POLITECNICO DI TORINO

Master’s Degree in Biomedical Engineering

AL N A

e
\lel T sl (10§ p2#

Master’s Degree Thesis

Nanoparticles For Combinatorial
Treatment Of Pancreatic Cancer

Supervisor Candidate
Prof. Clara MATTU Erika MONITTOLA

Co-supervisors
Prof. Valentina Alice CAUDA
Prof. Gianluca CTIARDELLI

a.a 2020-2021






Summary

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer
death in Europe and in the US. Its detection is difficult because of the lack of
clinical signs and disease-specific biomarkers. As a result, most patients remain
asymptomatic and the disease results incurable when it is diagnosed. The PDAC
microenvironment is characterized by a thick desmoplastic stroma and disorganized
blood vessels that impedes an efficient drug delivery, the accumulation of the drug
in the specific site and makes this tumour extremely hard-to-treat with traditional
chemotherapy. The progression from normal cells to invasive PDAC requires
the accumulation of multiple inherited or acquired mutations. Several signalling
pathways, such as RAS, PI3K, and Hedgehog (Hh) are known to play a role in
supporting tumorigenesis and tumour progression. Treatment options for PDAC
are limited and depend on the disease’s stage. The tumour can be classified in four
main categories depending on tumour extension: resectable, borderline resectable,
locally advanced and metastatic. The main treatment for pancreatic cancer is the
surgical procedure, however it is restricted to earlier disease stages. Chemotherapy,
radiotherapy, and new techniques based on the combination of hyperthermia with
nanoparticles remain the main treatments for metastatic tumour. Nanomedicine
has great potential in PDAC because of the ability of nanoconstructs to overcome
biological barriers and to release the drug in the specific site. A lot of organic
and inorganic nanomaterials have been successfully explored as smart functional
materials in nanomedicine. Zinc oxide (ZnO) nanoparticles show some interesting
properties, such as semiconductive, piezoelectric and antimicrobial behaviours,
as well as ease of synthesis in reduced size nanoparticles, that make them easily
addressing in the human body and facilitate the cellular uptake. However, the
use of ZnO nanomaterials in nanomedicine is still limited because of the intrinsic
limitations such as low stability of the ZnO particles in biological fluids and the non-
controllable release of Zn%* cytotoxic species. For this purpose, the doping of ZnO
served as a powerful approach to confer to ZnO new functionalities. We decided to
synthetize ZnO nanoparticles and ZnO nanoparticles doped with Gadolinium which
induces a magnetic behaviour in the nanoparticles, useful for further use as contrast
agent in magnetic resonance imaging. Polymeric materials result a powerful tool
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thanks to their biological stability, reduced renal clearance and ability to co-host
multiple drugs. So, many researchers have developed new systems that combine the
properties of inorganic nanoparticles with the properties of the polymeric coating. In
my Master Thesis work, I have coated the ZnO and the Gd-doped ZnO nanoparticles
with a polymer (a proprietary polyurethane) and I have stabilized the system with
a lipid bilayer made of L-a-phosphatidylglycerol (EGG-PG) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethyleneglycol)-2000] (DSPE-PEG) .
The aim was to characterize these nanoparticles and to evaluate their cytotoxicity
against pancreatic cancer cells in vitro. Drug-encapsulated nanoparticles (containing
Gemcitabine) were also prepared and characterized, in terms of therapeutic effect
on pancreatic cancer cells.
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Chapter 1

