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Abstract

Microtubules-targeting agents (MTAs) are an attractive class of compounds that
has been broadly used in cancer treatment since the 1960s. Their main mechanism
of action is based on their interaction with microtubules, one of the principal compo-
nents of the cell cytoskeleton, blocking cell division at the mitotic phase and inducing
apoptosis. Microtubules are formed by tubulin, which is a heterodymer composed
of - and B-tubulin. MTAs usually bind to B-tubulin and can be divided into mi-
crotubules stabilizing or destabilizing agents, either inducing tubulin polymerization
or depolymerization, respectively. MTAs can also act as anti-angiogenetic agents or
vascular-disruptive agents (VDAs). Three main families of MTAs are known, the
taxanes, the vinca alkaloids and colchicine and its derivatives, the most used being
the first two groups, although every year new classes of compounds and specific
binding sites are being discovered. The main issues with the use of MTAs are their
scarce selectivity, as microtubules are present in cells independently of them being
cancerous or normal ones, and the multi-drug resistance of cancer cells, that be also
acquired after long-time treatment with MTAs. The ideal MTA should selectively
attack cancer cells and elude multi-drug resistance mechanisms. Selectivity can be
achieved by targeting tubulin isotypes that are overexpressed in tumor tissues and
underexpressed in healthy tissues, multi-drug resistance can be eluded by avoiding
interaction between the drug and the main transmembrane eflux pumps such as
P-gp, one of the most studied proteins of the ATP-binding cassette family that con-
tributes to multi-drug resistance, and by regulating the tubulin isotype expression in
cancer cells. Colchicine is an alkaloid compound that received FDA approval for the
treatment of the symptoms of gout and Familial Mediterranean Fever in 2009 . How-
ever, other off-label uses have been reported and its use as anti-cancer compound has
been investigated. Colchicine is an interesting compound in cancer treatment as, un-
like taxanes and vinca alkaloids, is capable of eluding one mechanism of resistance
in cancer cells; indeed, its efficacy is not reduced by the overexpression of (III-
tubulin that is commonly found in cancer cells. Unfortunately, the use of colchicine
is hindered by its high toxicity and poor bioavailability. Colchicine presents high
toxicity and a narrow therapeutic window, which means that the range between the
therapeutic and the toxic dosage is small, and occasionally the two dosages overlap.
When administered orally, colchicine has been associated with gastrointestinal side
effects in most patients, while intravenous administration can cause more severe

side effects, such as tissue necrosis, intravascular coagulation and even death. For



this reason, the latter administration route has been banned in 2008 by FDA. To
overcome the limitations imposed by the high toxicity and poor solubility of the
compound, several colchicine-derivatives have been proposed. Among these, CCI-
001, a novel colchicine derivative, developed, synthesized and patented by Professor
Tuszynski et al. in the Department of Oncology, University of Alberta, Edmonton,
Canada, has demonstrated promising results in cancer treatment. CCI-001 presents
a greater affinity for (3-III tubulin rather than (-IV tubulin like colchicine. {-III
tubulin is overexpressed in many tumors and silenced in healthy cells, so targeting
this isotype can help drug selectivity toward cancer cells, reducing drug toxicity.
CCI-001 outperformed other state of the art drugs that are currently marketed in
in wvitro studies and showed promising results in in vivo studies. Moreover, a clinical
trial on CCI-001, intended for patient with recurring or metastatic solid tumors, is
currently ongoing.

Unfortunately, CCI-001 is highly hydrophobic, resulting in a low absorption rate
and in difficult administration. Therefore, new delivery systems are needed to im-
prove the biodistribution of this drug while maintaining its high efficacy against
cancer cells. In this work, an effective nanoformulation of CCI-001, based on shell-
core pegylated nanoparticles (NPs), with a polymeric core and a lipidic shell, was
produced. The NPs are obtained by the solvent displacement method, also called
nanoprecipitation. Different core polymers, PLGA and NHSC2000, a proprietary
polyurethane, were used and modifications of the traditional protocol were tested in
order to improve drug entrapment efficacy. Yield, particle size, zeta potential, mor-
phology and drug entrapment efficacy were first assessed, showing that nanoparticles
possess a small size, a narrow size distribution and stability in aqueous solution at
4°C for up to a week. NHSC2000 was ultimately chosen as polymer, with an average
EE% of 6%, much higher compared with the results achieved with PLGA (average
EE% of 1%). Finally, in vitro studies on USTMG cells were performed. Cytotoxi-
city was assessed both on 2D and 3D (spheroids) cultures, comparing the efficacy
of free CCI-001 and loaded nanoparticles. Furthermore, cell internalization studies
were performed. In vitro studies on U87 and Mia-PaCa-2 cells demonstrated good
cytotoxicity of drug-loaded NPs, while empty carriers did not significantly affect
cell viability. Overall, our results showed that nanoformulations of CCI-001 can be
obtained with high loading efficacy without altering the anti-cancer effect of the

drug, warranting their further investigation.

i



Table of Contents

List of Figures iv
List of Tables vi
1 Introduction 1
1.1 Clinical Rationale: Cancer . . . . . . . ... . ... ... ....... 1
1.1.1 Traditional therapies in cancer treatment . . . . . . . . . . .. 2

1.1.2  Application of nanomedicines in cancer treatment. . . . . . . . 3

1.2 Microtubules . . . . . . . .. 5)
1.2.1 Microtubules Dynamics . . . . . . . ... ... ... ... ... 6

1.2.2  Tubulin isotypes . . . . . . . . ... 7

1.3 Microtubules-Targeting Agents . . . . . . ... ... .. ... .... 10
1.3.1 MTAs effects on cancer cells . . . . .. ... ... ... .... 11

1.3.2  MTAs effects on tumoral vasculature . . . . . .. .. ... .. 12

1.3.3 Multi-Drug Resistance in MTAs . . . . .. .. ... ... ... 13

1.4 Colchicine . . . . . . . . . 13
1.4.1 Colchicine mechanism of action . . . . . ... ... ... ... 14

1.4.2 Colchicine derivatives: CCI-001 . . . .. .. .. ... ... .. 15

1.5 CCI-001 Nanoformulations . . . . . . . ... ... ... ........ 17
1.6 Nanoprecipitation . . . . . . . . .. ..o 17
1.7 Aimofthework. . . . . . . . .. ... ... ... 19

2 Materials and methods 20
2.1 Materials . . . . . .. 20
2.2 Instruments . . . . . . . ... 20
2.3 NPssynthesis . . . .. .. . .. 21
2.3.1 Nanoprecipitation . . . . . . . . ... Lo o 21

2.3.2 Nanoprecipitation - Modified Protocol . . . . .. .. ... .. 21

2.4 Characterization Methods . . . . . . . .. ... ... ... . ..... 23
2.4.1 Size and Zeta Potential . . . . . . .. ... ... 23

2.4.2  Drug Entrapment Efficacy and Drug Release . . . . . . . . .. 24

243 Yield . . . .. 25

2.4.4 Morphology . . . . . . ... 25

2.5 In Vitro Studies . . . . . . . .. .. 25

1l



251 Cellculture . . . .. ... o o
2.5.2  Spheroid culture . . .. ..o
2.5.3 Citotoxicity evaluation . . . . . . .. ... ... ... ... ..

2.5.4 Internalization and infiltration evaluation . . . . . . . . . . ..

3 Results and discussion

3.2

3.1.1 Size, PDI and Zeta Potential . . . . . . ... ... ... ....
3.1.2  Drug Entrapment Efficiency . . .. ... ... ... .. ....
3.1.3 Drug Release Test . . . . . .. ... .. ... ... .....
3.1.4 Yield . . ..o
3.1.5 Stability in aqueous solution . . . . . . ... .. ... .. ...
3.1.6  Morphology . . . .. ...
In vitro studies . . . . . ...
3.2.1 Mia-PaCa-2 2D Culture . . .. ... .. ... .. ... ....
3.2.2 US'MG 2D Culture . . . . . .. ... ... ... ... ...,
3.2.3 Nanoparticles” USTMG cells internalization . . . . . . . . . ..
3.2.4 US8TMG Spheroids . . . . . .. .. ... .
3.2.5 Nanoparticles” USTMG spheroids infiltration . . . . . . . . ..

4 Conclusions

5 Acknowledgements

References

List of Figures

1

Schematic representation of passive and active targeting [16]. . . . . .

Microtubule structure. From THE CELL, Fourth Edition, Figure 12.42.

