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1. Introduction

Glioblastoma multiforme (GBM) is a malignant tumor of the central nervous system (CNS). According
to the 2016 World Health Organisation (WHO) classification of tumors, this neoplasm with astrocytic
differentiation, 90% of which are classified as GBM [1], is one of the most commonly diagnosed brain
cancers, that usually (in 60% of cases) affects people at ages between 55 and 74, most of which are
men [2]. Unfortunately, this grade IV astrocytoma is rarely diagnosed in its initial stages since it
behaves in an atypical way, because it has traits of extracranial tumors even if it is an intracranial one,
and it is not easily treatable surgically. Moreover, GBM is characterized by numerous alterations, both
genetic and epigenetic, which lead to cellular reorganization and extracellular matrix (ECM)
modification. These changes result in a multiform number of mutation subgroups (MSG), and this is
the reason why this cancer is called “multiforme” [3]. Besides the genetical alterations, this cancer is
called multiforme also because of the way it presents itself, with pleomorphic nuclei and cells, regions

of necrosis and regions of proliferation [4].

GBM presents also other specific characteristics. First of all, it is part of the group of the so-called
diffuse astrocytic tumors, whose hallmark of malignancy is astrocytic tumor migration [5]. Migration
and invasion of the GBM are linked with the overexpression of integrin a3 that activates the
extracellular signal-regulated kinase (ERK) pathway [6]. This integrin is especially localized in invading
cells and in cells surrounding vessels. Secondly, it shows an increased expression of some proteins.
Indeed, mutant p53, a variant of the protein that in healthy conditions repairs the DNA, plays a key
role in the modification from a low-grade astrocytoma to the high-grade glioblastoma [7]. Its nuclear
localization has been correlated with long-term survival rates, because of the apoptosis induced by the
protein and the consequent limitation of the cancer. In addition to the aforementioned, it has to be
noticed that GBM cancer stem cells (GBMsc or GSC) can be identified by the presence of CD24 (also
known as heat stable antigen — HSA), CD44 (hyaluronic acid receptor), CD133 and Hes3 positivity.
These cells are highly resistant to treatment thanks to active mechanisms of DNA repair and self-

regeneration, but these receptors make their targeting with specific functionalization possible.

GBMs’ common symptoms include headache, nausea, vomiting (due to increased intracranial
pressure), personality changes, motor weakness, slowing of cognitive function and seizures. Although,
GBM is an aggressive form of cancer, extra cranial metastases are rare, either due to the short lifespan
of the patients, or due to the obstruction of the metastatic cells by the absence of lymphatic transport
in the brain [8]. Metastases of GBM is usually observed after a surgical resection and the consequent

damage to the blood-brain barrier (BBB).



As in most of the tumor environments, also in GBM oxidative stress is huge due to cancer cells’
metabolism [9]. Indeed, exaggerated quantities of reactive oxygen species (ROS), such as hydrogen
peroxide (H20,), hydroxyl radical (-OH), superoxide anions (O>’) and hypochlorite anions (OCI’), are
produced in disease conditions. Even if these small reactive molecules, which are generated
intracellularly and mostly in the mitochondria [10], in physiological concentrations take part in many
metabolic pathways, they can become harmful when produced in excess. ROS overproduction is
related with acidosis [11], that means a decrease of the pH which in turn is related with metastasis.
The presence of ROS increases or maintain a low intracellular and extracellular pH and vice versa the
acidosis can improve ROS production. The oxidative stress is also related with hypoxia [12], which is

connected with the multidrug resistance (MDR) phenomenon [13] and angiogenesis [14].

1.1. Current GBM treatments
Nowadays, the most common treatments for GBM consist of surgical resection followed by

radiotherapy and chemotherapy.

Neurosurgical methods for the resection of glioblastoma improved a lot over the decades, and one of
the reasons is the possibility to use advanced imaging technologies that help surgeons to better
understand the tumor pathophysiology and how to treat it. One of the most used imaging techniques
is positron emission tomography (PET) [15], that exploits the different metabolism of cancer cells.
Indeed, cells in the tumor site switch their way to produce ATP from the oxidative phosphorylation to
the lactic acid production. Even if the last one is less efficient in general, the cancer can take advantage
of itin order to proliferate and to differentiate into GBM [16]. However, spatial resolution of PET is still
a limitation. Other imaging techniques are available: tumor resection can be realized with the help of

cortical mapping or can be fluorescence-guided.

Radiotherapy (RT) in the form of kilovoltage X-rays were first introduced during the 1940s, and
megavoltage X-rays started to be part of the cancer treatments during the 1960s; nevertheless it was
not until 1970s that these therapies were applied in the whole brain, and only after computed
tomography and magnetic resonance imaging (MRI) were developed, the partial brain radiotherapy
became possible [17]. Radiotherapy dose escalation was attempted through brachytherapy, but this
kind of therapy resulted in numerous problems, such as, worsening neurological deficit, increased
seizure activity, infection, hemorrhage, pulmonary embolus, and radiation therapy necrosis. It has to
be noted that, brachytherapy was combined also with hyperthermia (also known as thermotherapy)
thanks to ferromagnetic implants that could be heated by an external stimulus. Although, this
technique improved the survival of the patients, at least 50% of them undergo a second surgery due

to the observed resistance of these patients in the radiotherapy. This relative radio-resistance was



explained by the ability of the hypoxic tumor cells to withstand sublethal damage. These cells required

a higher dose of radiation to reach the cellular death compared to the healthy and oxygenated cells.

Nowadays, the radiation therapy is applied at a maximum of 60 Gy over 6 weeks and the method of
intensity-modulated radiotherapy (IMRT) allows the treatment using different doses in different brain
areas producing multiple beamlets of radiation [17]. Unfortunately, this technique requires a

significant amount of time.

