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1 Introduzione

Nanomedicine is the application of Nanotechnologies to the design of nano-
dimensioned drug carriers for treatment, diagnosis, and imaging of pathologies. Paul



Ehrlich introduced the concept of Nanomedicine: in 1910, when he was the first to
hypothesize that it was possible to produce selective with a specific high chemical
affinity towards a certain target and minimized side effects on the other organs. He
called them magic bullets[1]. In 1959 Richard Feynman first spoke of the potential of
Nanotechnology, by envisioning the possibility to manipulate the matter at the
nanoscale, with his seminal talk there’s plenty of room at the bottom.[2]

Since then, many advancements in Nanotechnology and Nanomedicine have been
achieved, although only a few nano-formulations have been approved for clinical
applications0. For instance, in 1995 Doxil, the first nanodrug, was commercialized in
US. Doxil is a liposomal formulation of doxorubicin and received approval for the
treatment of Kaposi’s sarcoma[4]. In 2005 Abraxane, an Albumin-bound paclitaxel
nanoparticle was approved by FDA for the treatment of Metastatic breast cancer, in
2009 MEPACT, a Liposomal mifamurtide formulation was approved by the EMA for
the treatment of treatment for osteosarcoma[3].

The low number of approved nano-formulations highlights the need for better tools to
test and validate nanomedicines before they progress to clinical trials. Such tools
should consider and reproduce the many biological barriers in the human body, that
may be responsible for the clinical failure of nanomedicines, such as the immune
system, the interstitial fluid pressure in tumors, and the vascular barrier, to name a few
[5]. In addition, it is of paramount importance to adopt the correct selection of
nanoparticles design methods and materials, to maximize drug encapsulation, reduce
side effects and enhance the therapeutic efficacy of the nano formulations[6]

1.1 Nanomedicine in cancer treatment: general concepts

As mentioned above, cancer nanotherapeutics are being implemented in medicine to
solve the limitations of conventional Drug Delivery systems such as: nonspecific
biodistribution, scarce targeting, poor oral bioavailability, and low therapeutic
index[7]. The main advantage of nanoparticles in cancer treatment is the possibility to
target specifically tumour cells and to protect drugs from biodegradation or excretion
before reaching the target[8]. Generally speaking, nanoparticles can target tumors
though two main strategies: passive and active targeting[9].

1.1.1 Passive targeting

Passive targeting is based on the small size of nanoparticles[10] and was first reported
by Maeda and co-workers[11]. They showed enhanced accumulation of long-
circulating macromolecules in tumors, by extravasation through their more fenestrated
and disorganized vessels. Indeed, due to the fast development and aggressive
angiogenesis, the blood vessels irrorating certain tumors are more permeable with
thinner and fenestrated walls. Moreover, tumors lack an efficient lymphatic drainage,
which causes retention of substances[12]. Thus, nanoparticles of appropriate size can
passively leak through the defective vascular endothelium of tumors and remain
trapped. This feature of tumors was named the Enhanced Permeability and Retention
effect (EPR), as shown in Figure 1[13]
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Figure 1:Enhanced permeability and retention effect[13]

1.1.2  Active targeting

Active targeting exploits a specific recognition of cancer cells by NP through receptor-
ligand recognition[13]. Active targeting requires a close interaction between
nanoparticles and the target cells, thus it is fundamental that the carriers are brought in
the vicinity of the tumor, for example though passive targeting[14]. In addition, active
targeting requires the surface-modification of nanoparticles with specific ligands able
to interact with the target cancer cells.

Several cancer cells exhibit receptor over-expression compared to their normal
counterparts, allowing their specific targeting[15]. By modifying the surface of
nanoparticles with target-specific ligands, we can increase the specificity of tumor
targeting by reducing the nonspecific release of the drug toward normal cells, and
therefore, its side effects[16]. Active targeting strategies are limited by the
heterogeneity of the tumor microenvironment, in which tumor cells may exhibit
different level and type of mutations[17]. Thus, a too high specificity may only act on
one part of the complex micro-environment of the tumour, leaving room for the other
actors involved[18]. In Figure 2 is showed a schematization of Active Targeting
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Figure 2:Active targeting()

1.1.3  Stimuli-mediated tumor targeting

In addition to the traditional concepts of active and passive targeting, nanoparticles can
also be directed to the tumor by the application of an external stimulus or by exploiting
tumor-specific stimuli, such as pH variations[19]. Nanoparticles that are designed to
respond to specific stimuli, are also called smart nanomedicines[20].

This is also one of the most difficult and complex way to engineer a nanoparticle. The
theoretical advantage of using a stimuli-responsive system is to release the drug only
when needed and requested, thus minimizing systemic exposure to the compound[21].

1.2 Classification of nanoformulations

Typically, nanoformulations (nanoparticles) possess at least a characteristic size in the
range between 1 and 400 nm. At the nanoscale, two primary factors influence the
properties of materials:

+ surface effects, due to highest surface/volume ratio, which results in properties
scaling due to the higher fraction of atoms on the surface.

* quantum effects, due to quantum confinement materials with delocalized
electrons.

These factors affect the chemical reactivity of materials, as well as their mechanical,
optical, electric, and magnetic properties[22]. The small size of nanoparticles is
especially advantageous in medicine because nanoparticles can not only circulate
widely throughout the body but also enter cells or be designed to bind to specific cells.

Nanoparticles for drug delivery can be further classified according to their size, shape,
and composition[3]. A general classification divides nanoparticles into:



e Massive nanoparticles: these are polymeric or inorganic nanocarriers in which
the drug is finely dispersed into a dense matrix.[22]0[23]

e Nanocapsules: Typically, polymer or lipid-based hollow structures, in which
a shell made of the selected material hosts the dug inside an inner cavity. In
some instance (e.g., in the case of nano capsules made of lipid bilayers) the
drug can also be dispersed in the shell.[24] [25]

e Nanocomplexes: which exploit electrostatic interactions, between the particle
material (typically a polymer containing charged functional groups) and the
drug of opposite charge. The most typical example is the encapsulation of
nucleic acids, such as RNAs or DNA, into positively charged polymers, such
as chitosan. [26]

Depending on the material they are composed of nanoparticles can also be divided into:

Lipid based nanocarriers. Depending on the choice of lipids, these can be liposomes, with
at least one phospholipid bilayer that forms a hollow sphere or can be also massive solid
lipid nanoparticle[25]. One example of these carriers is Doxil, a PEGylated liposomal
doxorubicin formulation, that increased the therapeutic index of Doxorubicin by reducing
its non-specific uptake, resulting in extended circulation time and higher tumour uptake[4].

Inorganic nanoparticles: for example, iron oxide or gold nanoparticles; silicon oxide
nanoparticles, or quantum dots[27], mostly used for imaging and diagnosis rather than for
drug delivery. For instance, iron oxide nanoparticles are used as MRI contrast agents[28].
Iron oxide and gold nanoparticles, if irradiated, can generate heat and are therefore exploited
for hyperthermal tumor treatment[29]. Silica nanoparticles have been exploited for drug
delivery, by entrapping drugs into their controlled nanoporous structures[30].