Dynamic instability representation, growth (rescue) and depolimer-
ization (catastrophe) cycles are highlited [34]. . . . ... ... .. ..
Overview on the strategies to overcome (III-tubulin overexpression,
[B7].
MTAs binding sites on «-tubulin 3-tubulin heterodimer. «-tubulin
is represented on the left, 3-tubulin is represented on the right, [51]. .

v

28
28
28
30
31
31
32
33
34
34
36
38
39
41

42

43

44

11



10

11
12

13

14

15

16

17

18

19

20

21

22

23

Schematic representation of VDAs and anti-angiogenic drugs mecha-

nisms, [63]. .. ... 12
Colchicine chemical structure. . . . . . . .. ... ... ... ... .. 13
CCI-001 chemical structure. . . . . . . ... ... .. .. ... .... 15
Schematic illustration of the nanoprecipitation, or solvent displace-

ment method. . . . . ... oo 18

Nanoprecipitation protocol; Step 1 and 2 are added for the modified
protocol. Illustration created with BioRender.com. . . . . ... . .. 22
Calibration curve for HPLC, curve equation and R? value are shown. 25

a) Size, b) PDI and size distribution c),d),e), and f) comparison be-

tween NSHC2000 and PLGA blank/loaded nanoparticles. . . . . . . . 28
Zeta Potential comparison between NSHC2000 and PLGA blank/loaded
nanoparticles. . . . . ... Lo 29
a) Size and b) PDI comparison between NSHC2000 and PLGA nanopar-
ticles obtained with different protocols. . . . . . .. ... ... .. 29
Zeta potential comparison between NSHC2000 and PLGA nanopar-
ticles obtained with different protocols. . . . . . .. ... ... 29
Drug Entrapment Efficacy comparison between original and modified
protocol for both a) NSHC2000 and b) PLGA. . . . . ... ... ... 30
CCI-001 cumulative release in ddH20 at 37°C over a week. . . . . . . 31
Process yield for NSHC2000 loaded NPs. . . . . . .. ... ... ... 31
Size and Zeta Potential measurements over a week. NPs were stored

in ddH20 at 4°C. . . . . . . .. 32
SEM images of blank a), c¢) and NSHC2000-loaded nanoparticles
b),d), at different magnifications. . . . ... ... 33

Comparison between MiaPaCa-2 cells viabilities resulting from treat-
ments with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10
nM, 20 nM, 50 nM and 100 nM at 24h, 48h, 72h. . . . . . .. .. .. 34
Cells images of MiaPaCa-2 cells treated with a) free CCI-001 and b)
CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100
nM at 24h, 48h, 72h. Untreated cells are reported as control group.
Scale bar=200 pm . . . . . . . ... 35
Comparison between US8TMG cells viabilities resulting from treat-
ments with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10
nM, 20 nM, 50 nM and 100 nM at 24h, 48h, 72h. . . . . . . . . . .. 36



24

25

26

27

28

Cells images of USTMG cells treated with a) free CCI-001 and b)
CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100
nM at 24h, 48h, 72h. Untreated cells are reported as control group.
Scale bar=200 pm . . . . . ...
RGB images of USTMG GFP treated with Rhod-NPs at three con-
centrations (100nM, 1pM and 10pM) Scale bar=100 pm . . . . . . . .
Comparison between USTMG spheroids viabilities resulting from treat-
ments with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10
nM, 20 nM, 50 nM and 100 nM at 24h, 48h, 72h. . . . . . . . .. ..
Cells images of MiaPaCa-2 cells treated with a) free CCI-001 and b)
CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100
nM at 24h, 48h, 72h. Untreated cells are reported as control group.
Scale bar=200 pm . . . . . . ..o
RGB images of USTMG GFP spheroids, treated with two Rhod-NPs
concentrations (50 nM, 100 nM) and observed at 48h and 72h. a), b),
¢), and d) are superimposed images, €), f), g), h) show both frontal
and lateral projections of the single slices for a given point, indicated

by a yellow scope. Scale bar=250 pm . . . . . .. .. ... ... ...

List of Tables

1
2

List of instruments used. . . . . . . . . . . ...

Samples used to plot the calibration curve . . . . . .. ... ... ..

vi



1 Introduction

1.1 Clinical Rationale: Cancer

Cancer is the second leading cause of death globally [1]. In 2020, cancer was respon-
sible for nearly 10 million deaths representing a sixth of worldwide deaths. Cancer
is a genetic disease that changes cells phenotype and tissue architecture, inducing
localized regions of hypoxia, therefore promoting survival and growth of tissue stem
cells which lead to formation of cancerous lesions [2]. The genetic changes needed
to develop cancer can be either inherited (germline mutations) or acquired (somatic
mutations) as result of errors in cell division or DNA alteration caused by envi-
ronmental exposure to different stimuli [3]. One of the main challenges in cancer
treatment is the uniqueness of each tumor, which is the result of genetic changes
that are different from patient to patient [4]. Cancer cells presents distinct key
features, as they are less specialized than healthy cells, they can avoid signals that
usually stop cells from dividing or that induced programmed cell death (apoptosis)
and can evade the immune system, even using it at their advantage to stay alive and
proliferate [5]. In order to survive and proliferate, cancer cells need higher amounts
of oxygen and nutrients, so they need to be surrounded by a vascular network. Ma-
lignant tumors that rapidly grow are highly vascularized, whereas dormant tumors
are not [6]. As cancer cells growth rate is higher than normal cells, the compulsive
formation of new vasculature associated with an overexpression of pro-angiogenic
factors leads to the development of a disorganized blood vessels network. These
blood vessels present structural and functional abnormalities, exhibiting hyperper-
meability and no distinction between arterioles, capillaries and venules [7]. In a
similar fashion, the lymphatic vessels that surround tumor tissues will typically be
dilated, leaky and discontinuous [8]. Once cancer cells start to uncontrollably pro-
liferate, eventually they can spread into surrounding tissues, this process is called

metastasis. To initiate metastasis cancer cells must [5]:
e Invade through the extracellular matrix (ECM),
e Intravasate into tumoral vasculature, surviving during the transport,
e Extravasate inside the parenchyma of distant organs,

e Survive by manipulating microenvironment and grow into macrometastases.



Metastatic cancer is responsible of 90% or cancer-related deaths [9]. The ideal cancer
treatment would be able to destroy selectively as many cancer cells as possible,

leaving healthy cells and tissues unharmed.

1.1.1 Traditional therapies in cancer treatment

Cancer treatment strongly depends on cancer type and its progression stage. Each
treatment has advantages, disadvantages and limitations. The main available treat-

ments options are:

e Surgery [10], it is the first method that has been employed in history. Its aim
is to remove as much of the tumoral mass as possible. The main drawback is
that surgery is not suitable for the treatment of metastatic tumors. Moreover,
surgeries may leave tumor cells that are found around the edges of the tumor.
For this reason it is often associated with other therapies such as radiotherapy
and chemotherapy. Moreover, the removal of an organ may affect the patients’

quality of live.

e Radiotherapy [11], it employs high energy radiation to kill cancer cells by in-
ducing DNA damage. This therapy is limited by the maximum tolerated dose

to healthy tissues that surround the tumoral mass.

e Chemotherapy [12], it involves the use of anti-cancer drugs, traditionally cyto-
toxic agents that interferes with cell division. The main drawback of chemother-
apy is the damage to healthy cells, especially the ones that divide rapidly, which

are therefore more sensitive to anti-mitotic drugs.

e Immunotherapy [13], it is based on the modulation of the patients’ immune
system. However, response to this treatment is patient-specific. Another limi-
tation is imposed by the scarce number of known tumor-specific antigens that

can be targeted.

e Targeted therapy [14], it involves the use of drugs or other substances designed
for specifical molecular targets that are involved in various cancer processes
like growth, progression and metastasis. Examples of this kind of therapy are
hormone therapies, apoptosis inducers and angiogenesis inhibitors. The main
limitation is represented by the fact that tumors usually develop resistance
against those agents, through mutations of the target molecules or by finding

new pathways to achieve the same results.



1.1.2 Application of nanomedicines in cancer treatment.

Traditional chemotherapy has different limitations such as short half-life, scarce drug
solubility, lack of specificity of the treatment, cytotoxicity and finally the occurrence
of multi-drug resistance (MDR) [15]. The use of nanotechnology-based drug deliv-
ery systems, such as nanoparticles (NPs), may overcome these limitations. For
example, to overcome lack of specificity in traditional treatments, NPs rely on two
targeting mechanisms: passive and active targeting. A schematic representation of

both mechanisms is reported in Figure 1.

Targeting Ligand
NormaICeII i( Cancerous Cell Nanocarrier ¢ g ee
@ Anticancer Drug
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Figure 1: Schematic representation of passive and active targeting [16].

Passive targeting exploits the enhanced permeability and retention (EPR) effect,
which was first observed by Maeda et al. [17]. As mentioned before, both tumor
blood and lymphatic vessels are abnormal, the first one presenting higher perme-
ability than healthy blood vessels, the second lacking proper drainage. Due to EPR
effect nanoparticles with appropriate characteristics, for example small size (in the
range of 100-200 nm) and high circulation time, can leak through the impaired
vasculature and remain trapped as a consequence of the improper drainage [18].
Despite being an appealing mechanism, therapies cannot always rely on EPR as it
depends on the tumor stage, its location and its subtype, for example, therapies
against pancreatic cancer can not rely on the EPR effect. Furthermore, nanopar-
ticles should be able to evade clearing organs such as liver and kidneys. On the

other hand, active targeting is based on the interaction between specific antigens



or receptor overexpressed or only expressed by tumor cells and the nanoparticles’
surface [19]. This mechanism can be achieved by conjugating ligands on the surface
of the nanoparticles that act as targeting molecules. To take full advantage of active
targeting, proximity of the nanoparticles to the tumor tissues is required. This can
be achieved by combining passive and active targeting [20]. In addition, ligands can
also target intravascular tumor cells or even endothelial cells of tumor blood vessels,
in order to promote nanoparticles’ accumulation within the desired site [19].

