin isotypes, so that the tubulin code can help microtubules adapt to changing
physiological requirements and reach homeostasis. The tubulin code plays vital cellular
and physiological roles in cilia and flagella, in neurons, in muscles and in cell cycle and

centrosomes.
1.2.3.3 The tubulin code in cell division

As stated above, microtubules are fundamental in many cellular functions, such as
mitosis, where they give rise to the mitotic spindles and are responsible for the separation
of chromosomes. The different tubulin isotypes affect the behaviour of mitotic spindles:

each isotype, regardless of the similarity with the others, confers specific properties to the
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mitotic spindles and modification of the tubulin code can have devastating consequences.
Furthermore, various PTMs are found on spindle microtubules: for example, mitosis is
characterized by increased polyglutamylation, increased polyglutamylase activity,
detyrosinated tubulin®® in spindle microtubules that point to cell equator and tyrosinated
tubulin in astral microtubules. Polyglutamylation is enriched on the centrioles, cylindrical
arrays of 9 microtubules that compose the centrosomes, the microtubule-organizing
centres and this PTM plays a vital role in centriole maintenance and function, and,

consequently, in cell division.
1.3 Microtubule-targeting agents

1.3.1 Mechanisms of action

Microtubules are highly dynamic and sensitive to therapeutic inhibitors. For this reason,
several drugs targeting the tubulin have been used in order to alter microtubules
polymerization and dynamics®’: in particular, these compounds are mainly antimitotic
agents which bind to microtubules and, suppressing the microtubule dynamics during the
vulnerable mitotic phase of the cell cycle, prevent the cells from proliferating and induce
the tumour cell death. The tubulin-targeting drugs can be classified into two groups: they
can either work leading to an enhanced polymerization (microtubule-stabilizing agents)
or, on the other hand, to an enhanced depolymerization (microtubule-destabilizing
agents)®. The first group induces the lengthening of microtubules, whereas the second
induces their shortening. As a result, no microtubules are available to produce mitotic
spindles for cell division. Examples of the first class include the taxanes (paclitaxel and
docetaxel), the epothilones (ixabepilone and patupilone), the discodermolides,
eleutherobins, sarcodictyins, dictyostatin, peloruside, cyclostreptin, laulimalide and
rhazinilam. They usually bind to the same or to an overlapping taxoid-binding site on -
tubulin, placed in the inside surface of the microtubule. Examples of the second class are
the vinca-site binders (which bind in the vinca domain of tubulin), such as the vinca
alkaloids (vinblastine, vinorelbine, vinflunine, vincristine, vindesine), the cryptophycins
and the dolastins (tasidotin, eribulin, maytansinoids, spongistatin, rhizoxin). Other
microtubule destabilizing agents are the colchicine-site binders (which bind tubulin in its
colchicine domain), that include colchicine and its analogues, podophyllotoxin,

combretastatins, CI-980, 2-methoxyoestradiol, phenylahistins, steganacins and curacins.
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Both groups of drugs, the microtubule-stabilizing agents and the microtubule-
destabilizing agents, despite the opposite mechanisms of action, work towards the same
goal: they inhibit microtubule dynamics and block mitosis. An interesting fact to consider
is that components of the two families, for example taxanes and vinca alkaloids, can be
used simultaneously with no antagonistic effect. On the contrary, combination of the
drugs have shown synergism and higher activity in vitro. It is preferable to use low drug
concentrations for prolonged periods of time (also known as “metronomic
chemotherapy”), instead of peaks of high intracellular drug concentration. Studies
demonstrate that tumours have a greater fraction of actively dividing cells than healthy
normal tissues®®. That is the reason why microtubules, playing vital roles in the mitosis,
represent appealing targets for the treatment of cancer. Microtubule-targeting agents-
induced disruption of the microtubule dynamics causes mitotic arrest in cancer cells in
vitro within 8-24 hours, due to the incapability to properly segregate chromosome to
daughter cells, leading to apoptosis*®. Usually, the effects and the activity of these
compounds are investigated in vitro using cancer cell lines that have the characteristic of
proliferating rapidly, with doubling time of 24-48 hours. In xenograft and animal models,
cancer cells divide every 10-12 days. In patients, cancer cells do not divide as rapidly as
they do in preclinical models: the rate of cell division is around 150-300 days. This fact
provides evidence that mitosis in human solid tumours in not as frequent as in vitro and
the antimitotic activity, even though predominant, is not likely to be the only anticancer
mechanism of microtubule-targeting agents. It has been proven that tubulin-binding drugs
can initiate apoptosis independently of mitosis: one of their most important dose-limiting
toxicities is the initiation of peripheral neuropathy, a condition characterized by the
damage of non-dividing neuronal cells that carry messages to and from the brain from
and to the rest of the body. Neuronal survival and development rely on the axonal
transport processes, which require the action of intact microtubules*'. Microtubule-
targeting agents inhibit the transport of proteins and other components within neurons.
Peripheral nerves are thought to be more sensitive to these compounds-induced damage,
because of the longer length of their axons that rely on the efficient microtubule-
depending trafficking. Furthermore, sensory peripheral neurons are more affected to the
drugs effects than central neurons, because of the different permeability of blood-nerve
and blood-brain barriers. Recent studies have demonstrated that microtubule-targeting
agents have effects also on tumour vasculature, as another proof that their action is much

more complex than initially speculated*’. The growth of new blood vessels towards
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tumours and tumour cell migration towards metastatic sites are two important factors in
anticancer treatments. The tumour blood vessels are appealing therapeutic targets,
because usually the tumour cells die if they are not constantly supplied with nutrients
from the blood. It is possible to target the tumour blood vasculature in two main ways:
using angiogenesis-inhibiting agents (AIAs), which inhibit the formation of new blood
vessels, or using vascular-disrupting agents (VDAs), which damage the already existing
vasculature. AIAs and VDAs differ in their physiologic target, in the type of disease to
treat and the treatment scheduling. The administration of the former ones consists in
chronic exposure, necessary to restrain revascularization after the initial blockage, leading
to the stabilization of the condition, rather than tumour shrinkage. The latter ones, instead,
have a more immediate effect and are administered through acute exposure. The
consequences of the activity of vascular-disrupting agents are increased vascular
permeability, reduction in blood vessel diameter, decreased blood flow (with resulting
ischemia), increased interstitial pressure leading to plasma leakage and, at the end,
shutdown of the blood vessels. This approach has significant potential when applied in
particular to the vasculature of solid tumours, due to its differences with the one of healthy
tissues*’. The normal tissues are characterized by an efficient and hierarchically organized
vascular network, modulated by the balance of pro-angiogenic and anti-angiogenic
molecular factors and a lymphatic system that drains the waste products from the
interstitium. On the other hand, tumour vasculature is characterized by a disorganized,
non-hierarchical, tortuous and immature network of blood vessels, due to the
incontrollable growth and overexpression of neoplastic cells and pro-angiogenic factors.
In the same way, the lymphatic system is leaky and inefficient, compared to the one of
the healthy tissues. Tumor vessels are thought to be more permeable than normal ones,
they have irregular diameters, abnormal basement membranes and impaired blood flow.
Tumour neovascularization** consists of different steps: degradation of the blood vessel
membrane, migration of endothelial cells out of a pre-existing vessel, proliferation of
endothelial cells, organization of the cells into tube-like structures. Angiogenesis-
inhibiting agents have the capability to interfere in one or more steps of this process, such
as inhibiting the proliferation and migration of endothelial cells (at concentrations that
are 100-fold lower than those required to produce cell toxicity), targeting the vascular
endothelial growth factor (VEGF) and its receptor (VEGFR), leading to the disruption of
tumour vasculature. Furthermore, these compounds act also on the focal adhesions and

adherens junctions of endothelial cells. Focal adhesions are adhesive contacts between
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the cells and extracellular matrix, through the interaction of the integrins with their
extracellular ligands*. In endothelial cells, microtubule-targeting agents cause decreased
focal adhesion formation and defective focal adhesion assembly. Adherens junctions in
endothelial cells are intercellular protein structures that maintain endothelial integrity
and, consequently, regulate vasculature permeability*®. They both regulate adhesion
between cells and support the local concentration of signaling molecules. VE-cadherins
are the main components of the endothelial adherens junctions. Microtubule-destabilizing
agents are known to disrupt VE-cadherin engagement, leading to rounding up of

endothelial cells and to an increased vasculature permeability.
1.3.2 Mechanisms of resistance

In order to develop more efficient compounds, it is extremely important to understand the
mechanisms of resistance to tubulin-targeting drugs*’. Some tumour cells do not respond
to microtubule-binding agents, such as renal cell carcinomas, which are thought to have
microtubule-independent trafficking of key oncogenic proteins. Cancer cells possess
several types of mechanisms of resistance to tubulin-targeting compounds. One of the
most important mechanisms through which cells overcome the effects of microtubule-
targeting chemotherapeutic agents is their resistance to enter the apoptotic pathway. The
inhibition of proteins with anti-apoptotic effect may therefore improve the effect of anti-
microtubule drugs. There are two types of resistance to anticancer drugs: the “intrinsic”
resistance is the one that tumour cells have without the exposure to anticancer drugs and
it may be caused by factors such as genetic mutation and tumour microenvironment. The
“acquired resistance”, on the other hand, is not an intrinsic feature of the tumour, but it is
generated by high exposure to cytotoxic drugs. The most investigated mechanisms of

resistance with known clinical significance are:

- Activation of transmembrane proteins effluxing the chemical compounds in and
out of the cells (ABC transporters);

- Activation of the enzymes of the glutathione detoxification system;

- Alterations of the genes and the proteins involved into the modulation of apoptosis
(p53 and Bcl-2);

- Mutations and overexpression of specific tubulin isotypes.
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1.3.2.1 ABC transporters

The main resistance mechanism is constituted by the ATP binding cassette (ABC)
membrane transporters, which modulate the flux of substances, including drugs, in and
out of the cells, by using energy produced by the hydrolysis of ATP*. It was calculated
that there are 49 ABCs and they are classified into seven subfamilies (ABCA-ABCG),
according to the similarity of their amino acid sequences. They are potent transmembrane
regulatory proteins and their presence modulates the drug concentration inside the cells.
An overexpression of ABCs, linked to gene amplification, transcriptional and epigenetic
changes, can lead to multi-drug resistance in cancer (MDR), the phenomenon in which
cancer cells show resistance to various anticancer drugs, structurally and functionally
different”. Having the role of catalyzing the ATP-dependent transport of diverse
compounds across cellular membranes, ABC transporters are vital elements for the cells
in the protection against chemicals which are present in the environment. For this reason,
people possessing defected ABC genes have higher vulnerability to specific diseases™.
The ABCs are composed of two domains, the first is the cytosolic nucleotide (ATP)
binding domain (NBD) and the second is the transmembrane domain (TMD). Each NBD
contains three main elements: Walker-A, Walker-B, and C or ABC signature motifs. The
Walker-A and Walker-B are separated by 120 amino acids, while the third motif, the C,
is unique for each ABC and it is critical for the interactions between the Walker-A and
the Walker-B, that form the “ATP-sandwich” and allow the ATP hydrolysis. The TMD
spans the membrane, produces channels and determines the characteristics of the
transported substrates. Furthermore, some ABCs co-transport several substances at the
same time: this fact provides evidence that there must be two binding sites with different
affinities in each ABCs pump, responsible for the co-transport. One of the most famous
ABC transporters is P-glycoprotein (P-gp), belonging to the ABCB family. Up to now,
P-gp has been proven to interact with more than 200 compounds, both substrates and
modulators. In fact, it possesses a large flexible drug-binding pocket characterized by low
specificity. This feature can be used to develop inhibitors/modulators, capable of binding
and blocking the transport function of the transporter, reversing the multi-drug
resistance’’. In fact, P-gp can be inhibited in three main ways. The first is by blocking of
the drug binding site competitively, non competitively or allosterically, the second is by
interfering with ATP hydrolysis and the third is by altering the integrity of the cell

membrane lipids®%. Depending on their specificity, affinity and toxicity, P-gp modulators
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can be classified in three generations. Examples of the first generation P-gp inhibitors are
Verapamil, which could overcome drug resistance in leukemia cells, but caused harmful
side effects, Cyclosporine A, Reserpine, Quinidine, Yohimbine, Tamoxifen and
Toremifena. Due to their potential toxicity, their non-selective and low binding affinity,
they were replaced by a second generation of inhibitors, which were optimized to be more
potent, specific and less toxic. Examples are Dexverapamil, Valspodar, Dexniguldipine
and Dofequidar fumarate. They possessed greater affinity for P-gp, but they caused the
inhibition of more ABC transporters, leading to complicating pharmacokinetic
alterations. For this reason, third generation inhibitors are under clinical trials and show
higher specificity and lower toxicity than the previous ones. Examples include
Cyclopropyldibenzosuberane zosuquidar, Laniquidar, Mitotane, Biricodar, Elacridar,
ONT-093, Tariquidar and HM30181. They are very potent, around 200-fold more
effective than the previous inhibitors and they can be used at very low concentrations (25-
80 nM). Even natural compounds, such as plant extracts, have been studied for their
ability to inhibit P-gp, exhibiting less cytotoxicity and better bioavailability. Another
possible approach would be to use monoclonal antibodies>?, such as MRK 16, MRK17,
C219, JSB-1, HYB-241, UIC2, 4E3, 7G4, 17F9 and Mab57, against P-gp in multi drug
resistance®. MRK 16 and MRK 17 were first proven to inhibit the growth of human multi
drug resistant tumours transplanted into nude mice. MRK16 enhanced the antibody-
dependent cellular cytotoxicity and induced regression of the resistant tumour when
administered after the tumour became palpable. Also MRK 17 showed direct inhibition of
tumour grown in vitro, but its efficacy and activity were inferior than the ones of MRK16.
Monoclonal antibodies, especially used in conjugation with P-gp reversing agents, can

offer efficient anti-cancer activity.
1.3.2.2 Glutathione detoxification system

Besides the ABC transporters, the second mechanism involved in multi-drug resistance
is constituted by glutathione and its associated enzymes. Glutathione (GSH) and
glutathione S-transferases (GST) have been widely investigated and linked to the
existence of a multi-drug resistance in cancer cells. It has been demonstrated that GSTs
are important determinant of drug response for some (but not all) anticancer drugs™. Like
P-glycoprotein, GST-mediated detoxification system is able to recognize various

chemical compounds and to mediate their transports in and out of the cells. In particular,
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GSH and its associated enzymes have the fundamental role to protect the cells: GSH is
the most abundant antioxidant found in living organisms and it is also the most abundant
non-protein thiol present in the cells. When GSH binds to a compound, either
spontaneously or catalyzed by GST, it has the capability to make that compound less toxic
and more hydrophilic, which means that it makes it more easily cleared from the body. In
fact, the metabolism of drugs is composed of two main phases: phase I, where P-450
isozyme family makes small changes to the drugs (for example, by producing reactive
sites which can covalently interact with other molecules) and phase II, cytoprotective,
where GST isozyme family makes the drugs more hydrophilic and less toxic. GSH has
various functions in the cells, including preserving cellular redox homeostasis. By both
detoxifying the body from xenobiotics and promoting therapeutic resistance in cancer
cells, it plays both beneficial and pathogenic roles in various diseases®. In cells,
metabolic processes such as respiration and oxidative stress are linked to the formation
of reactive oxygen species (ROS)’, whose level increases with any kind of fluctuation in
environmental stress factors. They include superoxide, hydrogen peroxide, nitric oxide,

peroxynitrite, hypochlorous acid and hydroxyl radical®®

. ROS can be very harmful to cells
and they may be associated with DNA damage that leads to different diseases,
dysfunctions and ageing processes. Glutathione may provide defence not only against
ROS, but also against their toxic products. In particular, GSH provides a first line of
defence against ROS, by scavenging free radicals and reducing H>O,. By contrast,
glutathione-dependent enzymes represent a second line of defense, by detoxifying the
products generated by ROS and preventing the propagation of free radicals’®. ROS
production is dramatically higher in cancer cells because of the particular
microenvironment characteristics, such as mitochondrial dysfunction, genetic mutations
and abnormal metabolism. For this reason, cancer cells take advantage of various ROS-
scavenging molecules, such as glutathione, which act as detoxifying agents. In particular,
GSH is responsible for detoxification of xenobiotics, maturation of iron-sulfur clusters of
proteins, maintenance of cysteine pools and regulation of transcription factors linked to
redox signaling. In cancer initiation and progression, GSH and ROS play a dual role,
having both a tumour promoting and a tumour suppressing functions®: firstly, moderate
ROS levels can stimulate the survival and proliferation of tumour cells by activating
signaling pathways that help the cancer to grow in stressful environment. However, high
levels of ROS, which are often found in cancer, can cause damage to the cells, provoking

cell death. Therefore, tumours have the necessity to modulate ROS and antioxidants (such
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as GSH), maintaining a balance in order to survive. GSH is vital in the removal of
carcinogens and alterations of GSH levels may have profound effects on cell survival.
However, elevated levels of GSH are involved in the protection of tumour cells, by
conferring resistance to several chemotherapeutic drugs. Furthermore, elevated levels of
GSH have been demonstrated to promote metastasis in both melanoma and liver cancer.
The complexes formed by GSH-GST-drug obtained are effluxed out of the cell through
multiple resistance-associated protein transporters (MRP1). In fact, drug-resistant
tumours are often characterized by high levels of GST and MRP1. Therefore, even though
GSH provides a first line of defence against ROS and glutathione-dependent enzymes
provide a second line of defence, it has been demonstrated that GST and MRP are both
required to be balanced and co-ordinately regulated in order to be able to protect the cells
against the ROS. In fact, an overexpression of GST alone, without an increased capacity
to transport conjugates out of the cells, would not be sufficient to produce resistance to
oxidative and chemical stress®!'. Reversal of drug resistance may be achieved by the use
of molecules capable of inhibiting GSTs, due to the overexpression and accumulation of
specific GSTs in different cancers. For this reason, various compounds characterized by
this ability have been discovered and others have been synthesized®>. Most of these
compounds are GST substrates or GSH analogues and they help to overcome drug

resistance in different ways.
1.3.2.3 p53 and Bcl-2 proteins

p53 protein is constituted by 393 amino acids and characterized by a molecular weight of
53 kDa. p53 gene (the “guardian of genome”) is a tumour suppressor gene®’, which has
the function to block the formation of tumours. Mutations in p53 gene leads to the
complex network of events characterizing the formation of a tumour and it can be linked
to various cancer types: p53 is known to be mutated in approximately 50% of human
cancers®. In particular, p53 protein, located in the nucleus of cells throughout the body,
works by binding DNA, which in turn promotes the production of a protein, p21, that
interacts with cdk2, a cell-division-stimulating protein. When p21 and cdk2 are bound,
the cell cannot go through the next stage of cell division. On the other hand, if p53 is not
able to target the DNA, the protein p21 is not produced and it does not provide the “stop
signal” for cell division, leading to an uncontrollable proliferation of cells and formation

of tumours. Increase of p53 levels has three main functions: growth arrest, DNA repair
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and apoptosis. In fact, as a result of DNA damage, in order to preserve the integrity of the
germ line, p53 protein has the capability to trigger programmed cell death, a permanent
cell-cycle-arrest response to harm®. On the other hand, under condition of low-level
stress and reparable damage, p53 protein can respond with protective and pro-survival
measures, temporary cell-cycle arrest, antioxidants production and DNA repair, in order
to maintain the viability of cells. For this reason, the concentration of p53 must be
precisely regulated. The main regulator is MDM2, which is able to stimulate the
degradation of p53 via the ubiquitin system. Therefore, protein p53 constantly undergoes
processes of production and degradation. After cellular stress stimuli, such as DNA
damage, MDM2’s activity is decreased, leading to p53 stabilization. The resulting
enhancement of p53 activity leads to an upregulation of MDM2 activity, which, in turn,
determines the degradation of p53, in a continuous loop (MDM2 downregulates p53 and
p53 upregulates MDM?2). If the p53 gene is altered or damaged (and, consequently, the
conformation of p53 protein is changed), for example by the actions of chemicals,
radiations or viruses, the balance between p53 and MDM?2 is altered too and the tumour
suppression is exponentially reduced, leading to uncontrollable division of cells®.
Furthermore, overexpression of mutated p53, which can lead to the loss of p53 functions,
has often been linked to resistance to standard medications®’. Tumour cells hosting wild-
type pS3 are usually sensitive to antitumour drugs, but they become resistant to therapy
when wild-type p53 is inactivated®®. As already highlighted, p53 protein is able to mediate
apoptosis®’: in particular, the protein is responsible for both transcription-dependent and
transcription-independent apoptosis. The first one is characterized by an extrinsic and an
intrinsic pathways. In the extrinsic pathway, p53 promotes the transcription of death
receptors of the tumour necrosis factor receptor family, leading to the formation of death-
inducing signaling complexes which stimulate DNA fragmentation. The intrinsic
pathway, on the other hand, is represented by DNA damage mechanisms which involve
mitochondrial apoptotic events, coordinated by the Bcl-2 family of proteins. p53 activates
the pro-apoptotic genes Noxa, PUMA, Bid and Bax, which can homo-multimerize or
hetero-multimerize with Bak, leading to DNA fragmentation. In the transcription-
independent mechanism, instead, p53 protein reaches the mitochondria and interacts
directly with the anti-apoptotic protein BCL-2, in order to stimulate the homo or hetero-
multimerization of Bak and Bax, which change conformation, form oligomers and
permeabilize the mitochondrial outer membrane (MOMP)’°. In this way, p53 allows the

release of pro-apoptotic factors inside the cytoplasm. The Bcl-2 (B-cell lymphoma-2)
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family of proteins has been widely studied and owes its importance to the modulation of
the apoptotic response, tumorigenesis and cellular responses to anti-cancer therapy’'. It
is constituted by anti-apoptotic proteins (BCL-2, BCL-Xi, BCL-W, MCL-1, BFL-1/A1),
pro-apoptotic proteins pore-formers (BAX, BAK, BOK), also known as effectors, and
pro-apoptotic BH3-only proteins (BAD, BID, BIK, BIM, BMF, HRK, NOXA, PUMA,
etc), also known as activators, which interact with one another’?. In fact, the proteins (for
example, Bax and Bak), as already mentioned above, can aggregate to form homo or
heterocomplexes’. These proteins are characterized by various domains: the first two
domains, BH-1 and BH-2, are necessary for BCL-2 and BCL-Xy to interact with Bax and
Bak, in order to inhibit apoptosis. The third domain, BH-3, is sufficient but not required
for the pro-apoptotic proteins, such as Bax, Bak or Bad, in order to bind BCL-2 or BCL-
X and trigger apoptosis. The last domain, BH-4, is responsible for conferring the anti-
apoptotic capacity. In fact, mutated BCL-2 proteins, which lack their BH-4 domain, lose
their anti-apoptotic effect and behave like killer proteins. This provides evidence of a
competition model for apoptotic regulation: the ratio of anti-apoptotic to pro-apoptotic
molecules, such as BCL-2:Bax, determines the cell response to apoptotic signal. Defects
and mutations in the mitochondrial apoptotic pathway are strongly linked to the
development of diseases, such as cancer and autoimmunity’*. Overexpression of anti-
apoptotic BCL-2 proteins and loss of some of the pro-apoptotic proteins accelerate
tumorigenesis, by keeping cells alive long enough to acquire oncogenic mutations that
drive their neoplastic progression”. It is well known that a hallmark of cancer cells is
their ability to ignore and evade apoptosis and this ability is fundamental for the
incontrollable growth of cancer and for the development of resistance to therapy.
Therefore, tumour cells may become dependent on BCL-2 anti-apoptotic activity for
survival under stressful conditions, overexpressing the protein, which sequesters and
disactivates the pro-apoptotic activity of the activators and effectors. This overexpression
of anti-apoptotic BCL-2 family member in cancer cells confers the ability to resist to
various classes of anticancer drugs, such as DNA-damaging and antimicrotubule agents,
glucocorticoids, nucleoside analogues and immunotherapy’®. As highlighted in this
paragraph, the activity of BCL-2 anti-apoptotic proteins and the mutations of p53 proteins
are regarded as an obstacle in cancer therapy, due to their ability to confer
chemotherapeutic resistance. Therefore, a wide range of small molecules targeting Bel-2
family members and mutant p53 have been investigated and developed, in order to reverse

the resistance. By using small molecules that are able to bind to mutated p53, restore its
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active form and its tumour suppression function, it is possible to induce apoptosis again.
One of the most effective ways for improving cancer therapy is the ablation of mutant
p53 in cancer, by promoting its degradation. The second strategy for targeting mutant p53
is to restore the mutant p53 to a wild-type resembling conformation. Furthermore, BCL-
2 inhibition has been demonstrated to be a promising strategy for improving cancer
treatments’’. Possibile compounds used to inhibit BCL-2 proteins are oligonucleotides,
antibodies, peptides or small molecule inhibitors’’. One of the most appealing alternatives
is constituted by the use of BH-3 domain-mimicking peptides, due to the small size and
the high binding affinity. In fact, mimicking the BH-3 domain, they are able to bind with
high specificity the hydrophobic region present on anti-apoptotic BCL-2 proteins,
working as competitive inhibitors’8, and induce apoptosis. However, the hydrophobic
groove of the anti-apoptotic proteins to which the BH-3 domain binds is very challenging
to target’’ and it is of vital importance to find compounds able to bind BCL-2 family
members with high affinity, as the BH-3 domain-mimicking pepetides do. An alternative
would be to target the regulation of another anti-apoptotic protein, MCL-1, which has
been proven to be easier than developing an effective BH-3 mimetic®’. MCL-1 is essential
for the development and survival of acute myelogenous leukemia cells. This is the reason
why selective MCL-1 inhibitors have been investigated with great interest. Furthermore,
some anti-cancer drugs, such as anti-tubulin compounds, are able to reduce the levels of