Polymer based nanocarriers: these are typically massive nanoparticles, with properties
dependent on the material[31]. One example of polymer carrier is NAB-Paclitaxel, a particle
obtained with the NAB (nanoparticle albumin bound) method, where the drug is bound to
albumin, creating a protein-drug conjugate which self assembles into a nanoparticle0, the
drug is a microtubule stabilizer, that inhibits mitosis in cancer cells that undergo apoptotic-
like cell death[33]. Depending on the polymer used and on its affinity toward the drug to be
encapsulated, nanoparticles can encapsulate both, hydrophobic and hydrophilic, drugs.
Typically, polymer nanoparticles are biocompatible and biodegradable, and their surface
can be easily modified with functional group useful for further targeting[34]. Typical
biopolymers used for nanoparticles preparation may be of synthetic or natural origin [35].
Synthetic biopolymers have attracted attention because of their stability, flexibility, low
immunogenicity, and biodegradability. Table 1 summarizes the most used class of
biopolymers used for the design of polymer nanoparticles.



Polymer class Advantages Disadvantages

not soluble in water, need organic

Polyesters Slow degradation for a[36] more controlled release (usually toxic) solvents [37], limited to
hydrophobic drugs.
Polyethers Soluble in water. Some, such as PEG show Fast degradation by oxidation,
antifouling and long-circulation uncontrolled release0.
properties[38][39].

Natural polymers, such as chitosan or alginate, Limited to water soluble drugs, pH

Polyelectrolites suitable for proteins and sensitive biomolecules, o . sensitivity, A
no need of surfactants[41]. limited choice of polymers, aggregation

phenomena possible[42].

Tunable properties depending on the
building blocks,
suitable for both hydrophobic and bydrophilic
drugs.[43]

Polyurethanes Toxic solvent used in syntesis[44]

Table 1:Main polymer-based nanoparticles summary

1.3 Preparation techniques for polymer nanoparticles

Depending on the polymer selection, different preparation techniques can be selected,
as described below.
1.3.1 Emulsion-based methods

Emulsions are formed using two immiscible phases and mechanical mixing in presence
of surfactants, which contribute to the formation of droplets of one phase incorporating
the other (typically, the phase present in larger quantity[45]). The surfactants are
amphophilic molecules that stabilize the droplets and localize at the interface between
the two phases. Emulsions can be classified as oil in water (o/w) when the water
predominates or water in oil(w/o0) if vice versa, considering oil an organic solvent
immiscible in water. The most used solvent are dichloromethane, tetrahydrofuran, and
ethyl acetate, with the latter showing a low toxicity profile[46]. The most widely used
polymers with this method are degradable polyesters, such as PCL, PLA, and PLGA.
Typically, solvent evaporation requires an increase of temperature and/or pressure,
which may destabilize the particles or damage the encapsulated drug. Once the solvent
is evaporated, the nanoparticles and the drugs tend to solidify, being not soluble in
water, and the residues of solvent and surfactant are removed by repeated
centrifugation. This method is quite easy to scale-up, with NP size regulated by
concentration of the surfactant and by the intensity of mixing. The main difficulties
rely in the removal of residual surfactant, toxicity of the solvents, and incompatibility
with the water-soluble drugs.

To encapsulate water soluble drugs, double emulsions can be used, such as the water
in oil in water (w/o/w) emulsion[47]. Here, the primary emulsion is water in oil, where
the water solution contains the drug and the oil phase contains the solution of polymer
in the organic solvent, the water phase is dispersed in the oil phase, forming droplets
entrapping the hydrophilic drug. This primary emulsion is then added to the secondary
water solution, containing the surfactant to form a secondary emulsion. In this way, the
solvent, which is not water-soluble, forms droplets containing the previous droplets of
water/solvent/drug. Figure 3 shows an example of both the type of Double emulsions.
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Figure 3:Double emulsion

1.3.2  Solvent displacement method (Nanoprecipitation)

This method uses two phases, as shown in figure 4: the solvent phase, miscible with
water (e.g., acetone or acetonitrile) and a non-solvent (water). The polymer and the
drug are soluble in the solvent but not in water[48]. The polymer is dissolved in the
organic solvent and added dropwise to a solution of water containing the surfactant,
under mechanical stirring. In this way, nanoparticles are rapidly formed for the fast
diffusion (displacement) of the solvent from the polymeric core of the particles towards
the aqueous phase, followed by collection and washing of nanoparticles by repeated
centrifugation steps. The NPs obtained by this method are monodispersed and
relatively tiny (200 nm). Moreover, the method uses non-toxic solvents and easily
removable surfactants, but is only indicated for hydrophobic drugs and is hard to scale-

up.

L —— - ey,
> &

o R
solvent | m————

.| evaporation | /;-m—m

Aqueous solution:
water + surfactant (optional)

Figure 4:Schetatic illustration of the Nanoprecipitation method

1.3.3  Salting out method

This method (Figure 5) uses two solvents (one of which is water), which are miscible
under specific conditions. The water phase contains an electrolyte, the salting-out agent
(usually CaCl2 or MgCl2) that reduces the miscibility with the solvent. The organic
solvent contains the polymer and the drug, making only hydrophobic drug suitable for



the method. The organic solvent is added in water containing the salting out agent and
emulsified. Once the emulsion is formed, water is added to the system altering the
concentration of the electrolyte and restoring the possibility for the solvent to diffuse
in water. The main advantage is to limit the action of pressure and temperature to
evaporate the solvent as in traditional emulsion-based methods[49].

Agueous phase Organic phase
surfactant and electralyte Solvent and polymer

“'"H-_,_q_ Emulsification

S &

O/W emulsion

Figure 5:illustration scheme of salting out method
1.3.4 Tonic crosslinking method

This method relies on mild agitation to form particles in water stabilized by a
crosslinking agent and exploits polymers with charged groups, such as chitosan or
alginate, and a cross-linking agent of opposite charge (Figure 6). The method requires
only water as a solvent and is thus suitable only for hydrophilic drugs and water-soluble
polymers. Surfactants are not needed and the bioactivity of the molecules to be
encapsulates is well preserved. The nanoparticles assume a gel-like state with a pseudo
spherical shape.
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Figure 6: lonic crosslinking method

1.4  Physical and Chemical characterization of nanoparticles

The main features of nanoparticles are structure, composition, size, surface properties,
charge, and stability[50]. Typically, the size distribution of nanoparticles is determined
by measuring their hydrodynamic size and polidispersity index (PDI), which is a measure
of the heterogeneity of particles’ size distribution.

The surface charge of the nanoparticles is another important parameter to determine and
is typically evaluated through {-potential measurements. The { potential allows to predict
the aggregation behaviour of nanoparticles in suspension. Typically, values ranging from
0 to £5 indicate rapid coagulation o flocculation, values from £10 to +40 indicate
incipient to modest stability, while values from = 40 to + 60 indicate good stability[51].