NPs are nanostructured drug carriers that possess at least a characteristic size in
the range between 1 and 400 nm and can be classified according to their size, shape
and composition [21]. Depending on the material they are composed of nanoparticles

can also be divided into:

e Lipid based nanocarriers: they can be either massive solid lipid nanoparticles or
hollow (liposomes), with at least one phospholipid bilayer that forms a hollow
sphere entrapping drugs [22].

e Inorganic nanoparticles: they can be iron oxide, silicon oxide, gold nanoparti-
cles or quantum dots [23], mostly used for imaging and diagnosis rather than

for drug delivery.

e Polymer based nanocarriers: they typically are massive nanoparticles [24]. De-
pending on the polymer used, nanoparticles can encapsulate both hydrophobic
and hydrophilic drugs. The polymers used for polymeric NPs are usually bio-
compatible and biodegradable. Moreover, the surface can be modified with

functional groups for active targeting [25].

e Hybrid nanoparticles: they are synthetized using both lipids and polymers.
Typically presents a shell-core structure and are designed to exploit the most
favorable characteristics from both polymeric systems and lipidic systems to

overcome their disadvantages [26].

Nanoparticle formulations demonstrated to improve bioavailability by increment-
ing aqueous solubility, and to increase half-life of target drugs [27]. One of the ma-
jor limitations after injection is the nanoparticles sequestration by the mononuclear
phagocyte system. This preceded by a process called opsonization that consists in
the absorption of plasma proteins onto the surface of nanoparticles [28]. Polyethi-
lene glycol (PEG) coatings is the most used method to augment circulation time
of nanoparticles. PEG, or polyethylene oxide (PEO) is a polyesther widely used

in medicine for its ”stealth” properties and its safety in humans, being classified
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as Generally Regarded as Safe (GRAS) by the FDA [29]. PEG chains generate
a hydrated cloud that sterically protects nanoparticles from aggregation and from
interaction with blood components [29], thus impeding the opsonization process.
In literature many examples of advanced drug delivery systems can be found.
Most notably, drug formulations like Doxil®) and Abraxane®) are the first mar-
keted nanomedicines that exploit advanced drug delivery systems. The first being
a liposomal formulation of doxorubicine, the latter being based on albumin-bound
paclitaxel. In particular, Doxil®), represents one of the most successful uses of

PEGylation, in which the drug lifetime was increased from minutes to hours [30].

1.2 Microtubules

Microtubules, shown in Figure 2, alongside actin and intermediate filaments, consti-
tute the cell’s cytoskeleton. The cytoskeleton is the structure that provides shape,
stability, internal organization and mechanical support to eukaryotic cells. Micro-
tubules are dynamic polymeric structures made of repeating subunits, a globular
protein called tubulin. Tubulin is a dimer, formed by «-tubulin and B-tubulin,
which are about 40% identical at the amino acid level, they weigh approximately 55
kDa [31]. Tubulin subunits are assembled to form a rigid, hollow, cylindrical protein
composed of o/ B-heterodimers. The tubulin heterodimers assemble in a head-to-tail
fashion to form the protofilaments (13 in most cells), which associate longitudinally
to form a sheet, which then closes to form a microtubule with an external diameter
of 25 nm, an internal diameter of 14 nm and length up to 50 pm Microtubules have

two different ends:

e o-tubulin is exposed at the less dynamic end (minus end), which anchors the

microtubules to the microtubule-organizing center (MTOC).

e (-tubulin is exposed at the more dynamic end (plus end), exposed to the cell

periphery.

y-tubulin is a third type of tubulin that is found in the centrosome and plays an im-
portant role in starting the microtubule assembly from the minus end. Microtubules
exert different functions such as influencing cell shape and movements, intracellular
trafficking of macromolecules and organelles and accurate chromosome separation,
playing a crucial role in mitosis, which makes them suitable as target for anticancer
therapies [32].



B-tubulin o-tubulin

Figure 2: Microtubule structure. From THE CELL, Fourth Edition, Figure 12.42.

1.2.1 Microtubules Dynamics

Microtubules are very dynamic structures, due to their unique guanosine-triphosphate
(GTP) binding and hydrolysis properties. This mechanism is characterized by the

interaction of both «-tubulin and (3-tubulin with GTP, a nucleotide analogous to

ATP, that releases energy when hydrolized in guanosine-diphosphate (GDP). Both

oa-tubulin and f-tubulin can bind GTP, however, 3-tubulin can also bind GDP.

When the GTP binds to (3-tubulin, it becomes hydrolyzed GDP. The tubulin bind-

ing affinity with the nearby tubulins weakens, stimulating depolymerization of the

microtubules. The balance between the addition rate of GTP-bound tubulin and

GTP hydrolyzation rate determines the growth rate of each end [33].

Microtubules show two distinct properties:

e Dynamic instability, which is described as the stochastic alternation between
episodes of growth (rescue) and shortening (catastrophe) of microtubules [34].

A schematic representation of dynamic instability is reported in Figure 3.

e Treadmilling, as one end of the microtubule presents a net growth, and the

opposite end presents a net shortening [33].

The dynamic properties of microtubules are pivotal for many cellular functions. The
most attracting one for drug development is the proper spindle functioning during
mitosis. Spindle microtubules are 10 to 100-fold more dynamic than interphase mi-
crotubules, to enable efficient capturing, alignment, and segregation of chromosomes.
Suppressing microtubules dynamics impairs successful chromosome attachment and

movement, blocking cell cycle progression at mitosis [33].
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Figure 3: Dynamic instability representation, growth (rescue) and depolimerization

(catastrophe) cycles are highlited [34].

1.2.2 Tubulin isotypes

Looking at tubulin isotypes, they share a high degree of sequence homology and
can be distinguished by highly divergent sequences at the level of the carboxy-
terminal tail [35]. However, o-tubulin has shown a higher conservation, hence (-
tubulin isotypes have been the most appealing to study. Ten (-tubulin isotypes
have been discovered: BI, BIla, BIIb, BIII, BIVa, IVb, BV, BVI, AVII and BVIII
[31]. The isotype expression of B-tubulin in normal and tumoral tissues has been
studied over the years. In normal tissues, BI, BIVb and BV are ubiquitous, VI
is hematopoietic cell-specific, while 31Ia, BIIb, BIII and BIVa are neuronal cell-
specific [36]. The role of different B-tubulin isotypes has been extensively studied
but the correlation between alterations in 3-tubulin isotypes and drug resistance to

Microtubule-Targeting Agents (MTAs) remains unclear [37].

1.2.2.1 BIII-tubulin expression in cancer

One of the most overexpressed tubulin isotypes in cancer cells is 3I1I-tubulin, which
is thought to play a role in antimitotic drug resistance [38]. Other characteristics
such as more pronounced tumor aggressiveness, tumor differentiation and lymphatic

metastasis are associated to BIII-tubulin expression [37]. Resistance to MTAs as



consequence of BIII-tubulin may be explained by different mechanisms:

e Increased microtubule dynamic instability: BIII-tubulin isotype forms the most
dynamic microtubules [39]. This enhancement lead to resistance to MTAs,
reducing for example their ability to suppress microtubule dynamics in some

cases [40]. This mechanism, however, still remains unclear [37].

e Reduced drug-tubulin interaction: some MTAs such as vincristine and vinorel-
bine demonstrated to have lesser binding affinity to BIII-tubulin when com-
pared with other isotypes [41]. On the other hand, compounds that bind to
the colchicine-site of the B-tubulin show no difference in binding affinity [42].

e Inhibition or evasion of drug-induced cell death: it is thought that BIII-tubulin
is involved in mitotic slippage, a key mechanism of cancer cell resistance to
MTAs-induced apoptosis [43], by regulating the caspase-mediated apoptotic

cascade in tumoral cells [44].

In some instances, BIII-tubulin overexpression has been associated with increased
survival of patient affected by malignant melanoma and in better responses to
taxane-based chemotherapy in breast cancer and ovarian clear cell adenocarcinoma
[37], Given the different roles played by this protein, it is extremely important to

assess its functions in a given tumoral tissue.

1.2.2.2 Strategies to overcome III-tubulin overexpression
Different strategies, summarized in Figure 4, have been developed to overcome the

negative effects of this tubulin isotype in cancer progression:

e Nanoparticles-based approaches were studied, both using miRNA-200c¢ [45] and
different MTAs [46]. Suppression of BIII-tubulin expression using miRNA
showed promising results as it restored cancer cells sensitivity to MTAs [45].
MTASs’ nanoformulations can enhance cellular delivery and therefore efficacy,
however if these formulations plays a role in overcoming (3-I1I tubulin-mediated

drug resistance has to be determined [37]

e The use of small-molecules has been studied to affect components that regulates
BIII-tubulin expression. For istance, VERU-111, an orally available MTA that
binds to the colchicine site on [3-Tubulin showed good anti-proliferative and

anti-metastatic effect both in vitro and in vivo [47]



e The use of antimicrobial peptides demonstrated to affect colon cancer metas-

tasis both in vitro and in vivo [48].

e The use of covalent tubulin-binding agents such as pironetin has shown promis-
ing effects that could overcome B-III tubulin-mediated resistance in cancer cells
[49]. This compound covalently binds to «-tubulin and perturbs secondary
structures located at the interdimer interface, completely evading BIII-tubulin-
mediated drug resistance. Moreover it has shown higher efficacy in BIII-tubulin

expressing cells, even at nanomolar concentration [49].

e The use colchicine binding MTAs can effectively avoid BIII-tubulin-mediated
drug resistance, as their binding affinity is not reduced by the overexpression
of the BIII-tubulin isotype [42].