MCL-1, promoting apoptosis®'.
1.3.2.4 Mutations and overexpressions of tubulin isotypes

Another contribution to the resistance to MTAs is given by alterations in the target of
these compounds, the tubulin-microtubule complex*’. Three are the main mechanisms
investigated: the first is the overexpression of specific tubulin isotypes, in particular of B-
[T tubulin, a multifunctional protein characterized by a key role in the pathobiology and
aggressiveness of the tumour; the second is the occurrence of tubulin mutations that can
influence the microtubule stability and dynamics; and the third is the development of
tubulin mutations that lead to impaired ligand binding®. In fact, as stated above, tubulin
heterogeneity, caused by the existence of different tubulin isotypes and post-translational

8384 it has been

modifications, contributes to microtubule diversity. In many studies
demonstrated that enhanced levels of B-III tubulin are linked to reduced response to

taxanes and some vinca alkaloids in a variety of tumours, such as lung, breast, ovarian
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and gastric cancer. In particular, the presence of this tubulin isotype has been proven to
inhibit the drugs’ ability to affect microtubules dynamics. Furthermore, microtubules
composed of the B-III tubulin isotypes show more dynamicity than the microtubules
formed by the B-II or B-IV isotypes. This provides evidence that the different
compositions of tubulin isotypes can modulate the dynamicity of microtubules.
Considering the fundamental role that microtubules play in cells, any modification in the
expression levels of the tubulin isotypes can alter the overall microtubule function. In
particular, there are two main reasons for the introduction of different tubulin isotypes
into the protofilament: first, as already mentioned, alterations in the structured core of the
tubulin isotypes can affect the physical properties, the assembly kinetics and the stability
of microtubules; second, modifications in the sequence of the C-terminal tail, which is
one of the preferential binding sites for a variety of MAPs, can alter the interactions
between MAPs and the microtubules. B-1II tubulin is not only involved in drug resistance,
but it also thought to act as a survival factor in many tumours, by increasing the
development and progression of cancer, regardless of the treatment. Its potential role as
survival factor is demonstrated by the fact that B-III tubulin levels are augmented in
conditions of stress like hypoxia, glucose deprivation and ischaemic necrosis, where the
protein is overexpressed. Therefore, it protects the cells against genotoxic stress caused
by cytotoxic compounds. In this way, when targeted and suppressed, it makes cells more
vulnerable to chemotherapy, both of MTAs and DNA-damaging agents, via enhanced
apoptosis induction and reduced tumorigenesis®>. That is the reason why the design of
drugs and compounds which target specifically B-III tubulin would be an effective
strategy to fight cancer and overcome the multi-drug resistance that many tumours
possess. Apart from the overexpression of certain tubulin isotypes, alterations in tubulin-
binding sites or microtubule dynamics may play a vital role in the mechanism of
resistance to taxanes and vinca alkaloids, leading to an intrinsic insensitivity to antimitotic
drugs. Microtubule-polymer levels and dynamics, tubulin protein folding, tubulin dimer
sequestration and regulatory pathways are mainly regulated by factors that are likely to
affect sensitivity to microtubule-targeting agents, such as post-translational modifications
of tubulin and regulatory proteins like microtubule-associated protein 2 (MAP2), tau, y-
actin, MAP4, stathmin, MAP6 and survivin®. These proteins are able to bind to
microtubules and their increased expression is linked to resistance or enhanced sensitivity
to microtubules-targeting agents. Other factors, such as tumour microenvironment and

signalling proteins, are responsible for the modulation of microtubule stability.
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Transforming growth factor-f induced (TGFBI) can stimulate microtubule stabilization
and make cancer cells more vulnerable to paclitaxel and its suppression can induce
resistance to paclitaxel. As far as the tumour microenvironment is concerned, further
investigation is needed in order to fully understand its influence on the mechanisms of
action of MTAs and microtubule dynamics. Tubulin molecules are also subjected to
several post-translational modifications, which are responsible for the modulation of the
rate of assembly into microtubules: alterations in the PTMs of microtubules have been
observed in many types of cancer. Furthermore, it is possible that PTMs could alter the
interaction with MAPs, regulating microtubule dynamics and leading to drug resistance.
Another important line of defence of cancer cells is their capability to “camouflage” the
target, the microtubules, so that MTAs cannot recognize and bind them anymore®’. Some
of the mutations acquired after exposure to taxanes or epothilones are found in the taxane
binding site and they influence drug binding through differences in Van der Waals or
hydrophobic interactions. Also mutations within the B-tubulin genes have been observed
in cell lines resistant to microtubule-targeting agents®®, but they are not thought to result

in changes to drug binding affinity.
1.3.3 Main classes of microtubule-targeting agents

Microtubule-targeting agents are unique among the anti-cancer compounds, not only
because of their original mechanisms of action, but also because of their extreme

structural diversity.
1.3.3.1 Vinca domain-binding agents

Vinca alkaloids, such as vincristine, vinblastine, vindesine and vinorelbine, discovered in
the 1950’s by Canadian scientists, Robert Noble and Charles Beer®, are the oldest of the
clinically used anti-tubulin agents and they belong to the family of microtubule-
destabilizing agents. They are drugs extracted from the pink periwinkle plant
Catharanthus roseus and they possess cytotoxic and hypoglycemic effects. They have
been investigated and used for the treatment of diabetes, high blood pressure and cancer
and they have been into the clinic for 40 years. At the beginning, they were considered
“wonder drugs”, due to their chemotherapeutic success in childhood leukaemia. In fact,
they became popular as single-agent treatment of childhood haematological and solid

malignancies and then for adult haematological malignancies too. Tubulin and
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microtubules are the main targets of the vinca alkaloids, which depolymerize
microtubules and destroy mitotic spindles at high concentrations, inhibiting the
microtubule dynamics and leaving the dividing cancer cells blocked in the mitosis with

9091 5n the biochemical effects of vinca alkaloids

condensed chromosomes. Initial studies
revealed disruption of microtubules and elevated oxidised glutathione, whereas they
demonstrated to have no influence on cellular respiration, glycolysis, nucleic acid or
protein synthesis. Furthermore, their hydrophobic nature allows them to partition into
lipid bilayers®> when uncharged, leading to alteration in the structure and function of
cellular membranes. They usually bind to a region known as vinca-binding domain, at the
inter-dimer interface between two longitudinally aligned tubulin dimers®*, in a rapid and
reversible way. In particular, vinca alkaloids have two distinct binding sites on
microtubules: they bind with high affinity to tubulin at the microtubule ends, but with low
affinity to tubulin along the sides of microtubule surface’*. Furthermore, they possess the
ability to enhance the affinity of tubulin for themselves, leading to the production of spiral
aggregates. The vinca site 1s composed of a core zone, defined by interactions of vinca
alkaloids, and a pocket which extends towards the exchangeable guanosine nucleotide
site on B-tubulin. The suppression of the microtubule dynamics has two effects on the
spindles: it prevents the correct assembly of the mitotic spindles and it reduces the tension
at the kinetochores of the chromosomes. The transition from metaphase into anaphase is
blocked and the cells die by apoptosis. Examples of this class of compounds are
vinblastine, vinorelbine, vincristine, vindesine, vinflunine, dolastatins, maytansine,
halichondrin B, spongistatin-1, Rhizoxin®>. Usually, the vinca alkaloids are administered
via intravenous bolus, but they can also be administered for prolonged periods of time, as
longer infusion, leading, however, to worse side effects. Different agents possess various
dose limiting toxicities: vincristine is neurotoxic, vinblastine is myelosuppressive,
vindesine is both neurotoxic and myelosuppressive. Vinorelbine is the best tolerated,
showing granulocytopenia and leucopenia as harmful consequences. Moreover, it was the
first to be administered orally, showing the same pharmacokinetic profile of the IV
administration. In conclusion, vinca alkaloids are anti-cancer drugs that cause
microtubule depolymerization, suppress treadmilling and dynamic instability, inhibit
mitotic progression and lead to cell death by apoptosis. However, their harmful side
effects limit their applications. In order to overcome the limitations and drawbacks that
characterize the majority of these compounds, drug delivery systems and combination

therapy are smart and appealing solutions that have been investigated in the last years®®.
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1.3.3.2 Taxol domain-binding agents

Taxanes, such as paclitaxel (Taxol), docetaxel (Taxotere) and cabazitaxel (Jevtana), were
among the most investigated anti-cancer compounds during the last century and they
belong to the family of microtubule-stabilizing agents, also known as depolymerizing
inhibitors”’. In 1995, their clinical use was approved and since then, they have been
successfully adopted for the treatment of solid tumours, both as single agents and in
combination with other chemotherapeutic or targeted agents. The taxanes possess low
binding affinity to soluble tubulin, but high affinity to tubulin assembled into
microtubules. They bind in a region called taxane-site, which is located in a pocket of -
subunit, precisely on the inside surface of the microtubule and the compounds form both
hydrophobic and polar interactions with several of the secondary structural elements®®,
Paclitaxel generally gains access to its binding sites by diffusing through small openings
in the microtubule. The conjugation between these compounds and the microtubules leads
to stabilization of the microtubules, increased polymerization and suppression of their
dynamics, causing cell cycle arrest in the Go/M phase and apoptosis. Examples of this
group of compounds are paclitaxel, docetaxel, cabazitaxel, epothilones, ixabepilone,
dictyostatin, eleutherobin, cyclostreptin and zampanolide. As with vinca alkaloids,
researchers have focused their attention on improving formulations and investigating
smart drug delivery systems’ and combination therapies, in order to overcome the
limitations imposed by the previously described compounds. One of the most used and
investigated drug delivery systems for the transport of a taxane is nab-paclitaxel®,
albumin-based nanoparticles encapsulating paclitaxel, which will be discussed in details

later.
1.3.3.3 Colchicine domain-binding agents

Colchicine is an ancient
compound, a major
alkaloid isolated in 1820
from the seeds and bulbs
of Colchicum autumnale

and Gloriosa superba,

that has exhibited a wide
range of therapeutic Figure 3: Chemical structure of colchicine.
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effects'®. Its summary formula is C22H2sNOg and its molecular weight is 399.44. The
main structure of the compound is composed of three rings'®! (Figure 3). The ring A is a
trimethoxy benzene ring, that is essential for tubulin affinity in conjunction with ring C
and fundamental for anti-tubulin activity!®?. The 1-methoxy group is important in setting
the correct conformation of the molecule, whereas the 3-methoxy group is important for
binding ability: replacing it with bulky groups results in great reduction of the affinity.
The ring B is a seven-membered ring characterized by an acetamido group at C7 position,
which may influence the conformation of colchicine analogues and their tubulin binding
properties like the on-rate, off-rate, activation energy reversibility and quantum yield of
the drug-tubulin complex. Therefore, modification on ring B is aimed at modulating the
kinetic properties of the compounds. It has been proven that the introduction of a double
bond in ring B enhances the binding ability with tubulin. The ring C is a methoxy
tropolone ring, crucial for colchicine-tubulin interactions. It can be affected by
photochemical decomposition, transforming into a fused four or five-membered ring
having carbonyl and methoxy substituents and reducing its binding ability. Methoxy and
carbonyl group can exchange positions, producing isocolchicine and the 10-methoxy
group can be substituted with halogen, alkyl, alkoxy or amino groups without altering the
tubulin binding affinity. Moreover, modifications of the seven-membered tropolone into
aromatic phenol does not influence the affinity with tubulin. In fact, allocolchicine is also
a tubulin inhibitor. The ring A and C of colchicine are thought to bind to B-tubulin,
whereas the side chain of ring B interacts with a-tubulin!®. It is popular for the treatment
of various inflammatory diseases and gout disease, a common type of arthritis that causes
intense pain, swelling and stiffness in a joint. It has also been used to treat Behcet’s
disease, dermatitis herpetiformis, pericarditis, biliary and hepatic cirrhosis, Paget’s
disease, familial Mediterranean fever and amyloidosis!®. In fact, in 2009 it was FDA
approved for the treatment of gout and Mediterranean fever. More recent studies
investigated its antiproliferative activity and antimitotic effect, related to the formation of
a colchicine-tubulin complex, which prevents microtubule polymerization, due to a
conformational inflexibility that makes tubulin dimers unable to lead to microtubule
assembly, by inhibiting the elongation of microtubules. Cancer cells are more effectively
killed by colchicine than the normal cells, since they undergo mitosis at higher rates, but
this compound is characterized by low therapeutic index and high toxicity, including
neutropenia, gastrointestinal upset, bone marrow damage and anaemia'®. That is the

reason why various colchicine analogues have been produced. Although colchicine has
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been used as a therapeutic agent for years, its mechanism of action remained unknown
until 1968, when tubulin was recognized as its main target'*. In 2004, colchicine-binding
site was identified as a deep pocket located at the interface of the a-p tubulin heterodimer,
whereas the principal interaction zone is located on the B subunit. Colchicine interacts
with tubulin through hydrogen bonding and hydrophobic interactions. The binding of
colchicine to tubulin causes important structural changes within the tubulin subunits,
shifting from a straight to a curved conformation, which prevents the tubulin dimer
assembly into microtubules, inducing their depolymerization. Furthermore, in the 1930s,
colchicine was found to have damaging effects on tumour vasculature'”’, causing
haemorrhage and extensive necrosis in both animal and human tumours. Colchicine
domain-binding agents can prevent new blood vessels formation by outgrowth from pre-
existing ones (angiogenesis inhibitors) or destroy the existing tumour vasculature
(vasculature disrupting agents). Another advantage of this family of compounds is that
most of these drugs have no multi-drug resistance issues. As already highlighted, one of
the major limitations of the application of microtubule-targeting agents is the innate and
acquired drug resistance, due to the presence of P-glycoprotein, mutations in tubulin and
overexpression of BIII-tubulin isoform, which is an indicator of resistance to microtubule-
targeting agents, such as paclitaxel and vinorelbine. Therefore, some colchicine domain-
binding agents were identified as appealing anti-tumour agents due to their ability to
overcome P-gp/BlII-tubulin mediated drug resistance and their anti-vascular effect.
Furthermore, they possess chemically-modifiable structures, providing the possibility to
improve pharmacokinetics properties, efficacy and reduce toxicity of the pre-existing
compounds. In fact, researchers developed some colchicine derivatives!'®, able to
overcome further the P-gp-mediated resistance and to maintain similar level of cytotoxic
activity in cancer cells'®. In order to do it, they introduced modifications on B and C
rings and evaluated the compounds obtained. It is known that colchicine interacts with P-
gp through hydrophobic interactions, causing conformational changes in the
transmembrane helical domains and enhancing the transport of other ligands as well as
colchicine itself. In order to reduce the P-gp efflux liability, polar substituents were
introduced to decrease the hydrophobic interactions. In particular, the addition of amino
groups at C-10 position showed increased cytotoxicity, no P-gp efflux due to the loss of
hydrophobic interactions and gain of hydrogen bindings and ionic interactions, increased
expression of pro-apoptotic protein p21, good pharmacokinetic profile and excellent

physicochemical properties (solubility and lipophilicity). Therefore, the derivatives were
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even less vulnerable to the efflux of the hydrophobic transmembrane domain of P-gp,
compared to colchicine!!. For all these reasons, colchicine-site ligands are probably the
most studied class of microtubule-targeting agents. Since the first atomic investigation of
colchicine-binding to tubulin in 2004, a wide range of structurally diverse natural and
synthetic colchicine-site ligands in complex with tubulin have been characterized by X-
ray crystallography to medium and high resolution. A variety of colchicine-binding site
drugs are natural products, obtained from natural sources such as plants, animals and
microorganisms, which constitute excellent sources for drug discovery and development.
Through chemical modifications of their structures, some derivatives and synthetic
analogues of these natural compounds have been produced in the lab. Another way to
overcome the limitations imposed by the side effects and cytotoxicity of colchicine is to
use smart drug delivery systems. In fact, colchicine is known to have low therapeutic
index and poor oral bioavailability. At first, colchicine was usually administered through
the oral route, but it was associated with gastrointestinal side effects, such as abdominal
cramps and pain, nausea, vomiting and diarrhea, in the 80% of patients. Colchicine was
also administered through intravenous route, but it caused severe side effects like tissue
necrosis cytopenias, intravascular coagulation and even death. For this reason, in 2008,
the intravenous route was banned by the FDA. One of the greatest limitations of the
colchicine-binding site agents is their high hydrophobicity, which results in the reduced
absorption of the drug. Moreover, the rapid elimination can lead to short biological half-
life and need for frequent drug used, and non-specific drug distribution lowers the drug
levels at the site of action and enhances the harmful side effects. To overcome these
issues, two possible solutions have been found: the use of chemical modifications of the
compounds (creation of prodrugs) and the use of advanced drug delivery systems. The
prodrug may possess a better solubility, absorption, improved stability and it may convert
to the parent drug at the site of action. Carriers to transport the drugs may increase the
solubility, increase or reduce drug dissolution, increase permeability and absorption,
reduce drug elimination by increasing the biological half-life and reduce the off-target
drug distribution. Table 1 shows the principal colchicine drug delivery systems that have

been investigated so far to improve its therapeutic efficiency.

28



Table 1: Summary of the nano-delivery systems of colchicine.

Formulation Size/ MW

Route of administration

In vitro/In vivo results

References

Gelatin biodegradable
microspheres,
crosslinked with
glutaraldehyde

70-300 um

Niosomes -

Thermoresponsive
poly(V-
isopropylacrylamide)
co-polymer films

Poly(phosphazenes) 1.1-1.8 x 10¢

PEG-coated
biodegradable
poly(lactic acid)/poly(e-
caprolactone)
microspheres

3-6 um

Intravascular delivery

Local delivery vehicle to
vascular smooth muscle
(intravascular delivery)

Intra-articular
administration
delivery to joints)

(local

Local delivery vehicle to
vascular smooth muscle
(intravascular delivery)
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Zero-order release observed for
the entrapped anticancer drug.
Diffusion of the drug from the
matrix, followed by slow
degradation of the matrix.
Cytotoxicity on MCF-7 breast
cancer cell line depended on the
compositions of the
microspheres. Sustained release
of colchicine from gelatin
microspheres exhibited a
prolonged and higher cytotoxic
effect in the MCF-7 breast cancer
cell-line, compared to the free
drug.

The release rate of the drug from
niosomes was evaluated in vitro
and it was much slower,
compared to the one of the free
drug. After 12 hours, 64% of
colchicine was released from the
free solution, compared to only
12% from the niosomes.

It was demonstrated that the drug
was taken up by BASMC and
could target its intracellular site
of action. The cellular uptake was
maximal by 24 hours. The
colchicine released was able to
inhibit proliferation and
migration of BASMC.

Release of colchicine was
consistent with the degradation of
the polymers. The faster the
degradation, the faster the release
rate. Release occurred through
degradation and diffusion. In
vitro  dose-response  studies
measuring osteoblast cell growth
showed that cell growth on
matrices containing colchicine
was significantly inhibited in
contrast to growth on tissue
culture polystyrene (TCPS) and
EG-PPHOS matrix without drug.

Zero-order in vitro release profile
of colchicine. Large local
concentration of drug in the target
tissue, with least systemic side
effects. The studies suggested
that inhibition of restenosis was
dose-dependent. Release follows
a diffusion-based model through
pores, rather than a polymer
erosion-based model. Release of

[111]

[112]

[113]

[114]

[115]



Eugenol-based
nanoemulsion

Theranostic oil-core
PLA nanocapsules

Elastic liposomes

Transethosomal gels

41.2+7.2nm

200 nm

100-200 nm

85.4-169.9 nm

Oral delivery

Intravascular delivery

Transdermal delivery

Transdermal delivery
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the drug was sustained over four
weeks in vitro.

The transport of colchicine across
a rat intestinal membrane was
studied in vitro with a diffusion
chamber. The intestinal
absorption of colchicine was
enhanced significantly by
eugenol in the tested
nanoemulsion. Furthermore, the
effect of eugenol on the
absorption of colchicine was
examined by in vivo absorption
studies. The results showed an
increase in the AUC and C Of
colchicine after oral
administration.

Approximately constant release
rate of the drug observed in vitro.
The results of the in vitro
experiments revealed that the free
Cou-6 was less effectively taken
up by all the studied cells, in
comparison to the encapsulated
dye molecules. Moreover, free
dye molecules could also be
absorbed in vivo by healthy cells
surrounding the target tissue. For
this reason, encapsulation of
fluorescent markers offers much
advantage. In all the tested cancer
cell lines, the nanoencapsulation
process enhanced the antitumour
activity of colchicine.

The in vitro skin permeation
studies conducted on excised rat
abdominal skin showed 10.2-fold
higher flux of drug from elastic
liposomal formulation, compared
to free drug. In vivo performance
aimed at evaluating the anti-gout
efficacy of the compound.
Edema, a typical feature of
inflammation, was measured in
terms of exudate volumes and the
results obtained from elastic
liposomes showed 5-fold higher
reduction in terms of exudate
volumes and leukocytes present.

The ex vivo skin permeation
studies revealed that the
transethosomal gels had superior
skin permeation properties in
comparison with a simple
colchicine gel formula, due to the
presence of ethanol,
phospholipids and surfactants,
which worked in synergy to
improve the permeation of
colchicine through the skin.