2 Microtubules

Microtubules are an ubiquitous cytoskeletal structure that are formed by the self
assembly of the tubulin heterodimer. Microtubules are involved in diverse functions
like cell motility, form and morphogenesis, intracellular vesicle transport, chromosome
segregation during mitosis, and due to this ubiquity are an auspicious target for many
novel treatment. Numerous ligands binds to tubulin, affecting its assembling properties,
and among them several drugs have proven to have anticancer properties. Microtubules
are assembled into rigid hollow rods with internal diameter of 12 nm and external
diameter of 25 nm that can achieve 50 ug of length, composed of a set of 13 parallel
protofilament of tubulin heterodimer. These dynamic structures that can undergo
unstopped assembly and dissasembly within cell. [56] Tubulin is a dimer consisting of
two 55 kDa
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B-tubulin a-tubulin

Figure 7:Structure of microtubules

polypeptides called @ and B tubulin, homologous dimers with about 40% identical
sequence, each monomer composed by a core of two -sheets surrounded by a helix. A
third type of tubulin, y-tubulin, found in the centrosome, has a fundamental role in
initiating the microtubule assembly. Microtubules have univocal dimers orientation that
gives them polarity: a faces are the slow growing minus end, f ones the fast growing
plus end involved in the microtubule assembly. Polarity, in a similar way of actin
filaments, is important in order to determine the direction of movement along
microtubules. Each monomer

(B) ; .
B-tubulin a-tubulin

Figure 2: structure of a tubulin dimer with GTP bound to a-tubulin and GDP bound to
B-tubulin [56]

has 3 functional domains: amino-terminal domain, nucleotide binding region, made by
six parallel S-strands alternating with 6 loops, with another helix completing the binding
site. 3 ulterior helices and fS-strand form a taxol binding domain. Two anti-parallel
helices represent the carboxy-terminal domain,the protein binding site. The y-tubulin
forms a ring structure that contain from 10 to 13 y-tubulin localized in the
centrosome,serves to initiate microtubule assembly starting from the minus ends.
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2.1 MECHANISM OF POLYMERIZATION

Both a and f-tubulin bind to GTP,in order to regulate polymerization, with the GTP
bound to S-tubulin hydrolyzed to GDP during or shortly after polymerization. The GTP
hydrolysis weakens the tubulin affinity to bind to the adjacent molecule of tubulin,
hence favoring depolymerization at the minus end. There are two main mechanism of
polymerization of the microtubules:

Figure 8:Microtubule polymerization and depolymerization mechanism [56]

* Treadmilling: A dynamic behavior of microtubules in which occurs the loss of
subunits with GDP bound lost from the minus end of the filament balanced by
their addition to the other end, binding to GTP-containing tubulin;

* Dinamic instability: A mechanism powered by bonding of to GTP at the
microtubule plus end in the elongation phase, whereas B-tubulin bound to GDP
by hydrolysis stops assembling (MT loss of the cap), lowering the affinity of
tubulin with nearby molecules, alternating in this way cycles of growth and
shrinkage.

2.2 Dinamic instability

Microtubules grow by binding of GTP-tubulin subunits. After they are incorporated into
the microtubule, S-subunits are hydrolyzed to GDP-tubulin, weakening the binding
affinity of tubulin with the nearby molecules. GDPtubulin is most stable in a curved
state. Once microtubule shrinkage begins, by loss of the GTP-tubulin cap at the end, the
GDP-tubulin is free to spread out and the microtubule rapidly shrinks. Dynamic
instability plays an essential role in mitosis, through the formation of the mitotic spindle,
so the Mt are used as therapeutic targets to prevent cellular division, that is one of the
key function to treat tumours.

Growth or shortening phase is according to GTP-Bound Tubulin molecular ratio, so
if addition rate prevales over hydrolysis MT is in growth phase and viceversa. [57] The
prevalence of growing or shortening of the MT divide the dynamic instability in 4 sub-
phases:

* Growing phase
+ Shortening Phase
+ Catastrophic phase: transition from growth to shortening or pause phase

* Rescue phase: transition from shortening to growth or pause phase

13



Microtubules do not function alone; they interact with an array of microtubule-
associated proteins (MAPs) that influence their assembly and dynamics. Microtubules
features and functions are determined by the tubulin code , a combination of tubulin
isotypes and post-translational modifications of tubulin (PTMs). Both a- and S-tubulin
can be modified by phosphorylation, acetylation, palmitoylation, removal and subsequent
addition of carboxy-terminal tyrosines, and addition of multiple glutamines or glycines.
Different isotypes in microtubules can have two main functions: first, it could affect the
primary structure of tubulin dimers and therefore physical properties, dynamic instability
of MT and its interaction with the MAPs.

3 Tubulin Binding Agents

Tubulin-binding drugs can be classified according to the site on tubulin where they bind
to or according to the mechanism through which they inhibit polymerization of MT.
Most of these agents target the taxane-binding site, which are stabilizer. These include
the taxanes, the epothilones, discodermolide, eleutherobin and launilamide. The other
two sites currently targeted therapeutically are destabilizer,vice versa, bind to tubulin
leading to a curved conformation of tubulin from a straight one,accounted for the loss
of lateral contacts between protofilaments, characteristic of rings or depolymerizing
microtubules: the Vinca binding site, by agents including the cryptophycin analogues,
dolastatins, maytansinoid immunoconjugates, viniflunine and halichondrin B
analogues, and the colchicine-binding site, by agents such as Colchicine Combretastatin
A4 and its analogues. Drugs that bind to the colchicine domain have been reported to
show promising as vascular-targeting agents even if for some agents, the precise binding
site has not been fully characterised. Finally, the microtubule can also be targeted by a
number of novel agents that do not directly target tubulin,such as therapeutics targeting
the microtubule-associated proteins (MAP) and the immunoconjugates. [58]

3.1  Tubulin Binding Agents as antivascular strategies against
cancer

One of the many TBA strategies against cancer are the anti vascular strategies, cause
the vasculature is easily accessible to blood-borne therapeutic agents, and tumour cells
die rapidly unless they are supplied by oxygen and nutrient by the blood. Two main
antivascular strategies were developed for cancer treatment, by using the angiogenic
inhibitors,inhibiting the formation of new blood vessels (Als)by targeting the pro-
angiogenic signaling pathways and the ligandreceptor systems or the vascular
disrupting agents (VDAs), that target and rapidly shut down the existing tumour
vasculature, impairing the endothelial cytoskeleton morphology and vascular
permeability. VDAs: Vascular disrupting agents Small molecule VDAs include
flavonoids and tubulin-binding agents (TBAs). Flavonoids cause actin cytoskeleton
derangements in endothelial cells, stimulating cell death. TBAs bind to different sites
of tubulin and they operate

14
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Figure 9: Microtubule binding sites overview

as microtubule-stabilizing or destabilizing agents. TBAs have shown higher efficacy
than flavonoids. They were originally used as antimitotics in cancer, but they are
endowed also with antivascular activity. Most of them are CA-4 derivatives,that
resemble colchicine and bind to the colchicine binding site and they were tested both as
single agents and in combination with chemotherapeutic drugs. The obtained results are
promising, but single treatments led to insufficient clinical benefits.The more effective
approaches are based on combination treatments, focused on the inhibition of both
tumor mass and its vasculature. The use of multiple pharmacological strategies may
overcome the resistance mechanisms induced by the tumor microenvironment.
Combination therapy results in the better strategy to eradicate the entire tumor, but the
adequate dosing and scheduling need to be further investigated [59].