Introduction

1.1 The PDAC Microenvironment

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer
death in Europe and in the US. The overall survival at 5-year post-diagnosis
is <10 % [1]. The main problem is that most patients remain asymptomatic
for a long time, and the absence of symptoms and of disease-specific biomarkers
makes early diagnosis hard [1]. The tumour microenvironment (Fig. 1.1) hampers
efficient drug delivery and the accumulation of the drug at the target site. PDAC
is composed of a reduced part of malignant cells (<20 % of the tumour mass)
within a microenvironment of fibroblasts, endothelial cells, and immune cells (70
%) embedded in a dense extracellular matrix (ECM) composed of fibrin, collagen,
hyaluronan, and fibronectin [1]. In normal conditions, the pancreatic stellate
cells (PSCs), which are the resident cells of the pancreas, are quiescent and
regulate extracellular matrix production [2]. In tumors they become activated and
secret abundant ECM proteins [3]. During tumour progression, PSCs differentiate
into two subtypes of cancer-associated fibroblasts, with a pro-inflammatory or
a pro-fibrogenic phenotype [1]. The heterogeneity of these activated fibroblasts
explains the difficulty to target these cells with specific treatments. [5]. Fibroblasts
secrete several factors that negatively affect the tumour microenvironment, such as
cytokines and growth factors that actively recruit monocytes and CD4 regulatory
T cells (Treg) that contribute to immunosuppression [3]. Most immune infiltrates
are cells of the myeloid lineage, with both granulocytic and monocytic myeloid-
derived suppressor cells (MDSCs), as well as tumour-associated macrophages
(TAMs) contributing to local immunosuppression [3]. Macrophages and MDSCs
in tumours have some suppressive functions, such as the capture of metabolites
thanks to the presence of the cysteine transporter Slc7A11l, the generation of
arginase and of indoleamine 2,3-dioxygenease, the maintenance of intra-tumoral

1



Introduction

T cell

Beell @
Am:gen
3 presentation | \

Antigen-
presenting CAF

ECM
production

Inflammatory
CAF

Chemokine
CXCL12-CXCR4 inhibition
(AMD3100, BL-8040)

* Anti-FAP Ab (sibrotuzumab)

= FAP inhibiter (talabostat)

# CAR T cells against FAP” cells

* 5HH inhibitors (saridegib, vismodegib)

* Multi-MMP inhibitors {(marimastat,
tanomastat)

# Hyaluronidase (FEGPH20)

<f===d Paracrine interactions

- Cell~cell interactions

Figure 1.1: PDAC microenvironment [4]

Treg, the inactivation of CD8 T cell proliferation, and the generation of nitric
and reactive oxygen species that can alter proteins [3]. Pancreatic tumour cells
produce Granulocyte-macrophage colony-stimulating factor (GM-CSF) that causes
the accumulation of MDSCs and limits T cells responses. The presence of T cells
in pancreatic tumours is controversial. Some researchers have found both CD4 and
CD8 T-cell infiltrates [3] in about a quarter of human tumours. This could be
explained by the fact that T cells are in tertiary lymphoid structures or aggregates
of T and B cells are on the periphery or isolated from the tumour [3]. The PDAC
microenvironment is characterized by a lack of blood vessels leading to a state of
hypoxia in the tumour. The uninterrupted generation of a dense stroma lead to a
generation of solid stress and to the breakdown of the lymphatic drainage in the
centre of the tumour. This concurs to increase the intratumoral interstitial fluid
pressure (IFP) and generates vessel compression, reduced perfusion, and an hypoxic
environment [1]. As a result, most blood vessels in PDAC are non-functional,
slightly fenestrated, and surrounded by a dense layer of pericytes that hampers an
effective accumulation of drugs or nanomaterials into the tumour [1].
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1.2 PDAC Genetic Progression

The progression from healthy cells to invasive PDAC needs the presence of different
inherited or acquired mutations [6]. Point mutations in KRAS oncogene are present
approximately in the 90 % of all PDACs and represent a premature event of
the development of the PDAC [6]. The inhibition of several tumour suppressor
genes, such as those coding for p16INK4A, p53, and SMAD4, also concurs to the
transformation of the precursor lesion into an infiltrating cancer. PDAC arises
from early precursor lesions with increasing histological grades, which are termed
pancreatic intraepithelial neoplasia (PanIN), followed by progression to invasive
adenocarcinoma [4]. PanINs and are classified in three categories [6] (Fig. 1.2).