[116]

[117]

[118]
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Lipid bilayer-coated
mesoporous silica
nanoparticles

Folic acid and chitosan-
glycine complex coated

mesoporous silica
nanoparticles
functionalized with
phosphonate groups
Cubosomes

Colchicine-gadolinium
tubulin nanoparticles

100 nm

330+£22.2nm

356 + 3.09
328.2+7.92 nm

45 nm

Intravascular delivery

Intravascular delivery

Transdermal delivery

Intravascular delivery

The in vitro experiments strongly
demonstrated the potential of the
formulation as drug delivery
system and its stability. After 120
min, the delivery of colchicine
through the lipid bilayer into
HuH7 liver cancer cells was
achieved and the microtubule
filaments could hardly be
recognized.

The in vitro experiments showed
that anticancer activity depended
on the cell line and delivery
method. Full inhibition of
HCT116 colon cancer cells was
observed. A weaker activity was
reported in HepG2 liver and PC3
prostate cancer cells. This
formulation showed almost no
cytotoxicity in healthy cells,
compared to free colchicine. The
nanoparticles conferred higher
apoptotic activity than the free
drug.

Ex vivo permeation studies
conducted on animal skin models
demonstrated that after 24 hours,
the amounts of drug deposited in
the skin were 2-fold higher if
released from the cubosomes,
compared to the free drug. In vivo
absorption study showed that
Cmax of the drug after oral
administration was much lower
than Cpa. observed  after
transdermal delivery from the
cubosomes, indicating slower
release.

The in vitro experiments showed
that the formulation had specific
killing effect on tumour cells
rather than on normal cells. The
nanoparticles exhibited excellent
MRI contrast capability and long
circulation time (12 hours). The
effect of the nanoparticles on
growth of tumours was explored

using  GL261  subcutaneous
tumour-bearing mice model and
they showed a prolonged

circulation time, useful for the
passive targeting.

[120]

[121]

[122]

[123]

Another smart carrier for the delivery of colchicine would be albumin, the most abundant
protein in plasma, which is known for its capability to transport both hydrophobic and
hydrophilic compounds. The interaction between colchicine and human serum albumin

was investigated by fluorescence and UV-vis absorption spectroscopy. The results
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exhibited the formation of colchicine-HSA complexes, where Van der Waals interactions
and hydrogen bonds played a vital role in the stability of the complex!?*. In particular, the
binding site for colchicine on human serum albumin is located in sub-domain ITA (Trp*'4).
However, there are still no formulations based on albumin-colchicine complexes on the

market.
1.4 Novel derivatives and CCI-001

As highlighted above, there are many
drugs and compounds in the market

that target microtubules for the

..ul'l'luNH

treatment of cancer. However, they
often lack specificity, they are
characterized by harmful side effects
or they have to face

chemotherapeutic resistance.

Colchicine has been investigated and 5
_—

studied in detail, primarily for the Figure 4: Chemical structure of CCI-001.
treatment of gout, but also to treat

conditions such as leukemia, prostate cancer, Behcet’s disease, acute and recurrent
pericarditis, heart diseases, atrial fibrillation and diabetic nephropathy. However, its
applications have been limited by a high toxicity profile and a low therapeutic index!%.
In fact, colchicine, when administered at low doses, causes cardiac and renal toxicity and
gastrointestinal side effects, and, when administered at high doses, it causes systemic
toxicity and high mortality rate. In order to overcome the existing limitations, Dr Jack
Tuszynski and his co-workers (Allard Chair, Division of Experimental Oncology, Cross
Cancer Institute and University of Alberta, Edmonton, Canada) designed and synthesized
CCI-001, also known as CR-42-024, JD-101, D33 or Compound 24, a novel colchicine
derivative characterized by reduced general toxicity and increased cancer specificity and
selectivity, in order to target the desired site in a more precise way'?6. CCI-001
(C23H27NOs6S, molecular weight: 445.5, Figure 4) possesses an increased binding affinity
for the B-III tubulin isotype, which is an excellent target since it is overexpressed in many

cancer cells, almost absent in healthy cells and constitutes a clinical marker of poor

prognosis. CCI-001’s LogP is of 2.58 and its solubility in water at pH=7.4 is of 0.007
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mg/mL'?7. Researchers initially focused their attention on colchicine, which was known
to bind to B-tubulin, generating tubulin-colchicine complexes and inhibit microtubule
dynamics, showing anti-proliferative and anti-neoplastic properties. The harmful side
effects and toxicities of colchicine are due to the fact that its primary target is the B-IV
tubulin isotype, which is highly expressed in healthy cells. Therefore, it is not the most
suitable isotype for the specific targeting of cancer. B-III tubulin, on the other hand, would
be the most promising target, since it is highly expressed in a variety of tumours, such as
breast, ovarian and gastric cancer. It is always present in the most aggressive and
metastatic cancer cells, it is overexpressed in taxol resistant tumours, it is not found in
normal tissues and if silenced, it makes cancer cells more vulnerable to chemotherapy.
The reason why B-III tubulin binds poorly to drugs, compared to the other isotypes, has
been investigated and studied, in particular in the case of colchicine. Colchicine, as
already stated, interacts with tubulin in two steps: firstly, there is the binding, and
secondly, as a consequence of the binding, the tubulin molecule undergoes a
conformational change. In B-III tubulin, the second step is slower, since it possesses a

much more rigid conformation than the other isotypes'?

. Many colchicine derivatives
have been evaluated during the past 7 years and Dr Tuszynski and co-workers, having
understood the potential of B-I11 tubulin as a target, have tried to synthesize B-1II tubulin-
specific colchicine derivatives, which offer higher tumour specificity and selectivity,
without causing harm to healthy tissues. Among the identified agents that demonstrated
to possess an improved capability to kill cancer cells, the compound CCI-001 proved to
have increased cytotoxic effects in cancer cells, reduced side effects on normal cells and
increased binding affinity for B-III tubulin, compared to colchicine. For these reasons, it
was proposed as a new and appealing candidate drug for preclinical and clinical
development, and its efficacy and synergistic activity with other chemotherapeutics were
demonstrated using in vitro and in vivo assays. In particular, 70 compounds were
synthetized in two series, CH and CR-42, and their efficacy and cytotoxicity were
evaluated both in vitro and in vivo. The colchicine derivatives with bulkier hydrocarbon
groups at the R2 position have been proven to be the most potent, characterized by smaller
ICsos. The most effective ones were: CH-35, CR-42-017, CR-42-018, CR-42-023 and
CCI-001. Of the first series, CH-35 showed to be more effective than Taxol against
human breast tumour and, furthermore, was more specific towards BIII-tubulin isotype.
Compared to colchicine, it showed higher toxicity to cancer cells and lower toxicity to

healthy cells. Of the second series, the only ones that resulted to be patentable were CR-
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42-023 and CCI-001, and the latter was superior in terms of ADMET profile. Therefore,
CCI-001 was considered to be the lead compound, on which specific experiments have
been performed. First, the binding free energies for different tubulin isotypes were
predicted through high-quality computational models at University of Alberta,
Edmonton, AB (2011-2012). The compound was then successfully synthetized, with 95%
purity. The cytotoxicity of the lead compound was evaluated, through MTS and MTT
assays to evaluate the cytotoxic effects on various cancer cell lines and healthy cell lines,
revealing much higher efficacy than the parent compound, colchicine. CCI-001 was
active on bladder, colorectal, skin, breast, pancreatic and kidney cancer cells with ICso
values in the nanomolar range (0.8-10 nM) on every cell line tested'?’. It was most potent
on the prostate cell line LnCap with an ICso of 0.9 nM and least potent on the metastatic
kidney cancer cell line Caki-1 with an ICsp of 10.5 nM. It was more effective than
paclitaxel, with the exception of 786-0 kidney cancer cell line and it was only marginally
cytotoxic to healthy GM38 fibroblast cells. It had higher efficacy on every cell line,
compared to gemcitabine. In particular, it was proven to be effective against the T24
bladder cancer cell line, constituting a successful therapy for this disease. In order to
confirm this evidence, CCI-001 was tested on a panel of bladder cancer cell lines (T24,
253], UM-UC-3, UM-UC-14) and its activity was compared to gemcitabine and cisplatin.
Dr Tuszynski’s lead compound showed higher performance than both single agents
gemcitabine and cisplatin and combination gemcitabine/cisplatin treatment. Furthermore,
it had low nanomolar ICsg values, ranging from 10 nM to 1.9 nM. CCI-001 has the same
mechanism of action of colchicine, acting by inducing microtubules depolymerization
and G2/M phase arrest, leading cells to death. Cells treated with the lead compound
showed a strong reduction in cell migration and, in particular, CCI-001 exhibited a variety
of advantages: it inhibited migration in primary endothelial cells, leading to anti-
metastatic action, it selectively induced cytotoxicity in rapidly dividing cells and it caused
anti-angiogenic effects in mouse models. After having demonstrated its efficacy in vitro,
CCI-001 activity was examined also in vivo on bladder cancer. T24 xenografted mice
were administered both CR42-024 (3 mg/kg or 6 mg/kg) and vehicle control every second
day for 18 days (10 injections, Figure 5). The lead compound was able to suppress tumour
growth of T24 xenografts in vivo, without any excessive toxicities, evaluated by
measuring the change in body weight and was able to prevent tumour growth at a dose of

3 mg/kg. Furthermore, CCI-001 was also tested on a patient-derived xenograft model and
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it was demonstrated the compound had the ability to treat larger tumours in vivo, making

it a useful compound for the treatment of bladder cancer'?®.
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Figure 5: Comparison between the activity of control, CCI-001 (6
mg/kg) and CCI-001 (3 mg/kg) on T24 cell line xenografts in vivo.
From ref [126] with permission.

Moreover, the activity of CR42-024 was also compared to the combination of
gemcitabine/cisplatin'?®. In particular, mice bearing T24 xenografts were administered
CR42-024 (3 mg/kg), gemcitabine/cisplatin (40 and 3 mg/kg respectively) and vehicle
control (10.5% DMSO in PBS), as shown in Figure 6. The results showed that CCI-001
had the same effect as gemcitabine/cisplatin and was able to inhibit the tumour growth.
No significant difference in tumour volume was reported between CCI-001 and the
combination gemcitabine/cisplatin, whereas there was a significant difference between
control and CCI-001 and between control and gemcitabine/cisplatin. The mice were
weighed once a week during the administration of the drugs and no toxicity was reported,

suggesting that a dose of 3 mg/kg of lead compound did not lead to toxicity in mice.
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Figure 6: Comparison between the activity of CCI-001 and
gemcitabine/cisplatin on T24 xenografts in vivo. From ref [126] with
permission.

CCI-001 was then tested and compared with all the other major microtubules-targeting

agents, such as paclitaxel, vinblastine, combretastatin, laulimalide and taccalonolide, in
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order to evaluate its effects on taxol-resistant breast cancer cells. The lead compound was
more potent and effective, but cell viability was still present at high concentrations. In
fact, paclitaxel-resistant cell lines were found to be around 6-fold more resistant to CCI-
001, most likely due to P-gp activity. In order to overcome this limitation, a combination
of CCI-001 and 3-bromo pyruvate (3BP) was tested and showed successful results. The
effects of the combination of the two compounds (2 nM CCI-001 and 20 uM 3BP) were
observed on breast cancer cell lines, such as SK-BR-3 and paclitaxel-resistant SK-BR-3,
and exhibited promising synergistic activity. The viability of the SK-BR-3 cells was
14.8% when CCI-001 alone was used, whereas it decreased to 6.1% when the
combination of CCI-001 and 3BP was used. The viability of the paclitaxel-resistant SK-
BR-3 cells was 27.9% when CCI-001 was used, whereas it decreased to 2.1% when the
combination of the two compounds was used. This fact provides evidence that the synergy
of CCI-001 and 3BP could constitute a promising solution, especially if applied with a

time delay, with 3BP preceding the administration of the lead compound by 3 hours.

It has been shown that CCI-001 is a weak substrate for P-glycoprotein, in fact it interacts
with the protein many times less compared to the parent compound colchicine, and this
fact could contribute to drug resistance in a cell line-dependent manner. In the studies
conducted on different cell lines, PC3, U87 and CAPAN-1 were found to be insensitive
to CCI-001 and these cell lines were thought to possess increased expression of MDR-1,
conferring resistance to the lead compound. When incubated with both CCI-001 and
cyclosporine A, which is a competitive inhibitor of MDR-1, Hela and UM-UC-14 cells
became much more sensitive to CCI-001 killing, exhibiting a much more rapid reduction
in cell viability when the lead compound was combined with CyA, as compared to CCI-
001 alone. On the other hand, CAPAN-1 and PC3 cells incubated with CyA did not
become more vulnerable to the drug. Therefore, it is possible to conclude that the
resistance to the chemotherapeutic is most likely cell line-dependent and there are other
mechanisms of resistance that may be responsible for the insensitivity to CCI-001 as well.
Researchers have also examined whether CCI-001 could be used in combination with
current therapies for bladder cancer, such as gemcitabine and cisplatin and to do so, they
tested the drugs in a sequential manner. The results reported that the lead compound was
synergistic with both cisplatin and gemcitabine when given sequentially. In particular,
synergy was observed when cells were pre-treated with CCI-001 and followed by

cisplatin, and when they were pre-treated with gemcitabine and followed with CCI-001.
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On the other hand, pre-treatment with CCI-001 followed by gemcitabine did not show
synergy and pre-treating the cells did not make them more sensitive to gemcitabine,
compared to non-pre-treated cells. In the same way, cells pre-treated with cisplatin and
followed by CCI-001 did not show synergy either. Therefore, the lead compound can
successfully be used in combination with other chemotherapeutics, but the synergy is only
observed if the administration occurs in a specific sequential manner. Furthermore, it was
demonstrated that high concentrations of colchicine and its derivatives permeabilize cell
membranes, which may contribute to the still unknown cytotoxic effects of these
compounds. CCI-001 was also demonstrated to possess less negative side effects on the
immune systems of cancer patients, compared to colchicine. To summarize, various
experiments conducted in vitro and in vivo has demonstrated that CCI-001 could
constitute a new promising and appealing alternative to the chemotherapeutic approach
for the treatment of cancer. In fact, the compound is not only highly effective against a
variety of cancers in general, but also against those ones that are resistant to standard
therapies. Moreover, CCI-001’s synergy with other agents make it even more interesting
for a broad spectrum treatment of bladder cancer. The limitations imposed by the poor
water solubility of the compound can be overcome by the use of drug delivery systems.
Up to now, the only formulation in the market is the micellar formulation'*° of CCI-001.
The micelles were prepared by solvent evaporation method, using PEO-PBCL in acetone.
The size of the micelles was of 58.01 + 0.2829 nm and the PDI was 0.16 = 0.014. The

encapsulation efficiency of the drug was 94.5%.
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1.5 Albumin

1.5.1 Characteristics and features of albumin

Albumin is one of the most abundant
proteins in blood plasma, constituting
approximately 60% of all the proteins in
the blood (around 35-50 mg/mL)"!. It is
a highly water-soluble small globular
protein, characterized by a molecular

weight of 67 kDa and an average half-life

of 19 days. Albumin has a pl in the range

of 4.7-5.5. It shows stability for a pH  Figure 7: Structure of albumin. From ref
range of 4-9 and it can be heated for 10 [131] with permission.
hours at 60°C. It is made of a single chain of 585 amino acids; its secondary structure,
highly flexible, is characterized by 67% a helix and there are 17 disulphide bridges with
6 turns. The disulphide bridges act as crosslinkers for the three homologous domains that
characterize albumin (domains I, II, III) and each one of the three domains is comprised
of a pair of subdomains (A,B)'*, as Figure 7 shows. IA is composed of the amino acids
1-112, IB by amino acids 113-195, IIA by amino acids 196-303, IIB by amino acids 304-
383, IITIA by amino acids 384-500 and IIIB by amino acids 501-582. Albumin can be
extracted from many sources including human serum (human serum albumin, HSA),
bovine serum (bovine serum albumin, BSA), rat serum (rat serum albumin, RSA) and egg
white (ovalbumin, OVA), but the two most used types are HSA and BSA. Albumin is a
perfect candidate for drug delivery'®® and it has attracted attention for its characteristics
and abilities, such as high loading capacities of both hydrophobic and hydrophilic drugs,
specific targeting, as well as virtually non-toxicity and non-immunogenicity. It is
biocompatible, biodegradable and it is a versatile carrier with great potential and
applications. A huge number of different molecules can be encapsulated/entrapped inside
the albumin vehicle in many different ways or they can be chemically conjugated to the
protein. Moreover, the surface of albumin nanoparticles can also be functionalized with
ligands due to the presence of functional groups to which different types of linkers or
spacers can be attached. The high lipophilicity of many existing drugs represents one of

the main limitations of their applications. Hence, finding a non-toxic, widely available
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and efficient vehicle which is able to improve the solubilization and the transport of
therapeutics is of fundamental importance. The most important albumin binding sites for
hydrophobic compounds (especially neutrally and negatively-charged hydrophobic
drugs) are domains IIA and IIIA, highly elongated hydrophobic pockets with positively-
charged lysine and arginine residues'**. In this way, various therapeutics, such as
paclitaxel and docetaxel, can be bound and subsequently delivered effectively to the

tumour site.
1.5.1.1 Human serum albumin

Human serum albumin is a protein produced by hepatocytes in the liver, at a rate of 9-12

135 Despite albumin’s plasmatic abundance, the majority of albumin is not found in

g/day
blood circulation, since 60% is stored in the interstitial space. In fact, even though its half-
life is of 17-19 days, it only lasts 16-18 hours in circulation'*. The transcapillary
movement of albumin is reversible, as it can return inside the plasma through the
lymphatics in order to maintain constant the plasma protein concentrations. Its production
is modulated by the body’s needs. In particular, the synthesis is stimulated by insulin,
thyroxine and cortisol or conditions like hypoalbuminemia, whereas it is hindered by
potassium and exposition of hepatocytes to excessive osmotic pressure. Furthermore, an
adequate supply of nutrients is fundamental to correctly regulate albumin production. In
fact, poor adsorption of nutrients reduces the liver’s ability to produce the protein.
Degradation of albumin can take place in any tissues, but it occurs mainly in the liver and
kidney. The balance between albumin production, degradation and movement between
intravascular and interstitial spaces determines the effective albumin plasma
concentration. Albumin is responsible for the maintenance of the colloid osmotic pressure
(which keeps fluid from leaking out of the blood vessels), nourishes tissues, transports
hormones, vitamins, drugs and divalent cations, like calcium and zinc, through the body,
acts as a free radical scavenger in inflammatory conditions and it is involved in processes
like coagulation and wound healing'?”. Furthermore, it possesses antioxidant properties
and has a heparin-like activity, by enhancing the effects of antithrombin III: in fact,
hypoalbuminemia can cause coagulopathy!*, The compounds that bind to albumin can
be classified as endogenous and exogenous. The first class includes all the substances that
are already found in the body, such as bilirubin, fatty acids, cations, free radicals, vitamins

and hormones. The second one consists of the drugs that are introduced in the body from
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the outside, such as antibiotics, anticoagulants, anti-inflammatory drugs, anticonvulsants,
cardiovascular and renal drugs, central nervous system drugs and hypoglycemic agents'*.
Albumin molecules carry many charged amino acid residues and have a net charge of -
17 at physiological pH. For this reason, sodium ions, and other cations, are strongly
attracted by it. As a consequence of sodium attraction to albumin, water is dragged into
the blood vessels (1 gram of albumin can retain 18 ml of water within the blood vessels).
When conditions interfere with its production by the liver, levels of albumin may
decrease, protein breakdown may increase, the protein loss via the kidneys may be
augmented and the volume of the liquid portion of blood (plasma) may be expanded,
diluting the blood. Examples of the conditions that can alter albumin concentration are
severe liver disease and kidney disease'*’. In fact, since albumin is produced by the liver,
a loss of liver function can provoke a decrease in the levels of albumin. One of the main
roles of the kidneys is to maintain the plasma proteins, preventing them from being
eliminated in urine with waste products. If the kidneys are damaged, for example in
diabetes, hypertension or with nephrotic syndrome, they lose their ability to maintain the

concentrations of the plasma proteins and levels of albumin decrease.
1.5.1.2 Serum albumin from other species

Bovine serum albumin is derived from bovine serum and it is very similar to HSA. Its
molecular weight is 69.323 kDa and it has a pl of 4.7 in water (25°C), which makes it
negatively charged at neutral pH and positively charged under acidic conditions'*!. The
presence of both negatively charged and positively charged amino acids can result in the
binding of both positively and negatively charged substances. Because it is widely
available at low cost and easy to purify and control, it has been extensively used as a drug
delivery carrier. Furthermore, it has high loading capability, it is water soluble and can
bind both hydrophilic and hydrophobic drugs, making it a very versatile carrier. The only
downside could be a possible immunogenic response in vivo in humans!?, but also in

mice'®

. HSA and BSA share 80% sequence homology, their molecular weights differ by
less than 1% and their isoelectric points are similar. One important difference is the
number of tryptophan (Trp) residues. HSA has one Trp, whereas BSA has two. The
advantage of HSA is that it is not recognized as a “foreign body” by the human organism
since it is already present in our blood in high quantities, making it highly biocompatible,

hence it will not be attacked and rejected by the immune system. That is the reason why
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bovine serum albumin could be substituted by human serum albumin, in order to
overcome these limitations. The antibody response to BSA exposure has been explored
in animal models and this protein has been used as a model protein to investigate the
immune response to proteins. In 2005, a quantitative radioimmunoassay was developed