In the last but most robustly used treatment, chemotherapy, different chemotherapeutical agents can
be used, but the most employed one is temozolomide (TMZ) [3]. This drug, approved by the European
Agency for the evaluation of Medicinal Products in 1999 [18] and by the Food and Drug Administration
(FDA) in 2005, is an alkylating agent which once it is found inside the body, at physiological pH, it is
converted to monomethyltriazenoimidazolecarboxamide (MTIC). MTIC methylates the O6- and N7-
positions of guanine in the DNA of the tumor cells, with the help of a methyldiazonium ion, [19] and
can alkylate DNA during all phases of the cell cycle, resulting in the inhibition of the DNA replication
and the induction of the cell-cycle arrest and of apoptosis. It has been observed that the covalent DNA
changes happen more in the brain tumors cells compared to normal tissue, [20] and this can be
probably explained due to the different pH environment of the two types of cells, coupled with
different abilities to repair the methylated lesions. An alternative hypothesis is that in some cases

tumor cells may have more exposed guanine-rich regions than normal cells.

The TMZ dose for glioblastoma patients is 75 mg/m?/day for 42 days, then 150 mg/m? po once/day for
5 days/month during the next month, followed by 200 mg/m? po once/day for 5 days/month in
subsequent months for a total of 6 to 12 months. Patients receiving chemotherapy require a complete
blood count (CBC) at varying intervals in order to determine if there are changes in the blood cell
counts. Unluckily, TMZ is successful only in 40% of clinical cases [21], and its effectiveness is limited by
the hypoxia-induced MDR phenomenon and by a small number of miRNAs, like miR-455-3p and miR-
10a, the decrease of which has shown to allow the enhancement of the TMZ treatment [22]. miRNAs

have been also shown to be implicated in the proliferation and the invasion of GBM [16].

Other common employed agents against GBM are 5-fluorouracil, carmustine, semustine, cisplatinum
procarbazine and lomustine (CCNU), the latter of which showed to highly improve the life expectancy

of some GBM patients [17].

These treatments are usually not enough to completely eradicate the tumor and there are several
factors that limit their efficacy. One of them, for example, is Mgmt gene, which is responsible for the
production of the Mgmt protein, able to fix the DNA damage caused by RT and TMZ in cancer cells

[23]. The survival rate after the common treatments is approximately 50% after 1 year from the
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diagnosis, 25% after 2 years, and 10 to 15% after 5 years. Many patients cannot tolerate the
considerable side effects that therapies involve and suffer from low quality of life. Moreover, there is

often the tumor relapse.

1.2. State of the art
Of course, the best way to improve the survival rate would be to achieve an early diagnosis of cancer.
Different solutions could become possible and among them, the detecting of biomarkers is a promising
way to follow. An example is the exploitation of the presence of microvesicles. Microvesicles derive
from the plasma membrane of the cells from which they are released, and they carry mRNA, miRNA,
and proteins. It should be noted that the horizontal transfer of these components into the endothelial
cells induces the angiogenic effect which is typical of the solid tumors [24]. Moreover, the quantity of
GBM-derived microvesicles inside the patients’ bloodstream was proved to decrease after the TMZ
treatment [25]. Not only the serum can contain microvesicles, but it could also be analyzed to detect
RNUG6-1, a small non-coding RNA that is related with GBM [26]. Except this, a less specific sign of GBM,
but a clue of a change in the nervous system environment, is the increase of certain proteins inside
the cerebrospinal fluid (CSF), such as albumin and osteopontin [16]. An additional example of a
prognostic indicator is PTEN, a phosphatase tumor suppressor fundamental in cellular homeostasis
that is often mutated in GBM [27]. The advantage of exploiting biomarkers is that they are non-

invasive, quick and accurate diagnostic tools.

Concerning the imaging techniques, PET/MRI scanners allow better diagnosis thanks to the
combination of high-resolution anatomical imaging and functional imaging. In order to identify hypoxic
cancer cells, [F]-fluoromisonidazole ([F]-FMISO) and Metronidazole, a hypoxic sensitizer, can be used

as tracers.

If an early diagnosis could surely improve the survival rate of patients, new therapies are also
fundamental. As intensity-modulated radiotherapy (IMRT) takes lots of time, another method named
as volumetric-modulated arc therapy (VMAT) has been developed, in which the various parameters
such as, dose rate, gantry speed and field aperture, dynamically change during the treatment [17].
Another recently tried treatment is hypofractionation, in which the total radiation dose is divided in
large doses and treatments are provided less often but also for shorter periods of time. With
hypofractionation the requested time and costs are reduced. Unluckily, it cannot improve the survival.
Recently, mathematical algorithms have been developed in order to optimize radiotherapy for a single

patient by analysing and simulating the specific tumor kinetics [28].

Concerning innovative drugs that act as novel chemotherapeutic agents, the AG-120 that targets

isocitrate dehydrogenase (IDH-1) mutations, which are critical in the transition from the low-grade
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tumor to the highest grade one, is the newest discovery by Agios pharmaceuticals that entered the
clinical trials. The mutation is represented by an arginine that is replaced in the aminoacidic sequence
of the enzyme and this change in the active site prevents it from converting isocitrate to alpha-

ketoglutarate.