Figure 1.2: Progression from normal ducts (A) to PanIN-1 (B), PanIN-2 (C) and
PanIN-3 (D) [7]

o Low-grade (PanIN-1A or 1B): PanIN-1 lesions are made of columnar epithe-
lial cells with round nuclei uniformly distributed and basally oriented [7].
They present a flat (PanIN-1A) or papillary (PanIN-1B) mucinous epithelium
without any signs of cellular atypia [8].

o Intermediate (PanIN-2): PanIN-2 have more variations in nuclear disposition,
including loss of nuclear polarity, nuclear crowding, change in nuclear size
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(pleomorphism) and hyperchromasia, [7]. They show cellular atypia and a
predominantly papillary architecture [8].

 High-grade (PanIN-3): PanIN-3 corresponds to carcinoma in situ [8] with the
greatest degree of dysplasia [7].

There are also two other non-invasive lesions that could anticipate PDAC formation:
intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic neoplasms
(MCNs). These lesions present different mutations in comparison with PanINs. Like
PanINs, IPMNs and MCNs can contain the same KRAS pathway and inactivating
mutations. Moreover, these two neoplasms can also have distinct mutations. In
some instances, MCNs may leak SMAD4 activity while IPMNs usually do not
[6]. The activating point mutation in KRAS gene generally happens at codon
12 and concerns a replacement of glycine with aspartic acid, valine, arginine, or
serine [6]. This mutation causes a decrease of the intrinsic GTPase activity of
KRAS (GTPase protein is involved in the signal transduction across the cellular
membrane. The KRAS gene can bind this protein and can become activated)
and makes the activated protein not sensitive to GTPase-activating proteins [6].
Because of the mutations, several pathways are stimulated, including the RAF-
mitogen-activated protein kinase pathway (MAPK) and the phosphoinositide
3-kinase pathway that manage, among others, proliferation, cell division and gene
expression. The mutation in KRAS gene is also responsible for the proliferation
of the desmoplastic stroma and for the ineffectiveness of some chemotherapeutic
treatments. Another consequence of mutant KRAS is the activation of Hedgehog
signalling which affects stroma through paracrine signalling [6]. The mutant KRAS
is not the only genetic alteration observed in PDAC. In PDAC, telomere length is
more reduced compared to normal condition [6]. This causes telomere dysfunction
and chromosomal abnormalities. Telomere shortening is visible in the first phases
of PDAC progression, it precedes the KRAS mutations, and is in low-grade PanINs,
IPMNSs [6]. Another event that precedes cancer formation is the inactivation of
tumour suppressor genes, the most common of which is CDKN2A (in low-grade
or intermediate PanINs), which encodes for the pl6INK4A protein that is an
inhibitor of the cyclin D-dependent kinases CDK4 and CDK6 and interrupts the
cell cycle before the access in the S-phase. Others inactivated genes are TP53 (late
event) that encodes for the p53 protein that manages the G1-S cycle checkpoint,
arrests the G2-M, and causes apoptosis; and SMADA4 (late event) which encodes for
SMAD4 protein that acts as transductor of growth factor 3. Despite the advances
in understanding the genetic progression of PDAC, the detection of this cancer
remains difficult, highlighting the need to develop new improved therapeutic and
diagnostic means to detect early stage PDAC [6].
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1.3 PDAC Treatments: state-of-art