Suppression of Blli-tubulin Covalent MTAs

v

» Nanoparticle-based approach Pironetin
(e.g., nanoparticles » Zampanolide
carrying microRNA-200c) » Dactylolide
» Small-molecule based » Taccalonolides AF and AJ
approach (e.g., VERU-111, Cyclostreptin

sulforaphane metabolites, and B - T
EPS1 1‘; Colchicine=site binding MTAs

> Peptide-based approach (e.q., 2-MeOE2, colchicine, VERU-111,

v

(e.g., cathelicidin) STX140, ENMD1198 and STX243)
VYL
QR
OOV >

Blitubulin overexpressing

cancer cells
Suppression of Blll-tubulin- Suppression of Blll-tubulin-
mediated activation of mediated activation of
microtubule dynamics and/or microtubule dynamics and/or
prosurvival mechanism prosurvival mechanism
Increased sensitivity to taxanes
and other MTAs
Cancer cell death Cancer cell death

Figure 4: Overview on the strategies to overcome BIII-tubulin overexpression, [37].



1.3 Microtubules-Targeting Agents

Microtubule-Targeting Agents (MTAs) are a group of chemical compounds capable
of interfering with the dynamic behavior of microtubules upon binding to «-tubulin
or 3-tubulin, although most of the known MTAs bind to (3-tubulin. The first clas-
sification of these drugs is based on their mechanism of action, as they can stabilize
(microtubules-stabilizing agents, or MSAs) or destabilize (microtubule-destabilizing
agents, or MDAs) tubulin. It has been demonstrated that MTAs mechanism of
action depends on their concentration. At low concentrations microtubules become
less dynamic, regardless of whether MDAs or MSAs are used. On the other hand,
when the concentration increases changes in the total microtubular mass (increases
for MSA and decreases for MDA ) have been observed [50]. In the past it was thought
that three binding-sites were present in tubulin (taxane binding-site, vinca domain
and colchicine binding-site), but the most recent discoveries report up to seven sites,

two in a-tubulin and five in B-tubulin [51].

e Taxane site (red in Figure 5), located in the -tubulin monomer towards the

microtubule’s lumen. Taxanes are microtubules-stabilizing drugs [52].

e Vinca domain, (orange in Figure 5), located in the 3-tubulin monomer. Drugs
that bind to this site, like vincristine, vinblastine and vindesin can inhibit

tubulin assembly by forming paracrystalline tubulin aggregates [53].

e Colchicine site (cyan in Figure 5), which is present in -tubulin at the interface
between o~ and 3-tubulin. Drugs that bind in this site induce a conformational

change in tubulin which prevents further microtubule formation [54].

e Maytansine domain (green in Figure 5), it is located next to the vinca site.
Drugs that bind in this site are considered as microtubule-destabilizing agents
[55].

e Laumalide/peloruside site (magenta in Figure 5), located in a pocket of f3-
tubulin facing the outside of the microtubule. Drugs that bind this site inhibit
microtubule disassembly by holding together protofilaments, with molecular

”clamping” action [56].

e Pironetin site (blue in Figure 5) is the first site present in «-tubulin that has
been discovered, it hosts destabilizing agents that inhibits tubulin-tubulin in-

teractions at the microtubules cap [57].
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e Gatorbulin site (yellow in Figure 5) is the most recently discovered site. It is
present in «-tubulin at the interface between - and (-tubulin. Drugs that
bind in this site have a similar mechanism to the vinca domain binding agents

[58].

Figure 5: MTAs binding sites on «-tubulin 3-tubulin heterodimer. «-tubulin is

represented on the left, B-tubulin is represented on the right, [51].

These drugs, mainly taxanes and vinca alkaloid [51], are used to treat cancer since
the mid-1960s, whereas the use of colchicine has been restricted to diseases such
as gout and Familial Mediterranean Fever due to its high toxicity [59]. MTAs can
also serve as herbicides, anti-parasitic, antifungal agents and proved to be useful
in neurodegenerative diseases treatment. Other agents that bind to the colchicine
site or colchicine derivatives are being studied for the treatment of different tumors
[50] to overcome the toxicity issues of colchicine. For example, combretastatins are
an appealing group of agents that binds to the same site as colchicine and have
shown efficacy in ovarian cancer [60] and lung cancer therapy [61], acting both as

antitumoral and anti-angiogenic agents.

1.3.1 MTASs effects on cancer cells

MTAs effects on microtubules dynamics affect cells mitosis leading to cell death
[33]. The most well understood mechanism leading to cell death induced by MTAs
is the mitotic spindle disruption. As stated above, MTAs can alter chromosome

segregation, blocking the cells in metaphase and triggering their death [50]. MTAs
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can also prevent metastasis initiation, which requires a change in cancer cells phe-
notype from epithelial to mesenchymal to acquire migratory and invasive features.
Cells then enters the vascular and the lymphatic systems, circulating throughout
the entire body and colonizing other tissues. To successfully spread through this
mechanism, cancer cells need a functional cytoskeleton, so the use of the MTAs and

the subsequent alteration of microtubule dynamics can impair these cellular events.

1.3.2 MTAs effects on tumoral vasculature

Tumors typically exhibit an altered vasculature, due to the high proliferation rate
of cancer cells that increases their need of oxygen and nutrients. An impairment
in tumor vasculature can indeed lead to tissue necrosis. Moreover, tumor vascula-
ture is needed for metastasis initiation. There are two ways to target vasculature,
drugs can either inhibit the formation of new blood vessels (antiangiogenic drugs) or
disrupt the already existing vessels (vasculature-disrupting agents, VDAs). MTAs
presents both mechanisms, as they impair also endothelial cell proliferation, migra-
tion and morphology [51]. These effects can be observed at low drug concentrations,
probably because the alterations in microtubule dynamics affect cell signaling path-
ways, damaging focal adhesions and adherent junctions therefore disturbing cell-cell
interactions [62]. A representation of the effects of VDAs and anti-angiogenic drugs

is reported in Figure 6.

Abnormal tumor vascular \
network with poor perfusion,

high interstitial fluid pressure J _—
and areas of hypoxia Tumor-VDAs - X b
Direct endothelial cell effects
Vascular disruption

Remaining rim of viable
cells that can be targeted
with chemotherapeutic
agents and radiation

Decreased nascent
vessel number

. .
Anti-VEGF effects M ANV -
Initial vascular normalization J:—J :—" L ¥ Ll o
. i ] = @, & s Improved blood flow
Anti-angiogenic agents leading to improved
delivery of

chemotherapeutic
agents

Figure 6: Schematic representation of VDAs and anti-angiogenic drugs mecha-

nisms, [63].
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1.3.3 Multi-Drug Resistance in MTAs

Although MTAs represent an interesting class of compounds to treat a variety of
cancers, multi-drug resistance can hamper their efficacy. Multi-drug resistance can
be classified either as intrinsic when it does not depend on exposure to the drug
or acquired if the mechanism is a consequence of cancer cells exposure to the drug.
Moreover, some cancer cells do not responds to MTAs as they feature oncogenic
proteins that are independent of microtubules. The most common drug-resistance

methods cited in literature are:

e Expression of different isotypes of B-tubulin [51, 33, 50].

e ATP-binding cassette (ABC) transporters [51, 33, 50]

. While the first mechanism has already been discussed in the strategies to over-
come PIII -tubulin overexpression chapter, the ATP-Binding Cassette transporters
are a family of transmembrane proteins which usually transports different types of
molecules across the cell membrane. These proteins are powered by ATP hydrolysis
and protect the normal cell against potentially harmful chemicals. Therefore, an
overexpression of these proteins leads to multi-drug resistance in cancer [64]. The
most well studied ABC is the P-glycoprotein 1 (P-gp), which interacts with more
than 200 compounds, presenting a flexible molecule-binding site and low specificity.
To block P-gp-induced multi-drug resistance different classes of inhibitors have been
studied. They can either block the P-gp binding site, interfering with ATP hydrol-

ysis and inactivating the pump, or alter the cell membrane [65].

1.4 Colchicine

Colchicine is analkaloid compound known for
millennia, isolated for the first time in 1820
from the seeds and bulbs of Colchicum Au-
tumnale and Gloriosa Superba. Its formula is
(CooHo5 NOg) and its molecular weight is 399.44

g/mol. Colchicine chemical structure is reported

in Figure 7. Briefly, the main structure is com-

posed of three rings, the rings A and C are the Figure 7: Colchicine chemical

ones involved in anti-tubulin activity. Ring A is Structure.
a trimethoxy-benzene ring essential for the cor-

rect molecule conformation and binding ability. Ring B is a seven-member ring with
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an acetamido group at C7 position, this ring influences conformation of colchicine
analogues and their binding properties, as it holds both rings A and C in a rigid
conformation. Ring C is a methoxy-tropolone ring, and its purpose is the drug-
tubulin interaction, this ring is responsible for the drug photosensitivity as it can

be photochemically decomposed. In 2009, colchicine received FDA approval as an

anti-inflammatory to treat symptoms of gout and Familial Mediterranean Fever.
Colchicine has also been proposed to treat rheumatic conditions like osteoarthritis
[66] and Behget disease [67], cardiovascular diseases like pericarditis and atheroscle-
rosis [68], hepatic diseases biliary and hepatic cirrhosis, and other pathologies such
as aphthous stomatitis, chronic urticaria, dermatitis herpetiformis and amyloidosis

[66]. Its use as anti-cancer compound has also been investigated [69, 70, 71].