Immunotherapy is another promising technique for cancer treatment. The hypothesis that the
immune system is able to kill cancerous cells is supported by the fact that increased incidences of
cancer are exhibited in immunosuppressed patients [29]. Lots of immunological methods have been
developed against tumors, such as adoptive cell-based therapies, tumor vaccines (it is possible to
target proteins of the immune cascade or tumor proteins), monoclonal antibodies, and cytokine
treatment. Popular therapeutic targets are the driver mutations of the cancer cells, which confer them
the huge growth potential, and which are almost 50 in GBM [30]. In this brain tumor, an overexpressed
receptor tyrosine kinase is the epidermal growth factor receptor (EGFR). It is involved in many
processes, such as cell proliferation and inhibition of apoptosis. Moreover, a mutant variant of EGFR
called EGFRvIII that was found in about 30% of primary GBM, not only increases tumorigenicity and
cancer cell migration, but it also enhances the resistance to RT and TMZ-therapy. Exploiting this
protein, the GBM vaccine Rindopepimut® which is a combination of EGFRvIII with the carrier protein
keyhole limpet hemocyanin, that was developed and licensed in 2008, allows the specific elimination
of cells expressing EGFRvIII [31]. Another immunotherapy technique is the induction of antigen-specific
immune responses by employing dendritic cells which can be sensitized with different tumor antigens,

and then be inserted in the body [32].

An alternative technique for the treatment of GBM that has already been approved by the Food and
Drug Administration, is the tumor treating field (TTF) therapy, which leads in the termination of the
tumor cell mitosis, due to an applied alternating electric field. This approach reached the clinical trials

and showed minor side effects and high patient compliance [33].

Finally, nanoparticle (NP) -based delivery systems can be exploited against GBM because of their
multiple advantages [34]. Indeed, these smart drug delivery systems (DDS) can improve the
pharmacokinetics and pharmacodynamics of drugs, they can avoid the uptake by the
reticuloendothelial system (RES), they can cross the BBB, they can combine different therapies and
encapsulate various drugs, and they can reduce the side effects on the healthy tissues [35] by providing
selectively specific amounts of drug at a tumour site. Moreover, NPs can take advantage of some of

the abnormal properties of cancer cells in order to kill them or to induce their apoptosis.



1.3. Nanoparticles
Nanoparticles, defined as particles with dimensions of 1 to 100 nanometers by the National Institute
of Health (NIH) of the United State of America, are considered an innovative approach both for the
treatment and the diagnosis of GMB, due to some attractive characteristics they present, some of
which are, easy fabrication procedures and consequently low cost, specific optical properties,
controllable size and shape, responsiveness to biological, physical and chemical stimuli and
biocompatibility. An additional advantage of using nanoparticles in biomedicine is their ability to be

administered in the patients using various traditional routes, like oral, parenteral and ophthalmic.

NPs can have either a diagnostic or a therapeutic character, or a combination of them in the form of a
theranostic system, which means that in a single type of nanoparticle it is possible to put together
therapeutic and diagnostic abilities. Theranostic structures have the ability to detect endogenous
abnormalities and to treat them, and can be exploited to map the metabolic pathways, in order to
understand how a pathogenic condition develops [36]. The dimensions of the theranostic NPs vary
depending the targeted tissue and the application, but a size of approximately 100 nm is considered a
good compromise for the majority of the existing bio-applications [37]. An increased size may result to
a higher uptake by the macrophages, while a smaller size may result to a faster reticulo endothelial

system (RES) clearance.

Finally, it should be noted that, one more characteristic that makes nanoparticles attractive in the
nanomedicine field, is their ability to response to various stimuli. Among the stimuli-responsive
structures, most of them exploit physical (e.g., temperature [38], magnetic and electric fields [39],
ultrasound [40] and osmotic pressure) or chemical (e.g., pH [41], ionic strength, and glucose) stimuli.
Noteworthy, only a small amount of studies is related to biological stimuli, such as enzymes and ROS
[36]. For example, if ROS are present, ROS-scavengers can be exploited. These are substances that

react with ROS and lead to the formation of less active molecules.

1.3.1. Types of nanoparticles

Among the diagnostic NPs, there are the so-called quantum dots (QD) which are semiconductor
crystals used as inorganic fluorophores. They are composed of a core of lead sulfide (PbS), cadmium
selenide (CdSe) or cadmium sulfide (CdS); a shell that improves the quantum yield; a stabilizing layer
that makes them biocompatible, as for example copolymer micelles [42]; a targeting group that
imparts specificity to numerous cell surface ligands. Their fluorescence properties depend on the fact
that when an electron in the valence band absorbs a photon, it is transferred to the conduction band
and when it returns to the lower band there is an energy emission in the form of a photon. The higher

the gap between the bands, the more the electron needs high frequencies and small wavelengths to
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move, then the energy of the emitted photon is higher. Small QDs have a bigger band gap compared
to larger ones, resulting to a fluorescence dependence on the dimension of the NPs. QDs can be used
for imaging, both as single QDs and as QD-embedded NPs [43], and they have the advantage not to
present the photobleaching effect like the traditional fluorescent dyes. QDs-loaded nanocapsules have
been used for cell imaging and showed stability up to 30 days [44]. Moreover, the QDs core can be
modified to enhance their magnetic properties, so the dots can be identified both from their
fluorescence and their magnetic resonance. Among the applications of QDs, near-infrared imaging of
deep tissues, single-particle tracking of biological processes, multimodal imaging of tumors, QD-based
FRET processes, cellular delivery of QDs, and QD-based biosensors have been studied [45]. Finally, it
has been shown that QDs can be also used as part of a possible therapeutic strategy, boron neutron

capture therapy (BNCT) for GBM, if they are combined with boron nitride nanotubes (BNNT) [46].