3.2 Mechanism of resistance

Cancer cells possess different mechanisms of resistance to TBAs, there are two main
types of resistance that cells have against anticancer drugs: the intrinsic one, is the
resistance before the cancer cells get exposure to anticancer compound, and it may be
cause by several factor as tumour microenviroement and/or genetic mutation. The
acquired resistance is generated by high exposure to cytotoxic drugs. most investigated
mechanism of resistance with clinical significance are :

+ activation of transmembrane proteins effluxing the chemical compounds in and
out of the cells (ABC transporters)

* activation of the enzymes of glutathion detoxification system;
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+ alteration of the genes and the proteins involved into the modulation of apoptosis

+ mutation and overexpression of specific tubulin isotypes

3.3  ATP Binding Cassette

Some cancer cells don’t respond properly to microtubule-binding agents(MBA), often
due to the fact that several of the pathways previously analised, can lead to multidrug
resistance (MDR), in which cell are resistant to several drugs in addition to the initial
compound, MDR cells also diplay usually other properties, such as genome instability
and loss of checkpoint control, that complicates therapy, ABC genes play an importasnt
role in MDR[60]. The ATP binding cassette (ABC) modulates the flux of substances
and represents the main mechanism of resistance, and use the energy produced by the
hydrolysis. ABCs are transmbembrane regulatory proteins, whom overexpression,
associated to gene amplification, apigenetic and transcriptional changes, can lead to
multi drug resistance in cancer(MDR)[61], in which cancer cells transport different
anticancer compounds, catalyzing the ATP-dependent transport across cellular
membrane aspecifically for the most in people with defected ABC genes[62]. ABC are
composed by two domains, the Nucleotide Binding Domain (NBD) and the Trans
Membrane Domain (TMD). The TMD spans the membrane, producing channels
determining the properties of the transported substrates. One of the most famous ABC
transporters is the 170 kDa P-glycoprotein ( P-gp) belonging to the ABCB family, that
is proven to interact with more than 200 compounds. It possess a large flexible drug-
binding pocket characterized by low specificity, that can be exploited to develop
inhibitors and modulator, blocking its transport function[63]. The P-gp can be inhibited
in three ways: first, by blocking the drug binding site, secondly by interfering with ATP
hydrolysis and the third by altering cell membrane lipids and their integrity[64].

3.4  Glutathione detoxification system modfiicare la scrittura

Another mechanism involved in multi-drug resistance (MDR) is constituted by
glutathione and its associated enzymes like glutathione S-transferases (GST) that have
been widely investigated and seems to be linked to the existence of a MDR in cancer
cells[65],it recognizes various chemical compounds and mediates their transports in and
out of the cells,having the fundamental role to protect the cells: GSH is the most
abundant antioxidant found in living organisms. When GSH binds to a compound, it
has the capability to make that compound less toxic and more hydrophilic, which imply
that it makes more easy to be cleared from the body. Metabolism of drugs is composed
of two main phases:

* phase I, where P-450 isozyme family makes small changes to the drugs phase I,

by producing reactive sites which can covalently interact with other molecules;

» phase II, cytoprotective, where GST isozyme family makes the drugs more
hydrophilic and less toxic.[66]

In cells,metabolic processes such as respiration and oxidative stress are linked to the
formation of reactive oxygen species (ROS)[67], those can be very harmful to cells and
also they may be associated with DNA damage that leads to different diseases,
dysfunctions and ageing processes. Glutathione may provide defence not only against
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ROS, but also against their toxic products. ROS production is dramatically higher in
cancer cells because of the particular microenvironment characteristics, such as
mitochondrial dysfunction, genetic mutations and abnormal metabolism[68].

GSH and ROS play a dual role, having both a tumour promoting and a tumour
suppressing functions[69]: moderate ROS levels can stimulate survival and
proliferation of tumour cells by activating signaling pathways that help the cancer to
grow in stressful environment.High levels of ROS, which are often found in cancer, can
cause damage to the cells, provoking cell death. Tumours, have the necessity to
modulate ROS and antioxidants,therefore, elevated levels of GSH are involved in the
protection of tumour cells. The complexes formed by GSH-GST-drug obtained are
effluxed out of the cell through multiple resistanceassociated protein transporters
(MRP1). Tumours are often characterized by high levels of GST and MRP1[68].

3.5 aand § tubulin

a and B tubulin dimers are highly homologous. Each monomer binds to a guanine
nucleotide, which is non exchangeable in « tubulin, and is exchangeable in § tubulin in
E-site. GTP at the E-site is required for microtubule assembly, its hydrolysis follows
addition of a dimer to the microtubule end, upon which becomes non-
exchangeable[70].The major interest in S-tubulin is due also because is the most diffuse
and the less conservative monomer Most of the drugs that target tubulin bind tubulin
indiscriminately to the f subunit, leading to death of both healthy and tumour cells, -
tubulin have several isotypic forms and different diffusion among different tissues.
There appears to exists 9 different isotypes in humans [71][72]. Of these isotypes,
distinguished by Carboxy terminal tail, Sla, fIVb and 48 are almost ubiquitous in
normal tissues and hence would be poor anti-tumor drug targets. SIb and SIVa have
much narrower distributions but are too similar to Sla and fIVb,respectively, to imagine
a drug able to be specific for either of them. Indeed fla, BIb, fIVa and SIVD closely
resemble each other. In contrast, SII, which differs significantly from these four, is
elevated in many tumors, with relatively restricted distribution in normal tissues of all
the isotypes. SIII is less abundant in brain than fSII, and seems to be the most promising
target for drug development, with distribution in normal tissues restricted to testis and
neurons, and is over expressed in many tumors, particularly in those aggressive,
metastatic and drug resistant, having a protective effect in tumor cells, especially against
oxidative stress, and also increase sensibility to drugs as docetaxel and taxol, and
trastuzumab, and seems to target only neurons and not glia, reducing the potential
damage to the nervous tissue and its survival[73]. SIII more diffused in tumor tissue
P11 in normal cells are more expressed in Brain neurons, but not involving the glia cells,
fundamental for the survival of neuronal cells, and are also involved in the endothelial
blood vasculature tissue, whereas in tumoral field are overexpressed in cells with a
strong resistance against taxanes; brain tumor cells,lung tumor cells, pancreatic
adenocarcinoma; renal carcinoma and malignant melanoma[74]. BIII are also a suitable
tumoral marker[75], cause its overexpression is bound to:
* hypoxic condition and a altered expression of HIFla

+ oxidative stress condition ruled by interaction between SIII and glutathion S
transferase

17



* metabolic stress ruled by SII and its implication in glucose response

* autophagy activity linked, with metabolic stress influenced by TBA,suppressor
of the MT dynamics

* interrupting cell death signaling
* more aggressive breast, prostate and colorectal cancer

* invasive tumors compared to non invasive.[74]

All factors involved in the survival of the tumoral environment. Suppressing SIII
and targeting its connected mechanism could make tumor cells more vulnerable to
chemotherapy.

3.6 Colchicine

Colchicine is a very ancient drug known from about 3000 years ago,a major alkaloid
first isolated in 1820, from Colchicum autumnale and gloriosa superba.
Its molecular weight is 399.44. it’s brute formula is C22H25NOe.

Colchicine is considered first-line therapy for treatment of acute gout, prophylaxis
of gout, and familial Mediterranean fever. It is also commonly used in other diseases
including pseudogout, pericarditis, Behget’s disease and neutrophilic dermatoses.
Colchicine interacts mainly with tubulin, cytochrome P3A4 (CYP3A4) and P-
glycoprotein[76],a transmembrane protein associated with multi drug resistance, that
makes the currently available chemotherapy ineffective and increase of the expression
of I tubulin isotype.[77]

3.7 Structure

The determination of colchicine’s structure required decades, although in 1945, Michael
Dewar made an important contribution when he suggested that, among the molecule’s
three rings, two were seven-member rings.The ring A is trimethoxy benzene ring,B is a
seven membered ring with an acetoamido group located at its C7 position, and ring C a
methoxy tropone ring. the 1-methoxy group is important to setting the correct
conformation of the molecule[78], whereas the trimethoxyphenyl group has important
role in binding ability, cause replacing it with bulky groups results in great reduction of
the tubulin affinity[79] Ring B is also crucial for colchicine tubuline interaction cause
can easily undergo photochemical decomposition and resulting in reduced binding
ability [80].
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Figure 10: Structure of colchicine.