1.4.1 Colchicine mechanism of action

Colchicine interferes with mitosis by disruption of microtubules, its main target is
tubulin. In 2004, Ravelli et al. identified the colchicine-binding site at the inter-
face between o-tubulin and B-tubulin that forms the heterodimer [72]. This leads
to the formation of the so-called tubulin-colchicine complex (TC-complex), that
differs from the normal tubulin by having a curved rather than straight conforma-
tion. Once the TC-complex is formed, tubulin can be employed in microtubule
polymerization, although it will induce a conformational change preventing further
microtubules growth by sterically blocking further addition of other tubulin dimers
[51]. This conformational change may be the cause of structural instability that
leads to microtubule spindle disassembly at the mitosis metaphase [73]. As common
for most of MTAs, colchicine concentration (the quantity of TC-complexes that are
incorporated into the microtubules), determines whereas the microtubule stop its
growth or starts to depolymerize, respectively at low and high concentrations [74].
Interestingly, colchicine also exhibits antiangiogenic properties and is also capable of
destroying existing tumor vasculature, however in vitro studies demonstrated that
the needed plasma concentration to obtain those effects can be lethal [75] Unfortu-
nately, colchicine has a narrow therapeutic index, this means that the range between
therapeutic and toxic doses is small, and occasionally they overlap [59]. In fact, in
2008 FDA banned intravenous administration of colchicine as it caused severe side
effects such as tissue necrosis, intravascular coagulation and death [76]. Another
limitation of this molecule is its high hydrophobicity, which limits drug solubility

and absorption, also reducing the drug entrapment efficacy in different drug delivery
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systems [|. These problems may be addressed through the production of prodrugs,
modification of the colchicine molecule using a Rational Drug Design approach or
by using advanced drug delivery systems that can enhance drug solubility, increase

permeability and absorption and increase biological half-life.

1.4.2 Colchicine derivatives: CCI-001

As stated before, the main issues of the currently
marketed anticancer drugs are the lack of specificity /
which leads to severe side effects and multi-drug re-
sistance. Colchicine also presents a narrow thera-
peutic index responsible for its high toxicity. To
overcome those limitations, Prof. J. A. Tuszynski

and his co-workers developed, through a Rational

Drug Design approach, and then synthesized, sev-
enty colchicine derivatives divided in two series (CH
and CCI). The aim of their work was to obtain a

selective MTA for BIII-tubulin with higher toxicity Structure:

against cancer cell while keeping a low toxicity pro-

Figure 8: CCI-001 chemical

file against normal cells. All the compounds were first tested in silico and then in
vitro to assess citotoxicity, then lead compounds were studied in vivo.

Among the seventy compounds tested, three of them showed better results: CH35,
CCI-001 and CCI-42-23. Unfortunately, CH35 was not eligible to be patented. Both
CCI-001, or CR-42-24, and CCI-42-23 were patentable, but CCI-001 proved to be
the lead compound as it showed a superior ADMET profile.

CCI-001 brute formula is (Co3Hay NOgS), its chemical structure is reported in Fig.

8 and it shows the following features:

e Molecular Weight: 445.5 g/mol

e Predicted binding free energies (kcal/mol) with respect to major tubulin iso-

types:

BL: -53.1 BIla BIIb: -30.1 PIIL: -48.4
BIVa: -32.0 PBIVb: -44.0 PV:-63.8 PVI: -47.6

e LogP: 2.58
e Solubility in water at pH 7.4 = 0.007 mg/ml
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MTS and MTT assays evaluated cytotoxicity against numerous cancer cell lines,
comparable if not higher than the standard of care anticancer compounds available
on market. CCI-001 proved to be active on bladder, colorectal, skin, breast, pancre-
atic and kidney cancer cells with 1C5q values in the nM scale. Regarding to healthy
cells, slight cytotoxicity against GM38 fibroblast cells was observed. CCI-001 was
proven to be more effective than paclitaxel in most of the tests. When tested on a
panel of bladder cancer cell lines (T24, 253J, UM-UC-3, UM-UC-14) CCI-001 activ-
ity was more efficient than gemcitabine and cisplatin, both used as single agents or
in combination. CCI-001 was also tested and compared with many marketed MTAs,
such as paclitaxel, vinblastine, combretastatin, laulimalide and taccalonolide, to test
its efficacy against taxol-resistant cancer cell lines. In this case, CCI-001 was more
effective than the other MTAs, although even at high concentrations some surviving
cells were found. This resistance may be attributed to P-gp activity. To assess this
hypothesis, CCI-001 was tested alongside 3-bromo pyruvate (3BP), a compound
that inhibits the P-gp activity [77]. When tested on paclitaxel-resistant SK-BR-3
the compounds showed synergistic ability, since cell viability dropped from 27.9%
to 2.1% when CCI-001 was administered alone and with 3BP, respectively. To max-
imize the synergistic effect 3BP should be administered 3 hours before CCI-001.
However, CCI-001 was found to be a weaker substrate to P-gp when compared to
colchicine. Other studies investigating synergistic effects between CCI-001 and other
anticancer compounds have been performed, showing that CCI-001 may improve the
effects of gemcitabine and cisplatin, only when administered in a sequential manner.
In particular, with a cell pre-treatment with CCI-001 and subsequent administration
of cisplatin or with a cell pre-treatment with gemcitabine and subsequent admin-
istration of CCI-001. In vivo studies confirmed the promising anti-cancer activity
of CCI-001. When tested on T24 xenografts in mice at different concentrations (3
mg/kg or 6 mg/kg) for a period of 10 days, CCI-001 was able to suppress tumor
growth without showing pronounced toxicity and 3 mg/kg was found to be enough
for tumor growth prevention. When compared to gemcitabine/cisplatin chemother-
apy, CCI-001 showed comparable effects a 3 mg/kg, confirming this is a sufficient
dose to suppress tumor growth. A clinical trial on CCI-001, intended for patient
with recurrent or metastatic solid tumors, is currently ongoing.

Other remarkable features of this novel colchicine derivative are its ability to in-
hibit migration in primary endothelial cells, thus preventing metastasis, and its
anti-angiogenic effects that have been observed in mice. Furthermore, its toxicity

is very low compared to colchicine, taxol, gemcitabine and cisplatin and its efficacy
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is proven at low concentrations. These results suggest CCI-001 as a valid alterna-
tive for the treatment of cancers, especially with aquired or instrinsinc multi-drug
resistance. Moreover, synergistic effects may further improve CCI-001 effectiveness.
The main issue with this compound is represented by its poor water solubility, being
1000-fold less water soluble than its parent compound colchicine, having a solubility
in water of 0.007 mg/ml and 7 mg/ml, respectively. The lipophilic character of
CCI-001 leads to limited absorption. To fully exploit the potential of this new com-
pound, it is crucial to overcome this limitation, for istance by exploiting different

drug delivery system.

1.5 CCI-001 Nanoformulations

Different strategies have been adopted to deliver CCI-001. An Antibody-Drug Con-
jugate (ADC) of CCI-001 and Panitumumab was produced, however it did not
express improved antigen dependent activity of the drug. Albumin/CCI-001 NPs
were produced with an average size of ~ 130 nm, narrow size distribution, zeta
potential of ~ -30 mV and a EE of 6% [78]. The latter nanoformulation showed
good results in in vitro tests. However, the use of a more flexible method that can

improve EE and overall efficacy is needed.

1.6 Nanoprecipitation

To obtain the CCI-001 loaded NPs, the nanoprecipitation method (or solvent dis-
placement method), schematically illustrated in Figure 9, was adopted. This method,
enticing due to its simplicity, can be used to obtain polymeric NPs, lipidic NPs or hy-
brid NPs [79], such as the one produced for this work. To perform nanoprecipitation,
two miscible solvents are used, one of them has to be a good solvent, the other one
has to be a non-solvent for the materials that will form the particles. This method
requires the preparation of two phases, an organic phase and an aqueous phase,
in which the starting materials are solubilized. The aqueous phase often contains
stabilizing agents, while the organic phase can contain polymers, lipids, surfactants
and the active molecules, depending on the desired formulation. Multiple solvents in
order to modulate the precipitation rates of each component can be used [80]. The
aqueous phase generally contains stabilizing agents which allow particle formation
and physical stability of the system [81]. NPs will form spontaneously when the
organic phase is added dropwise to the aqueous phase while stirring. This happens

due to the fast diffusion (displacement) of the organic solvent from the polymeric
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core of the particles towards the aqueous phase. NPs are then collected and washed
by centrifugation, filtration or using a rotary evaporator [82]. The obtained NPs are
generally small (< 200nm) and have a narrow distribution, presenting a PDI lesser
than 0.2. The characteristics of the nanosized system will be affected mainly by the
nature and concentration of the starting materials [79]. The main limitations of this
method are, however, the use of toxic solvents (such as acetone o acetonitrile) and

the limitation to hydrophobic drugs.