Another type of NPs, used both for the diagnosis and for the therapy, is represented by metal NPs,
such as gold and silver. These NPs have a diameter from 1 to 10 nm, they are relatively of low cost,
they are biocompatible but one of their disadvantages is that they are not biodegradable. Metal NPs
can be efficient markers thanks to the quantity of different techniques that can be used to reveal them,
including, resonance light scattering (RLS), optical absorbance, fluorescence (as QDs, they do not
present a photobleaching effect), Raman scattering, electrical conductivity, atomic force microscopy
(AFM) and magnetic force microscopy (MFM). With respect to the therapeutic properties, these NPs
are able to absorb the light and convert it into thermal energy rendering them capable to induce
hyperthermia in cancer cells. The main disadvantage of these NPs is that they are too small, and they
are eliminated fast from the body. Larger iron oxide NPs of approximately 10-50 nm, that present
longer circulation times compared to the NPs with sizes less than 10 nm, have been shown to regulate
plasma glucose in mice through radio-wave heating [47]. In this study, radio frequencies were
exploited to penetrate the tissues and were absorbed by the NPs, resulting in an increase of their
temperature which subsequently led to the opening of the calcium channels due to the thermal
stimulation. Consequently, a pathway to modify the genetic expression was activated and insulin
started to be produced by the cells. This was a proposed solution to decrease the glucose in tumor

sites.

Magnetic NPs represent a subset of metal NPs used in the biomedical field. They can be single domain
NPs [48], with a diameter that ranges from 5-20nm (usually made of iron [49], nickel [50], cobalt [51],
or a combination of them [52] and they have the tendency to create agglomerates); multidomain NPs,
with diameters larger than 20-25 nm; and microparticles with a polymeric matrix and iron oxide beads
sprinkled inside or on the surface of the polymer. Magnetic NPs are useful as contrast agents, and they

can also be exploited to induce hyperthermia into the tumors cells, but they are also capable to



physically destroy tumor cells as it was recently shown [53]. In this work, magnetic NPs that
accumulated into the lysosomes were then stimulated with an external magnetic field. The resulting
rotating vibrations of the NPs broke the organelles and the acidic pH of the lysosomes destroyed the
rest of the cells. Ferromagnetic NPs smaller than 5-10 nm show a particular behavior, in which there is
an absence of a residual magnetic hysteresis after the removal of an external applied magnetic field.
This phenomenon is characterized as superparamagnetism and is a property that can be found in
ultrasmall superparamagnetic iron oxide (USPIO) NPs. This property along with their high
biocompatibility allowed these particles to reach into clinical trial and were successful in more than
70% of the treated patients. In order to avoid the fast elimination of USPIONs and SPIONs from the
body due to their small size, these nanoparticles are encapsulated or attached covalently or through
electrostatic interactions with larger structures, allowing them to be transferred through the
circulatory system in the site of interest. Moreover, magnetic NPs can be guided with the help of an
external magnetic field in order to accumulate into the desired site of the body. Magnetic guidance
was proved into an in vivo study [54] where different groups of mice were treated with phosphate-
buffered saline (PBS), drug alone or magnetic NPs loaded with both doxorubicin and verapamil
hydrochloride. After the injection of the solution, a constant magnetic field of 2000 Oe was kept
outside the skin near the tumor site at 25°C for 3 hours. The distribution of drug was significantly
increased into the cancer site in the mice treated with NPs and magnetic guidance, proving that this

approach was successful.

NanoTherm® is an example of an FDA-approved therapy for GBM exploiting magnetic NPs. It is an
aqueous colloidal dispersion of iron oxide NPs with an average size from 10 to 15 nm [55]. The
magnetic fluid is injected into the tumor site and the cancer cells uptake the NPs. Then an alternating
magnetic field generator is positioned near the head of the patient and the NPs are stimulated to
produce heat. Cells reach the temperature of 43°C and thanks to the hyperthermia effect an
irreversible cytotoxicity is induced. This solution showed to increase the life expectancy of 6-10
months, but it cannot be used more than twice because of the high accumulation of NPs into the brain
and because having too many NPs into the tumor site does not allow the use of MR to check the cancer

growth [55].

Magnetic NPs were FDA approved even if they were considered not biodegradable because the
excretory system through the kidneys was demonstrated. More recent studies proved that these NPs
can be degraded by specific enzymes and the iron can become part of some metabolic paths into the

body.

Nanoceria or CeO; NPs consist of cerium which is a rare earth element with multiple valence states.
At the nanoscale, this valence states may change more quickly, and oxygen vacancies dramatically
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increase. This fact confers catalytic properties to CeO, NPs, which mimic catalase and superoxide
dismutase (SOD) enzymes inside the cells [56]. By regulating the REDOX reactions, they adjust the
oxidative stress and the number of free radicals. Due to the change of their valence state these NPs
can be used either as antioxidant or pro-oxidant depending their environment. CeO, NPs are also
considered autoregenerative since, they are able to start a new antioxidant cycle immediately after
the end of the previous one. CeO; NPs are antioxidant in environments with a basic pH and for pH

lower than 5.5, like in the tumor sites or inside the lysosomes, they become pro-oxidant and toxic.