144 Western

to measure anti-BSA IgG antibodies in healthy subjects and in cancer patients
blot analysis confirmed the presence of anti-BSA antibodies after human exposure to
BSA, but elevated levels of anti-BSA antibodies were not associated with any clinical
events in either healthy or cancer patients. In another study, bovine serum albumin was
administered to three strains of rabbits'®. The results highlighted the fact that the
immunogenicity of BSA varied considerably in the different strains of rabbits and that
some rabbits even failed to respond to the stimulation. This lack of response may be
genetic or related to the nature of the antigen. Furthermore, it was demonstrated that
immunogenicity of BSA is linked to its molecular state. BSA can be present partly as a
monomer and partly in aggregated form, which is able to induce an antibody response.
Another fact to consider is that the non-immunogenicity of BSA in some rabbits might
be due to its close similarity with rabbit serum albumin, which present some structural
homologies with BSA. Ovalbumin (OVA) is the main protein found in the egg white,
representing the 55% of the total protein contents'®. Its function is still unknown, but it
is thought to be a storage protein. It belongs to the serpin family, it is a globular, acidic
glycoprotein, characterized by a molecular weight of 42-47 kDa and it is composed by a
single polypeptide chain of 386 amino acids'#’. Its isoelectric point is of 4.8, similar to
that of human and bovine serum albumins. However, OVA is often chosen as one of the
most popular model antigen, due to its immunogenicity. Rat serum albumin (RSA)
possesses 608 amino acids and has a different size than its homolog-human: it has a
molecular weight of 69 kDa. Furthermore, its isoelectric point is of 5.7. Comparing the
amino acid composition of RSA with that of HSA, the first presents more tyrosine and
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less lysine, cystine and leucine'*°. However, it is much more immunogenic than the other

types of albumin.
1.5.1.3 Roles of albumin in drug delivery

Albumin plays different roles and functions in improving the transport of therapeutics to
the tumour, avoiding the healthy tissues. Firstly, it protects the drugs from being degraded

before reaching the desired site of action and it allows them to selectively act in a specific
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place (through active targeting). Secondly, it is the vehicle that permits the suspension of
the hydrophobic drugs in the aqueous phase, making them able to be efficiently
transported inside the blood. The drugs bind to the binding sites of albumin and this
formulation allows to avoid the use of organic solvents or surfactants that would
otherwise be needed. Lastly, albumin serves as the stabilizer. At physiological pH,
albumin shows a negative zeta potential. This negative charge stabilizes the suspension
because of the electrostatic repulsive forces between the nanoparticles during the
formulation, preventing the formation of aggregates. Furthermore, albumin nanoparticles
can be crosslinked or not. Crosslinked nanoparticles usually allow longer and more
sustained release profiles, whereas the non-crosslinked ones can be quickly taken up by
tumours. Albumin can bind drug molecules in two main ways!*’, either by covalent or
non-covalent bonding. As described before, the reversible non-covalent one is based on
electrostatic/hydrophobic interactions (weaker than covalent bonding) between albumin
and the compound and it is usually preferred because it allows the faster availability and
release of the drug where and when needed. Since the structure of albumin is
characterized by both hydrophobic and hydrophilic domains and abundant charged amino
acids, it possesses the ability to load different payloads with different physiochemical
properties by electrostatic or hydrophobic interactions. Drugs can also bind to albumin
by covalent conjugations: they can directly link to albumin amino acid residues or via
linker. In fact, albumin has lysine residues that can form an amide bond with the drug, or
cysteine residues that can attach to a maleimide group. If a linker is used, it is possible to
connect a drug to a linker with a maleimide group that can then be attached to the Cys-34
residue of albumin, allowing the covalent attachment of protein and cargo'*°. Being
complexed with albumin, both by physical and chemical bonds, the compounds are
sterically protected from degradation and from renal clearance. In particular, the use of
reversible, non-covalent binding with albumin allows for the promptly release of the
therapeutic, promoting its interaction with the target site, its faster penetration and

diffusion into regions that would not allow the entrance to larger molecules.
1.5.2 The unique properties of albumin in tumour targeting

1.5.2.1 Passive targeting

The enhanced permeation and retention (EPR) effect, characterized by the hyper-

permeability of the tumour blood vessels and the impaired lymph drainage, has been
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proposed as responsible for the passive targeting of many nano-carriers in cancer in solid
tumours!®!. However, the defining role of EPR effect has been extensively questioned
recently'*2. The reason for the importance of EPR effect lies in the belief that there is an
anatomical difference between normal and tumoral tissues, responsible for the selective
delivery of the therapeutics to the desired location. Although it constitutes a paradigm in
cancer nanomedicine, Chan et al demonstrated that 97% of the nanoparticles are delivered
into solid tumours by endothelial cells through an active process of transcytosis and that
the interendothelial gaps, which characterize the EPR effect, are not responsible for the
transport of nanoparticles into solid tumours, since the frequency of the gaps is too low
to account for the accumulation of nanoparticles into tumours. Furthermore, the rate of
leakage from the vessels is slow and there is the chance that the drug gets metabolized
during the time it takes for the accumulation to reach therapeutic levels'>. Several studies,
including a study from Japan'>*, suggested the use of vascular mediators, such as nitric
oxide (NO), which could augment vascular permeability via vasodilation, increasing the
EPR effect to overcome problems of insufficient accumulation of drugs inside the tumour
site. Nitric oxide has very short blood residence time and this creates a limitation for its
usage. For this reason, a NO drug delivery system, S-nitrosated human serum albumin
dimer (SNO-HSA dimer), which proved to deliver efficiently NO to the tumour site, was

developed to overcome this limitation.
1.5.2.2 Active targeting and albumin receptors

One of the unique features that makes albumin such a versatile and interesting drug carrier
is that it binds to receptors, which are overexpressed by tumours. This active targeting'?
allows the drug to enter only the tumour cells, without heading towards healthy cells
(where it could also be toxic and cause some deleterious side effects). The main pathway
that albumin relies on for the internalization inside the tumours is the receptor-mediated
endothelial transcytosis. Albumin binds with high affinity to the gp60 receptor, a 60 kDa
glycoprotein (albondin)'*®. This receptor is found on the surface of endothelial cells of
the tumours and, after the interaction with albumin, it binds to caveolin-1, an intracellular
protein which gives rise to an invagination of the cell membrane leading to the formation
of transcytosis vesicles (caveolae) transporting albumin inside the tumour. Moreover,
SPARC (secreted protein acidic rich in cysteine), also known as antiadhesin, osteonectin,

BM-40 and 43K protein, which is overexpressed by many types of tumour and absent in
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normal tissues, attracts albumin and contributes to its accumulation inside the tumour.
These two main mechanisms allow the protein to be actively internalized in the cancer
site. Among the albumin receptors, apart from gp60, there are also gp18 and gp30, which
are cell surface glycoproteins characterized by molecular weight of 18 and 30 kDa,
respectively!>®. They are expressed in endothelial cell membranes of liver and peritoneal
macrophages. They are scavenger receptors characterized by high affinity for damaged
albumin. In fact, modified BSA shows 1000-fold higher tendency of interactions for gp18
and gp30, compared to native BSA'"*!. These two receptors are involved in the endo-
lysosomal sequestration and catabolism of this protein, probably as a safety mechanism
to degrade old, damaged or altered albumin (for example, generated by oxidation from
inflammation or hyperglycation in diabetes). On the other hand, native albumin does not
have high affinity for gpl8 and gp30 receptors, but binds mainly to the previously
described gp60, which is involved in the transcytosis of albumin through the endothelium.
Another receptor which takes part in albumin homeostasis is FcRn, the neonatal Fc
receptor, also known as the Brambell receptor. It is a transmembrane heterodimeric
protein, consisting of a MHC-class I-like heavy chain, characterized by three extracellular
domains (al, a2, a3), which is non-covalently associated to a f-microglobulin light
chain, necessary for the function of the receptor'’. It is found in many tissues including
vascular endothelium, gut, lungs and kidney'®. This receptor can determine a different
fate for albumin nanoparticles after internalization, playing a vital role in maintaining
high levels of the protein. Usually, as already pointed out, HSA is non-immunogenic and
it is not recognized as a foreign substance, but, if altered or damaged, it is immediately
targeted by the immune system and degraded. However, the protein is well known for its
prolonged half-time, which makes it a useful carrier in drug delivery. The exceptionally
long half-life of albumin is due to the rescue from intracellular degradation by FcRn
receptor, which recycles internalized albumin back to the blood stream through a pH-
dependent mechanism'*®. In conclusion, in drug delivery, it is gp60 that allows albumin
to specifically target the cancer cells, since it mediates albumin-based drug delivery
systems transport over two biological barrier, epithelial and endothelial, and it is
overexpressed in cancer cells, functioning as a targetable molecule. Furthermore,
SPARC, whose expression is associated with pathophysiological conditions that involve
extracellular matrix remodelling, such as cancer and neo-angiogenesis processes, is used
as a prognostic tool, and its high levels are linked to the efficacy of the albumin-based

drug delivery systems in inhibiting cancer proliferation. An additional step to enhance
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even more the targeting capability of albumin would be to functionalize (through covalent
or non-covalent bonding) its surface with specific targeting agents, able to actively
recognize the tumour (ligand-receptor interactions)'®’. These molecules could include
antibodies or fragments of antibodies, peptides, folic acid'®! and also aptamers, which are
short DNA or RNA structures characterized by better site specificity and less

immunogenicity than antibodies'®.
1.5.2.3 Stealth nanoparticles

Another useful modification of albumin nanoparticles involves the addition on the surface
of the nanoparticles of polyethylene oxide (PEO) or polyethylene glycol (PEG), which
are antifouling polymers able to make the particle “invisible” to the immune cells, such
as macrophages. As stated above, every foreign body is recognized and eliminated by the
immune system'®®, so that it cannot reach the desired site of action. Therefore, it is of vital
importance for the nanoparticle to be able to escape the immune system, prolonging their
blood residence time and acquiring stability and longevity, so that they have the time
needed to reach the tumour site without being phagocytized (constituting the so called
“stealth nanoparticles”). It is important that the PEG chains cover the whole surface of
the nanoparticle (high density) and it is preferable to have long chains. The PEGylation,
which is the chemical coupling of polyethylene glycol (PEG) to the surface of
nanoparticles, prolongs their circulation half-life, making them less immunogenic,
promoting their accumulation in tumours and reducing their accumulation in the liver, by
“escaping” the reticuloendothelial system (the RES usually removes nanoparticles from
the circulation, preventing them to reach their target site). Furthermore, the PEGylation
decreases the attraction between the nanoparticles, by augmenting the steric distance
between them'®*. Even though the use of PEG has various advantages, it still has some
drawbacks that limit its applications. The toxicity of PEG is low, but sometimes it can be
toxic with frequency inversely proportional to the molecular weight of the layer. PEG can
be degraded by light, heat or sheer stress, leading to fragmentation of the layer.
Alternatives to this polymer have been investigated, and they are mainly constituted by
PEG hybrids, chitosan, dextran, polyvinyl pyrrolidone (PVP), polyvinyl alcohol (PVA)
and polyacrylic acid (PAA).
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1.5.3 ABI-007 (Abraxane®)

Already introduced in the previous chapter, paclitaxel is an antimitotic drug, belonging
to the family of taxanes, which are microtubule-stabilizing agents. Paclitaxel summary
formula is C47Hs1NO14 and its molecular weight is of 853,91 g/mol'®. It is hydrophobic,
and its melting temperature is 216-217°C. Its toxicity limits its applications: that is the
reason why many drug delivery systems have been investigated. Nab-paclitaxel
(Abraxane® for Injectable Suspension, ABI-007 manufactured by Abraxis Bioscience) is
a formulation constituted by paclitaxel-loaded albumin nanoparticles, obtained through

nab-technology'%¢.

This technology was FDA approved in 2005 and it has been
commercialized with the aim of increasing the efficiency and targeting while reducing
the side effects due to the solvent-based formulations previously discussed. It is currently
used for the treatment of metastatic breast cancer, non-small cell lung cancer, metastatic
adenocarcinoma of the pancreas (in this case, combination of nab-paclitaxel with
gemcitabine, an antimetabolite, shows optimal results), bladder cancer, gastric cancer (in
Japan). The formulation is composed of three-dimensional nanoparticles (size of
approximately 130 nm) of paclitaxel encapsulated, in an amorphous state, in human
serum albumin, through non-covalent hydrophobic interactions. It is free of any toxic

solvents/surfactants and its zeta potential is of -31 mV, which shows the stability in

aqueous phase.
1.5.3.1 Advantages of ABI-007 over Taxol

It has already been outlined how important the vehicle of a formulation is and how much
it influences the efficacy and the specificity of a drug delivery system. The Taxol
formulation, using cremophor (hydrogenated castor oil) and ethanol as solvents to make
the drug soluble and adaptable to intravenous injection, results in more side effects than
advantages. CrEL-paclitaxel is responsible for hypersensitivity reactions and
development of neuropathy'®’. Therefore, its clinical use requires premedication with
corticosteroids and antihistamines (even with the use of premedication, 40% of the
patients still have minor reactions, such as flushing and rash, and 3% have life-threatening
reactions)'®®. To overcome these limitations, various solvent-free formulations such as
liposomal encapsulated paclitaxel, paclitaxel-vitamin E emulsion and polymer
microsphere formulation of paclitaxel have been investigated, but they had limited

success. Instead, a successful outcome was obtained by nab-paclitaxel, which can be
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injected, after being reconstituted in saline, at concentrations of 2-10 mg/mL, compared
to the 0.3-1.2 mg/mL of CrEL-paclitaxel. For this reason, the volume and infusion time
of CrEL-paclitaxel is higher (3-24h compared to 30 min for nab-paclitaxel), making the
formulation time-consuming. The maximum tolerated dose for Taxol is 175 mg/m?
whereas for nab-paclitaxel is 300 mg/m? for an every-3-weeks regimen, and it is 80 mg/m?
for Taxol versus 150 mg/m? for nab-paclitaxel in a weekly regimen. Furthermore,
conventional infusion equipment (PVC bags) cannot be used with CrEL-paclitaxel
because of the danger of leaching plasticizers, bringing an enormous economic burden to

9

the manufacturer'®. Nab-paclitaxel shows a distinct linear pharmacokinetics,

characterized by rapid tissue distribution, increased distribution volume and a higher rate

of clearance'”’

. Nab-paclitaxel resulted to be more effective than Taxol, with an ICso (in
a hepatocellular carcinoma cell line) being 15-fold lower than that of paclitaxel alone!”!.
The non-covalent bond between albumin and paclitaxel and the presence of the drug in a
non-crystallized amorphous state allow the ready bioavailability of the drug to the target
site. The cellular uptake is higher, because it mainly relies on endothelial transcytosis due

to the presence of albumin'’?

. At equal doses, intra-tumoral paclitaxel accumulation was
found to be 33% higher for nab-paclitaxel. In human umbilical vascular endothelial cells
(HUVEC), binding and transport across the endothelial layer was higher (respectively 9.9
and 4.2 fold) with nab-paclitaxel, but this difference was inhibited by methyl B-
cyclodextrin, an inhibitor of the endothelial gp60 receptor and caveolar-mediated
transport' . A key factor is that the tumour itself requires albumin: the protein is highly
accumulated in tumours and inflamed tissues, because it plays a vital role in their
proliferation and sustainment, functioning as a nutrient source. On the other hand, Taxol
showed nonlinear pharmacokinetics, slower tissue distribution, reduced activity and
efficacy as well as increased toxicity. Overall, the preclinical and clinical studies
conducted on Paclitaxel demonstrate that properties of the drug are widely influenced by
the composition of the pharmaceutical preparation'’®. To sum up the evidence, the
potential advantages of Abraxane over Taxol are higher tolerated dose and greater
efficacy, longer drug residence in the tumour as a result of nanoparticles formulation,
reduced infusion time, reduced risk of hypersensitivity and no required premedication,
more rapid distribution of Paclitaxel to the tissues based on pharmacokinetics data. Apart
from paclitaxel, albumin was used as a carrier for many different compounds. Table 2
summarizes the existing drugs, other than paclitaxel, that are used in albumin-based

formulations.
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Table 2: Other drugs combined with HSA in albumin-based formulations.

Drug Formulation Binding strategy Indication Studies References
performed
1.  PEGylated PTX- 1. Physical
Paclitaxel HSA NPs encapsulation Metastatic breast 1. In vitro [13,165,175
2. PTX/HSANPs 2. Physical cancer, non-small lung ~ and invivo  ,176,177,17
incapsulated in encaPsulatlon cancer, pancreatic 2. In vitro 8,179,180]
PEGylated 3. Physical cancer, gastric cancer 3. In vitro
liposomes encapsulation and in vivo
containing 4.  Physical 4. In vitro
Curcumin encapsulation and and in vivo
3. Co-loaded PTX- chemical 5. In vitro
Pirarubicin HSA conjugation with and in vivo
NPs peptide on the 6. In vitro
4.  CREKA and LyP- surface of NPs and in vivo
1-decorated 5. Physical
PTX/HSA NPs encapsulation
5. Trastuzumab- with chemical
decorated conjugation with
PTX/HSA NPs antibody
6. PTX/HSAF 6.  Physical
(albumin encapsulation
fragments) NPs
1. DTX-HSA NPs 1. Physical
Docetaxel 2. DIX-HSA+ encapsulation Non-small cell lung I.Inviro  [181,182,16
quercetin NPs Nanoparticle cancer, gastric, breast,  and in vivo  3,183,184,1
3. Biotin-decorated 2. Physical pancreatic and ovarian 2. In vitro 85]
DTX-BSA encapsulation cancers and in vivo
3. Physical
encapsulation
with chemical
conjugation with
biotin on the
surface
1. DOX-HSA NPs 1. Physical
Doxorubicin 2. PEl-coated DOX- encapsulqtlon Breast cancer, soft- 1. In vitro [186,187,18
HSA NPs Nanoparticle tissue sarcomas, and invivo  8,189,190,1
3. Co-loaded DOX 2. Physical esophageal carcinomas 2. In vitro 91,192,193,
and Curcumin encapsulation and osteosarcoma andinvivo  194,]
NPs Nanoparticle 3. In vitro
4.  Co-loaded DOX 3. Physical
and Cyclopamine encapsulation
NPs 4.  Physical
encapsulation
Cabazitaxel Jevtana Physical encapsulation Metastatic castration- Invitroand  [195,196,19
resistant prostate in vivo 7]
cancer
All-trans- HA-decorated cationic Physical encapsulation Targeting of cancer Invitroand  [198,199,20
retinoic acid ATRA-loaded HSA stem cells in vivo 0]
NPs
1. MTX-HSA 1.  Covalent
Methotrexate 2. LHRH-decorated conjugates Breast cancer, lung 1. In vitro [201,202,20
MTX'HSA 2. Cov-alent cancer, lymphoma, andinvivo  3,204,205,2
3.  Biotin-decorated conjugates leukemia, 2 In vitro 06,207,208,
MTX-HSA 3. Covalent inflammatory 3. In vitro 209]
4.  Transtuzumab- conjugates conditions, and in vivo
decorated MTX- 4. Covalent autoimmune disorders 4. In vitro
HSA conjugates
Atorvastatin Atorvastatin calcium- Physical encapsulation Decrease cholesterol In vitro [210]

loaded HSA NPs
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cardiovascular
diseases

Kolliphor THP-HSA complexes Physical encapsulation Antimetastasis activity ~ [n vitroand  [211]
HS15 + THP in vivo
Ruxolitinib Ruxolitinib-HSA Physical encapsulation Philadelphia-negative In vitro [212,213]

complexes myeloproliferative

neoplasms

Natural PIC-HSA NPs Physical encapsulation Colorectal cancer Invitroand  [214,215]
products in vivo
(Piceatannol)

1.5.4 Albumin: more than a carrier for anticancer drugs

Albumin has acquired great importance as a drug delivery carrier for drugs in the
treatment of cancer, but it can also mediate the transport of drugs for the treatment of
different diseases. For example, some types of diseases that have seen the use of albumin
as a carrier are type Il diabetes, postherpetic neuralgia, neutropenia, haemophilia B and
A, chronic hepatitis C, cocaine addiction and inflammatory diseases, bacterial infections
and rheumatoid arthritis. Table 3 provides a summary of the existing albumin-based

formulations used in the treatment of diseases, other than cancer.

Table 3: Albumin-based formulations in other diseases.

Disease Formulation Active therapeutic ingredient Preparation strategy References
1. Albiglutide 1 DDP-1V-resistant GLP-1 1 Fusion protein

Diabetes 2 CYC-1134- 2. E?(edm—ft 2. Covalent [216,217,218,219,

PC 3. Liraglutide 3. Non-covalent 220,221,222]

3. Victoza 4 DDP-1V-resistant GLP-1(7- 4 Covalent ”
4. CIC-1131 36)

Postherpetic CJC-1008 Modified Dyn A Covalent [223]

neuralgia

Neutropenia Balugrastim G-CSF Fusion protein [224,225]

Haemophilia rIX-FP Factor IX Fusion protein [226,227]

B

Haemophilia rVIla-FP Factor VIla Fusion protein [228]

A
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Chronic Albuferon Interferon alpha2b Fusion protein [229]
hepatitis C

1. AlbuBChE 1. C-terminus CocH1 1. Fusion protein
Cocaine 2. HSA-fused 2. N-terminus CocH1 2. Fusion protein [230]
toxicity CocHl

protein

Inflammatory - Acetyldiflunisal Non covalent [231,232]
conditions
HIV-1 PC-1505 Maleimido-C34 analogue Covalent [233,234]

. - 1. Lysostaphin 1. Protein fusion
Bacterial 2. RHO1 (Safety 2. Myl’ FARKALRQ 2. Non covalent [235,236]
infections Technology)

1.  ALX-0061 1. IL-6R 3. Nanobody
Rheumatoid 2. ATN-013 2. TNF-a inhibitor 4. Nanobody [237]
arthritis

1.5.5 Future perspectives

The great potential of albumin has been widely demonstrated by various studies in vitro
and in vivo. While gp60 and SPARC have been proven to play a vital role in the active
internalization of the protein inside tumours and inflamed tissues, more studies on the
involvement of gp30 and gp18 and their interactions with albumin nano-vectors need to
be performed, in order to investigate in depth their specific roles and to understand how
receptors influence albumin-based therapeutic at cancer sites. Furthermore, it is important
to clarify how binding of ligands to albumin affects receptor binding. The methods of
preparation of albumin and their mechanisms of loading should be analysed further and
the differences in the usage of different crosslinking agents should be discussed more. It
would be equally important to examine the biological impact that albumin-based
formulations have on the whole organism. It is known that tumours are able to trap plasma
proteins and use their degradation products for proliferation and development?®*. In fact,
albumin nanoparticles take advantage of the active targeting to enter and accumulate in
the solid tumours and the inflamed joints, which have a strong “desire” for albumin, an
essential protein for the sustainment and growth of the tumours. As in cancer patients,
people affected by rheumatoid arthritis often develop hypoalbuminemia®*’, caused by the
high albumin consumption in the sites of inflammation. It would be interesting to
investigate the long-term effects on the whole organism of albumin accumulation. A deep

understanding of the intracellular pathways and of the effects of albumin distribution
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would be an important requirement for optimizing the existing drug delivery approaches
and for further development of albumin-based therapeutics in drug delivery. Moreover,
studies conducted on mice bearing syngeneic ovarian and mammary carcinomas
suggested that nab-paclitaxel acts as a radiosensitizer, improving the effect of
radiotherapy if used in combination with radiation (in particular, if administered before
radiation)?*. In contrast to the strong enhancement of tumour radioresponse, there was a
complete lack of modification of healthy tissue radioresponse. Therefore, nab-paclitaxel
showed antitumor effect when administered as a single agent and it enhanced the
antitumor activity of radiotherapy in a supra-additive manner. Its efficacy in increasing
therapeutic gain of radiotherapy is an interesting feature that could be investigated further

in the future.
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2 Aim of the work

This chapter describes the aim and purpose of the research project (unluckily reduced in
time due to the covidl9) which consisted in the investigation, realization and
characterization of a drug-loaded albumin-based formulation. In particular, the
formulation consisted of CCI-001 (colchicine derivative)-loaded albumin nanoparticles,
and this specific carrier was chosen to improve the solubility of the drug, its stability, its

release, the cellular uptake and toxicity, while reducing its side effects.