1.3.1 Traditional Treatments

Treatment options for PDAC are confined and depend on the tumour stage [5].
Computed tomography (CT) combined with a 3D reconstruction, endoscopic
ultrasound, magnetic resonance imaging, or laparoscopy are the imaging techniques
employed to properly categorize the tumour. PDAC is classified into four major
classes based on tumour extension: resectable, borderline resectable, which shows
venous involvement of superior mesenteric vein/portal vein and gastroduodenal
artery encasement, locally advanced and metastatic [5]. The first line treatment
for pancreatic cancer at earlier stages is the surgical procedure [5]. Chemotherapy,
radiotherapy, and new techniques based on the combination of the hyperthermia
with ferromagnetic nanoparticles are the primary treatment options for metastatic
PDAC [5]. Common side effects of these treatments include decrease in blood
cell counts, vomiting, nausea, diarrhea, poor appetite, hair loss, nervous system
changes, and infertility [5]. These effects are mainly due to the intrinsic toxicity
and to the non-specificity of the treatment. The first drug used in PDAC treatment
is the fluoropyrimidine 5-fluoroacil (5-FU), a water-soluble drug with poor and
short biological half-life due to its fast metabolism. It can also cause undesired
adverse effects such as dermatological reactions, and cardiac and gastrointestinal
side effects [9]. Gemcitabine (GEM) is an alternative drug treatment, which was
approved by the FDA in 1998. This drug presents better outcome over 5-FU: a
comparative study reported a clinical benefit response of 23.8 % in patients treated
with GEM with respect to 4.8 % of patients treated with 5-FU [5]. The median
survival time was 5.6 and 4.4 months, and the one-year survival rate was 18% and
22% for GEM and 5-FU-treated patients, respectively. [5]. The use of GEM also
causes some side effects such as haematological toxicity, fever, and vomiting. Other
drugs used in PDAC treatment are:

« Marimastat: an inhibitor of matrix metalloproteinases (MMPs) which are
proteolytic enzymes expressed in PDACr. The imbalance of MMPs and tissue
specific inhibitors is the basis of the ECM degradation and the tumour invasion.
Therefore, inhibiting MMPs to limit the growth of the tumour is a promising
approach in PDAC treatment.

» Doxorubicin (DOX): has a low oral bioavailability wich depends on its low
intestinal absorption that limits its efficacy in treating cancer.

« Paclitaxel (PTX): is a water insoluble anticancer drug. The conjugation of
GEM with albumin-bound Paclitaxel (Abraxane) has been used for advanced
pancreatic cancer [5]. This drug combination has shown promising results,
by virtue of the facilitated delivery due to the presence of albumin. However,
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there were also adverse effects such as neutropenia, leukopenia, neuropathy,
febrile neutropenia, or fatigue. The FDA approved the Abraxane-GEM as the
first-line therapy option in case of severe and metastatic pancreatic cancer
despite of its side effects.

e Docetaxel: is more soluble in water than PTX and is stable in tumor cells for
a long time. Its side effects concern hypersensitivity reactions, fluid retention
and neutropenia.

Recently, FOLFIRINOX (irinotecan, oxaliplatin, fluorouracil, and leucovorin), a
multidrug combination, has been tested to treat metastatic PDAC [5]. Patients
treated with FOLFIRINOX showed a higher efficacy with regard to overall survival
(11.1 vs 6.8 months), progression-free survival (6.4 vs 3.3 months) and one-year
survival rate (48.4 % vs 20.6 %), when compared to GEM alone [5]. Unfortunately,
the study showed an increase of side effects, including thrombocytopenia, febrile
neutropenia, diarrhea, and a general reduction of quality of life using FOLFIRINOX.