Solid lipid NPs (SLN) and/or nanostructured lipid carriers (NLC) are an additional type of NPs that
attracts more and more the interest of researchers, mostly due to the high biocompatibility that these
nanoparticles present, as well as due to their inherent ability to cross easily the BBB. These NPs are
made from a combination of solid and/or liquid lipids, surfactants, and water. SLN and NLC are carrier
systems for pharmaceutical agents and drugs (both hydrophobic and hydrophilic), they are not toxic,
they increase the drug stability and its release, and they can be easily functionalized with a variety of
targeting moieties in order to specifically target various pathogenic tissues. A recent example of
theranostic SLN, is a system developed to encapsulate both the drug Sorafenib (Nexavar®), a
hydrophobic drug to treat liver cancer, as well as SPIONs. The developed system was used not only for
improved imaging, but it was also used for therapeutic purposes since it was shown to be able to inhibit
the proliferation of cancer cells. In addition, this system showed great potential to be used as a guided
drug delivery system as well as a system capable to exploit hyperthermia. Another type of lipid-based
structures, similar to SLN and NLC that are used in the biomedical field, are liposomes. Liposomes are
composed of phospholipids that in water create auto-assembling systems called micelles. Liposomes
can be unilamellar or multilamellar and they can carry drugs, genes and antigens without causing an
inflammatory response of the body. An example of self-assembled lipid-based nanocomplexes used to
treat GBM are immunoliposomes such as scL-p53 and SGT-53, which reached the clinical trials because
they showed the induction of apoptosis after the treatment with standard chemotherapy [57]. In this
system, the payload is encapsulated into a cationic liposome and the targeting is realized with an anti-
transferrin receptor (TfR) antibody fragment. Due to this functionalization, the NPs are able to cross
the BBB by TfR-mediated transcytosis and later they are uptaken by the tumor cells via receptor-
mediated endocytosis. Unluckily, some adverse effects like fever, chills, hypotension and tachycardia

have been reported.

Finally, polymeric and dendritic structures like polymeric NPs and dendrimers respectively, are also
very common in the biomedical field. [58]. Polyethylene glycol (PEG) and poly(lactic-co-glycolic acid)

(PLGA) are the most exploited polymers to create NPs, but also polyurethanes (PU) are usually used



thanks to the fact that they are adaptable materials. Over the years different polymeric systems have

been realized for the co-encapsulation of drugs and iron oxide NPs.

1.3.2. Commercialized nanoparticles

Until now, three classes of NPs have been marketed for the treatment of different diseases: liposomes,

polymeric micelles and NPs with albumin.

The first FDA-approved liposomal nanodrug, in 1995, was Doxil®, which comprised a doxorubicin
hydrochloride liposomal injection [59]. Although Doxil® increased the circulation half-life of
doxorubicin and it enhanced the therapeutic effect of the drug, its limitation was that its maximum
tolerated dose (MTD) was lower than the one of standard doxorubicin and that the patients in which
the drug was administered exhibited the hand-foot syndrome which was a set of skin changes like

desquamation on palms of the hands and soles of the feet.

The second liposomal nanoparticle that reached commercialization was Ferumoxide (Feridex® in the
U.S and Endorem® in the EU) in 1996, which was a SPIO approved as a magnetic resonance imaging
(MRI) agent [60], while the third one was Abraxane® in 2005. [61]. Abraxane® is an 130nm diameter
NP that contains paclitaxel and is coated with albumin (Nab-paclitaxel). It has an MTD higher than the

drug alone, while its half-life in the bloodstream is not altered.

In the category of the polymeric micelles the current representative is Genexol-PM®. Genexol-PM® is
a polymeric micelle loaded with paclitaxel and was commercialized in Korea in 2007 [62]. It is made of
a PEG shell and a polylactic acid (PLA) core with the drug. It shows an improved MTD, a higher loading

versatility and the possibility to control the release.

Nowadays, the marketed NPs for therapeutic purposes include eleven liposomes, one albumin NP, and
one polymeric micelle, all of which are characterized by a passive targeting. Moreover, three iron NPs
have been approved for imaging purposes. Other types of NPs, such as BIND 014 [63], a self-assembly
polymeric NP made of PLGA-PEG with aptamers as ligands and docetaxel as a drug, CALAA-01 [64], a
PEG NP loaded with siRNA, and with transferrin and cyclodextrins on its surface and Doxorubicin NPs
realized with a layer-by-layer method, are additional examples of NPs in the phase of the clinical trials

[65].

1.3.3. Invivo barriers and the importance of the targeting

The enormous potential of NPs and their efficiency risk to be reduced or canceled by the in vivo
barriers. The two major obstacles that the nano delivery systems have to overcome in order to

successfully deliver their therapeutic cargo in the site of interest are their uptake by the macrophages
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and the subsequent clearance from the reticuloendothelial system as well as their uptake by the
vascular endothelium. When the nano delivery systems are designed to target the brain and treat
GBM, this last factor should be carefully taken into consideration, because the presence of the BBB

inhibits the delivery of numerous chemotherapeutics in the brain [66].

After the intravenous administration, NPs adsorb plasma components like opsonins onto their surface
[67], leading to the attraction of monocytes and macrophages, and to the subsequent sequestration
by the phagocytic cells of the RES and by organs such as the liver and the spleen that permit a passive
filtration. Vessel leakiness is typical of diseased tissues, including some types of cancer (in this case it
is referred to as the enhanced permeability and retention (EPR) effect), and this condition, although it
leads to an accumulation of NPs in the cancerous tissues, it is not sufficient for the needed treatments.
Moreover, NPs with a hydrodynamic radius smaller than 5nm are rapidly cleared by the glomerular

filtration [68].

One of the first strategies that was used to overcome the problem of circulation time, was a predosing
strategy, in which an excess of NPs without the drug was administered, aiming at saturating the RES
clearing capacity and to block the hepatic uptake (but not the splenic one). After RES saturation loaded
NPs would be administered [66]. Unfortunately, this method could not be used due to its high toxicity
and immune-suppressiveness. Nowadays, the main solution to allow the NPs to reach the desired
tissue, is to extend their circulation time without RES saturation, and to realize an active targeting.
Size, surface chemistry, and shape are fundamental parameters that need to be taken into account in
order to increase the NPs lifetime in the blood [69]. The superficial grafting usually involves hydrophilic
polymers, the most used of which are polysaccharides, heparin, dextran, and PEG (PEGylation). Once
the resistance of the NPs into the bloodstream is improved, then the functionalization with various
ligands like, antibodies, aptamers, peptides or small molecules allows the crossing through the

endothelial barrier, allowing the therapeutic nanostructures to reach the target tissue.