The purpose of this study was to develop a smart and efficient drug delivery system to
improve the characteristics, reduce the side effects, protect from degradation and help the
transport of the PB-tubulin polymerization inhibitor, CCI-001 (one of the colchicine
derivatives synthetized and patented in the Department of Oncology, University of
Alberta, Edmonton, Canada) in its path towards the target site, the tumour. Already used
in free form and in micellar formulation, this extremely potent compound had never been
used with other drug delivery systems, such as proteins. Therefore, there was the need to
find other valid alternatives for its transport inside the body. The necessity for drug
delivery systems to carry it comes from the need to reduce the toxicity of the compound,
which could also affect healthy cells. For this reason, albumin has been used to potentially
protect the drug during the transportation, to prolong its blood residence time, to improve
the specificity and selectivity of the drug and to reduce the off-target side effects.
Furthermore, the main advantages that make albumin unique are the fact that this protein
is found inside the body, as one of the most abundant proteins in blood plasma, and it is
naturally able to provide both passive and active targeting, without the use of external
ligands, since it is recognized by receptors, such as gp60, overexpressed in tumours. That
is the reason why researchers at Department of Oncology, University of Alberta, thought
about trying to design an albumin-based formulation for their compound. As stated above,
CCI-001 has already been extensively tested against numerous cancer cell lines providing
very encouraging results, and its ICso resulted to be very low (in the concentration range
of nM) compared to other anti-cancer agents used for the same purposes, which makes it
an even more appealing candidate for the treatment of various types of cancer. Albumin
had already been used as a carrier for many compounds and drugs, especially lipophilic
drug, for its high ability to interact with hydrophobic compounds through a particular

pocket in its structure. This way, the protein allows the transportation in the blood
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circulation of these compounds, which otherwise, due to their poor water solubility,
would not be able to travel in the systemic circulation and would require the use of organic
solvents, such as cremophor EL or tween 80, that could cause severe hypersensitivity
reactions. Therefore, it can constitute a possible solution to the problems raised by the
solvent-based formulations. Taxol® (Cremophor-ethanol based paclitaxel) and Taxotere®
(Polysorbate 80-ethanol based docetaxel) have shown acute toxicity, including
neuropathy, and hypersensitivity reactions. These formulations require the administration
of premedication to prevent the deleterious side effects and, as a consequence, the
maximum tolerated dose of the drug would be decreased. Another reason why
nanoparticle formulations are superior is that solvents, such as cremophor, can leach
plasticizers from PVC bags, which are commonly used infusion system. This provides
strong evidence that the choice of the vehicle is extremely important during the
formulation of a drug delivery system. Abraxane (a nano-formulated paclitaxel molecule
encapsulated in albumin) is an albumin-bound form of paclitaxel, characterized by a mean
particle size of 130 nm. The non-crosslinked formulation is not stable in circulation and
after intravenous administration, the nanoparticles can rapidly disintegrate in blood,
forcing the drug to bind to endogenous albumin, which is able to interact with the albumin
receptors and mediate the transcytosis inside the tumour vasculature. It was FDA
approved in 2005 and has been successfully applied for many types of tumour. Paclitaxel
is a lipophilic drug, characterized by high affinity for albumin, which is able to interact
with the compound thanks to the presence of special pockets in its structure. This study
aimed at using a similar method to try to formulate a new drug delivery system for the
compound CCI-001. After the design and realization, the formulation was characterized
and tested on different cell lines, in order to compare its effect with the free drug. There
are various methods of preparation of albumin nanoparticles: they are classified in
chemical-based methods, which use chemical compounds, such as ethanol, cottonseed oil
or B-mercaptoethanol, and physical-based methods, which take advantage of physical
factors, such as heat or pressure, in order to generate the nanoparticles. Among the
chemical-based methods, it is possible to find desolvation, emulsification and self-
assembly processes, leading to nanoparticle formation. Nano-spray drying, thermal
gelation and nab-technology® belong to physical techniques. Reproducibility is a key
feature which has to be achieved and every process should aim at producing nanoparticles

characterized by predictable and reproducible properties'>!.
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The main challenge of the project was associated with the difficulty to find an effective
way to encapsulate the drug inside the carrier: it has been shown that the development of
around 40% of the discovered compounds fails because of their poor bioavailability, often
linked to poor aqueous solubility?*!. In fact, only 5 out of 5000 investigated drugs are able
to reach the clinical trials, and only 1 of the chosen 5 will be approved for the use in
human. Despite the discovery of a certain number of techniques available for poorly
water soluble compounds, there is still the need to optimize the approaches, in order to
improve the delivery of these agents and avoid the use of organic solvents. CCI-001,
besides being an extremely lipophilic compound (much more than the parent drug,
colchicine, showing a water solubility of 0.007 mg/mL, compared to the 7 mg/mL of
colchicine), possesses very low affinity for albumin, which makes the task even harder.
Therefore, as opposed to paclitaxel, CCI-001 has a very low interaction with the binding
pockets of the protein and the realization of the drug delivery system is made even more

challenging.

After having found the best technique to obtain the nanoparticles and after having
designed and synthetized them, their characteristics were analysed, the encapsulation
efficiency and loading amount were measured for the various trials performed, release
studies were performed, in different conditions, and the formulations produced were
tested on two cell lines and its activity was compared with the one of the free drug and
the carrier alone, not loaded with the drug (blank nanoparticles). Furthermore, the

experiments were performed with both bovine serum albumin and human serum albumin.

54



3 Materials and methods

This chapter deals with all the reagents used, the various techniques adopted for the
realization of the nanoparticles and the different methods of characterization used for the

analysis and investigation of the formulations.
3.1 Materials

3.1.1 Chemicals and cell lines

For the production of the drug-loaded albumin nanoparticles, the following materials have

been used:

The compound CCI-001 (C23H27NOe6S, 3.937 g) was provided by the Department of
Oncology, University of Alberta, Edmonton, Canada. As already stated in the previous
paragraphs, it is a colchicine derivative, a very potent compound which has shown its
efficacy in various types of cancer. It is an appealing anti-cancer agent, due to its potency
and its extremely low ICso on the majority of the cell lines investigated, which makes it
incredibly effective even at the lowest concentrations. However, because of its toxicity,
it would be preferable to develop drug delivery systems to transport it to the tumours.
HSA (human serum albumin, lyophilized powder >96%, agarose gel electrophoresis, 5
g) was obtained by Sigma Aldrich (Canada). As described above, it is the most abundant
protein in blood plasma. Due to its characteristics and features, it is a perfect candidate
for the transport of CCI-001, since it possesses the ability to carry even highly lipophilic
compounds. BSA (bovine serum albumin, lyophilized powder, 100 g) was purchased by
Tocris Bioscience. It is obtained from bovine source and it shares most of the properties
and characteristics of human serum albumin. Since it derives from animals and not from
humans, it is more immunogenic than human serum albumin, and it should be recognized
as an external substance by the human immune system. Glutaraldehyde
(OHC(CH2);CHO, grade II, 25% in H>0O, 100 mL), also known as pentanedial, glutaral
and 1,5-pentanedial, was provided by Sigma Aldrich (Canada). In its pure form, it is an
unstable compound. Therefore, it is usually found and sold in a solution mixed with water.
It is often employed to disinfect equipment that cannot be subject to heat sterilization. It
is a homobifunctional reagent and it is one of the most used crosslinking agents, due to

its ability to unselectively react with amino groups of proteins, forming pH-sensitive
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Schiff base groups (C=N) between the two carbonyl ends of glutaraldehyde and positively
charged amino groups on the surface of the protein. Often, the functional groups of the
protein that reacts with glutaraldehyde are the amino groups of the lysine side chains.
Sodium hydroxide (NaOH, pellets), also known as caustic soda, was obtained from Sigma
Aldrich (Canada). It is a water-soluble inorganic base, used commonly in laboratory work
as a buffer solution (to adjust the pH). All the other chemicals used in this study were
analytical or high-performance liquid chromatography (HPLC) grade. HCT-116 and SW-
620, colorectal cancer cell lines, were obtained as a generous gift from the laboratory of
Dr Michael Weinfeld, Katz Group Centre, University of Alberta, Edmonton (Canada).
The medium used for supporting the growth and development of the SW-620 was the
DMEM + F12 (Dulbecco’s Modified Eagle Medium, provided by Thermo Fisher
Scientific), which is a mixture of DMEM and Ham’s F-12, combining high concentrations
of glucose, amino acids and vitamins with F-12’s wide variety of components. 10% fetal
bovine serum and 1% antibiotic penicillin-streptomycin were added to the medium. The
medium used for the culture of HCT-116 was the DMEM media (provided by Thermo
Fisher Scientific), enriched with 10% fetal bovine serum and 1% penicillin-streptomycin.
Trypsin was used to sub-culture the cell lines, in order to detach the cells from the flasks.
DMSO was used to freeze the cells, in order to avoid any damage due to the formation of

sharp crystals of ice.
3.1.2 Instruments

For the production of the BSA/HSA solution, a magnetic stirrer (Corning PC-353 Stirrer)
and glass vials (28.0 x 57 mm, Fisherbrand®, Fisher Scientific) were used. A peristaltic
pump, a siringe or a 1 mL micropipette were used for the addition of the drug solution (or
the desolvating agent) to the BSA/HSA solution, for the production of the crude emulsion.
A probe sonicator (Sonicator® XL Ultrasonic Liquid Processor, Heat Systems), a hand
homogenizer (Grainger, PRO250 Hand-Held Homogenizer) and a high-pressure
homogenizer (Nano DeBEE Laboratory Homogenizer) were utilised in nab-technology
for the formation of the final emulsion. A rotary evaporator (Buchi Rotavapor® and Buchi
461 Water Bath) was needed for the solvent evaporation in nab-technology. A water bath
(VwR Shaking Water Bath) was used for the incubation overnight of the drug solution

with the already formed crosslinked albumin nanoparticles in the modified version of

™ d™ Micro 21 R Microcentrifuge, Thermo

desolvation. A centrifuge (Sorvall'™™ Legen
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Scientific) was used for the precipitation of the nanoparticles and the removal of
unreacted albumin, glutaraldehyde and drug. A water bath sonicator (Cole-Parmer 8852
Ultrasonic Cleaner) was used to stimulate and increase the entrapment of the drug in the
nanoparticles and to reduce the particle size. Another centrifuge (Mistral 2000, MSE) was
used in cell culture work, a shaker (Titer Plate Shaker, Thermo Scientific) was used for
mixing properly the contents of the wells in the 96-wells plates used in cell culture work
and a microscope (Leitz Diavert Inverted Tissue Culture Workhorse Microscope with
Phase Contrast) was used to analyse the confluency and vitality of the cells. A Zetasizer
(Malvern Instruments Ltd, Malvern, UK) was used for the analysis of the size and zeta
potential of the nanoparticles, a UV-Vis spectrophotometer (UV-26001 UV-Vis
spectrophotometer, Shimadzu, Mandel) was used for the measurement of the drug
concentration for the analysis of the encapsulation efficiency and loading amount of the
drug, a plate reader (Synergy H1 Hybrid Multi-Mode Reader, Biotek) was utilised for the
evaluation of the cell toxicity and determination of the ICso, a freeze-dryer (VirTis, SP
Scientific) was used for the lyophilization of the nanoparticles and an HPLC machine
(Varian ProStar 210 HPLC System) was used for the precise measurement of the drug
concentration for the analysis of encapsulation efficiency, loading amount and release
studies. A field emission scanning electron microscope (ZEISS GeminiSEM) was used

to study the morphology of the nanoparticles.
3.2 Methods

3.2.1 Preparation of CCI-001-loaded albumin nanoparticles

During this research project, a considerable amount of time was spent trying to find the
most effective and reproducible technique that allowed to encapsulate the drug in the
protein carrier, hard task due to the poor water solubility of the drug and the extremely
low interaction between the compound and the protein. Because of the very lipophilic
nature of the drug and the low binding affinity between the compound and albumin,
various methods of preparation of the CCI-001-loaded albumin nanoparticles have been
investigated and tested. The main techniques adopted were the nab-technology® (by
analysing and comparing the effects of sonication and high-pressure homogenization),
the desolvation process and a modified version of the desolvation process, based on

incubation. The same techniques were tested, used and repeated multiple times, in order
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to optimize the processes and find the best set of parameters and variables that allowed
the achievement of the best formulation. In particular, all the methods were used both for

BSA and HSA.
3.2.1.1 First strategy: Nab-technology®

Nab-technology® is one of the most popular techniques used to generate drug-loaded
albumin nanoparticles. It is a nanotechnology-based method that takes advantage of the
intrinsic properties of albumin to obtain a selective and efficient delivery of hydrophobic
drugs and compounds to a tumour site, without using toxic solvents. The process relies
on an emulsion-based method. As shown in Figure 8, the steps of the process are the

following:

1. An oil phase (the drug solution) is added dropwise to an aqueous phase (the
human/bovine serum albumin solution).

2. The mixture is subjected to mild homogenization at low rpm, in order to generate
a crude emulsion.

3. The final emulsion is obtained by using a high-pressure homogenization.

4. By transferring the mixture in a rotary evaporator, the solvent is removed and the
nanosuspension is produced. It should be a translucent system and the drug-loaded
albumin nanoparticles should have a diameter of hundreds of nm (generally <200
nm).

5. A 0.22 pum filter is used to control the size of the nanoparticles and to sterilize the
formulation, filtering out the impurity and bacteria.

6. After that, the nanoparticles are eventually lyophilized to provide stability to the

formulation (without adding any cryoprotectant).
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Figure 8: Nab-technology process. From ref [ 149] with permission.

58



In the present study, BSA nanoparticles were produced using a method inspired from nab-
technology, adopting two experimental techniques: sonication and high-pressure
homogenization, which are two high (mechanical)-energy emulsification methods,
widely spread for the generation of emulsions, thermodynamically unstable systems. In
fact, emulsions, characterized by dispersions of insoluble liquids, require a form of energy
to disperse one of the liquid phases (dispersed phase) into the other (continuous phase),
in the form of droplets. If the size of the droplets is in the nanometer range, the emulsions
are called nano-emulsions. An emulsion is considered a highly dispersed and stabilized
emulsion if the droplets are disrupted and stabilized. First, sonication was used, and its
effect and influence were studied in both high and low volumes. After that, the same
experiments were repeated with the use of high-pressure homogenizer, in order to
compare the two approaches. Hosseinifar et al**? used both of the methods, in order to
compare the effects of the two and evaluate the differences. As they found out, the effect
of the sonicator was not comparable to the high-pressure homogenizer for the creation of

stable and effective nanoparticles and the latter was much more reliable and effective.

- Sonication: the first nab-technology trials were carried out using sonication, due
to the lack of high pressure homogenizers in the lab. Sonication is one of the
methods of choice for the creation of nano-emulsions and nanoparticles, even if,
as opposed to high-pressure homogenization, is not adaptable for use on an
industrial scale. In sonication, the process of acoustic cavitation is involved in the
droplets disruption and stabilization. Cavitation is a phenomenon characterized
by the formation of bubbles or cavities in areas of low pressure of a liquid. These
microbubbles then collapse and generate huge amount of energy, free radicals and
local turbulence. The acoustic cavitation, characterized by the presence of sound
waves, responsible for the pressure changes in the liquid, sees the formation of
OH: and H-, which give rise to H> and H20O: and are able to act as crosslinking
agents in the protein, triggering the formation of disulfide bonds and stimulating
the nanoparticles formation. Furthermore, the turbulence generated helps to
transform the primary oil droplets into smaller ones, generating finely dispersed
nano-emulsions and nanoparticles. The effect of the sonicator has also been
combined with the use of a hand homogenizer, to try and optimize the process.
Different organic solvents were used to dissolve the lipophilic drug: first, ethanol

and chloroform, then acetonitrile, used in various ratios and volumes. Both water
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and PBS were tested for the dissolution of the bovine serum albumin. Different
energies and power of the sonicator were used and their influence on the creation
of the nanoparticles was evaluated. The effects of centrifugation and filtration on
the obtained formulations were evaluated.

High-pressure homogenization: the last performed nab-technology trials involved
the use of a high pressure homogenizer (Nano DeBEE Laboratory Homogenizer,
Department of Agricultural, Food & Nutritional Sciences, University of Alberta,
Edmonton, Canada), which was provided by another faculty at the University of
Alberta, once it became available for use. Here, as opposed to sonication, it is the
process of hydrodynamic cavitation that is responsible for the droplets disruption
and stabilization. In this type of cavitation, the pressure variations are caused by
the passage of a liquid through a constriction. When the liquid passes through a
small orifice, its kinetic energy increases and the pressure decreases. As a
consequence, microbubbles and cavities are produced. Their collapse produces a
high amount of free radicals and a state of turbulence, which, as already stated
above, trigger the formation of nano-emulsion and nanoparticles. As for the
sonication, high-pressure homogenization takes advantage of the mechanical
force to transform the oil droplets into uniform dispersions and provokes some
conformational changes of the protein, which, consequently, encapsulate the oil
droplets. The high shear forces involved in this process may determine the
modification and disruption of the tertiary and quaternary structure of globular
proteins (by altering the hydrogen bonds and hydrophobic and electrostatic
interactions inside the protein), without influencing the secondary structure.
Furthermore, the high shear forces -characterizing the high pressure
homogenization process increase the reactivity of SH groups, determining the
formation of new disulfide bonds. As a consequence, the protein should create a
coating, encapsulating the hydrophobic compound and, furthermore, albumin
becomes a stabilizer in the formulation, due to its the isoelectric point, which
makes the nanoparticles negatively charged at physiological pH and, therefore,
determines the formation of repulsion forces between them. This way, they should
not aggregate and they should be sterically stabilized in the formulation. In
particular, the hydrodynamic cavitation, that characterizes the high-pressure
homogenization, possesses some advantages over the acoustic cavitation, which

is involved in sonication: the equipment required is cheaper, more efficient and
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can be used at much larger scale of operation. These are some of the reasons why
high-pressure homogenization is preferred over sonication for the production of

nanoparticles in the nab-technology process.

In particular, different trials have been performed, using both the sonication method and
the high-pressure homogenization method. Unfortunately, access to the high-pressure
homogenizer has been given from another faculty almost at the end of the research
project, due to covid19, and there was not enough time to optimize the process. Briefly,
a bovine serum albumin solution was prepared, by dissolving albumin in water (1% w/v)
on a magnetic stirrer. A drug solution, generated by adding the drug to a mixture of
chloroform and ethanol (ratio 9:1), was added to the BSA solution drop by drop. The
system obtained was then sonicated to produce, in theory, very fine particles (100-200
nm) and obtain an emulsion. The resulting formulation was transferred to a rotary
evaporator for 30 minutes, and the organic solvents were removed at 40°C at reduced
pressure. The system was then centrifuged at about 5000 rpm for 5 minutes, to separate
the non-loaded drug and precipitate the micro/macro particles from the nanoparticles. The
upper phase was filtered through a 0.22 pum filter (Acrodisc Syring Filter 0.22 um Nylon
Membrane), in order to separate the smaller nanoparticles from the bigger ones. Different
amounts of drug, organic solvents and albumin have been tested and the differences were
evaluated. Different energies and powers of the sonicator have been used (25% of the
allowable power, 50% of the allowable power and 100% of the allowable power). The
effects of the usage of a hand homogenizer for mixing the water and the oil phase was
investigated. The organic solvents ethanol and chloroform were then replaced with
another organic solvent, acetonitrile, in order to see if any different result was obtained.
In the first trials, BSA was dissolved first in water, and then PBS was tested. Later on,
instead of a single centrifugation followed by filtration, the effects of two centrifugation
(the first one at 7000 rpm for 5 minutes and the second one at 14500 rpm for 10 minutes)
were analysed. When access to the high-pressure homogenizer was provided, a new
protocol was followed. Briefly, a BSA solution was generated by dissolving BSA in
water. A drug solution, composed of drug dissolved in chloroform and ethanol (in a ratio
9:1), was added to the water phase drop by drop, on a magnetic stirrer. This time, the
system was transferred to a high-speed homogenizer (around 10000 rpm), to obtain a
crude emulsion. Then, the pre-mixed emulsion was transferred to a high-pressure

homogenizer (at 20000 psi, for 6 cycles) to form the nanoparticles. After that, the organic
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solvents were evaporated at 40-45°C for 30 minutes in a rotary evaporator and the effects
of centrifugation (both a single one at 4500 rpm for 5 minutes and two centrifugations,
the first one at 4000 rpm for 5 minutes and the second at 14500 for 20 minutes) and
filtration were observed. Table 4 shows the different batches obtained with nab-

technology, characterized by different volumes and amounts of ingredients.

Table 4: Formulations prepared with nab-technology.

Batch Organic solvents Ratio drug/BSA Sonicator energy
1 Ethanol and chloroform 0.11 50% of allowable power
2 Ethanol and chloroform 0.1 100% of allowable power
3 Acetonitrile 0.1 50% of allowable power
4 Ethanol and chloroform 0.05 25% of allowable power
5 Acetonitrile (and PBS 0.025 50% of allowable power
instead of H,O)

6 Ethanol and chloforom 0.025 50% of allowable power
7 Acetontirile 0.025 100% of allowable power
8 Ethanol and chloroform 0.1

High-speed and high-pressure
homogenizer

3.2.1.2 Second strategy: Desolvation

Desolvation is one of the most known and used techniques to produce albumin

nanoparticles. It involves the following steps, as shown in Figure 9:

1. The constant addition, drop by drop, of a desolvating agent, such as acetone or
ethanol (plus drug, in case of the production of drug-loaded nanoparticles), to an

aqueous solution of albumin under continuous stirring, until turbidity of the
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solution is reached. The desolvating agent, added gradually, works by changing
the tertiary structure of albumin, leading to phase separation and aggregation of
the protein. In this way, the homogeneous solution separates in two phases, one
of which is constituted mainly of solvent and the other of solute, albumin, that
forms aggregates.

2. Most of the time, the obtained nanoparticles are not stable enough and a
crosslinker, such as glutaraldehyde, is required to further preserve and stabilize
the morphology of the resulted formulation. In fact, the crosslinking agent (in this
case, glutaraldehyde) triggers the solidification, by a condensation reaction, of the
amino moieties in lysine residues and the arginine moieties in guanidine side

chains of albumin with the aldehyde-group of glutaraldehyde.
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Figure 9: Desolvation process. From ref [ 149] with permission.

In the desolvation, carefully controlling the flow rate of the desolvating agent is vital for
the achievement of optimal nanoparticles. Therefore, during the experiments, the effects
of the manual addition of ethanol (by pipette) and the automatic addition of ethanol (by a
simple apparatus designed for modulating the rate of flow) were compared. The
properties of the resulting system depend on the conditions of the process, such as pH,
protein concentration, crosslinker concentration, desolvating agent concentration, ionic
strength and stirring speed. As stated above, due to the carcinogen nature of
glutaraldehyde, it is fundamental to remove it completely after the formation of the
nanoparticles and before injection in human. The concentration of the desolvating agent
was varied systematically and its influence on the characteristics of the formulation, such
as particles size and size distribution, was analysed. Furthermore, the influence of pH on

the nanoparticle size was investigated. Since desolvation is applied to stirred protein
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solution, shear stress may affect the particle preparation process and characteristics.
Therefore, another parameter taken into consideration was the different stirring speed
adopted during the desolvation process and the pre-stirring period of the protein solution,
prior to protein desolvation. The ratio of antisolvent/solvent was studied for its influence

on particle size.

Even in this second strategy, various trials, some of them unsuccessful and some of them
successful, have been performed, in order to find the best set of parameters and variables
that could allow the achievement of the formulation. First, a traditional desolvation
process was adopted. Then, due to the nature of CCI-001, very lipophilic and
characterized by low affinity for albumin, this technique was slightly changed into a
modified version of desolvation, which resulted to be the most effective method. In the
traditional desolvation, a BSA (/HSA) solution was generated by dissolving the albumin
in water on the magnetic stirrer and the pH of the solution was adjusted by the addition
of NaOH. A drug solution, prepared by dissolving the drug in the desolvating agent, was
added drop by drop to the BSA (/HSA) solution, at a rate of 1 mL/min. After 30 minutes,
a glutaraldehyde 8% solution (1.172, 0.588 and 0.235 pL/mg albumin) was added to the
system for crosslinking the nanoparticles and left overnight stirring. The day after, the
system obtained was centrifuged at 14000 rpm for 20 minutes and washed three times (to
remove the glutaraldehyde unreacted, fundamental step due to the toxicity of the
crosslinking agent). At the end, the nanoparticles were collected in the pellet. Different
concentrations of BSA solution and drug solution were tested, different desolvating
agents have been used, the influence of different pH of the BSA solution was analysed,
different stirring speed and concentrations of glutaraldehyde were investigated.. Table 5
shows the different batches obtained with the desolvation method, characterized by the

use of different desolvating agents, pH of the BSA solution and ratio of drug/BSA.
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Table 5: Formulations prepared with desolvation.