1.3.2 Targeted Therapies

Considering the heterogeneous microenvironment of PDAC and the complex stromal
interactions, targeted strategies rarely obtained clinical improvements with respect
to the standard treatments. One of the few successful strategies included erlotinib,
an epidermal growth factor receptor (EGFR) inhibitor, coupled with GEM. EGFR is
part of ErbB family of receptors, with a tyrosine kinase domain, and it manages some
important processes such as cell cycle, cell survival and differentiation, activating
different downstream signalling pathways, including MAPK/ERK [5]. Molecules
that target this pathway have been tested: for example, antibodies that block
EGFR activation and inhibitors of the tyrosine kinase domain of the receptor [5].
Another possibility is to develop target therapies against the human epidermal
growth factor receptor 2 (HER-2), since HER-2 over-expression is correlated with
scarce patient survival. Insulin-like growth factor 1 receptor (IGF1R) is also over
expressed in PDAC, and this causes an extreme stimulation of downstream pathways
with a consequent increase of cell proliferation and survival. Membrane-bound
guanosine triphosphate hydrolase (GTP-ase) protein, encoded by KRAS gene, is
activated by the EGF. [5]. In case of mutations, some signalling pathways (such
as MAPK/ERK, PI3K/Akt) are activated, increasing signals of proliferation and
inhibition signals of cell apoptosis. Therefore, strategies targeting proteins along the
KRAS signal transduction pathway have been developed [5]. To reach this purpose,
rigosertib (a small molecule inhibitor of PI3K) in combination with gemcitabine, or
tipifarnib (an inhibitor of farnesyltransferase that is an essential effector of RAS) in
combination with GEM have been tested. The vascular endothelial growth factor
(VEGF) and its receptor are other possible targets: therapy against these molecules
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could decrease proliferation of endothelial cells and infiltration and metastasis in
vivo. However, the anti-angiogenic agents with VEGF inhibitors, such as Axitinib
and Avastin, did not show positive results. Combining Gemcitabine with VEGF
inhibitor resulted in promising preclinical results, which were unfortunately not
replicated in patients. Since cancer-associated stromal cells are known to influence
PDAC progression, some studies proposed the use of nab-paclitaxel/gemcitabine
to combine the anti-cancer effect of GEM with the cytotoxicity against cancer-
associated fibroblasts and stroma disruption of nab-paclitaxel [5]. The Hedgehog
pathway (SHH) controls the generation of the desmoplastic stroma. The inhibition
of the Hedgehog pathway by pharmaceutical inhibitors agents (IP1-926) has a
potential anti-tumour activity. The combination of IP1-926 and Gemcitabine (or
nab-paclitaxel) has shown improved drug delivery, reduced metastases, and higher
survival rate. Currently, no FDA-approved Hedgehog inhibitors are available, but
clinical trials are under evaluation [5]. Vismodegib (GDC-0049), another inhibitor
of the Hedgehog pathway, is also under assessment in combination with Gemcitabine
and with Gemcitabine/nab-Paclitaxel for metastatic patients [5]. Another molecule
identified as possible target is Tissue Growth Factor (TGF) which is over expressed
in PDAC tissues. Similarly, target therapies against Pancreatic stellate cells (PSCs)
and other ECM proteins have been proposed, since PSCs actively are involved in
the production of the stroma. Angiotensin II type 1 receptor blockers (ARBs) had
the best results [5]. Among these, Candesartan, could suppress PSCs activation
and prolonged the survival for more than 6 months when coupled with ACEIs
(angiotensin I converting enzyme inhibitors) [5]. Losartan, another ARBs, was
shown to decrease the quantity of hyaluronan and collagen in the tumour stroma,
remodel tumour micro environment and increase blood perfusion [5].

1.3.3 Immunotherapy

Immunotherapy is an emerging treatment for advanced PDAC. This approach
exploits immune checkpoint inhibitors, such as programmed death receptor (PD-1)
and its ligand PD-L1, which are expressed on tumour-associated lymphocytes and
participate in the inhibition of immune response during carcinogenesis. Targeting
this signalling pathway should activate T cell activity and therefore cancer cell
death [5]. Another strategy is to target CD40 which is a tumour necrosis factor
expressed by immune cells. Its over expression is linked with cancer progression.
Enhancing CD40 activity with its agonists may increase T-cell immune responses
and consequently induce cancer regression [5]. The use of CD40 agonist in com-
bination with GEM could enhance the store of tumour-suppressive macrophages
and reduce the tumour progression. Other applications of the immunotherapy
concern the vaccines, that improve the response of the immune system to the
tumour-associated antigens [5], monoclonal antibodies, which exploit T cell therapy
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that is based on the pickup of patient’s T cells, then their activity is boosted
through genetic/chemical re-engineering, and at the end they are reintroduced
into the patient, and use of cytokines. [5]. Virus therapies are currently under
assessment as anti-cancer tools because they can facilitate the auto disruption of
the cells.