.‘::'-_,ﬁ“‘ ) Organic solution:
N vwnnnnn polymer + drug
N 4 b
solvent ( ]
evaporation

Aqueous solution:
[water + surfactant {optional)j

precipitation of the polymer  polymeric nanoparticles

surfactant polymer drug

Figure 9: Schematic illustration of the nanoprecipitation, or solvent displacement

method.
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1.7 Aim of the work

The purpose of this work is to produce self-assembled NPs to improve the delivery
of CCI-001. The NPs will be synthesized by nanoprecipitation, and will be com-
posed of a polymeric core, a lipidic monolayer protecting the core (EGG-PG) and a
pegylated lipidic shell (DSPE-PEG). CCI-001 is a novel colchicine derivative, syn-
thesized and patented by Professor Tuszynski et al. in the Department of Oncology,
University of Alberta, Edmonton, Canada. It acts as a microtubule destabilizing
agent and has shown great results both wn vitro and vivo, much to be currently on
a Phase I clinical trial. Compared to colchicine, CCI-001 presents higher affinity
towards BIII-tubulin, which is overexpressed in tumor cells. To maximize drug en-
trapment in the NPs’ core, two different polymers, a commercial polyester widely
used to prepare NPs (PLGA) and a polyurethane developed in prof. Ciardelli’s
lab (NHSC2000), will be used. CCI-001 loaded NPs will be tested in vitro against
US7MG, a human glioblastoma cell line, and MIA-PaCa-2, a human pancreatic ade-
nocarcinoma cell line. Cytotoxicity was evaluated in 2D cultures and 3D cultures
(spheroids), comparing the effect of the free drug and the loaded NPs. Moreover,

cell internalization and toxicity of empty particles will also be evaluated.
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2 Materials and methods

2.1 Materials

The polymers used were a proprietary poly-caprolactone (PCL)-based polyurethane
(NS-HC2000), synthesized in prof. Ciardelli’s lab using Poly(e-caprolactone)-diol
(2000 g/mol), nBOC Serinol as chain extender, Dibutyl Dilaurate (DBTL) as cata-
lyst, and 1,6 Hexamethylene diisocyanate (HDI), and Poly(D,L-lactide-co-glycolide)
(75:25), mol wt 66-107 (PLGA). All materials were purchased from Sigma Aldrich
(Italy). L-a-phosphatidylglycerol (EGG-PG), 1,2-Distearoyl-sn-glycero-3-phospho-
ethanolamine-Poly-(ethylene glycol) (DSPE-PEG) and l-a-phosphatidylethanolamine
N-(lissaminerhodamine B-sulfonyl) (Egg-Liss-Rhod PEDSPE-PEG) were purchased
from Avanti® Polar Lipids. CCI-001 (Cy3Ho7NOgS), was provided by the Depart-
ment of Oncology, University of Alberta, Edmonton, Canada. the shell. All solvents

were of analytical grade.

2.2 Instruments

The list of the instruments used during this work and their use is provided in Table
1.

Instrument Use
Scale (be, Orma) Weight all components
Magnetic hot plate stirrer (AREX Digital PRO, VELP®) Heat and stir the solutions
Vortex (Zx3,VELP®) Promote solubilization and components interactions
Centrifuge (Beckman Coulter Allegra X-30) Nanoparticles purification
DLS (Litesizer™500, Anton Paar) Evaluate size and zeta-potential
Freeze dryer (Coolsafe™, Scanvac) Recover Nanoparticles for storage
SEM (TESCAN MAGNA) Nanoparticles imaging
Incubator (ISCO Micra 9) Nanoparticles incubation for drug release
HPLC (Thermo Scientific™ - UltiMate™ 3000) Evaluate drug concentrations
Cell incubator (HeraCell™ 1501) Cells culture
Confocal microscope (Nikon ECLIPSE Ti2) Nanoparticles internalization imaging
Fluorecent microscope (ZOE Fluorescent Cell Imager) Cells and spheroids imaging
Plate reader (Synergy™ HTX Multi-Mode Microplate Reader®.) Evaluate cells viability

Table 1: List of instruments used.
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2.3 NPs synthesis

2.3.1 Nanoprecipitation

The hybrid self-assembled NPs prepared for this study have a core-shell structure.
The core is made of NS-HC2000 or PLGA, while the shell is made of a lipid layer
of EGG-PG surrounded by the outermost layer, made of DSPE-PEG. The resulting
NPs will present a hydrophobic core suitable for the encapsulation of hydrophobic
drugs such as CCI-001, and a pegylated lipid surface to impart stealth properties.
The NPs were prepared as follows: NS-HC2000 or PLGA and CCI-001 were dis-
solved separately in ACN at 10 mg/ml and 1 mg/ml concentration respectively,
EGG-PG and DSPE-PEG were dissolved separately in a solution of 10% ethanol in
distilled water (EtOh-ddH20, 10% v/v) at 1 mg/ml concentration.

The organic phase was obtained using 1 ml of ACN solution containing 1 mg of NS-
HC2000 or PLGA, the aqueous phase was obtained using 2 mL of ddH20O containing
240 ngr of DSPE-PEG and 200 pgr of EGG-PG. To obtain drug-loaded nanopar-
ticles, 75 pgr or 100 pgr of CCI-001 were added to the organic phase, whereas to
produce fluorescent nanoparticles (Rhod-NPs), 10 pgr of Egg-Liss-Rhod PEDSPE-
PEG, a fluorescent lipid, were dissolved in the aqueous phase as a component of the
lipid shell of the NPs.

To obtain the nanoparticles, the aqueous phase was stirred gently at 300 RPM and
heated to 60°C to aid lipid’s solubilization and to avoid micelles formation. Then the
organic phase was added dropwise and the obtained NPs suspension was left under
stirring at 300 RPM at room temperature for 1h to let the solvent evaporate and
the solution cool down. While cooling down 1ml of ddH20 was added to promote
solvent evaporation and temperature reduction.

The obtained nanosuspension was centrifuged using Amicon® ultra centrifugal filter
units (10 kDa cutoff-membrane) for 13 min at 3200 rpm, 25°C. After that, 1 ml of
ddH20 was added to each filter and a second centrifugation step was performed
with the same parameters. The nanoparticles were redispersed in 1 ml of water and

stored at -20°C for further characterizations.

2.3.2 Nanoprecipitation - Modified Protocol

The simple nanoprecipitation protocol was modified to enhance drug-polymer in-
teractions before nanoprecipitation. Briefly, the polymer and the drug were mixed

vigorously for 3 minutes in ACN and then the solvent was left to evaporate overnight.
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A thin yellow polymer film was obtained. The film was redispersed in 1 ml ACN and

used as the organic phase in the previously described protocol. Fig.10 summarizes

both protocols.

1) Vigorously Vortex the solution

CCI-001 NS-HC2000

100 pl 100 pl
1mg/mlin ACN NV 10mg/ml in ACN
; N

2) Evaporate overnight

5) Stir and heat aqueous solution

300 RPM, 60°C

?

6) Add organic solution drop-wise

3) Prepare organic solution

Tml ACN \

Tml ACN
100 pg CCI-001

1mg
NS-HC2000

4) Prepare aqueous solution

Waler EtOH 10% Waler EtOH 10%

.\ { |mg/ml DSPE-PEG

1mg/ml EGG-PG

2ml Water

200 pg
DSPE-PEG

240 pg EGG-PG

7) Add water, evaporate organic solvent 8) Centrifuge and isolate NPs

[

13 min, 3200 RPM, RT | ;

Figure 10: Nanoprecipitation protocol; Step 1 and 2 are added for the modified

protocol. Illustration created with BioRender.com.
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2.4 Characterization Methods

2.4.1 Size and Zeta Potential

NPs size and zeta potential (ZP) were analyzed using Dynamic Light Scattering
(DLS). DLS measures the Brownian motion of particles in a dispersion and uses
this information to determine their hydrodynamic size. The instrument irradiates
the NPs with a laser and then measures the scattered light intensity. The afore-
mentioned intensity fluctuates creating a dynamic signal, which is rapidly acquired.
Through the autocorrelation function of the intensity signal the translational diffu-
sion coefficient is obtained, which is used in the Stokes-Einstein equation with other
fixed variables such as temperature and solvent viscosity. In this way, the hydrody-
namic diameter is obtained. The hydrodynamic diameter is not the exact physical
nanoparticle diameter as in colloidal suspensions it is considered the diameter of a
solid sphere that diffuses at the same rate as the sample analyzed. This parameter
comprises the core as well as adsorbed molecules on the surface of the NPs, and it
is affected by many factors including morphology, core size, and surface properties.
Polydispersity Index (PDI) is a parameter that measures the size range of a nanopar-
ticles solution and ranges from 0 to 1 (0 being a perfectly monodispersed sample, 1
for a completely polydispersed sample). For polymeric nanoparticles, values of 0.3
and below are generally deemed acceptable [83]. Zeta Potential (ZP) is defined as
surface charge of the particles in a colloidal suspension. The higher the magnitude
of the ZP, the lesser are the chances for the particles to agglomerate. Generally ZP
values of more than 30 mV in absolute value are considered indicative of a stable
solution [84]. NPs Hydrodinamic Diameter, PDI and Size Distribution were mea-
sured with the Litesizer 500, Anton Paar, using disposable cuvettes, while ZP was
measured using the dedicated Litesizer™ Omega cuvettes (polycarbonate case with
gold electrode). For each analysis, the formulation was redispersed in 1 ml ddH20
in the appropriate cuvette. DLS was used to compare size, ZP, PDI and size dis-
tribution between blank and loaded NPs and between the two different protocols.
Moreover, to evaluate a proper storage method we tested NPs stability in ddH20 at
4°C. CCI-001-NSHC2000 NPs were used for this test, size and zeta potential were
measured at Oh, 24h, 48h, 72h, 144h and 168h.
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2.4.2 Drug Entrapment Efficacy and Drug Release