3.8 Tubuline and colchicine

Colchicine blocks cell division by disrupting microtubules.It binds to soluble tubulin
leading to the formation of a tubulin-colchicine complex (TC-complex). This complex
then undergoes co-polymerization into microtubule end with the majority of the tubulins
being unaffected. The microtubule ends have the ability to polymerize further, but TC-
complexes induce a conformation change, which prevents the microtubules growth by
sterically blocking further addition of the tubulin dimers at the ends . It is known as the
“end conserving mechanism”, which suggests the TC-complex doesn’t completely
prevent the tubulin addition but only slows new tubulin addition .Colchicine
depolymerizes microtubules at high concentration and arrests microtubule growth at
low concentration[81]

3.9 Mechanisms of action of colchicine

Colchicine binds to free tubulin dimers which, when incorporated into nascent
microtubules, disrupt further microtubule polymerization, inhibiting vesicle transport,
cytokine secretion, phagocytosis, migration and division, interfering so with a lot of
phases of the cellular cycle. At higher concentrations colchicine may also induce some
microtubule dissociation[82]. Colchicine is also a an antimitotic drug which blocks
mitotic cells in metaphase. It binds to soluble tubulin to form tubulin-colchicine
complexes in a poorly reversible manner, binding to the ends of the microtubules to
prevent the elongation of the microtubule polymer.colchicine has a concentration
dependent behaviour:at low concentration arrests microtubule growth, at higher promotes
microtbule depolymerisation[83]. It also inhibit cancer cell migration and metastatic
potential, inhibits angiogenesis[84], also could favor apototic cell death through limitation
of ATP influx into mitochondria. IT also has anti-inflammatory effects, mainly related to
disruption of microtubules, interfering with neutrophil adhesion and recruitment to
inflamed tissue, also inhibiting neutrophil extravasation during inflammation, therefore
reducing oxidative stress by reducing calcium influx into neutrophils.
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1.1 Metabolism and toxicities

Colchicine has a narrow therapeutic window, the most common adverse reaction when
prescribed for familial mediterranean fever are abdominal pain, diarrhoea, nausea, and
vomiting, but in a mild transient and reversible way upon lowering the dose. prescribed for
gout flares the most common adverse reaction is diarrhoea. Colchicine doses of 0.5 to 0.8
mg/kg are highly toxic, and doses of more than 0.8 mg/kg are typically lethal
[82]Colchicine is a substrate for intestinal and hepatic cytochrome P450 3A4 (CYP3A4),
and also a substrate for P-glycoprotein 1(P-gp) reflux transporter. current colchicine
methabolism understandings states certain drugs could increase potential toxicity via
modulation of P-gp and CYP3A4 activity, in fact are reported fatal drug interaction with
concomitant P-gp inhibitorand strong CYP3A4 inhibitors [76].

3.10 Interaction binding pocket of colchicine

In 2004, Ravelli et al. identified the colchicine-binding site at the interface of the a-f
tubulin heterodimer . While the binding site for colchicine is located between the a and
B tubulin monomers, the principal interaction zone dislocated on the f subunit. The
colchicine-binding pocket was identified within the intermediate domain of f
tubulin[85].

Colchicine and its analogues have also showed potential in inhibit cancer cell
proliferation through colchicine binding site to microtubules dissociating them into
tubulin dimers and acting as antimitotic agents, and promoting the research of less toxic
derivatives of thiocolcoside and colchicine [77].

Colchicine is primarily eliminated by hepatobiliary excretion in patient with normal
renal function. P-gp is encoded by the multidrug resistance gene-1 a modulation of the
P-gp and cyp could induce a better excretion[76]. It causes severe toxicity to normal
tissue at high dose, limiting therefore its use in cancer therapy.

In addition, colchicine inhibits neutrophil superoxide anion production and increases
leukocyte cAMP, which is known to suppress neutrophil function At low concentrations
(e.g., 3 nM), colchicine modulates.inhibiting neutrophil adhesion to, and extravasation
from the vasculature. At higher concentrations (e.g., 300 nM),further impeding
neutrophil-endothelial cell adhesion. These concentration-dependent effects may partly
explain the observation that low doses (e.g., 0.6 mg/day) of colchicine may prevent, but
doses higher (e.g., 1.8 mg) are needed to suppress acute gouty attacks.Other potential
anti-inflammatory activities include modulation of pyrin expression (see familial
Mediterranean fever section), downregulation of lipopolysaccharide-induced TNF-a
mRNA production, inhibition of histamine release by mast cells,suppression of pro-
collagen synthesis, and promotion of collagenase activity [86].

3.11 CCI-001

Colchicine derivative were developed to overcome P-gp efflux in order to reduce the
typical multi drug resistance of the cells over expressing S-III in presence of the
colchicine. Colchicine interacts with P-gp by hydrophobic bounds , enhancing, via
conformational changes the efflux of colchicine and other drugs. Most of the better
known anti cancer drugs fails to bind to cell over expressing S-1I1 tubulin, so silencing
it would make easier to bind other drugs, as like Paclitaxel, doxorubicin and cisplatin.
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The structure of CCI-001 has been modified to increase the S-III tubulin affinity,that
differs from the colchicine for thiolmethyl at c-10 position, methyl carbamate at c-7
position and and for the acetato group at c-3. the B-11I tubulin affinity has been verified
through derivative binding affinity. Predicted binding free energies (kcal/mol) with
respect to major tubulin
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Figure 11:main differences between Colchicine and CCI-001

isotypes:fl: —53.1,B11a: —34.4;L1Ib: —39.1;pI11: —48.4;F1Va: —32.0;1Vb: —44.0;8V: —
63.8;8VI: —47.6.

After finding the compound as one of the most promising were conducted evaluation
of the effects on microtubules using A549 cells and using as negative control untreated
cells, and as positive control colchicine at concentration of 1 uM for two hours as for
the compound in exam here. It resulted in blebbing, disorganized cytoskeleton and
membrane damage. The half minimal inhibitory concentration, ICso resulted 100-1000
lower than colchicine, therefore resulting more suitable for a release controlled by little
doses comparable to those of nanoparticles. Solubility at pH 7.4 resulte 0.007 mg/mL,
making this ocmpound suitable for Hydrophobic nanocpsule compounds.

Toxicity studies evidenced reducing a lot of side effects resulting in parent
compound, with the more acute resulted now only in intestinal irritation with test on
rats.

Other test to evaluate the Cytotoxicity on A549, NCI-H226, and CEM cell lines
showed Cytotoxicity with ICso at nM levels, and cell survival at highest level on
A549,NCI-H226, and CEM cell lines rispectively at 28%,17% and 0% for CEM

Knowing that cells can develop P-glycoprotein efflux pump mediated were resistant
to colchicine were also conducted studies to determine that CCI-001 is a weak substrate
for P-gp Those studies suggested that P-gp might be a contributing factor to Cci-001
drug resistance, but many times less pronounced levels than colchicine[87]. The use of
CCI-001 against bladder cancer line in T24-pretreated mice was assessed to be efficient,
also in combination with other compounds cisplatin and CCI-001 plus gemcitabine
resulting both highly synergistic. report report demonstrated the CCI-001 as a promising
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new chemotherapeutic agent for cancer, active against many different types of cancer
and highly effective against cancers that are resistant to standard therapies[88].