1.3.4 Nanomedicines

Nanomedicine uses nanoparticles (1-100 nm) combined with drugs and pharmaceu-
tical ingredients, overcoming the specificity and toxicity problems of the traditional
treatments [10]. Many nanomaterials, both organic and inorganic, have been suc-
cessfully used in the design of nanomedicines. Nanoparticles offer several advantages
in drug delivery, as detailed below:

1. They allow high encapsulation efficiency of drugs and their controlled release
at the site of interest, improving pharmacokinetics and biodistribution of the
encapsulated drug [11].

2. By doing so, they overcome some of the main restrictions of conventional
treatments based on chemotherapy, such as the lack of selectivity and solubility
and the side effects.

3. Nanoparticles have high surface area and can be surface modified with targeting
ligands to achieve higher tumor selectivity. Moreover the reduced size (5-100
nm) allows their passive accumulation in tumours through the Enhanced
permeability and Retention (EPR) effect. [11].

4. They offer stimuli-triggered release options, such as pH-triggered release or
release activated by external light/mechanical stimulation (smart nanoparti-
cles).

5. Nanoparticles can also be employed as contrast agents with enhanced imaging
properties. For instance, magnetic nanoparticles have been used as contrast
agents in MRI [11], while metallic nanoparticles have successfully been used
as contrast agents for optical and X-ray imaging.

6. Imaging and treatment options can be combined in an all-in-one system
(theranostic nanoparticles) to achieve detection/follow-up ability coupled with
site-specific drug release.

1.3.5 Nanomedicine in PDAC treatment

The most common class of nanomedicines used for PDAC treatment are nanocarriers
loaded with synthetic drugs. Considering the good effects obtained with GEM