To evaluate drug entrapment efficacy (EE%) CCI-001 was recovered from the NPs.
Two initial loading of CCI-001 were tested (75 pgr and 100 pgr). Freeze dried
nanoparticles were dissolved in 200 pL of ACN and vortexed vigorously to break the
polymeric core and solubilize the drug. The supernatant was then collected, and
the samples were analyzed using HPLC. EE% was calculated as follows:

EEY — Recovered Drug Amount(pg)

Starting Drug Amount (ng) (1)

For cumulative release studies, NPs” were dispersed in 1 ml ddH20 and incubated
at 37°C. At each time point (Oh, 3h, 5h, 24h, 48h, 72h and 144h), the suspension
was centrifuged and the supernatant was collected and analyzed. The NPs’ were
resuspended in 1 ml of fresh ddH20 and incubated at 37°C. The release percentage
was calculated on the percentage of the cumulative release results after 144h (7
days). Drug concentration in each sample was quantified using a Thermo Scientific™
- UltiMate™ 3000 HPLC system. Mobile phase was an isocratic mixture of water
and acetonitrile (30:70). The flow rate was set at 1 mL/min at room temperature
and the detection wavelength was 286 nm. The assay was found linear over the
examined range of 0-20 pg/mL in the mobile phase, with a calibration curve of
equation y = 0.4854x + 0.4167 shown in Figure 11. The correlation coefficient R?
was found to be 0.992. The calibration curve was obtained by analyzing eleven

samples as shown in Table 2.

Sample | CCI-001 Concentration (pg/mL) | Sample | CCI-001 Concentration (pg/mlL)
Sample 1 1 Sample 7 12.5
Sample 2 2 Sample 8 15
Sample 3 2.5 Sample 9 17.5
Sample 4 5 Sample 10 20
Sample 5 7.5
Sample 6 10

Table 2: Samples used to plot the calibration curve
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Figure 11: Calibration curve for HPLC, curve equation and R? value are shown.

2.4.3 Yield
To evaluate the process yield (Y%) all the formulations were freeze dried. Y% was
calculated as follows:

V% — Recovered Formulation (mg)

(2)

Starting Formulation (mg)

Starting formulation consists in the sum of polymer, lipids and drug weights. First,
empty eppendorf tubes were weighted and then filled with NPs suspension and freeze
dried. Eppendorf tubes containing the powdered formulation were weighed again
and the yield was calculated by subtracting the eppendort’s weight from the loaded

eppendorf weight (recovered formulations).

2.4.4 Morphology

To assess nanoparticles morphology we used a scanning electron microscope (SEM),
TESCA MAGNA with its TESCA Essence™ software. A drop of NPs’ suspension
was placed on taped stubs to proceed with the samples metallization. The samples

were coated with a 6 nm thick gold coating and stored at room temperature.

2.5 In Vitro Studies

To evaluate drug efficacy, U87 MG (American Type Culture Collection, ATCC®R)
HTB14™), fluorescent U87 cells transfected to extress green fluorescent protein
(USTMG-GFP) and MiaPaca-2 (American Type Culture Collection, ATCC®) CRL-
1420™) were used.
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2.5.1 Cell culture

All cell lines were first thawed at room temperature. US87MG or USTMG GFP
cells were grown in Gibco™ Minimal Essential Medium (MEM) supplemented with
10% fetal bovine serum (FBS, Gibco™) and 1% penicillin/streptomycin (Gibco™).
MiaPaCa-2 cells were grown in Gibco™ Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS, Gibco™) and 1% penicillin/streptomycin
(Gibco™). Both cell lines were expanded in T75 flasks and incubated under standard
conditions (37 °C, 5% CO,), then were plated in 96-well plates (10.000 cells/well)

and allowed to attach for for 24h before treatment.

2.5.2 Spheroid culture

Tumour spheroids were obtained in ultra-low attachment U bottom plates (Thermo
Scientific™ Nunclon™ Sphera™ 96-Well, Nunclon Sphera Treated, U-Shaped Bottom
Microplate) with U87 cells. Spheroids were grown in Gibco™ minimal essential
medium (MEM) supplemented with 10% fetal bovine serum (FBS, Gibco™), 1%
penicillin/streptomycin (Gibco™). After expansion, U87 cells were plated at 4,000
cells/well with 100 pl of culture medium for each well and then allowed to form

spheroids for 4 days.

2.5.3 Citotoxicity evaluation

Cells and spheroids were treated with free CCI-001 and CCI-001-loaded NPs at the
concentrations of 1 nM, 10 nM, 20 nM, 50 nM ,100 nM for 24h, 48h, and 72h.
Untreated cells and spheroids were used as controls. Cells images at each time
point were captured using a ZOE Fluorescent Cell Imager microscope. MTS assay
were performed using the CellTiter 96® AQueous One Solution Cell Proliferation
Assay, which contains a tetrazolium compound [3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an
electron coupling reagent (phenazine ethosulfate; PES). The MTS tetrazolium com-
pound is bioreduced by cells into a colored formazan product that is soluble in tissue
culture medium, in a concentration that is proportional to the number of living cells
in the well[85]. 20 pL of CellTiter 96® AQ,eous Reagent were added to the wells con-
taining cells, in 100 pL of culture medium. The cells were then incubated for 3 hours
and the absorbance was read at 490 nm. Cell viability was expressed as a percentage
of the absorbance value determined for untreated controls. To assess in vitro cito-
toxicity for spheroids, CellTiterGlo® 3D Cell Viability Assay (Promega) was used.
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This assay uses a thermostable luciferase (Ultra-GloTM Recombinant Luciferase)
that generates a luminescent signal quantifying the adenosine-triphosphate (ATP)
presence, which is and indicator of the cellular metabolic activity, by consuming it.
The essay also provides a lysis agents that induces the rupture of cell membranes
allowing ATP release. 100 pL of CellTiter-Glo®) 3D Reagent were added to the
wells containing cells (in 100 pL), then the contents of each well was transferred to
a 96-well opaque white plate for luminescence measurement. The plate was allowed
to shake at 410 rpm for 10 minutes to remove bubbles in the same plate reader
(SynergyTM HTX Multi-Mode Microplate Reader) used to quantify the lumines-
cent signal. Spheroids viability was expressed as a percentage of the luminescence

value determined for untreated controls.

2.5.4 Internalization and infiltration evaluation

Another important factor to consider is cell internalization to verify drug delivery
efficacy. Rhod-NPs were synthetized and administered to 2D and 3D US8TMG cell
cultures, to assess nanoparticles internalization in cells and infiltration in spheroids,
respectively. For cells’ internalization different NPs concentrations corresponding to
100 nM, 1 pM and 100 pM were administered to USTMG GFP 2D cell culture and
observed after an incubation period of 24h using a Nikon ECLIPSE Ti2 fluorescent
microscope. For spheroids infiltration, a qualitative analysis of this phenomena
has been conducted by administration of Rhod-NPs at two different concentrations
corresponding to 50 nM and 100 nM to US87TMG GFP spheroids that were then
incubated for 48h and 72h. After incubation, z-stack imaging was performed using
a Nikon ECLIPSE Ti2 fluorescent microscope, in this way spheroids were divided
in slices along a z-axis and an image for each slice was taken. Two different types

of images were obtained by processing those images:

e Superimposed images were obtained by merging all the slices. Those images are
useful to immediately see NPs presence on or inside the spheroids. However,

those images do not give information about the NPs exact location.

e Projection images were obtained by analizing a single slice, selecting a single
point and then reconstructing both frontal and lateral projections using all the
slices acquired. These pictures are less immediate to analyze but can point out

the actual location of the NPs inside the spheroids.
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3 Results and discussion

3.1 Nanoparticles Characterization

3.1.1 Size, PDI and Zeta Potential

Size, PDI, and zeta potential of loaded and un-loaded PLGA and NS-HC2000 NPs
are reported in Figures 12, 13. As expected, a size increase was observed for the
CCI-001-loaded NPs, by almost 40nm, suggesting successful loading of the drug.
PLGA NPs (160-200nm) appeared to be slightly bigger in size than NSHC2000 NPs
(130-170 nm). Both NPs sizes were suitable to exploit the EPR effect (150-200 nm)
[28]. All formulations showed narrow size distribution (Figure 12, panels c), d), e)
and f)), presenting PDI values below 0.3. PDI values increased after drug loading,
ranging from 0.1 to 0.25 for NSHC2000 and from 0.2 to 0.25 for PLGA (Figure
12, panel b)). Zeta potential, shown in Figure 15, increased in magnitude from
-24 mV to -30 mV after NPs’” drug loading for both NSHC2000 and PLGA. The
negative zeta potential represents another advantage since negatively charged NPs

are usually internalized more easily by cells through endocytosis [86].
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Figure 12: a) Size, b) PDI and size distribution ¢),d),e), and f) comparison between
NSHC2000 and PLGA blank/loaded nanoparticles.
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Figure 13: Zeta Potential comparison between NSHC2000 and PLGA
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When the protocols were compared, no difference was observed both for size and
PDI, whereas ZP further increased in magnitude from -30 mV to -34 mV, as shown

in Figures 14, 15.
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Figure 14: a) Size and b) PDI comparison between NSHC2000 and PLGA nanopar-

ticles obtained with different protocols.
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Figure 15: Zeta potential comparison between NSHC2000 and PLGA nanoparticles

obtained with different protocols.
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3.1.2 Drug Entrapment Efficiency