As it was mentioned above, one of the major obstacles for the treatment of GBM is the presence of
the so called blood-brain barrier. BBB is a multi-cellular structure composed of brain endothelial cells,
astrocytes and pericytes that envelope blood-brain vessels. Small molecules and NPs cannot cross the
first part of the vessels because between the vascular endothelial cells there are intercellular tight
junctions really restrictive. BBB from one side prevents the passage of toxic compounds that could
harm the brain, but from the other side poses a major obstacle to the ability of drugs to reach the CNS

[70].
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1.3.4. Nanoparticles’ toxicity

As NPs are more and more employed in biomedical applications, it is important to study their
cytotoxicity, also called nanotoxicity. Two main problems related to NPs toxicity are the interruption

of the cell membrane and the release of the magnetic core for the iron oxide NPs [71].

Small (around 3 nm) and spherical NPs can affect more the cell membrane integrity [72], in particular
if they have dimensions comparable to the thickness of the phospholipid bilayer. Hydrophilic NPs can
also lead to the formation of pores and holes inside the cell membrane, consequently leaving it
interrupted. Moreover, the coating and surface chemical properties play an important role in the
interaction of the NPs with the membrane. It should be mentioned that, the type of cells is also related

with the toxicity that NPs present [73].

The interaction of the magnetite (Fes0,) with cell components, due to the destruction of the protective
shell of the NPs, can be the cause of homeostatic disturbances, with consequent increase of the
oxidative stress, and damages to the cytoskeleton and the DNA. Nevertheless, as previously written,
the catabolism inside the cells can also lead the iron of the NPs to be involved in some metabolic

pathways [74].
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2.Main Project: lipid-coated ROS-scavenging magnetic
nanocubes

2.1. Hypotheses and objectives
Taking into consideration the limitations in the treatment of GBM, it was hypothesized that a multi-
stimuli responsive nanovector could be designed and developed in order to enhance the therapeutic
effect against the brain cancer by using synergistic treatments. As magnetic and antioxidant
nanoparticles (MANPs) were described as feasible by the literature [75], it was hypothesized that
multifunctional solid lipid nanoparticles, able to scavenge the overproduced ROS and in tandem to
generate oxygen, able to increase temperature due to hyperthermia, and to specifically deliver
through BBB the anticancer drug temozolomide loaded in the surface pores, would increase apoptosis
and reduce the proliferation of the cancerous tissue. In order to test these hypotheses, the following

objectives were set.

1. Synthesis of a manganese doped iron oxide nanocomposite in the form of nanocubes, able to
induce hyperthermia and in tandem to scavenge ROS with the simultaneous generation of oxygen.
Characterization of the NPs as the obvious and necessary objective to reach after the synthesis.
Morphological characterization with the help of scanning electron microscopy (SEM), transmission
electron microscopy (TEM), dynamic light scattering (DLS, also called photon correlation
spectroscopy - PCS), and X-ray diffraction (XRD). Physicochemical analysis through Fourier
transform infrared spectroscopy (FT-IR), energy dispersive X-ray spectrometry (EDX or EDS), X-ray
photoelectron spectroscopy (XPS), inductively coupled plasma atomic emission spectrometry (ICP-
AES, also called inductively coupled plasma optical emission spectroscopy — ICP-OES), Brunauer-
Emmett-Teller (BET) porosimetry, nuclear magnetic resonance spectroscopy (NMR), and scanning
with vibrating sample magnetometer (VSM).

2. Assessment of the antioxidant ability of the nanocubes as well as their ability to generate oxygen.
The first one is important to reduce the acidosis and consequently the probably related metastasis,
while the reduction of hypoxia is helpful not only to increase the responsiveness of cells to the
drug and to the radiotherapy but also to block the angiogenesis inside the tumor. In addition, the
increase in temperature during the ROS-scavenging activity was checked.

3. Coating of the nanocubes to improve the half-life in the bloodstream and the targeting. Coating
by using the cell membrane (CM) as a biomimetic approach, followed by the lipid-based coating to
have another kind of coated NPs to use and compare in the internalization experiments.

Characterization of the coated NPs through SEM and TEM images, FT-IR and EDS analyses, ICP
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tests, DLS measurements, XPS analysis and thermogravimetric analysis (TGA), magnetic
measurements.

4. Assessment of the ability of the nanocubes to induce hyperthermia under the influence of an
alternating magnetic field by applying different frequencies and different entities of the magnetic
field. Optimization of the parameters for the successive experiments with the cells.

5. Assessment of the ability of the nanocubes to induce apoptosis under the influence of an
alternating magnetic field and measurements through flow cytofluorimetry.

6. Assessment of the targeting and consequent internalization of the MANPs inside the cells

7. Cytotoxic evaluation of the nanocubes through viability studies. Alamar Blue as metabolic assay
and PicoGreen® as proliferation test.

8. Transformation of MANPs into drug delivery systems: evaluation of the loading ability with DiO,
doxorubicine and TMZ. Release profile of the nanocubes under various conditions of pH and with
the help of an alternating magnetic field. High-performance liquid chromatography (HPLC) for both
loading and release studies.

9. Assessment of the targeting ability and the ability of the nanocubes to pass the BBB using an in
vitro culture model. Check of the enhancement of the crossing due to the presence of an external

magnet.