Batch Desolvating agent pH Ratio drug/BSA
1 Ethanol 8 1/4
2 Ethanol 8 1/10
3 Acetone 8 1/10
4 Ethanol 5.5 1/10
5 Ethanol 8 1/20

3.2.1.3 Modified version of desolvation

In order to improve the process, the method was then modified and adapted to the nature
of the drug. A first attempt was made by encapsulating the drug into already formed, but
not crosslinked, albumin nanoparticles, instead of adding it to the desolvating agent when
forming the nanoparticles, as shown in Figure 10. A second attempt, optimized, was
performed by making the drug enter into the already formed and crosslinked
nanoparticles. An albumin solution was prepared by dissolving BSA (/HSA) in water on
the magnetic stirrer and the pH of the solution was adjusted by adding NaOH. After 30
minutes, ethanol, the desolvating agent, was added drop by drop to the BSA (/HSA)
solution, to form blank albumin nanoparticles. 30 minutes later, the glutaraldehyde 8%
solution (1.172, 0.588 and 0.235 puL/mg albumin) was added to the system, to stabilize
and crosslink the albumin nanoparticles. The system was left overnight, stirring. The day
after, the formulation was centrifuged at 14000 rpm for 30 minutes and washed three
times to remove the unreacted glutaraldehyde. At the end, the blank albumin
nanoparticles were collected in the precipitate. After that, a drug solution, obtained by
dissolving the drug in specific ratios of ethanol and water, was added to the previously
obtained albumin nanoparticles. In particular, the drug solution was generated by adding
water drop by drop to the ethanolic solution of the drug, while vortexing, in order to avoid

any precipitate, due to the very lipophilic nature of the drug. The formulation was placed
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in the water bath sonicator for 30 minutes, to help and stimulate the encapsulation of the
drug, and then transferred to the water bath and left there overnight, shaking at 75-100
rpm, 37°C. The day after, the system was centrifuged at 14500 rpm for 45 minutes, in
order to collect the drug-loaded albumin nanoparticles in the pellet. Different volumes of
water and oil phase have been tested, the ratio of water and ethanol in the drug solution
has been optimized, the amount of BSA was varied to obtain the best loading amount,
different methods of shaking inside the incubator were analysed and also different sizes
of glass vials were tested, in order to reduce the evaporation of the ethanol. Different
types of vials used during centrifugation have been utilized. Furthermore, the effects of
different concentrations of glutaraldehyde (1.175, 0.588 and 0.235 pL/mg albumin) have

been evaluated.
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Figure 10: Modified version of desolvation process. Adapted from ref [149] with
permission.

The same methods and experiments were performed both for bovine serum albumin and
human serum albumin, and the differences between the two were investigated. In
particular, after finding the best set of process conditions and parameters (such as pH and
ratio drug/albumin), they were directly adopted for the preparation of HSA nanoparticles,
preferred over BSA nanoparticles. Table 6 shows the different batches obtained with the
modified version of desolvation method, characterized by the use of different pH of the

BSA solution, ratios of drug/BSA and ratios of EtOH/H>O in the drug solution.
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Table 6: Formulations prepared with a modified version of desolvation.

Batch Type of  Crosslinked Ratio Ratio Volume
albumin or not drug/albumin EtOH/H,Oin  NaOH added
drug solution

1 BSA Yes 1/50 1/9 25 uL
2 BSA Yes 1/50 1/4 Not added
3 BSA Yes 1/50 1/4 25 uL
4 BSA Yes 1/25 1/4 25 uL
5 BSA Yes 1/15 1/4 25 uL
6 BSA Yes 1/10 1/4 25 uL
7 HSA Yes 1/10 1/4 25 uL
8 HSA Yes 1/10 1/4 50 uL

3.2.2 Freeze-drying

Freeze-drying is a commonly used process for drying drug nanosuspensions®*. It
removes water from a frozen sample through sublimation. It consists of freezing, primary
drying (ice sublimation) and secondary drying (desorption of unfrozen water). To protect
nanoparticles from stress and aggregation, a cryoprotectant is generally used. When a
cryoprotectant is present, water freezes into ice crystals while excluding solutes and
particles into a cryo-concentrated liquid phase. The formulation obtained (BSA
nanoparticles, HSA nanoparticles, CCI-001-loaded BSA nanoparticles and CCI-001 HSA
nanoparticles) were freeze-dried, in order to improve their long-term stability and to be
able to store them for long periods of time. After obtaining the fresh nanoparticles, the
formulation was transferred to the -80°C freezer and stored there overnight. The day after,

the frozen formulation was placed in the freeze-drying machine for at least 48 hours. By
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lyophilizing the formulation, solid powder, which can be easily reconstituted to the
original dispersion by addition of water or saline, was obtained. The influence of a
cryoprotectant was evaluated: the nanoparticles were lyophilized both in the presence of
trehalose (2.5% w/v) and without it and the differences between the two versions were
investigated. Trehalose is a naturally derived sugar which protects the protein from
cryopreservation damage®**. The coating of trehalose, which “entraps” the protein, slows
down the water molecules directly adjacent to the protein, preventing ice crystallization
in its immediate vicinity. The role of trehalose is fundamental, since the interaction
between water and the protein dramatically affects the protein structure, dynamics and
functionality. The same analysis performed on the fresh nanoparticles were carried out
also on the lyophilized ones, in order to compare the characteristics and the behaviours

of the different formulations.
3.2.3 Characterization of CCI-001-loaded albumin nanoparticles

3.2.3.1 Size and zeta potential

The hydrodynamic diameter, polydispersity index (PDI) and zeta potential of BSA
nanoparticles, HSA nanoparticles, CCI-001-loaded BSA nanoparticles and CCI-001-
loaded HSA nanoparticles, obtained by the different techniques adopted, were evaluated
by dynamic light scattering (DLS) measurement at 25°C: the nanoparticles were
dispersed in water, diluted (usually 1:10, or 1:100), vortexed and characterized by the
Zeta-Sizer Nano (Malvern Instruments Ltd, Malvern, UK), a high performance
instrument for the detection of aggregates and measurement of small or diluted samples.
The analysis was performed at a scattering angle of 173° at 25°C. For the measurement
of the size, 0.5 mL of sample were analysed, using low volume disposable couvettes. For
the measurement of the zeta potential, 0.8 mL of sample were analysed, using the zeta
dip cell with a quartz couvette. Any air bubble present in the sample was removed before
starting the zeta potential evaluation. The measurement of the hydrodynamic size and zeta
potential was performed for both the fresh nanoparticles and the nanoparticles redispersed
in water after lyophilization (when the freeze-drying was adopted), in order to evaluate

the stability of the formulations.
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3.2.3.2 Nanoparticles morphology

The morphologies of CCI-001-loaded BSA nanoparticles and CCI-001-loaded HSA
nanoparticles were evaluated by SEM images (Field Emission Scanning Electron
Microscope, Zeiss, GeminiSEM). 0.1 mL of nanoparticle dispersion was placed on a glass
substrate and allowed to dry overnight. After drying, the nanoparticles were placed on a
metal support and coated with gold (Denton Sputtering System), to render them
electrically conductive and examined under the microscope. Electron microscopy was
performed using an accelerating voltage of 5 kV and a working distance of 5 mm. Pictures
were taken at 45000 and 16000-fold magnification using secondary electron detection

mode.
3.2.3.3 Yield

The yield of a formulation measures the weight of the formulation produced referred to
the amount of components used to generate the formulation. For the calculation of the
yield, it is necessary to consider the lyophilized formulation (obtained after freeze-
drying), which allows to obtain the drug-loaded albumin nanoparticles in form of solid
powder. After 48 hours of freeze-drying, the nanoparticles were collected and weighed.
The weight of the solid formulation was compared with the weight of the components

used for the achievement of the solid powders.

Weight of the formulation (mg)

Y% = 100

Sum of the weight of all the components (mg) ’
3.2.3.4 Drug entrapment efficiency and drug loading

The drug encapsulation efficiency was defined as the percentage of CCI-001 actually
loaded relating to the initial amount of drug supplied. On the other hand, the drug loading
was calculated as the ratio between the amount of CCI-001 in the nanoparticles (in pg)
and the albumin present in the formulation (in mg). The two parameters were calculated
by UV-Vis spectrophotometer (UV-2600i, UV-Vis Spectrophotometer, Shimadzu,
Mandel). First, the Amax (the maximum wavelength at which to make the analysis) of CCI-
001 was evaluated. After that, different standards of CCI-001 were prepared (various
solutions of CCI-001 in ethanol, at different known concentrations), and their absorbance

measurements at the chosen Amax were performed, in order to generate a standard graph
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(a calibration curve), which displays absorbance values against concentrations values. It
is fundamental to have the calibration curve of the compound used, in order to be able to
calculate the concentrations of any unknown sample. Moreover, the absorbance of the
supernatant, obtained from the centrifugation of the samples, was measured, in order to
perform a mass balance. Another technique adopted for the measurement of the drug
concentration in the formulations, to confirm the values obtained by UV-vis, was HPLC
(High Performance Liquid Chromatography), more precise and reliable due to the very
low drug concentrations of the formulations. In particular, it was vital to find an effective
way of extracting the drug from the nanoparticles, to be able to measure the exact amount
of drug which was encapsulated in the formulation. In this research project, two slightly
different ways have been utilised and compared: in the first one, the albumin-drug
nanoparticles were re-dispersed directly in 1 mL ethanol, vortexed, transferred to the
water bath sonicator for 1 hour and then centrifuged at 14500 rpm for 30 minutes, in order
to collect the drug in the upper phase; in the second one, the albumin-drug nanoparticles
were re-dispersed first in 100 uLL water and transferred to another vial; at this point, 1 mL
ethanol was added on top. After that, again, the system was vortexed, transferred to the
water bath sonicator for 1 hour and then centrifuged at 14500 rpm for 30 minutes, in order
to collect the drug in the upper phase. This second approach was adopted when it was
noticed that often the drug, being extremely lipophilic and possessing low affinity for
albumin, was prone to adsorption to the vials during centrifugation, trying to “escape”
from the carrier and the aqueous solvent. Therefore, in order to obtain a more reliable and
real estimate of the amount of encapsulated drug, it was chosen to move the formulation
to another vial after centrifugation, to measure just the drug present in the nanoparticles

and avoid to detect the quantity of the drug stuck to the walls of the vials.

Amount of drug i ticl
EE % = f gin nanopa.r icles (ug) £ 100
Amount of drug supplied (1g)

,ug) Amount of drug in nanoparticles (1g)
mL

DL =
( Amount of albumin in nanoparticles (mg)

3.2.4 Invitro drug release studies

Release of CCI-001 from the albumin nanoparticles was evaluated using equilibrium
dialysis method, in PBS 1X (pH 7.4). Different in vitro release studies were performed,
in order to evaluate the release profile of CCI-001 from CCI-001-loaded BSA
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nanoparticles and CCI-001-loaded HSA nanoparticles, both for the fresh nanoparticles
and the lyophilized nanoparticles. Furthermore, as a control, the release of free CCI-001
was also investigated. Both the fresh nanoparticles and the lyophilized ones were re-
dispersed in water: 0.1 mL water was added to each pellet of fresh nanoparticles obtained
after centrifugation and vortexed: around 20 pellets re dispersed in water were used in
each release study (obtaining a total volume of around 2.5 mL for the release study). On
the other hand, the lyophilized nanoparticles, around 160 mg, were re dispersed in 2.5 mL
of water and used for the release studies. For the release of the free drug, the optimal
formulation needed to be designed and the main substances used for the formulations
were ethanol, PBS and tween 80. The effects of different ratios of the constituents were
investigated. The release studies were carried out in different release media: first, in
phosphate buffer saline (PBS, pH=7.4) + tween 80, and then, after figuring out how to
optimize the study, in only PBS. CCI-001-albumin nanoparticles and free CCI-001, with
the same drug content, were transferred into a dialysis bag (Spectrapor, MW cutoff 3500
Da) and the system was placed into 450 mL of dissolution medium (PBS) under shaking
at 50 rpm, 37°C. The volume of the dissolution media was chosen according to the sink
condition, which is the ability of the dissolution media to dissolve at least 3 times the
amount of drug present in the dosage form. The dialysis bag was sealed at both ends. At
selected time points, 0.1 mL of sample was removed from inside the dialysis bag and
replaced with 0.1 mL double distilled water (or, in the case of the free drug, with the
solvents used in the formulation, in the same ratios). At first, the release study was
performed by taking the samples out from the release medium, outside of the bag, but the
results were not optimal and the concentrations were not detected, since they were very
low. For this reason, the next studies were carried out by taking the samples from inside
the membrane, in order to make the detection of the concentrations easier. The samples
were stored in the freezer, to maintain the stability and prevent the absorption of the drug
on the plastic vials (a recurrent problem during the research project) as much as possible.
After having collected the 0.1 mL samples and having taken them out of the freezer, 0.2
mL of ethanol was added on top. They were vortexed and placed in the water bath
sonicator for around 1 hour and, after that, centrifuged for 30 minutes at 14500 rpm, in
order to extract the drug and precipitate the rest of the formulation. The upper phases
were analysed by HPLC or plate reader for determining the amount of CCI-001 present.
The remaining concentration obtained at #; was subtracted from the initial concentration

of CCI-001 at #) and used to plot the cumulative drug release (%) versus time. The
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extraction procedure and the release studies were repeated at least three times for each
formulation, and average and standard deviation were calculated. The release profiles
were compared using similarity factor, /2, and the profiles were considered different if /2
was < 50.

100
f2 =50x logqo] ]

n

Where n is the sampling number, Riand T are the percent released of the reference and

test formulations at each time point t.

3.2.5 HPLC analysis of CCI-001

A Varian Prostar 210 HPLC system was used for the quantification of CCI-001 in the
samples. Mobile phase was an isocratic mixture of water and acetonitrile (70:30),
containing 0.1% trifluoroacetic acid, and the separation was obtained by a Microsorb-MV
5 um C18-100 A column (4.6 x 250 mm). The flow rate was set at 1 mL/min, at room
temperature and the detection wavelength was 386 nm (Varian Inc., Palo Alto, CA, USA).
The retention time was 3.7 min. The assay was found linear over the examined range of
6.25-1000 pg/mL in the mobile phase, with a calibration curve of y = 1.0451x — 1.6946
and a correlation coefficient of 0.999. The concentrations of CCI-001 in the samples were
determined from the aforementioned regression equation. The lowest limit of
quantification was set at 6.25 pug/mL. The inter- and intra-day variations were less than

10% for all concentrations. No interfering peak was observed.
3.2.6 Cell culture

The cell culture studies were performed on two different cell lines: HCT-116 (doubling
time: 18-21 hours) and SW-620 (doubling time: 26 hours), colorectal cancer cell lines.
The cell lines, belonging to other laboratories, had to go through a mycoplasma test in
order to detect any possible contaminations. It is vital to identify and treat contaminated
cells, since contaminations are very widespread and can compromise the cell physiology,

and, therefore, the outcomes of the experiments**®

. Mycoplasmas, belonging to over 100
species, are small, round or filamentous prokaryotic organisms. Due to their very small

size and their ability to deform, they can be difficult to recognize and detect in the
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traditional cell culture works, since they can pass through the filter used for sterilization.
After having resulted negative to the mycoplasma test, the cell lines, which had been
retained in quarantine, could be transferred and stored in a humidified incubator at 37°C,
5% CO;. The SW-620 cell line was cultured in DMEM + F12 (1:1) (1X) medium,
containing L-glutamine, 15 mM HEPES, 10% fetal bovine serum and 1%
penicillin/streptomycin antibiotic. The HCT-116 cell line was cultured in DMEM (1X)
medium, enriched with 10% fetal bovine serum and 1% penicillin/streptomycin

antibiotic.
3.2.6.1 Cell freezing

Once the cell lines were obtained and brought to the laboratory, they had to be stored: in
fact, cryopreservation is vital to long-term maintenance of cells. From the 75 cm? flasks
in which the cells were contained, the exhausted media was removed and thrown away.
The cells were then washed twice with 2 mL of PBS. 3 mL of trypsin were added to the
cells and the flask was left in the incubator for 3-4 minutes, in order to allow them to be
detached from the bottom of the flask. After checking the occurred detachment with the
microscope, 5 mL of fresh media were inserted in the flask and homogenized, in order to
inactivate the trypsin. The content of the flask (cells, trypsin and media) was centrifuged
at 200-250 G for 5 minutes. The supernatant obtained from the centrifugation was
discarded and 10 mL of a solution of DMSO (5%) in media was added to the pellet and
homogenized, to resuspend the cells. The cell concentration was measured by
haemocytometer: trypan blue-stained cells (obtained by mixing 15 pL cells solution and
15 pL trypan blue dye) were counted with a haemocytometer to estimate the cell
concentration (cells/mL). After that, the cells were stored in various tubes (around 2
million cells/tube) and they were placed in isopropanol and kept in the -80°C freezer
overnight, to allow them to freeze very gradually and slowly (otherwise, a quick freezing
would result in a high damage of the cells). The day after, the cryovials were transferred

to the liquid N> tank.

3.2.6.2 Cells thawing

Before starting any cell culture, the first thing to do was thawing the particular frozen cell
line needed. As already stated, to achieve the greatest cell viability, it is fundamental to

freeze cell slowly. For the thawing, the opposite is true: it is necessary to thaw them
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quickly. As described in the previous paragraph, cell lines are stored with dimethyl
sulfoxide (DMSO), used as cryoprotectant. When added to the media, DMSO prevents
intracellular and extracellular sharp crystals from forming in cells during the freezing
process. Otherwise, without DMSO, cells would be damaged by the ice crystals during
the freezing process. However, during the thawing of the frozen cell lines, it is vital to
remove quickly the DMSO, due to its toxicity to the cells. First, the cells were removed
from the liquid N; tank and immediately placed in a 37°C water bath, in order to allow
them to reach the liquid form, until just the tiniest ice crystal was left in the vial (usually,
5 mL frozen cells). Once the cells were thawed, a test tube was filled with 9 mL of fresh
media (+ FBS and P/S) and the volume of cells just thawed. This step needed to be
performed very carefully, since the cells had just been defrost and they were very fragile
at this point. Once the cells were re dispersed in the media and homogenized, forming an
homogeneous solution, the content of the test tube (composed of cells, media and DMSO)
was centrifuged at 300 G for 5 minutes. The supernatant, containing media and DMSO,
was discarded, whereas 10 mL of fresh media was added to the pellet of cells and
homogenized, in order to generate a clear solution. The solution of cells and fresh media
was placed in a 75 cm? flask with 10 mL of extra fresh media, up to reaching 20 mL of
total volume. The content of the flask was then homogenized and the flask was placed

into a humidified incubator, at 37°C, 5% COa.
3.2.6.3 Sub-culture

All the cell lines were cultured until they reached approximately 80-90% confluency, at
which point they were sub-cultured, based on cell growth rates (that is the reason why it
is very important to always know the doubling times of the various cell lines in question).
In particular, the cells were cultured in 75 cm? flasks. First, the exhausted media was
removed from the cell flask with a 10 mL tip: it is important not to touch the bottom of
the flask, since the cells are attached on it, and that could damage them. The cells were
washed twice with 2 mL PBS, and 3 mL trypsin were added to the cells. Then, the flask
was placed in the incubator for 3-4 minutes, in order for the trypsin to react and for the
cells to be able to be detached from the bottom of the flask. After this period of time, the
effective cells detachment was checked at the microscope. Once the cells were detached,
7 mL of fresh media were added to the mixture of cells and trypsin and homogenized, in

order to neutralize the trypsin. The mixture of cells, trypsin and media was removed from
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the flask and put in a test tube for centrifugation at 300 G for 5 minutes. After the
centrifugation, the supernatant was discarded and 10 mL of new fresh media were added
to the pellet and homogenized to re-disperse it. Trypan blue-stained cells (obtained by
mixing 13 pL cells solution and 13 pL trypan blue dye) were counted with a
haemocytometer to estimate cell concentration (cells/mL). According to the estimated
cell concentration, a chosen volume of cell solution was put in a new 75 cm? flask and
fresh media was added in order to reach 20 mL final volume. After that, the cells were
stored in a humidified incubator, at 37°C, 5% CO., until the next sub-culture. The optimal
amount of cells to place in the new flask depended on the doubling time of each cell line,
so that the sub-culture of the cells would happen every 2-3 days. Therefore, the exact
number of sub-cultured cells, which constituted the next generation, was stabilized and

optimized during the work.
3.2.7 MTT assay (in vitro cytotoxicity)

The MTT assay for cell viability and proliferation is used to measure the cellular
metabolic activity, as indicator of their viability. It is designed to test the relative
cytotoxicity of various treatments against a particular cell line and this is done by
assessing the metabolic status of the cells after a certain length of exposure to the drug.
As shown in Figure 11, it is based on the reduction of a yellow tetrazolium salt (MTT, 3-
[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) to purple formazan crystals
by metabolically active cells, since the active and viable cells possess specific enzymes
able to reduce the MTT to formazan. The insoluble formazan crystals are then dissolved
and they produce a coloured solution, which provides information on the viability of the
cells. The darker the colour (purple) obtained, the more viable the cells. In particular, the
cytotoxicity of free CCI-001, encapsulated CCI-001, and only carrier (albumin

nanoparticles), was tested using the MTT assay.
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Figure 11: Reduction of MTT to Formazan crystals.
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plates (Figure 12) with media and they were
incubated at 37°C for 24 hours. In particular,
the 36 wells that constitute the external
frame of the plate were filled with only
media (200 pL/well), for preventing the

evaporation of the wells, whereas the

internal 60 wells were filled with cells and Figure 12: 96-wells plate.

medium, for a total volume of 100 uL/well.