8



Introduction

treatments, nano-sized drug delivery systems carrying GEM have been produced to
enhance target accumulation and reduce systemic toxicity [9]. For example, GEM-
modified gold nanoparticles have been synthetized using cetuximab (anti-EGFR
antibody — EGFR is the epidermal growth factor receptor which is overexpressed
in PDAC and is involved in carcinogenesis) as a targeting agent. The system was
tasted in vitro on three pancreatic cancer cell lines (PANC-1, AsPC-1, and MIA-
Paca2) [12] and the results demonstrated that the targeted nanoparticles presented
a higher inhibition ability of PDAC cells proliferation when compared to the non-
targeted ones [9]. Another study has combined GEM with iron oxide magnetic
nanoparticles (MNPs) and anti-CD47 antibody to reduce the growth of the tumour
[9]. The system was tested both in vitro on Panc-215 and Panc-354 cells, and ex
vivo on human PDAC tissues obtained by patients and expanded as patient-derived
xenografts [13]. The study showed a suppressed growth of pancreatic tumours and
an improvement in the imaging contrast in magnetic resonance imaging (MRI) [13].
To target the characteristic vascular tissue of PDAC, researchers have combined
GEM with PEGylated human recombinant PH20 hyaluronidase (PEGPH20) and
tested it in mice. It is known that the deposition in the interstitium of hyaluronan
(HA) is partially responsible for the generation of high interstitial pressure in many
solid tumours and of the consequent vascular collapse and hypo-perfusion [14]. By
using PEGPH20 it is possible to target and degrade hyaluronic acid, thus reducing
intra-tumoral pressure and normalizing the vasculature. Tumours treated with this
combination showed a decreased size at the end of the treatment, but an increase
in the metastatic potential was also observed [14]. Another nanomedicine-based
approach was based on large pore-sized GEM-loaded mesoporous silica vesicles
(MSVs) [9], which showed higher internalization into PDAC cells compared to free
GEM employing both Pan02 and BxPC-3 cells line. This is of particulare note since
GEM is quickly transformed into its inactive metabolite 2’,2’-difluorodeoxyuridine
(dFdU) by cytidine deaminase after systemic administration and it is also too
hydrofilic to cross the cell membrane [15]. Therefore, the proposed system was
able to preserve the encapsulated drug from enzymatic metabolism, and enhanced
penetration trough the cell, improving Gemcitabine efficiency [15]. The developed
MSVs showed large pore size and volume useful for efficient drug loading [15].
Graphene quantum dots (GQD) have also been proposed. GQD-conjugated GEM-
loaded human serum albumin (HSA) was tested on Panc-1 cancer cells with good
uptake and low toxicity effects [9]. Since early detection and surgical resection
raise the mean 5-year survival of PDAC patients up to 31.7+ 3.6 months, there is
ample room to exploit the tumour-accumulation ability of theranostic nanoparticles
to transport imaging agents for early detection of PDAC in combination with
treatments [1]. For example, magnetic nanoparticles combined with mesoporous
silica nanoparticles have been used to maximize the drug loading efficiency (because
of their high surface area) and as stimuli-responsive release system [11]. Maghemite
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nanoparticles placed in mesoporous-silica matrix allow magnetic hyperthermia
under exposure to a low-frequency alternating magnetic field [16]. The possibility
to vary the intensity of the generated heat together with the biocompatibilty of the
system and the good uptake in cancer cells in vitro represents a new tool against
solid tumors. Recently, researchers have developed new platforms which combine
photothermal therapy with a chemotherapeutic agent (photochemotherapy). An
example concerns a hybrid NPs loaded with GEM inside a polymer matrix in a
nano-gold NPs system [17]. The samples were irradiated with a laser at 640 nm for
10 minutes, recording the temperature every minute. The temperature of the hybrid
NPs rose by 12.3°C in 10 minutes while the only gold NPs showed an increase
of only 2.5°C [17]. This meant that the hybrid system converted more efficient
the light into thermal energy [17]. This was due to the presence of the polymeric
matrix which enhanced the clustering of the nanoparticles [17]. The cytotoxicity
was tested on MiaPaca-2 cell line as a function of GEM concentration. The cells
treated with only GEM or with gold nanoparticles showed a ratio of apoptosis
to necrosis of 70:30 with or without laser irradiation. On the contrary, the cells
treated with the hybrid GEM-polymer nanoparticles showed an apoptosis/necrosis
ratio ranging from 75:25 to 60:40. [17], indicating that the thermal effect increased
the efficacy of GEM. The second group of techniques used for PDAC treatment, is
composed by metals and metal oxides nanoparticles with anti-pancreatic cancer
activity. Superparamagnetic iron oxide NPs were used to convert the absorbed
energy from alternating magnetic fields in heat in a murine B16-F10 melanoma. [18].
After the intratumoral injection and the exposition to short external alternating
magnetic field, there was an important reduction in tumor size [18]. Cerium oxide
NPs were also tested in pre-clinical trials as an adjuvant to sensitize PDAC cells
to radiation therapy (RT), showing a decrease in tumour weight and volume and
protecting healthy tissues from the harmful adverse effects [19]. Cerium oxide
NPs combined with RT induced the activation of c-Jun terminal kinase (JNK)
which indices apoptosis [19]. Furthermore, these nanoparticles stimulated the
generation of reactive oxygen species (ROS) in cancer cells which induced the
oxidation of thiredoxin 1 (TRX1) and the consequent stimulation of apoptosis
signaling kinase 1 (ASK1) [19]. These NPs re-activated the apoptotic mechanism in
the human PDAC cells when submitted to RT [19]. Magnetic Fe304 NPs conjugated
with Gambogic Acid (anti-cancer drug with poor water solubility) were tested
in Capan-1 pancreatic cancer cells showing enhanced chemotherapeutic efficiency
[20], as demonstrated by the reduced expression of antiapoptotic proteins, such as
Bcl-2, and the increased expression of proapoptotic ones, including Bax, Caspase 9
and Caspase 3 [20]. Silver-graphene quantum dots were also demonstrated to be
specific for pancreatic cancer without affecting normal tissues. Carboxy methyl
inulin (CMI) was bound to the nanocomposite to increase its biocompatibility
and 5-FU was used to investigate the anticancer effect. [21]. The system was
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tested in vitro on Panc-1 cells and in vivo on a PDAC model in Wistar Rats
[21]. The presence of CMI effectively reduced the toxicity of the metal NPs [21]
as demonstrated by the absence of abnormalities in the normal tissues near the
cancer site. Gold NPs with Plectin-1-peptine conjugated with Gemcitabine showed
selective accumulation in PDAC tissues as demonstrated by the in vitro test on
PDAC cell lines (AsPC-1 and PANC-1) and by the in vivo test in Panc-1 orthotopic
xenograft model [22]. It has been demonstrated that these NPs have a good
efficiency in accumulating in tumors expressing plectin-1 without affecting adjacent
normal pancreatic tissue. Furthermore, they were able to deliver GEM selectively
to cancer cells [22]. PEGylated graphene oxide nano-sheets were used as gene
delivery system to co-deliver Histone deceatylase (HDAC1) and KRAS siRNAs
to target MIAPaca-2 pancreatic cancer cells. [23]. PEG was used to increase
the biocompatibility. HDACI is involved in maintaining of the pluripotency of
embryonic and cancer stem cells. KRAS mutation is typical of PDAC progression
as previously described. This study demonstrated also how the combination of this
nanosystem with near-infrared (NIR) light inhibited in vivo tumor growth rate by
over 80 % in mice [23]. This outcome revealed the importance of the phototermal
effects in anticancer treatment.