2.2.Overview of the theory behind the instruments and the analysis methods

2.2.1. Dual beam system: Scanning Electron Microscopy and Focused lon Beam Microscopy

Electron microscopes, in general, allow to reach higher magnification and resolution than optical
microscopes, thanks to the low wavelength of the electrons used, instead of the photons. The image
is realized by a focused electron beam that scans over the surface area of the sample and its most
evident property is the three-dimensional appearance, due to the large depth of field. It has to be
noted that the optics of the scanning electron microscope are similar to the ones of the scanning
confocal laser microscope. SEM consists of an electron gun (that can be thermionic or field emission
type) and a series of electromagnetic lenses and apertures, including condenser lenses and one
objective lens. The signal electrons emitted by the sample are collected by the detector, composed of
a Faraday cage and a scintillator that converts the electrons into photons, which then travel through a
light guide and finally they are amplified with the help of a photomultiplier tube. The voltage necessary
to generate the electron beam is in the range 1-40 kV [76]. High vacuum is usually used because the
interaction between high-energy electrons and air molecules could cause a big energy loss, but
solutions with a low vacuum also exist. When the high-energy beam reaches the specimen, two events
happen: some electron are elastically scattered, they keep 60-80% of their energy and their deflection

angles are large (backscattered electrons); while other electrons hit the atoms of the material and,
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during the inelastic scattering, they lose a lot of energy and give it to the electrons of the sample that
are ejected from it with a low angle (secondary electrons). Secondary electrons are useful to achieve
the topographic contrast, while backscattered electrons allow to realize the elemental composition
contrast. The sample needs a coating of gold, platinum, silver or chromium. It represents a protective
layer for biological samples and materials that are sensitive to the electron beam: indeed, it defends
the sample from the heat that the high-energy electrons can cause when they hit the specimen.
Moreover, the coating is useful with non-conductive samples, too. For these specimens, it acts as a
channel that allows charges to go away from the material. Otherwise, the non-conductive property of
these materials would be a sort of “electron trap” and the accumulation of charges would affect the

information of the image.

Standard focused ion beam instrument is similar to the SEM one, into which it can also be incorporated.
FIB system consists of vacuum chambers (one for the source and ion column, one for the specimen
and detectors, and one for the sample exchange), a liquid metal ion source, a vertical ion column, a
sample holder, detectors, and a gas delivery system. The vacuum is on the order of 1x107® torr [77].
The liquid metal ion source is a tungsten needle linked to the reservoir with the source material and it
provides ions of approximately 5 nm. The metal that is usually used, mostly because of its low melting
point (29.8 °C), is gallium. The voltage that generates the ion beam is in the range 5-50 keV. The sample
is sputtered, and it can release secondary electrons or secondary ions that then are collected by the

detector.
2.2.2. Transmission Electron Microscopy

The optics of the transmission electron microscope are similar to the ones of the conventional
transmission light microscope. Indeed, there is a light source, a condenser lens, a sample stage, an
objective lens and a projector lens. TEM significantly differs from the light microscope in the fact that
the beam is made of electrons instead of photons, that the lenses are electromagnetic instead of being
glass lenses for visible light and that high vacuum is needed for its proper operation. Electromagnetic
lenses are composed of solenoids, in which the current flows and creates a magnetic field. The electron
beam is then focused and deflected by the field’s lines of force. The voltage used to generate the beam
is higher than the one used for SEM: 200 kV is the commonly used value, but up to 1000 kV can also

be reached [76]. The acceleration voltage Vo determines the electron energy E following Equation 1.

E =eV, (Eg. 1)

The electron energy defines the wavelength of the electron, which in turn determines the resolution

of the microscope, therefore, by setting the acceleration voltage the resolution is also decided.
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TEM sample must be very thin (about 100 nm, but it depends on the atomic weight of the material),
in order to be transparent for the electrons that need to be transmitted. In order to fit the holder, the
sample must be 3 mm in diameter and if it is smaller it is mounted on a 3 mm mesh disc. Copper

meshes coated with thin polymeric films allow the specimen not to fall into the vacuum column.
2.2.3. Dynamic Light Scattering/Photon Correlation Spectroscopy

Initially, this technique was also named QELS, because it exploited the quasi-elastic light scattering, or
IFS (intensity fluctuation spectroscopy) [78]. The dynamic light scattering instrument, basically
composed of a laser, a cell with the sample and a detector, is useful to get the information about the

size and the polydispersity of particles as well as their Z-potential (surface charge).

Other characteristics can also be measured with this equipment, but the cited ones are the most
important. In order to determine the size, the Brownian motion of the particles is measured thanks to
the dynamic light scattering. Indeed, particles are constantly moving because of the bombardment of
the molecules that surround them, and the relation between their size and their speed due to the
Brownian motion is given by the following generalized Stokes-Einstein relation (Equation 2)

kyT

_ )
i (Eq. 2)

where D¢ is the diffusion coefficient, kg is the Boltzmann constant, n is the viscosity of the solution and
¢ is the correlation length, that for diluted spherical particle suspension represents the radius of the
particles [79]. In a liquid, small particles move faster than bigger ones and this difference of speed can
be detected by exploiting a laser. When the light illuminates the particles, it is scattered, and its
intensity fluctuations (due to the constructive and destructive interference of the scattered light) can
be analyzed to know the speed of the particles, from which the size can be derived through the Stokes-
Einstein equation. A typical size graph is an intensity distribution where on the y-axis there is the
amplitude of the intensity, while on the x-axis there is the diameter dimension, expressed in nm. By
exploiting Mie theory, the volume distribution and number distribution can be obtained from the
intensity distribution. An idea of the size of the particles can also be extracted from the correlogram,
a diagram of the correlation coefficient function of the time. Indeed, in the DLS instrument, there is a
correlator, that compares two signals over a period of time and measures their degree of similarity
(which of course decreases with time). If particles are big, for example, they move slowly, so the
correlation decreases also in a slower way. Fluctuations in the lower part of the graph reveal the

presence of aggregates.