The optimal cell density at which to seed the wells (in 100 pL total volume) had to be
determined and optimized for each cell line: after some trials, it was chosen to use 2 x 10°
cells/well for the HCT-116 cell line and 4 x 10 cells/well for the SW-620. As a general
rule, the number of cells seeded in each well should be such as to provide a 40-60%
confluency after 24 hours from the seeding, at the moment of treatment. The volume
required for the insertion of the correct amount of cells had to be calculated by counting
the cells with the haemocytometer (in the Burker chamber) during the sub-culture of the
cells. It is important to remember to always consider some extra volume when filling the
wells (excess). After plating, the cells were left to adhere to the plate overnight. After 24
hours from the seeding, it is important to check the condition of the cells and the
percentage of confluency. After that, the treatment (free drug, blank nanoparticles or
drug-loaded nanoparticles) was added to the wells at different concentrations (10
concentrations, chosen appropriately, from the lowest to the highest concentration) and
incubated at 37°C. The important thing to carry in mind is that, before the addition of the
treatment, the wells are already filled with 100 pL of cells + media from the day before.
Therefore, when other 100 pL (treatment) are added to the wells, the cells are subjected
to a 1:2 dilution. That is the reason why the 10 concentrations of the treatment should be
doubled before the addition to the cells, in order for the cells to receive the right and
chosen concentrations of the treatment. After having treated the cells, from the lowest
concentration to the highest one, the 96-wells plates were incubated at 37°C for 48 or 72
hours. After the period of incubation (48 or 72 hours), in order to evaluate the viability of
the cells, the MTT solution was prepared (5 mg/mL in distilled water, 20 pL/well). The
MTT solution, previously filtered in order to remove any bacteria or fungi present in it,
was added to the cells, homogenized (with the Titer Plate Shaker, Thermo Scientific) and
incubated at 37°C for 3-4 hours. The reduction of MTT in presence of cellular

76



dehydrogenases yields formazan crystals on the bottom of the wells. After checking the
effective presence of the crystals at the microscope, the wells were emptied and 100 pL
DMSO was added to each well and mixed thoroughly on the shaker, in order to dissolve
the crystals. The plates were analysed and the cell viability was detected by measuring
the optical absorbance at 570 nm. The mean absorbance of each treatment was determined
and converted to the percentage of viable cells relative to the control. The ICso (the
concentration of a drug or formulation required for a 50% inhibition in vitro) of the
specific treatment was calculated from the plot of the % of viable cells versus log CCI-
001 concentration. The analysis of the plates was performed at 48 and 72 hours since the

ICso value should vary depending on different cell lines and times of incubation.
3.2.7.1 Free CCI-001

Before testing the obtained formulations, the cell lines were first treated with the free
drug, to evaluate the activity of the main compound. In fact, it is important to make a
comparison between the efficacy of the free drug and the encapsulated drug, to detect
any possible improvement or worsening caused by the formulation. Ten stocks of drug in
DMSO were prepared, at ten different concentrations: 0 nM, 25 nM, 50 nM, 200 nM, 400
nM, 800 nM, 6.4 uM, 25.6 uM and 51.2 uM. Each stock was diluted 1:50 in media, so
that the new stocks contained media and the 2% of the previously prepared stocks
composed of drug and DMSO. The new resulting stocks, therefore, had concentrations
of: 0nM, 0.5 nM, 1 nM, 2 nM, 4 nM, 8§ nM, 16 nM, 128 nM, 512 nM and 1024 nM. From
these, 100 uLL were taken and put in each well, previously filled with other 100 puL of
media + cells. Therefore, the concentrations of treatment received by the cells were: 0
nM, 0.25 nM, 0.5 nM, 1 nM, 2 nM, 4 nM, 8 nM, 64 nM, 256 nM and 512 nM. It is
important not to exceed the 1% DMSO in each well, otherwise the cells would be

damaged. By following this procedure, each well contained exactly 1% DMSO.
3.2.7.2 CCI-001-loaded HSA nanoparticles

The cell lines were then treated with different concentrations of CCI-001-loaded HSA
nanoparticles. The nanoparticles, obtained with the process described in the previous
chapter, were re-dispersed in 1 mL PBS and filtered, to remove any possible bacteria or
fungi. From the initial stock, ten serial dilutions in media were produced, in order to reach

the ten desired concentrations. In particular, the resulting stocks had the following
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concentrations: 1000 nM, 500 nM, 125 nM, 15.6 nM, 7.8 nM, 3.9 nM, 1.9 nM, 0.98 nM,
0.48 nM and 0 nM (control: no particles, just media + PBS). From each stock, 100 puL
was taken and added to the wells, previously filled with other 100 pL of media + cells.
Therefore, the concentrations of the treatment received by the cells resulted to be,
respectively: 500 nM, 250 nM, 62 nM, 7.5 nM, 3.9 nM, 1.8 nM, 0.9 nM, 0.4 nM, 0.2 nM
and 0 nM. The concentration of PBS should be under 20% in each well.

3.2.7.3 Blank HSA nanoparticles

Apart from the efficacy of the free drug and the encapsulated drug, it is also important to
consider the effect of the vehicle on the cell viability, to take into consideration all the
possible contributions to the cytotoxicity of the formulation. For this reason, the cells
were also treated with blank crosslinked albumin nanoparticles (without drug, just the
carrier), obtained by performing the same serial dilutions, at the same nanoparticles
concentrations (from 0.25 mg/mL to 0) to see if glutaraldehyde, even in traces, could be
toxic to the treated cell lines. In this way, it was possible to evaluate in a reliable way the
efficacy of the drug-loaded nanoparticles, distinguishing the contributes of the
encapsulated drug and the carrier. Furthermore, in this way, it was possible to see if there

was a synergistic, additive or antagonistic effect between the drug and the carrier.
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4 Results and discussion

4.1 Preparation of CCI-001-loaded albumin nanoparticles

4.1.1 Nab-technology®

4.1.1.1 Sonication

Unfortunately, due to the nature of the drug and the low affinity between the cargo and
the carrier, nab-technology was not able to provide good results, in terms of size, zeta
potential, stability of the formulation and encapsulation efficiency of the drug. Higher
energies of the sonicator allowed to obtain smaller nanoparticles, perhaps due to the fact
that more energy was transferred to the system and it was able to create more and finer
nanoparticles, but the results were not good enough. Even by using a hand homogenizer
to mix further the water and oil phases, no difference was noticed. After only two hours
from the first measurement, the characteristics of the nanoparticles changed,
demonstrating that the formulation was not stable. Replacing the ethanol and chloroform
with acetonitrile, which is able to dissolve the drug, but at the same time is miscible with
water, being less lipophilic than chloroform, did not make any significant difference.
Often, the filtered samples provided worse results than the non-filtered ones: perhaps this
was due to the fact that nanoparticles aggregated after filtration, or because they adhered
to the filter, since the majority of the formulation was constituted of microparticles. More
nanoparticles were obtained when two centrifugations were performed: the first one to
eliminate the microparticles and the unencapsulated drug, removing them from the upper
phase, and the second one to collect the nanoparticles. Still, the formulation was not stable
and the size distribution resulted to be multimodal. Modifying the method and reducing
the volumes allowed to improve the characteristics of the nanoparticles obtained, perhaps
due to the fact that the energy produced by the sonicator was addressed to smaller
volumes. The size, PDI and zeta potential of the obtained formulation were good this time
and showed the presence of some nanoparticles, as opposed to the previous trials, where
the formulation was mainly made of microparticles. However, the amount of drug
entrapped in the nanoparticles was close to zero, confirming the evidence that with this
technique, regardless of the modifications and optimizations, it was very difficult to make
the drug, which is not attracted by albumin at all, enter the nanoparticles. Even though

nab-technology and its variations were the most effective techniques used to produce
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formulations such as Abraxane, they seemed not to work with CCI-001, because of the
extremely high lipophilicity of the compound and its low binding affinity to albumin.
Therefore, even though some nanoparticles were obtained, the yield of the process was
very low, since the majority of the formulation was made of micro and macroparticles:
this could be the reason why the filtration did not work appropriately and the
centrifugation at higher speed provided better results, separating in a more efficient way
the micro/macroparticles. Since no encapsulation was obtained, in this case the process

was not efficient and not reproducible.
4.1.1.2 High-pressure homogenization

Even by using a high speed and a high-pressure homogenizer, which allowed the
achievement of paclitaxel-loaded albumin nanoparticles, instead of a sonicator, the results
were not satisfying with CCI-001. The particles obtained were quite good and stable, but
almost no drug was encapsulated and, again, the majority of the particles were
microparticles. As a proof of this fact, a mass balance was performed, in order to evaluate
the distribution of the drug in the formulation and have a rough estimate of the efficiency
of the encapsulation method. After evaporating the organic solvents, the formulation was
centrifuged twice, at different speeds, in order to collect the nanoparticles, if present. The
amount of drug in the nanoparticles was measured but, not surprisingly, most of the drug
was not present neither in the upper phase nor in the nanoparticles, probably due to the
fact that the majority of the drug precipitated, or it was encapsulated in the microparticles,
which most likely constituted the majority of the formulation. To prove that, the original
sample was centrifuged just once at 14000 rpm for 25 minutes, in order to precipitate the
nanoparticles, the microparticles and the precipitated (unloaded) drug: ethanol was added
to the pellet to make the unloaded drug dissolved in it. Furthermore, also the drug
dissolved in the supernatant was analysed. Of the original 44 mg drug used at the
beginning (the original amount was 60 mg in 55 mL, but only 40 mL of the solution was
obtained after high-pressure homogenization), 28.48 mg resulted to be precipitated drug
and 3.36 mg was drug in solution, unencapsulated. Of the remaining 12.16 mg of
encapsulated drug, just 2% (around 1 mg) was present in the nanoparticles, whereas the
majority was belonging to the microparticles. This provided further evidence that, even

by using the high-pressure homogenizer, superior to the sonicator, the formulation
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obtained was not effective, due to the nature of the drug. After these unsuccessful trials,

a new method for the improvement of the formulation was tested.
4.1.2 Desolvation

The desolvation technique seemed to be more reliable and reproducible than nab-
technology. It allowed to obtain nanoparticles of proper size, PDI and zeta potential.
Furthermore, the nanoparticles resulted to be stable, since two days later the
characteristics remained almost the same. However, although the particles obtained were
appropriate, the low encapsulation efficiency made it necessary to optimize the process
and modulate the parameters in order to obtain an overall effective formulation.
Therefore, different trials have been performed and every time the volumes were changed,
the ratios ethanol/water were altered and modifications of the centrifugation and washing
processes were made, in order to try and obtain a better formulation characterized by
higher encapsulation. Replacing the ethanol with acetone allowed to obtain slightly
smaller nanoparticles, but did not make any significant difference in terms of
encapsulation efficiency. The pH was changed, in order to see if basic or acidic solutions
affected the achievement of the formulation (considering the pl of albumin=5.16). The
pH of the BSA solution influenced greatly the characteristics of the formulation:
increasing the pH, obtaining therefore a basic solution, by adding a higher volume of
NaOH to the formulation, allowed to achieve smaller and smaller nanoparticles. On the
other hand, the addition of HCI (acidic solution) caused an aggregation of albumin, that
formed small precipitates, perhaps due to the fact that the pH obtained was near the
isoelectric point of albumin, the pH at which the net charge becomes zero and the
repulsive forces are not present. The addition of cholesterol, which was thought to
increase the strength of the interaction between albumin and the drug?*®, did not provide

any significant difference to the formulation.
4.1.3 Modified version of desolvation

The last technique adopted was the most effective one and provided the best formulations
in terms of stability, size, zeta potential and encapsulation efficiency. The overnight
incubation of the drug with the already crosslinked albumin nanoparticles, at 37°C and
while shaking at 75-100 rpm, allowed a higher entrapment and entrance of the drug inside

the drug delivery system, and it was the only solution to overcome some of the obstacles
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encountered with the other methods, caused by the high lipophilicity and low affinity of
the drug for the carrier. Since the carrier and the cargo did not show high interaction, the
only solution was to find a way to let the drug enter as much as possible into the
nanoparticles. In fact, despite the low entrapment and presence of the drug inside the
nanoparticles, the extremely high potency of the compound (ICso in the range of nM)
allows to use and test the formulation on the cancer cell lines anyway. In this technique,
the presence of the crosslinking agent affected greatly the achievement of the formulation:
when the drug was incubated overnight with the albumin nanoparticles (not crosslinked),
nanoparticles were not obtained. On the other hand, when crosslinked nanoparticles were
used, the drug was able to be encapsulated in the formulation overnight. Even in this
modified version of desolvation, as in the traditional desolvation, the pH of the albumin
solution played a role in determining the size of the particles obtained: the higher was the
pH, the smaller were the nanoparticles. The variations in size were seen in particular for
human serum albumin. The optimal amount of NaOH to use for achievement of good
nanoparticles was 50 pL for HSA and 25 pL for BSA. Another factor that affected the
characteristics of the nanoparticles was sonication: sonicating the nanoparticles for a few
minutes after the production allowed the size to decrease of 2-5 nm. Since this method
involves an incubation of a drug solution with already formed crosslinked albumin
nanoparticles, it was vital to find the best parameters and conditions (such as volumes,
ratios EtOH/H»0, methods of shaking, proper glass vials, time of incubation etc) for the
drug, to trigger its encapsulation. It was proven that shaking horizontally and vertically
allowed to obtain the same results. Smaller glass vials to use in the water bath were
preferred, since less space was left for the ethanol to evaporate from the formulation.
Furthermore, the most important variable to modulate was the precise ratio EtOH/H>O to
use in the drug solution: at first, a ratio of 1:9 was used (0.5 mL ethanol and 4.5 mL
water), but overnight it caused the drug to precipitate, since the amount of water used,
compared to the amount of ethanol, was too much. Then, a ratio of 1:4 was used (1 mL
ethanol and 4 mL water), resulting in the optimal ratio, so that the drug was perfectly
solubilized and did not precipitate. The optimal shaking speeds for the incubation were
found to be in the range between 75 and 100 rpm. Another parameter that was varied
during the experiments was the ratio drug/albumin used: ratios of 1/50, 1/25, 1/15 and
1/10 were tested. Interestingly, by keeping constant the amount of drug used and reducing
the amount of albumin, the characteristics of the nanoparticles remained almost the same,

especially the encapsulation efficiency. Therefore, a lower amount of albumin was
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preferred, since the loading amount (ug of drug per mg of carrier) would be higher. The
formulations used for the in vitro release studies and cell toxicity studies were prepared
by using a 1/10 drug-albumin ratio, the optimal one. Since this last technique was the one
that provided the best and most reproducible results, all the formulation prepared from

this time on were made by using the modified version of desolvation.

4.2 Characterization of CCI-001-loaded albumin

nanoparticles

As already stated above, three techniques have been used to try and obtain CCI-001-
loaded albumin-based nanoparticles. Among these three methods, only the last one, the
modified version of desolvation, was able to provide good and effective nanoparticles.
Despite the relatively low encapsulation efficiency, this technique was the one which
allowed to obtain the highest drug entrapments possible and since the 1Cso of the drug is
very low, due to the high potency and cytotoxicity of the drug, the amount of drug present
in the nanoparticles was enough to perform in vitro release studies and cell toxicity
studies. Before doing any kind of analysis, the Amax (Wavelength of maximum absorbance)
of CCI-001 was calculated by UV-Vis Spectroscopy (UV-2600i, UV-Vis
Spectrophotometer, Shimadzu, Mandel). It is important to determine it, since the extent
to which a sample absorbs light depends upon the wavelength of light. The wavelength
at which a substance shows maximum absorbance (and therefore photon absorption) is
called absorption maximum (Amax). In particular, Amax is characteristic of each compound,
it provides information on the electronic structure of the analyte and it is the wavelength
at which the drug shows maximum sensitivity. Amax is determined by plotting absorbance
vs wavelength, as it can be observed in Figure 13A. The Amax obtained was 386 nm.
Standards of the drug in ethanol were produced and a calibration curve was obtained, in
order to be able to measure the drug concentration of unknown samples, providing a

relationship between absorbance and concentration, as shown in Figure 13B.
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Figure 13: A) Anax CCI-001 B) Calibration curve of CCI-001.

Table 7 shows the characteristics of all the nanoparticles obtained, and allows to make a
comparison between the different methods used. After having tested all the techniques,
the third method was chosen and the other ones were abandoned. In particular, batch 6
(BSA) and 8 (HSA) were the best ones and the ones actually used for the various studies

(release, cell toxicity).
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Table 7: Characterization of the CCI-001-loaded BSA/HSA nanoparticles. Data
represent average + SD (n=3).

Nab-technology

Size (nm)* PDI* Zeta potential (mV)* Entrapment pg drug/mg albumin
efficiency (%)*
404.6 +£243.9 0.45+0.11 -11.3+£15.7 254+0.8 -
Desolvation
Size (nm)* PDI* Zeta potential (mV)* Entrapment pg drug/mg albumin
efficiency (%)*
133.3£24.7 0.08 +0.04 -29.8+£6.9 3.9+0.86 -

Modified version of desolvation

Batch Size (nm)* PDI* Zeta potential (mV)* Entrapment drug/albumin m
efficiency (%)*

1 114.87+£8.9 0.05+0.01 -30.45+0.77 - -

2 147.57 £ 21 0.04 +0.05 -29.8+1.35 8.1+0.44 1.62
3 96.59 +2.14 0.043 +0.009 -29.2+0.59 7.6 +1.06 1.52
4 124.36 £ 13.1 0.045 +0.01 -28.5+1.1 6.9 +0.89 2.76
5 127.55+£9.6 0.037 +0.02 26+2.3 6.2=+1.12 4.1
6 127.72 £4.99 0.04 +0.03 -25.67+2.4 5.8+0.72 5.8
7 209.2 +4.5 0.034 +0.02 -283+1.2 5.2+0.64 52
8 129.25 +3.88 0.0395+0.01 -29.65 +3.04 6.1+09 6.1

*Hydrodynamic diameter, polydispersity index and zeta potential estimated by DLS.
*Encapsulation efficiency measured by UV-Vis spectrophotometer.
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As it is possible to observe from Table 7, the modified version of desolvation allowed to
obtain the best and the most reproducible results, in terms of size and zeta potential and
encapsulation efficiency. In fact, reproducibility is a very important requirement when
designing and synthetizing a formulation. Taking into consideration the modified version
of desolvation, which is the method of choice followed in this research project, the size
ranges are between 100 and 200 nm, which is considered an optimal size for the targeting
of tumours (especially for passive targeting, since small particles, characterized by sizes
under 300 nm, are potentially more able to leak through the defective vascular
endothelium of cancer blood vessels and passively accumulate in tumours) and the
formulation are characterized by a narrow size distribution. The zeta potential ranges are
between -20 and -30 mV, which highlight the stability of the formulations. In general, the
drug-loaded HSA nanoparticles resulted to be bigger (around 10 nm) than the drug-loaded
BSA nanoparticles and their zeta potential was lower (more negative). The encapsulation
efficiency range is between 2 and 10%, which is certainly low for a drug delivery system,
but most likely high enough for being effective as a treatment, since the ICso range of the
free CCI-001 was proven to be between 2 and 10 nM in various cancer cell lines. Even
though their encapsulation efficiency was not the highest, the batches 6 (BSA + drug) and
8 (HSA + drug) were the most effective ones and they were used in all the next
experiments and analysis. This is due to the fact that the drug loading (ng drug/mg
albumin) was higher, since the albumin used, 10 mg, was lower than in any other batches.
This parameter is even more important than the encapsulation efficiency and that is the

reason why the batches 6 and 8 were considered the best formulated ones.

4.2.1 Size and zeta potential
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Figure 14: Size distribution of A) CCI-loaded BSA nanoparticles

(batch 6) and C) CCI-00-loaded HSA nanoparticles (batch 8).
Zeta potential of B) CCI-001-loaded BSA nanoparticles and D)

CCI-001-loaded HSA nanoparticles.
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Figure 14 shows the size and zeta potential distribution of drug-loaded BSA and HSA
nanoparticles. In both the two formulations, BSA and HSA-based nanoparticles, the
dimensions of the nanoparticles loaded with drug resulted to be slightly bigger than the
ones of the blank nanoparticles (Figure 15A). In the same way, the zeta potential of the
nanoparticles loaded with drug was more negative than the ones of the blank nanoparticles
(Figure 15B). The data for this analysis are taken from the batches 6 (BSA) and 8 (HSA),

which resulted to be the best ones.

135

—
[

>
—
s
[=]
—
—

g
=120
N
55}
115
110
105
Blank Drug loaded Blank Drug loaded
HSA BSA
0
B Blank Drug loaded Blank Drug loaded
HSA BSA
-10
S
= -15
5
g 20
fd
D
§ | {

Figure 15: A) Size comparison of CCI-001-loaded BSA/HSA nanoparticles and
blank BSA/HSA nanoparticles. B) Zeta potential comparison of CCI-001-loaded
BSA/HSA nanoparticles and blank BSA/HSA nanoparticles. Data represent average
+ SD (n=3). * means statistically different from the blank NPs (a<0.05, Student ¢
test).
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The nanoparticles obtained by the modified version of desolvation displayed not only
similar sizes, but also resulted in physical stability, without aggregation and
sedimentation at room temperature: the size and the zeta potential of the same formulation
was measured for 5 days and they did not show particular differences, as it is possible to
observe in Figure 16. The stability of the nanoparticles was most likely due to the
presence of the crosslinking agent, which prevented the aggregation of the nanoparticles
and allows the size, polydispersity index and zeta potential to remain constant. In fact,
the glutaraldehyde treatment crosslinks albumin molecules both on the surface and in the

interior of the nanoparticles, improving the stability of the formulations.
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Figure 16: Stability of CCI-001-loaded albumin nanoparticles. Data
represent average £ SD (n=3).

4.2.2 Freeze-drying

The freeze-drying allowed to obtain the nanoparticles in the form of solid powder. As
stated above, the nanoparticles were lyophilized both with trehalose and without, in order
to evaluate the differences and see if the use of a cryoprotectant could be avoided or not.
As it is possible to notice from Figure 17, the use of a cryoprotectant was vital for the
achievement of good and stable nanoparticles, characterized by size and zeta potential
similar to those of the fresh nanoparticles. On the other hand, the lack of trehalose
influenced negatively the particles, determining their aggregation and instability. The

freeze-dried powder reconstituted well in solution.
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Figure 17: Influence of the use of trehalose on the size and zeta potential of
freeze-dried nanoparticles. Data represent average = SD (n=3).
** means statistically different from the formulation with trehalose (0<0.01,
Student z-test). * means statistically different from the formulation with
trehalose (0<0.05, Student #-test).

4.2.3 Encapsulation efficiency and drug loading

The encapsulation efficiency (amount of drug encapsulated in the nanoparticles divided
by the amount of drug originally used for the production of the formulation) falls between
5 and 9%, for both CCI-001 BSA nanoparticles and CCI-001 HSA nanoparticles:
although not high, due to the nature of the affinity between the protein and the drug, it is
still high enough to test the formulations on cancer cell lines and be effective, since the
ICso of the free drug is in the range of nM. Even more important is the parameter that
expresses the pg of drug encapsulated per mg of carrier. The interesting fact to point out
is that by reducing the quantity of albumin used, up to 10 mg, the encapsulation efficiency
remained the same, as shown in Figure 18. That is the reason why batches 6 and 8§, which
used 10 mg of albumin instead of 15, 25 or 50 mg, were preferred and considered the
most suitable ones, with ~ 6 pug drug/mg albumin. With almost the same encapsulation

efficiency, they allowed to reach higher drug loading, since less albumin was used.
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Figure 18: Encapsulation efficiency (%) and amount of drug/albumin
(ng/mg). Data represent average = SD (n=3).

4.2.4 Yield

The yield of the nanoparticle was ~ 65%. After the production, 5 batches were lyophilized
together, generating 162 mg of solid powder (weight of the formulation). Each batch was
composed of 10 mg albumin, 1 mg drug and 40 mg trehalose (weights of each component
of the freeze-dried formulation). Dividing the weight of the final solid formulation by the

summation of the weights of each component, it is possible to find a yield of around 65%.
4.2.5 Morphology

In order to visualise the existence of the nanoparticles in the size range between 100 and
200 nm, SEM imaging was used. SEM pictures (at 45000-fold and 16000-fold
magnification) for CCI-001-loaded HSA nanoparticles and CCI-001-loaded BSA
nanoparticles are illustrated in Figure 19. The nanoparticles resulted to be spherical and
the CCI-001-loaded HSA nanoparticles seemed to be slightly more homogeneous and
uniform than the CCI-001-loaded BSA ones.
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Figure 19: Sem images of A) CCI-001-loaded HSA NPs 45k-fold magnification, B)
CCI-001-loaded HSA NPs 16k-fold magnification, C) CCI-001-loaded BSA NPs 45k-
fold magnification, D) CCI-001-loaded BSA NPs 16k-fold magnification.