Another class of nanoparticles are the so-called smart nanosystems, which are
planned to react to external stimuli to trigger drug release once they have passively
or actively reached the tumour site [1]. For example, smart nanoparticles that
respond to temperature or pH stimuli can be designed. Temperatures over 42°C
induce cell death in normal tissues, while temperatures over between 41°C and
47°C induce apoptosis and over 50°C induce necrosis in tumor [24]. Therefore,
hyperthermia has been associated with other traditional treatments in PDAC.
Oluwasanmi et al. [25] developed hybrid nanoparticles (HNP) coupled with GEM
trough a Diels Alder linker. The heat was produced by a laser and was used
to irradiate the HNPs promoting the breakdown of the linker and the release of
the drug. The system was evaluated in vitro on pancreatic cancer cells showing
an 11-fold improvement in cellular uptake and a higher performance in terms
of cytotoxicity as compared to the GEM-loaded nanoparticles without the heat
generation [25]. In vivo the nanosystem showed a 62 % reduction in tumour
weight and size in pancreatic BxPC-3 xenografts when compared to the same
system without irradiation [25]. Ray et al. [26] developed a system composed
of 4-amino-4’-dimethylaminoazobenzene (AZB), isoleucine (Ile) copolymers and
poly(ethylene)glycol-block-poly (carbonate) (PEG-b-PC) loaded with GEM. The
copolymers respond to pH variations. The nanoparticles had a size of 114-137 nm
depending on the copolymers used. This PEG-b-PC system was able to encapsulate
GEM at 13.8 - 28.8 % and, when the copolymers were activated by a pH change,
to release the drug [26]. At the low pH of the cellular compartments, NPs are
disassembled [26]. Nanoparticles can also be designed to react to the application of
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magnetic fields to produce heat at the target site. For example, gold-silica nano

shells have been developed to treat malignant cancer by heating the tumor cells
[24].

1.3.6 Zinc oxide (ZnO) nanoparticles

The thesis focuses on the use of zinc oxide nanoparticles in PDAC treatment. Zinc
oxide (ZnO) is a low-cost, abundant, and inorganic material [11]. It is a GRAS
(“Generally Recognized as Safe”) material at the micrometric level, however it
shows a concentration-dependent toxicity at nanometer-size level when in contact
with cells, specifically cancer ones. ZnO is also a wide band-gap semiconductor
(3.31 eV) with interesting physical and chemical properties, such as photo- and
sono-catalytic activities, piezoelectricity, and pyroelectric behaviour [11]. ZnO
nanoparticles (NPs) can easily reach specific site in the human body and can accu-
mulate efficiently in tumours thanks to their reduced size [27], which also facilitate
cellular uptake. Nanoparticles size and overall shape allows their internalization
into cells and their interactions with biomolecules inside or on the cell surface in
cancer treatment [28]. ZnO nanoparticles also showed good antimicrobial properties
against both Gram-positive and G