Drug Entrapment Efficacy was calculated using HPLC, a comparison between the
EE% obtained with the two protocols is reported in Figure 16. Modification in
the protocol led to an overall increase in EE%, however this increase was marginal
for PLGA (from ~1% to less than 2% for both initial loadings). More pronounced
increases were observed in NSHC2000 NPs, with an increase fron ~1% to 2% and 5%
for 75 pgr and 100 pgr initial loadings, respectively. For this reason, NSHC2000 NPs
with an inital loading of 100 pgr, which reach the amount of ~5 ngr of CCI-001 for
each NPs formulation, were chosen for further tests. This result, due to the peculiar
properties of CCI-001 (small size and high hydrophobicity) was comparable to other
studies performed on the same drug. Further studies involving modifications of other

process parameters (i.e. effect of pH) may further enhance the loading.
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Figure 16: Drug Entrapment Efficacy comparison between original and modified
protocol for both a) NSHC2000 and b) PLGA.
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3.1.3 Drug Release Test

Release tests were performed on NSHC2000 loaded NPs with 100 pgr drug loading.
As shown in Figure 17, a burst release of 55% of the initial encapsulated drug was
observed during the first 24h, while the entire amount was released within a 1 week

in a controlled fashion.
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Figure 17: CCI-001 cumulative release in ddH20 at 37°C over a week.

3.1.4 Yield

Process yield was calculated for NSHC2000 loaded NPs with 100 pgr drug loading.

The resulting yield was around ~66%, as shown in Figure 18.
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Figure 18: Process yield for NSHC2000 loaded NPs.
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3.1.5 Stability in aqueous solution

Stability of the NPs suspension in water is reported in Figure 19. Slight fluctuations
in size were observed, from 140 nm to 150 nm, albeit not significant. A decrease
of zeta potential magnitude, from -37 mV to -22 mV was observed. These results
may suggest a decrease in the suspension stability, however, steric protection of the
particles (i.e. through pegylation, such as in this work), can prevent agglomeration

at low ZP magnitudes [84].
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Figure 19: Size and Zeta Potential measurements over a week. NPs were stored
in ddH20 at 4°C.
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3.1.6 Morphology

SEM imaging showed a marked aggregation of the NPs, as shown in Figure 20. This
was probably due to the sample preparation conditions, that involves drying of the

solution and subsequent sample metallization.

Figure 20: SEM images of blank a), ¢) and NSHC2000-loaded nanoparticles b),d),

at different magnifications.
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3.2 In vitro studies

3.2.1 Mia-PaCa-2 2D Culture

A comparison between MiaPaca-2 cells viabilities resulting from free CCI-001 and
CCI-001-loaded NPs treatments at each time point is reported in Figure 21. Treat-
ment with 1 nM concentration of CCI-001 was not effective at all, while CCI-001
efficacy was maximized at 72h, reaching 40% viability both for free CCI-001 and
CCI-001-loaded NPs. For free CCI-001 treatment, no discernible differences in cells
viability was seen for concentrations higher than 10 nM. For NPs treatment, CCI-001
started to show its effects at 20 nM concentrations and above. The higher viability
in cells treated with NPs are to be attributed to the NPs delayed release of the drug.
The two treaments showed the same overall efficacy, confirming the NPs suitability
as drug carrier for CCI-001. MiaPaCa-2 cells can grow both as adherent and floating
cells [87]. As shown in Figure 22, adherent cells detachment can be detected even at
low concentrations both for free CCI-001 (5 nM) and for CCI-001-loaded NPs (10

nM) treatment.
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Figure 21: Comparison between MiaPaCa-2 cells viabilities resulting from treat-
ments with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM,
50 nM and 100 nM at 24h, 48h, 72h.
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Figure 22: Cells images of MiaPaCa-2 cells treated with a) free CCI-001 and b)
CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100 nM at 24h, 48h,
72h. Untreated cells are reported as control group. Scale bar=200 pm
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3.2.2 US8TMG 2D Culture

A comparison between USTMG cells viability after treatment with free CCI-001 and
CCI-001-loaded NPs at each time point is reported in Figure 23. For free CCI-
001, concentrations from 20 nM up to 100 nM were found effective against USTMG
cells proliferation, reaching less than 15% cell viability for the highest concentration
at 72h. CCI-001-loaded NPs treatments also showed concentration-dependent toxi
effect, reaching 60% vital cells for the 100 nM treatment at 72h. As explained before,
higher viabilities in cells treated with NPs are to be attributed to the NPs delayed
release of the drug. The two treatments showed a comparable efficacy, confirming
the NPs suitability as drug carrier for CCI-001. Cell images shown in Figure 24,
demonstrate cell detachment at low concentrations both for free CCI-001 (1 nM)
and for CCI-001-loaded NPs (5 nM), confirming their efficacy on this cell line.
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Figure 23: Comparison between USTMG cells viabilities resulting from treatments
with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM
and 100 nM at 24h, 48h, 72h.
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Figure 24: Cells images of USTMG cells treated with a) free CCI-001 and b) CCI-
001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100 nM at 24h, 48h, 72h.

Untreated cells are reported as control group. Scale bar=200 pm
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3.2.3 Nanoparticles’ US8TMG cells internalization

Figure 25 shows poor internalization of Rhod-NPs inside USTMG GFP cells even at
higher concentrations than those used for treatment with CCI-001. Internalization

may be promoted by surface modifications of the NPs with targeted ligands.
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Figure 25: RGB images of USTMG GFP treated with Rhod-NPs at three concen-
trations (100nM, 1pM and 10pM) Scale bar=100 pm
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3.2.4 US8TMG Spheroids

A comparison between US87TMG spheroids viability resulting from free CCI-001 and
CCI-001-loaded NPs treatments at each time point is reported in Figure 26.

For free CCI-001 treatments,a decreasing trend in viabilities was observed start-
ing from 48h of exposure to concentrations higher than 20 nM, reaching 40% viability
for the 100 nM treatment at 72h. CCI-001-loaded NPs treatment showed the same
trend, reaching less than 40% vital cells after 72h at the highest concentration. This
difference may be explained by the better infiltration of NPs inside the spheroid
compared to the free drug, improving CCI-001 transport. Spheroids images (Fig-

ure 27) show disgregation of the edges, which was more pronounced for the NPs

treatments as compared to to free drug treatments.
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Figure 26: Comparison between USTMG spheroids viabilities resulting from treat-
ments with free CCI-001 and CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM,

50 nM and 100 nM at 24h, 48h, 72h.
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Figure 27: Cells images of MiaPaCa-2 cells treated with a) free CCI-001 and b)
CCI-001-loaded NPs at 1 nM, 5 nM, 10 nM, 20 nM, 50 nM and 100 nM at 24h, 48h,
72h. Untreated cells are reported as control group. Scale bar=200 pm
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3.2.5 Nanoparticles’ US87TMG spheroids infiltration

Figure 28 shows successful NPs infiltration inside the spheroids was observed for

every NPs concentration at each time point, confirming the expected results.

48h 72h 48h 72h

50 nM 100 nM

Figure 28: RGB images of USTMG GFP spheroids, treated with two Rhod-NPs
concentrations (50 nM, 100 nM) and observed at 48h and 72h. a), b), ¢), and d) are
superimposed images, e), f), g), h) show both frontal and lateral projections of the

single slices for a given point, indicated by a yellow scope. Scale bar=250 pm
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4 Conclusions

In this study we successfully developed self-assembled hybrid NPs with a core-shell
structure that present small size, in the range of the EPR effect, and narrow size dis-
tribution. Also, negative zeta potential of this formulation is advantageous, as cells
tend to internalize negatively charged NPs more easily. NPs stability was assessed,
confirming that they can be stored in aqueous solution at 4°C for up to a week.
Unfortunately, NPs morphology could not be studied using SEM microscopy, as the
NPs were disrupted in the sample preparation process. Further studies on NPs mor-
phology could be performed with TEM microscopy, which does not require samples’
metallization. In vitro test demonstrated CCI-001 efficacy even at low concentra-
tions (10 nM for MiaPaCa-2 cell line and 20 nM for US7MG cell line), confirming
the results of previous studies. CCI-001-loaded NPs showed a similar efficacy to free
CCI-001, as the higher viabilities in cells treated with NPs can be attributed to the
delayed release, confirming that our nanoformulation is suitable for the delivery of
this drug. In vitro tests on spheroids demonstrated even higher efficacy of CCI-001-
loaded NPs compared to free CCI-001, probably due to enhanced drug transport, as
NPs infiltration inside the spheroids can speed up the internalization process across
the entire construct. Cells internalization and successful spheroids infiltration of
NPs has been assessed only qualitatively, therefore quantitative studies (e.g. by
FACS) are required in future studies. CCI-001-loaded NPs will be tested in future
stuedies on the target tumors cell lines intended for CCI-001, such as OVCAR-3
cells, an ovarian cancer cell line. In addition, co-encapsulation of other drugs such

as PROTAC could further improve treatment efficacy.
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