4 Aim of the work

This thesis project aims to develop protocols for the production of polyurethane
nanoparticle for the encapsulation of Colchicine derivatives, using both hydrophobic
and hydrophilic drug analogues. For the hydrophilic formulation the method chosen is
a slightly modified ionic gelation method with a hydrophilic proprietary polyurethane,
a poly(e-caprolactone) (PCL)/poly (ethylenglicol) (PEG) based PUR in a 50%(w/w)
ratio, with PCL responsible of the core stability and PEG for the water solubility of the
polymer, or chitosan. Polyelectrolyte complexation/ionic gelation is a simple method
that uses very mild conditions, avoiding harmful organic solvents or high shear forces,
therefore has capability to protect encapsulated molecules and to retain their activity
after encapsulation. In addition, reversible physical crosslinking by electrostatic
interaction instead of chemical crosslinking reduces the risk of toxicity. For the
hydrophobic drug formulation, we adopted a core-shell nanoparticle structure produced
by the nanoprecipitation/self-assembly method, using a hydrophobic polyesterurethane.
We used a proprietary poly(caprolactone) (PCL)-based polyurethane for the polymeric
core, and a mixture of lipids (DSPE-PEG and EGG-PG) for the lipidic shell. The
nanoprecipitation is a relatively simple nanoparticle production method, in which
nanoparticles are formed immediately without the use of intense mechanical efforts, in
the absence of toxic solvents. The main purpose in encapsulating drugs with
nanoparticles, is to avoid the most recurrent problems with the systemic chemotherapy,
such as the side effects caused by the off target accumulation, exploiting the EPR effect,
and also to preserve the drug integrity during its transport. The hydrophobic drug is
CCI-001, also known as CR42-024, a promising novel agent, derivative from colchicine
developed by the team of Prof. J. Tuszynski, a microtubule destabilizing agent that has
showed its potentiality against several cancer cell lines. The work showed that
nanoparticles could be obtained with both methods, having narrow size distribution. We
also showed that the nanoprecipitation method favoured the encapsulation of the
hydrophobic drug CCI-001, an anti-mitotic novel compound, developed to destabilize
the microtubule polymerization and to improve the selectivity to B-III tubulin, the
overexpression of which is associated with cancer activity. The un-encapsulated drug
demonstrated strong cytotoxic activity against the US7MG cell line at nanomolar
concentration, confirming the potentiality of the compound and encouraging further
tests with the drug encapsulated in the nanoparticle formulation.

5 Materials and methods

5.1 Materials

5.1.1 Chemicals and cell lines

For nanoparticles (NPs) suitable for hydrophobic drug encapsulation, a proprietary
poly-caprolactone (PCL)-based polyurethane (NS-HC2000) was used. The polymer
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was synthesized using Poly(g-caprolactone)-diol (2000 g/mol), nBOC Serinol as chain
extender, Dibutyl Dilaurate (DBTL) as catalyst, and 1,6 Hexamethylene diisocyanate
(HDI), all purchased from Sigma Aldrich (Italy). The lipid shell of the NPs is composed
of a mixture of L-a-phosphatidylglycerol (EGG-PG)and 1,2-Distearoyl-sn-glycero-3-
phosphoethanolaminePoly (ethylene glycol) (DSPE-PEG), both purchased from
Avanti® Polar Lipids. All solvents were of analytical grade. For nanoparticles (NPs) for
the encapsulation of water-soluble drugs, a proprietary poly-caprolactone (PCL)/poly-
ethyleneglicol(PEG)based polyurethane (SHC2KE2K) was used. The polymer was
synthesized using Poly(caprolactone)-diol (2000 g/mol), Poly(ethylen-glicol) (2000
g/mol), n-BOC Serinol as chain extender, Dibutyl Dilaurate (DBTL) as catalyst, and 1,6
Hexamethylene diisocyanate (HDI), and sodium tripolyphosphate (TPP). Encapsulated
drugwas CCI-001, a novel hydrophobic drug formulation, derived by thiocolchicne,
developed by  the Tuszynski team in the university of University of Alberta.
Fluorescent NPs were obtained by adding a fluorophore, Rhodamine 123 purchased
from Sigma Aldrich (Italy). For cell culture, we used a glioblastoma human cell line
(U87 MG, American Type Culture Collection, ATCC®, HTB14™) in Gibco™ minimal
essential medium (MEM) supplemented with 10% foetal bovine serum (FBS, Gibco™),
and 1% penicillin/streptomycin (Gibco™). Cell viability was evaluated by using the
CellTiter-Glo® 3D Cell Viability Assay (Promega).

5.2 Methods

5.2.1 Nanoparticles Preparation
Hydrophobic Nanoparticle formulation

NS-HC2000 was dissolved in acetonitrile (ACN) to produce a 10 mg/mL stock
solution. The polymer was diluted to 1 mg/ml in 1 ml ACN and added dropwise to a
solution of EGG-PG (200 pg) and DSPE-PEG (240 pg) in double-distilled water
(ddH20 2 mL).To obtain NPs, the lipid solution was maintained under stirring (250
rpm) at 60 °C to avoid the formation of micelles, followed by dropwise addition of the
polymer solution in ACN to induce the spontaneous formation of nanoparticles. Finally,
1 mL of water was added drop-wise to promote temperature reduction and solvent
evaporation. The particle suspension was centrifuged using Amicon® Ultra centrifugal
filter units (equipped with a 10 kDa cutoff-membrane) for 13 min at 3200 rpm and room
temperature (RT). The particles were resuspended in 1 mL of water for subsequent
characterizations. For drug loaded NPs, 100 ug of CCI-001 were added to the polymer
solution in ACN. Figure 1 schematically summarizes the steps of NPs synthesis.
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Figure 12:Hydrophobic NPs synthesis protocol loaded with CCI-0011

Hydrophilic Nanoparticle formulation

SHC2KE2K was dissolved in Chloroform (CF) to produce a 100 mg/mL stock
solution. 5 mg of polymer was then diluted into a Sml CF/water solution, we started
with different ratio(v/v) of CF and ddH,O at pH 5 in order to evaluate the optimal
condition in terms of size and PDI of the nanoparticles. The three initial ratios of CF
were: 50, 25, 10% of the 5ml solution, with the rest of the solution being water. To
obtain NPs, the polymer solution was maintained under stirring (1250 rpm) at Room
Temperature (RT) for 1 hour to allow CF to evaporate completely, obtaining a visually
a transparent solution. Then, 0.5 mL of TPP solution in dH>O (2mg/ml) was added
dropwise to the polymer solution reducing the stirring to 300 rpm and allowed to react
for 30 minutes. Figure 2 schematically summarizes the steps of NPs synthesis. We also
evaluated the efficacy of a 5 minutes of centrifugation at 3000rpm in the removal of
aggregates of big particles and unreacted polymer, by picking out only the supernatant.
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Figure 13:Hydrophilic nanoparticle preparation method

30 min, AT, 300 rpm

After this we tried another formulation with a 1% of CF and 99% of water (v/v), in
order to reduce as much as possible the presence of CF. We also modified the molar
ratio of TPP/PUR from 1:1 to 1:4 by adding 0.125 ml of the 2mg/ml TPP solution in
ddH»O. We then evaluated PDI, size and zeta-potential of the nanoparticles.Based on
the results from the optimization steps, the optimal protocol for PUR NP preparation
with the ionic gelation method is described below:

SHC2KE2K was dissolved in Chloroform (CF) to produce a 100 mg/mL stock
solution. 5 mg of polymer diluted into a 5Sml solution of CF/ddH,O with a 10% of CF
volume, the polymer solution was maintained under stirring (1250 rpm) at Room
Temperature (RT) for 1 hour to allow CF to evaporate completely, obtaining a visually
a transparent solution. Then, 0.5 mL of TPP solution in dH>O (2mg/ml) was added
dropwise to the polymer solution reducing the stirring to 300 rpm and let it react for 30
minutes. After that in order to remove eventual aggregates, the solution was
centrifugated at 3000rpm for 5 minute, prelevating only the supernatant.After
optimizing the NP solution, it was slightly modified as shown in Figure 3 to test the
Rhodamine 123 encapsulation. 200,100,50,20 ug of Rh123 in 0.5 mg/ml solutions of
Rh123/ddH,O was added after the complete evaporation of the CF and before the
dropwise adding of the TPP/water solution. To eliminate the Rhodamine not
encapsulated after the first centrifugation, the solution was filtrated four times in a 10
KDa cut-off filter at 3200 rpm.
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Figure 14:Hydrophilic NPs synthesis protocol with the phluorophore

Nanoparticles characterization

NPs were analyzed through Dynamic Light Scattering (DLS) to derive the
hydrodynamic diameter and polydispersity. Surface charge was also measured, using
the dedicated Litesizer™Omega cuvettes (polycarbonate case with gold electrode).
These physical characterizations were performed using a Litesizer™500 (Anton Paar).
The evaluation of the hydrodynamic diameter is based on the empirical consideration
that smaller particles move in suspension with a higher diffusion velocity. The
instrument records over time the scattered light intensity after irradiating the NPs
suspension with a He-Ne laser. The faster the particles move in solution, the greater the
fluctuation of scatter intensities over time. The autocorrelation function is used to define
the NPs diffusion coefficient, which is related to the average hydrodynamic diameter
through the Stokes-Einstein equation. The hydrodynamic diameter does not represent
the actual NPs size since it corresponds to the diameter of a hypothetical sphere that
diffuses in solution with the same velocity as the particle of interest. The solution
characteristics, the core size, NPs shape and surface properties strongly influence this
parameter. DLS analysis returns a coefficient between 0 and 1 (called polydispersity
index, PDI) that represents the uniformity of the diameter distribution. Hence, the
smaller the PDI, the more the suspension is monodispersed. As above-mentioned, the
zeta potential is evaluated using specific omega cuvettes equipped with gold electrodes
to apply a voltage difference to the suspension of NPs. The migration velocity of the
particles between the electrodes is proportional to the zeta potential, i.e. the charge of
the layer between particle and ions dispersed in the medium. The zeta potential is an
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index of the stability of the suspension. Therefore, the higher the absolute value (i.e. the
net charge), the lower the risk of aggregation and the higher the suspension stability.

Drug encapsulation and release

The encapsulation efficiency (%) was calculated for CCI-001-NPs and Rhodamine
123-NPs by using a UV/VIS spectrophotometer (Lambda 365, Perkin Elmer®,
Waltham, MA, USA) at 384 nm for CCI-001 and 500 nm for Rh-123. Briefly, freeze-
dried CCI-001NPs were dissolved in 0.2 mL ACN to induce drug release, after that
tIACN was evaporated and 0.2 mL of ethanol were added, to precipitate the polymer
and solubilize the drug. IThe supernatant, containing only the drug, was then collected
and the amount of drug was assessed through an empiric calibration curve. For the Rh-
123 NPs, freeze-dried NPs were dissolved in 0.05 mL CF to induce NP breaking and
RH-123 release, followed by CF evaporation. After this, 0.15 mL of ddH,Owere added
to dissolve the drug. the amount of drug present in the NPs was assessed through an
empiric calibration curve. The encapsulation efficiency (EE) was then determined from
these data using the formula:

Amount of drug or fluorophore in NPs

EE(%) = : .
(%) Amount of drug or fluorophore supplied

Equation 1:Encaplusation Efficiency

where the amount of drug in NPs is the CCI-001 or Rhodamine mass detected
through UV/VIS spectroscopy, while the amount of drug supplied is the CCIO01 or
Rhodamine mass dissolved in the synthesis solution (100 pg for each NPs formulation).
For drug release, CCI-001-NPs were incubated at 37 °C in 1 mL ddH20. The amount
of drug released was measured at different timepoints: 1 h, 3 h, followed by daily
assessment up to 7 days. After each timepoint, the NPs suspension was centrifuged
(Beckman Coulter Allegra X 30) at 12000 rpm for 15 min to isolate the NPs. The release
solution was collected and freeze dried, while NPs were resuspended in 1 mL of fresh
ddH20. The released drug was measured by adding 0.5 mL of ACN to the freeze-dried
release solution, followed by drug detection by UV-Vis.

5.2.2  Cellular tests
Pharmacological treatment on 2D cell cultured

After the incubation period, the cells were treated with free CCI-001 (1 nM, 10 nM,
50 nM ,100 nM,500 nM). Controls (i.e., untreated cells) were included in the
experiment. U87 cells were culture in 96-well plates (9.000 cells/well) for 24h before
treatment and cell viability was assessed at two timepoints after the treatment: 24 and
48h. The cells were also retested with free CCI-001, encapsulate CCI-001 and empty
NPs at the timepoint of 48h(1 nM,5 nM, 10 nM,20 nM, 50nm, 100nM). After 24 and 48
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h of exposure to free drug, we evaluated the cell viability. Cell viability was assessed
by the CellTiter-Glo® 3D Cell Viability Assay (Promega). This assay identifies the
number of viable cells by quantifying the presence of adenosine triphosphate (ATP).
The CellTiter-Glo® 3D Reagent contains a substrate (luciferin) and a lysis agent, which
induce cell membrane rupture and ATP release. A thermostable luciferase (Ultra-
Glo™Recombinant Luciferase) acts on the substrate by consuming ATP and generates
a luminescent signal, which is proportional to the amount of ATP released (indicator of
cellular metabolic activity). To determine viabilty, 100 pL of CellTiter-Glo® 3D
Reagent were added to the wells containing cells (in 100 pL), The plate was allowed to
equilibrate at room temperature, shaken protected from light for 5 min at 460 rpm to
induce cell lysis. The content of the wells was then transferred to a 96-well opaque white
plate and briefly shaken until complete bubble removal. Finally, the luminescence signal
of each well was analysed by plate reader. Cell viability was expressed as a percentage
of the luminescence value determined for untreated controls. After the four-day
incubation period the spheroids were treated with free CCI-001. Controls (i.e., untreated
TS) were included in the experiment.

Pharmacological treatment on 3D cell cultured

Tumour spheroids were obtained in ultra-low attachment U bottom plates (Thermo
ScientificTM NunclonTM SpheraTM 96-Well, Nunclon Sphera Treated, U-Shaped-
Bottom Microplate) with a monoculture of primary tumour cells(U87). Briefly, cells
were plated at 4,000 cells/well and allowed to form spheroids for 4 days. After the
spheroids formed, were treated with free CCi-001, free NPs, and CCI-001 encapsulated
in the NPs (1 nM,5 nM,10 nM,20 nM,50 nM, 100 nM). Controls (i.e., untreated cells)
were included in the experiment. After 24 and 48 h of exposure to free drug, NPs, and
drug in NPs, we evaluated the cell viability. Cell viability was assessed by the CellTiter-
Glo® 3D Cell Viability Assay (Promega).