4.2.6 Effect of the stirring speed

As stated above, by modulating some of the process parameters, it was possible to tune
the characteristics of the nanoparticles obtained. One of the most significant variables in
the process was the stirring speed. The magnetic stirrer used, Corning PC-353, has a
stirring speed range of 80-1000 rpm. During the process of generation of the nanoparticles
by desolvation, the speed of the magnetic stirrer affected the size of the obtained
nanoparticles. In particular, the size of albumin nanoparticles decreased if the stirring

speed increased, as shown in Figure 20.
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Figure 20: Influence of the stirring speed on the size of the nanoparticles. Data
represent average £ SD (n=3).

As it is possible to observe, from a certain speed on (600 rpm), the size of the albumin
nanoparticles remained almost constant. Therefore, the speed adopted for the optimal
formulations (batch 6 and 8), used for the characterization and cell toxicity studies, was

600 rpm, which allowed to obtain the minimum size of the nanoparticles.
4.2.7 Effect of pH

The pH of the albumin solution was another parameter that affected the characteristics of
the nanoparticles obtained. The desolvation process (and therefore, the modified version
of desolvation process) is usually carried out in a pH range of 7-9, in which the
nanoparticles are stable and have optimal sizes (< 300 nm). To adjust the pH, a 0.1%
NaOH solution was used: the more NaOH was added, the more the pH increased. As
shown in Figure 21, the size of the nanoparticles was reduced at higher pH values. This
may be due to the fact that at increasing pH values, the ionization of the albumin
increased, leading to repulsion of the albumin molecules. On the other hand, deviating
from the pH range chosen, and approaching the pl of albumin (around 4.7 for human
serum albumin), which is the pH at which the overall charge of the protein is zero, due to
the lack of the electrostatic forces, the nanoparticles resulted to be unstable and as a result,
they aggregated. That is the reason why when managing protein-based nanoparticles,

such as albumin nanoparticles, it is vital to avoid neutral particle surface charges.
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Figure 21: Influence of the pH on the size of the nanoparticles. Data
represent average £ SD (n=3).

Since smaller sizes are preferable, the optimal formulations that were tested on the cell

lines were produced at pH 8.5-9.

4.2.8 Effect of the glutaraldehyde

H H

O O

Figure 22: Glutaraldehyde.

The process of desolvation,
frequently used to produce drug-
loaded nanoparticles, such as
albumin nanoparticles, often
requires a crosslinking step,
which is fundamental for the

achievement of stable

nanoparticles, affecting the biodegradability and the release from the carrier system?*’.

Glutaraldehyde (Figure 22) is one of the most commonly and frequently adopted

crosslinking agents, mainly due to the fact that is cheap, easily accessible and has been

investigated for a long time. It is often chosen for its high efficacy in the stabilization of

biomaterials. However, glutaraldehyde has been demonstrated to be toxic to the cells.

That is the most important reason why there has been an increasing need for alternative

and non-toxic crosslinkers that are able, at the same level of glutaraldehyde, to produce

stable and biocompatible products.
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In the study, different concentrations of glutaraldehyde have been tested: 1.175, 0.588
and 0.235 pL of an 8% solution of glutaraldehyde per mg of albumin, which correspond
respectively to 40, 100 and 200% of the necessary amount to react with the 59 amino-
groups of lysine in the HSA molecules, as reported by Langer et al**3. The differences in
the characteristics of the nanoparticles were evaluated. The lowest concentration of
glutaraldehyde was not enough to crosslink the nanoparticles and therefore, the influence
on the size of the nanoparticles was investigated just for the 100 and 200%. From the
experiments performed, the glutaraldehyde concentration resulted not to affect much the
size of the nanoparticles and the encapsulation efficiency, as it is possible to observe in

Table 8, in agreement with the previous results of Rahimnejad et al**.

Table 8: Influence of glutaraldehyde concentration on the particle size. Data represent
average = SD (n=3).
** means statistically different from the other glutaraldehyde concentration (<0.01,
Student #-test).

Glutaraldehyde Particle size (nm) Polydispersity index
concentration (%)

40% - -
100% 144 +3.42 0.016 = 0.056
200% 129 + 2.98** 0.09 +0.021

Langer et al**® demonstrated that glutaraldehyde crosslinking of the protein particles
tends to result in a decrease in the pl of the nanoparticles: they found out that the pl value
of the protein decreased with the increasing concentration of crosslinking, altering the
electrostatic forces and the hydrophobic interactions with other compounds, therefore
possibly modifying also the encapsulation efficiency. For this reason, the encapsulation
efficiency was calculated for the nanoparticles crosslinked with both 100 and 200%
glutaraldehyde (both in the process of desolvation and the modified version of
desolvation), but the results did not show any difference, perhaps due to the nature of the

drug, characterized by high lipophilicity and low affinity for albumin.

95



4.3 In vitro drug release

Albumin nanoparticle formulations, prepared under the experimental conditions
described in the previous chapter, were tested for in vitro release at 37°C. The release
studies performed showed quite a sustained release pattern, over 24-25 hours for both
CCI-001-loaded BSA nanoparticles and CCI-001-loaded HSA nanoparticles, without any
initial burst release. On the other hand, the release of the free drug through the dialysis
membrane was really fast, reaching 100% in less than 4 hours: here all CCI-001 molecules
are free in solution and they diffuse through the dialysis membrane much faster. Although
not particularly prolonged, the release of the drug from the nanoparticles was slower and
more gradual than the one of the free drug. This aspect provides evidence that the
nanoparticle formulation potentially helps to protect the drug from degradation and to
prolong its release. The slower release of CCI-001 from albumin nanoparticles could be
the result of the gradual diffusion from the stable matrix of the nanoparticles (and most
likely not of degradation, since the albumin nanoparticles are crosslinked). The CCI-001
molecules could be partly loaded on the surface of the nanoparticles and partly entrapped
inside the nanoparticles, but most likely, since the release of the drug happens quite fast,
the molecules of the drug are weakly attached to the surface of the nanoparticles,
considering the low affinity between the drug and the protein and the relatively low
encapsulation efficiency. This could be the reason why also the release from the
nanoparticles is not particularly slow and prolonged. Figure 23 shows the plot of the data
expressed as cumulative amounts of “encapsulated” CCI-001, released from the albumin
nanoparticles, and the free CCI-001, released from the ethanolic solution, as function of
time. The release profiles were compared (CCI-001 released from HSA and CCI-001
released from BSA nanoparticles, both compared with free CCI-001) using similarity
factor f> and they resulted to be significantly different from each other (f2=17.88 and f>=
23.7, respectively. In both cases, f>< 50).
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Figure 23: In vitro CCI-001 release profiles. Data represent average + SD (n=3).

4.4 Cell toxicity

The cytotoxicity studies of the free CCI-001, of the CCI-001-loaded HSA nanoparticles
and of the blank HSA nanoparticles (at the same nanoparticles concentrations) were
evaluated using the MTT assay. Generally, the results showed that the loaded
nanoparticles exhibited even greater efficacy (lower ICsos), compared to the positive
control free CCI-001, by killing a higher amount of cells at lower concentrations. This
may be due to the fact that the nanoparticles interact with cancer cells more than the free
drug (since albumin possesses high affinity for the gp60 and SPARC receptors,
overexpressed in cancer cells), or because of the higher solubility of the drug in the
nanoparticles or because of the higher stability conferred to the drug inside the
nanoparticles. However, the most likely reason why the nanoparticles resulted to be more
effective than the free drug could be the presence of glutaraldehyde, that increases the
cytotoxicity of the formulation. In fact, the results of the MTT assay of the blank HSA
nanoparticles showed a reduction in cell viability, providing evidence that the presence
of glutaraldehyde played a role in the cytotoxicity of the nanoparticles. In particular, the
comparison between the activity of the free drug, the loaded nanoparticles and the carrier
has been evaluated at 48 and 72 hours from the treatment (and the obtained ICsos of the
free drug at 48 and 72 hours were in agreement with the ones calculated by Dr

Tuszynski’s group). Table 9 shows the ICsos of CCI-001-loaded HSA nanoparticles and
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free CCI-001, calculated at 48 and 72 hours. In particular, the drug is very effective in

both cancer cell lines, with lower ICsos in SW-620 cell line.

Table 9: ICsos of CCI-001-loaded HSA nanoparticles and free CCI-001, in SW-620 and
HCT-116 cancer cell lines, at 48 and 72 hours. Data represent average = SD (n=3).
* means statistically different from free drug (a<0.05, Student #-test).
** means statistically different from free drug (a<0.01, Student #-test).

ICs50 (nM)
SW-620 HCT-116
Free drug Drug NPs Free drug Drug NPs
48h 2.36 +£0.32 1.077 £0.57* 4.392 +£0.27 1.269 £ 0.21%**

72h 2.058 £ 0.29 0.62 + 0.31** 4.235+0.198 0.927 £ 0.1**

Figure 24 shows the cytotoxicity of the drug-loaded nanoparticles, the carrier alone and
the free drug in the cancer cell lines SW-620 at 48h (A) and at 72h (B), and HCT-116 at
48h (C) and at 72h (D).
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Figure 24: Comparison between the cytotoxicity of CCI-001-loaded
HSA NPs, blank NPs and free CCI-001 in: A) SW-620 48h, B) SW-
620 72h, C) HCT-116 48h, D) HCT-116 72h. Data represent average +
SD (n=3).

* means statistically different from free drug (¢<0.05, Student #-test).
** means statistically different from free drug (¢<0.01, Student #-test).
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At all the incubation times, the drug-loaded nanoparticles resulted to be more cytotoxic
than the free drug. In particular, it is important to observe how at both 48h and 72h, the
ICso of the drug-loaded nanoparticles was lower than the one of the free drug, providing
evidence that the nanoparticle formulation started to be cytotoxic earlier, at lower
concentrations. The carrier alone showed a certain cytotoxicity, which was mainly time
and concentration-dependent, since it showed higher cytotoxicity at 72h, compared to
48h, and at higher nanoparticles concentrations (which means also higher amount of
glutaraldehyde). The positive aspect is that at the 1Cso, which is the most important
concentration to consider, the carrier did not show high toxicities. From the results
obtained, it seems that from the ICso on, at the higher concentrations, the cell lines did not
show a dose-response, since the cell viability remained constant. Figure 25 shows the
trend of the cell viability for the CCI-001-HSA nanoparticles in SW-620 and HCT-116
cancer cell lines. As it is possible to observe, the efficacy of the formulation was time-
dependent: at 72h, the nanoparticles exhibited more cytotoxicity than at 48h, as it was

expected.
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Figure 25: Comparison of the drug-loaded NPs effects at 48 and 72h in: A)
SW-620, B) HCT-116. Data represent average = SD (n=3).
* means statistically different from 72h (0<0.05, Student #-test).
** means statistically different from 72h (0<0.01, Student #-test).
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5 Conclusions

Cancer is one of the leading causes of death worldwide and new smart and effective
treatments are needed in order to reduce the mortality. Therefore, many drug development
studies and drug delivery studies are being performed. In fact, the outcome of a treatment
not only depends on the active ingredient chosen and used, but also on the particular
delivery system adopted to transport the compound inside the body. That is the reason
why nowadays there is an urgent need to find new carriers for the delivery of anti-cancer
agents. Over the past three decades, different complex formulations have been produced.
However, only ten nanoparticles-based preparations have been FDA approved and of the
formulations that reached phase III clinical trials, only 14% have been successful at

demonstrating efficacy?>°

. Nanoparticles have been beneficial and have been proven to
be very effective at delivering chemotherapeutics. Furthermore, nanomedicine has
improved patient tolerance by reducing systemic toxicity. In this research project,
albumin has been chosen as a possible carrier for the very lipophilic compound, CCI-001,
a colchicine derivative. Its capability to bind even the least water soluble compounds, its
biocompatibility, biodegradability, non-toxicity and wide availability make the protein a

very appealing carrier in drug delivery.

After various trials and different techniques adopted, the results of the present study
demonstrated that a modified version of the already known desolvation method, based on
an incubation process, allowed to produce stable CCI-001-loaded albumin nanoparticles,
characterized by an average diameter of ~ 130 nm, with a narrow size distribution, and a
negative charge, with a zeta potential of ~ -30 mV. The nanoparticles exhibited a
spherical, uniform and homogeneous morphology. The features of the nanoparticles
obtained could be modulated by modifying some of the process parameters. The smallest
and most uniform nanoparticles were produced by using ethanol as desolvating agent,
glutaraldehyde as crosslinking agent, stirring speed of around 600 rpm, and adjusting the
pH by adding 50 pL. NaOH for human serum albumin and 25 uL. NaOH for bovine serum
albumin. The incubation overnight at 37°C allowed to achieve, even though in low
amount, the entrapment of the drug inside the protein nanoparticles (some of the drug
might be encapsulated in the protein matrix, but the majority was most likely weakly
attached to the surface of the protein). In particular, the ratio ethanol/water used for the

drug solution played a vital role in the achievement of the formulation: the optimal ratio,
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1:4, allowed to obtain a clear drug solution, essential requirement for the incubation
overnight with the already crosslinked albumin nanoparticles, and prevented the
formation of precipitates. Loaded human serum albumin and loaded bovine serum
albumin nanoparticles showed almost the same characteristics, with the only differences
that the former ones were slightly bigger than the latter ones and they showed a higher
homogeneity in size. In both cases, the drug-loaded nanoparticles exhibited a bigger size
and a more negative zeta potential than the relative blank nanoparticles (without drug),
which probably was a sign of the successful attachment or encapsulation of the drug. For
evaluating the interaction and affinity between the protein and the drug, two parameters
were calculated: the entrapment efficiency and the drug loading. In the first case, the
amount of encapsulated drug was compared to the amount of originally supplied drug,
whereas the second parameter, even more significant, was obtained by comparing the
amount of encapsulated drug to the amount of carrier (albumin) used in the formulation.
The best formulations showed an encapsulation efficiency of ~ 6%, and the maximum
drug loading, ~ 6 ng drug per mg albumin (which was still good due to the extremely high
potency and cytotoxicity of CCI-001, characterized by a very low ICso, in the range of
nM), was obtained using a drug/albumin ratio of 1:10. The nanoparticles in vitro release
studies of CCI-001 from albumin nanoparticles showed a sustained release pattern over
24-25 hours without any initial burst release. On the other hand, the free drug was released
faster, reaching a 100% release in around 4 hours. Although it was not a very slow and
prolonged release profile, the loaded albumin nanoparticles had the ability to control the
release of CCI-001 in physiological conditions. Furthermore, in theory, the carrier chosen
should reduce the off-target distribution and improve drastically the selectivity of the anti-
cancer drug, due to the potential ability of albumin to specifically target the tumours
through both passive targeting, and mainly active targeting (recognition by gp60 receptor
and SPARC pathways), without the need of external ligands, which is one of the key
strengths of albumin as a carrier. Although improved and prolonged, even the release
from albumin nanoparticles was not very slow, compared to other formulations in the
market. This is most likely due to the fact that the compound and the carrier do not interact
strongly with each other, and the majority of CCI-001 is weakly attached to the surface
of the nanoparticles, instead of being all encapsulated inside the albumin matrix and being
gradually released through diffusion. Lyophilized loaded nanoparticles were obtained by
freeze-drying in presence of the cryoprotectant trehalose and they showed the same

characteristics (size and zeta potential) and release profiles of the fresh nanoparticles. In
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particular, the presence of a cryoprotectant resulted to be fundamental for the achievement
of stable solid powder: without trehalose, the nanoparticles aggregated and showed no
stability. A cytotoxicity study on colorectal cancer cells (SW-620 and HCT-116) was
performed to evaluate the efficiency and the activity of the encapsulated drug, compared
to the free drug. Furthermore, it was important to evaluate the effects of blank
nanoparticles on the cancer cells, to see if the carrier used in the formulations exerted
toxic effects on biological systems (mainly to investigate the influence of glutaraldehyde).
The CCI-001-loaded HSA nanoparticles exhibited cytotoxicity on all the cancer cell lines,
with I1Cso values which were even lower than the ones of the free drug: this fact provided
evidence of the efficacy of the formulation, since the nanoparticles maintained the
efficacy of the free compound. Since their ICso was lower, they exhibited even greater
activity than the free CCI-001, which could be partly due to improved selectivity of the
formulation and higher uptake by the cells, but most likely to the additive effect of the
crosslinking agent, glutaraldehyde, which has been previously shown to exert some

toxicities on the cells®*.
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6 Limitations and future directions

In this study, the crosslinking agent chosen and adopted for the formulation of the
crosslinked drug-loaded albumin nanoparticles was glutaraldehyde, one of the most
effective and commonly used crosslinkers. As the cell toxicity studies showed,
unfortunately the carrier of the nanoparticles resulted to be slightly cytotoxic, in a time
and concentration-dependent manner. The contribution of glutaraldehyde could be the
main reason why the nanoparticles showed a lower ICso and an even greater efficacy,
compared to the free drug, in an additive, and not synergistic, way. The results obtained
in the cell toxicity studies of the carrier are in agreement with the observation of Niknejad

et al®¥’

, who demonstrated that cells treated with nanoparticles crosslinked with
glutaraldehyde exhibited a cell viability of 40.04% =+ 6.6. In the same way, they found out
that crosslinking with UV and glucose, separately, produced even higher toxicity,
determining a cell viability of 16.48% + 3.87% and 14.29% + 3.60%, respectively. On
the other hand, crosslinking with the combination of UV and glucose was much less
harmful to the cells, causing a cell viability of 76.59% + 7.67%. Various papers indicate
the toxic effects of glutaraldehyde, including skin sensitivity resulting in dermatitis and
irritation of the eyes and nose®®'. In particular, a study conducted in North Carolina®>? in
the human TK6 lymphoblast cell line and in primary cultures of rat hepatocytes
demonstrated that the cause of glutaraldehyde’s toxicity lies in the fact that the compound
is able to induce DNA-protein crosslinking in a concentration-dependent manner,
inducing mutations®>?, and even extremely low concentrations of glutaraldehyde were
capable of inducing significant DNA-protein crosslinking. This provides further evidence
of glutaraldehyde’s ability to react rapidly and irreversibly with proteins. Furthermore,
glutaraldehyde was used in a two-component surgical adhesive with albumin (BioGlue)
and, although it provided strong adherence to tissues and synthetic materials, its release

233 which included edema, inflammation and

could cause in vitro and in vivo side effects
toxic necrosis. The remaining of toxic aldehyde residues in the nanoparticles are the
problem of using glutaraldehyde as a crosslinker. For these reasons, a possible future
direction would be to try and replace the glutaraldehyde with more biocompatible
alternatives, such as the combination of UV + glucose, which exhibited lower cellular
toxicity, even though each one alone was toxic for the cells, or natural alternatives, such
as citric acid, ascorbic acid, tannic acid and sorbitol, which have demonstrated to possess

254

the same crosslinking effects=™, or genipin, which is a naturally obtained substance, that
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offers excellent crosslinking ability in biological tissues and biopolymers through
covalent coupling. It is safer and degrades slower than glutaraldehyde®®. Genipin has
been used as a crosslinking agent in a Chinese study, conducted in 2018, in which
researchers developed human serum albumin fragments (HSAFs) nanoparticles to carry
paclitaxel'®°. Another possibility, already adopted by Chinese researchers in 2016, would
be to use a Schiff base- containing vanillin as a crosslinking agent?*°. Schiff base has been
demonstrated to have therapeutic potential, including antibacterial, anticancer and
antiproliferative activities. Vanillin, a water-soluble aromatic compound, has been proven
to be nontoxic and generally safe. The crosslinking, as in the case of glutaraldehyde,
involves the chemical reaction between the amino groups of albumin and the aldehyde
groups of vanillin, generating imine groups. Furthermore, hydrogen bonds can be formed
between the hydroxyl groups of vanillin and albumin. Another alternative would be to
use glyoxal, a recently discovered crosslinking agent belonging to the same family of
glutaraldehyde, but which has shown to be much less toxic and to have less influence on

cell viability>’.

In this study, we were not able to obtain a very high encapsulation efficiency, regardless
of the technique and method adopted. This was probably due to the extremely high
lipophilicity of the compound, which did not show high attraction to and interaction with
the protein carrier, as opposed to what happens with other lipophilic agents, such as
colchicine. The interaction between colchicine and human serum albumin was
investigated by fluorescence and UV-Vis spectroscopy. The results exhibited the
formation of colchicine-HSA complexes, where Van der Waals interactions and hydrogen
bonds played a vital role in the stability of the complex>*®. In particular, the binding site
for colchicine on human serum albumin is located in sub-domain IIA (Trp*'4). For this
reason, being a derivative of colchicine, it was thought that albumin could be a smart and
efficient delivery system for CCI-001. However, CCI-001 exhibits a solubility in water
at pH 7.4 of 0.007 mg/mL, very low compared to the 7 mg/mL of colchicine and that
could be one of the reasons why it interacts much less with the carrier. For these reasons,
although the results of this study indicate the potential use of these NPs as drug carriers
in biological systems, the formulation should be further investigated and modified, to
improve its characteristics and provide higher loaded drug levels for a more efficient
delivery to tumours and further animal or human studies. A possibility could be to replace

the lipophilic drug with a more hydrophilic version, such as the ammine derivative of the
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drug. An increased hydrophilicity would probably allow a higher encapsulation capacity

and interaction with the cargo.

Another possible future direction in this study could be to perform a cellular uptake study,
in order to investigate the capability of the protein carrier to be internalized by the cells.
As stated above, albumin has been extensively proven to be recognized and internalized
by its receptor gp60 and by the SPARC pathway. For this reason, the formulation should
be able to improve the selectivity and the specificity of the drug, reducing the off-target
side effects, letting the compound enter directly the target site. In this study, due to the
lack of time, no uptake study was performed. The results of the cytotoxicity assays
showed that the 1Cso of the drug-loaded nanoparticles are even lower than the one of the
free drug and that could be due to the contribution of glutaraldehyde, which exert
cytotoxicity on the cells, but also due to the augmented uptake of the formulation by the
cells, compared to the free drug. That is the reason why conducting some cellular uptake
studies would be very useful to investigate better the reasons for the improved efficacy
of the formulation and the advantages of the nanoparticle formulation over the free
compound. Furthermore, it would provide a clear idea of the period of time required to

the cells for the internalization of the drug-loaded albumin nanoparticles.

Another future direction to investigate would be the possibility of a chemical conjugation
between the drug and the protein carrier, which would allow to overcome the obstacles
of the low encapsulation efficiency and the hydrophobic interactions. Therefore, instead
of analysing a physical interaction between albumin and the drug, it would be smart to
analyse further a chemical attachment of the drug to the protein. Albumin, as already
stated, possesses numerous functional groups that can be used to attach various
compounds. The chemical conjugation can happen by covalent linking of the cargo
directly or via linker. Albumin has cysteine residues that can attach to a maleimide group.
If a linker is used, it is possible to connect a drug to a linker with a maleimide group and
attach it to the Cys-34 residue of albumin, allowing the covalent attachment of protein
and the payload. For this reason, the ammine derivative of CCI-001, conjugated with a
linker that may interact and bind covalently to albumin, could be useful. An important
aspect to keep in mind is that a chemical conjugation of the drug would involve a much

more stable attachment with the carrier, which would certainly alter the release profile
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and the pharmacokinetics parameters, compared with a physical interaction, based on

hydrophobic forces between the compound and the carrier.
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