6 Result and Discussion

6.1  Nanoparticles Charactherization

Ionotropic gelation method NPs

For the ionotropic gelation method first, we optimized the protocol to obtain NPs
with small size, monodispersed size distribution and a nearly neutral zeta potential as
expected from the method [cit]. The first two parameters analysed were the volume ratio
of CF/water in the polymer solution, and the influence of centrifugation and subsequent
pick up of the supernatant, to remove massive aggregates.
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Figure 15: Size of NPs with 50,25 and 10% CF in the polymeric solution before and after
centrifugation and picking up the supernatant.

Figure 2 shows the possibility to reduce the quantities of CF in the polymeric
solution, reducing the NP size, except for the 25% of chloroform, were probably the
size before centrifugation has some very big aggregation. The zeta-potential range goes
from -3 mV to -3.9 mV, producing next to neutral NPs as expected . The centrifugation
showed the ability to reduce the size of the NP and also the aggregates at 10 um as
visible in the size distribution table
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Figure 16: Size distribution for different CF percentage in the polymeric solution: a)50% CF
formulation; b)25% CF formulation; c) 10 % CF formulation
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Hence we opted to test for a further reduction of CF to 1% and comparing the results
to the 10% condition. We analysed the PDI, zeta potential and PDI, this time analysing
three sample for condition.
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Figure 17: NPs size with 10% and 1% chloroform in polymer solution

The figure shows that 10% CF formulation produces smaller NPs with an average
size under 200 nm, suitable for EPR effect, confirmed also by the unique peak in the
size distribution, whereas the 1% CF formulation shows secondary peaks over lum,
therefore . The PDI, instead remains quite the similar in the two formulations ranging
from 24+-3 to 27+-2. Zeta potential instead changes with the TPP:PUR molar ration
form 14.1+-0.5 with no TPP, to 2.2+-0.9 with a 1:4 TPP:PUR molar ratio, to -4.7+-1.7
to 1:1 molar ratio, showing changes of potential based on the TPP quantities, with
statistical difference between all groups (p-value inferior to 0.05). All the values of z-
potential are under the abs value of 20 mv, that could predict aggregation phenomena
.So, the method for the rh123 encapsulation would be particle prepared in a solution
with 10% of CF and a molar ratio of TPP:PUR 1:1. As showed in figure

Rhodamine 123 encapsulation

After the encapsulation of the Rh123 we analysed again PDI, zeta potential and size,
and we also evaluated the encapsulation efficacy. After finding the empirical calibration
curve we evaluated the encapsulation efficacy of Rh123 with various quantities:
200,100,50,20 ug in the NPs formulation with the result as in table 1.
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Rhod supplied (ug) EE (%)

200 0,75+0,16%
100 0,78+0,33%
50 1,60+0,54%
20 0,91+0,68%

Table 2: Encapsulation efficiency of Rhodamine 123

6.2  Hydrophobic NPs formulation

We evaluated size, PDI and zeta potential of NPs produced with nanoprecipitation
method. The bare Nps resulted with small size. CCI-001 encapsulation resulted in a
small increase in size in the 100ug formulation and a similar decrease for the 50 ug one.
Empty and drug loaded NPs size are in the size range for EPR effects.
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Figure 18:Hydrophobic NPs size with and without CCI-001 encapsulated

The size distribution resulted monodispersed as we can see in the size distribution
graphs in figure 8.
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Figure 19: DLS Size distribution for n=3 samples of: a)empty NPs,; b) NPs with 50ug of CCI-
001 in formulation, c) NPs with 100ug of CCI-001 in formulation

6.3 Drug release

To evaluate release and EE we needed calibration curve in EtOH with the peak at
384 nm
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Figure 20:Release of CCI-001 in water

The release percentage was calculated on the percentage of the cumulative release
results after 7 day showing a burst release in the first 24 hours of the 80% of drug
released at 1 week

6.4  Cellular tests
In figure is showed the morphology of U87 cells after the period of incubation

Figure 21: cultured U87 cells
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6.4.1 Response of the cells to free CCI-001

The antitumor efficacy of free CCI-001 was analysed on u87 cells at two different
timepoints:24 and 48 hours with the result shown in figure

150 mm 24h = 48h
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Figure 22:Cell viability of the cell exposed to free CCI-001 at various concentration at 24 and
48 h

Cell viability doesn’t seems to be really affected by the concentration over 10 nM in
much larger way even with the 500 nM, as there’s no significative difference between
the two concentration, whereas there an evidence that the 48h cell viability sample is
more affected than the 24h.

After this we tested the same cell and comparised the free drug effect on cell viability in
comparison to empty NPs and encapsulate CCI-001 as shown in figure
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Figure 23:Cell viability 48 hours after exposure to different concentrations of :free CCI-001,
empty NPs and encapsulated CCI-001
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Figure 24:Images acquired in bright field microscopy for U87 cells treated with different
concentration of free CCI-001, empty NPs and CCI-001 encapsulated in NPs observed at 48h

As we can see in figure the empty NPs don’t affect the cell viability at all, whereas the
free and encapsulated CCI-001 seems to affect cell morphology from the concentration
of 5 nM, with the exceprion of the 10 nM concentration of encapsulated drug that doesn’t
seem to affect the cell morphology.

6.4.2  Tests on spheroids

Monocellular spheroids were successfully obtained as showed in figure

Figure 25: U87 Cells spheroids after 4 days in culture

The antitumor efficacy of free CCI-001, encapsulated CCI-001, and blank NPs was
analysed on monocellular spheroids at two timepoints :24 and 48 hours. Regardless of
the treatment considered, there are no significant morphological alterations in 48 hours
as shown in figure
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Figure 26: Cell viability of the spheroid treated with empty NPs,free CCI-001 and CCI-001
encapsulated in the NPs observed at 24 hours
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Figure 27:Cell viability of the spheroid treated with empty NPs,free CCI-001 and CCI-001
encapsulated in the NPs observed at 48 hours
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Figure 28: Images acquired in bright field microscopy for U87 spheroids treated with different
concentration of free CCI-001, empty NPs and CCI-001 encapsulated in NPs observed at 48h

For the spheroids after 24 h the viability doesn’t change significatively exposed to
the drug encapsulated at lower concentration, instead at 100 nm the viability change
drastically, with a better performance than free drug. After 48h hours the cell viability
is more affected by the free drug at concentration range between 1 nM and 20 nM, at
the two highest concentration the performance of the the free drug and encapsulated
drug are similar. The empty NPs doesn’t affect the viability of the cells, as expected
from a biocompatible formulation. Morphologically there’s no significant evidence of
the diminished viability of the spheroids.

7 Conclusions

We successfully optimized the ionotropic gelation method to fit into the EPR effect
range, with monodispersed size, suitable for hydrophilic compounds, next step could be
to test different hydrophilic compounds and to test the Colchicine on cellular models in
order to evaluate if the NPs formulation could reduce the side effects derived from the
systemic subministration, and if further functionalization of the NPs could enhance the
specificity of this formulation towards the tumoral cells.

The Hydrophobic NPs formulation showed a good reproducibility, with size in the
range of the EPR effect, and a good encapsulation efficiency towards this hydrophobic
compounds, encouraging the trials with other hydrophobic drugs.

On the other hand the monocellular cell test of hydrophobic NPs formulation
showed promising results in reducing glioblastoma cell viability, encouraging to analyse
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more complex models of tumour introducing multicellular models that includes
glioblastoma cells, to give more realistic results about the efficacy of the compound
against glioblastoma related tumours, and analyse the possible drug resistance of more
complex tumoral systems.
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