Z-potential is an important measure of the superficial charge of the NPs and it gives an idea of the

stability of the particles in an aqueous solution. According to the Derjaguin-Landau-Verwey-Overbeek
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(DLVO) theory, that predicts the stability of a colloidal system by considering the attractive Van der
Waals interactions and the repulsive forces caused by the electrostatic double layer (EDL) [80], the
higher is the absolute modulus of the Z-potential (Z <- 30 mV or Z >+ 30 mV), the higher is the stability
in water, because the particles repell each other. For lower values of the Z-potential, the particles tend
to aggregate and collapse in a short period of time. A particle in a liquid is charged because of the
ionization of the surface groups or because of the adsorption of charged molecules or ions, and it is
surrounded by ions of the opposite charge which create a layer with strong interactions really close to
the particle (Stern layer), but there are also ions with a weaker binding with the particle. The latter
follow the particle during its movements only if they are close enough to it. The boundary between
the ions that follow the particle and the ones that do not, it is called slipping plane, and the potential

between the particle surface and this plane is exactly the Z-potential.

Zeta potential is measured through laser Doppler electrophoresis (a combination of electrophoresis
and laser Doppler velocimetry), in which an electric field is applied, and the resulting speed of the NPs

is measured, while the viscosity and the dielectric constant are known.
2.2.4. X-Ray Diffraction

XRD is a powerful technique that allows to understand the characteristics of crystalline materials. It
gives information about structure, crystal orientation, grain size and crystal defects. A monochromatic
beam of X-rays is generated in a cathode ray tube, which after filtering (to be monochromatic) and
collimation, hits the sample and is scattered. The constructive interference that follows, produces
typical peaks, the intensity of which is determined by the distribution of the atoms inside the material
[81]. The Equation 3, that links the wavelength A of the X-rays to the diffraction angle 6 and the lattice

spacing d in a crystal, is Bragg’s relation.

nA = 2dsinf (Eq. 3)
n is an integer. The material is scanned in a range of 20 angles in order to check all the possible
diffraction directions. Once the graph with all the peaks is obtained, it is compared with standard
reference patterns aiming to understand the compound of the unknown sample. In order to calculate

the size of the crystallites, the Scherrer equation [82] can be exploited (Equation 4).

KA

B = (Eq. 4)
dcos@

Where B is the width of the peak at half height, k is a shape factor that depends on the material, A is
the wavelength of the incidence beam, d is the dimension of the crystallite and 0 is the considered

angle. K has a value of about 0.9 for magnetite [83].
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2.2.5. Fourier Transformed InfraRed spectroscopy

FT-IR spectroscopy is a useful technique to understand the chemical composition of samples. A light
beam hits the material and it is absorbed by it, but the infrared radiation absorption depends on the
molecule of the sample [84]. In particular, every material absorbs specific wavelengths based on the
vibrational energy gap, and this implicates a change in the dipole moment of molecules. Therefore,
the obtained spectrum is a vibrational spectrum. Typical units in infrared spectroscopy are
wavenumbers, the reciprocal of the wavelength (in centimeters). To study the fundamental vibrations,

mid-infrared rays are used. As this band goes from 2.5 um to 25 um, the reciprocals are
25um = 2.5x10"* cm = 4000 cm™?!
25um = 2.5x1073 cm = 400 cm™?!

So, the typical IR spectrum runs from 4000 cm™to 400 cm™. Thus, the wavenumber is directly related
to energy and that means that the higher is the energy of the absorption, the higher is the
wavenumber. Every peak in the final graph is characteristic of a particular binding between atoms of a
specific substance, so it can be identified by comparing the graph with standard or previously studied

spectra.
2.2.6. Energy Dispersive X-ray analysis/Energy Dispersive X-ray Spectrometry

EDS is usually coupled with SEM but it lets the user obtain chemical information about the sample. A
beam hits the specimen, so some electrons are exited and their position in the energy level is occupied
by other electrons previously in higher levels. Then, these electrons lose a defined quantity of energy
thatis released in the form of X-rays and measured with the help of an energy dispersive spectrometer.
Every substance has a particular atomic structure, so a different energy is emitted if different materials

are analyzed.

The typical spectrum obtained with an EDS analysis shows the counts per second per electron-volt
(cps/eV) as a function of energy (keV). Every peak is then associated with a particular chemical

element.
2.2.7. X-ray Photoelectron Spectroscopy

XPS technique allows to analyze the superficial level of a material, so it can be useful to get information
about the coating of the NPs. Photoelectron production is the phenomenon for which a photon beam
hits the sample electrons. The consequences of the photo-electron interaction are the annihilation of
the photon, the energy transfer to the electron and the ejection of the electron from the atom if the

energy is enough. The energy of a photon is expressed by Einstein equation (Equation 5).
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E =hv (Eq. 5)
Where h is the Planck constant and v is the frequency of the radiation. This energy is transformed into

kinetic energy (KE) of the electron and into the necessary energy to emit it from its atom, that is the

binding energy (BE). As a consequence, Equation 6 is valid.

BE = hv — KE (Eq. 6)
The photon energy represents a known parameter. The kinetic energy of the electron is the
measurable parameter and it depends on the particular atom of origin. Therefore, the XPS technique
is useful to perform an elemental analysis of the surface of the specimen. The typical XPS spectra are

functions of the photoelectron and Auger electrons emission [85].
2.2.8. Inductively Coupled Plasma atomic/optical emission spectroscopy

ICP represents an elemental test which gives quantitative information about the material composition.
In ICP analysis, the sample is solubilized and sprayed in a chamber. Meanwhile, an argon plasma passes
through a coil with a high frequency alternated current, so an alternating magnetic field is produced.
Electrons start to move following the magnetic field’s force lines, with a circular trajectory. Then they
collide with the argon atoms, so a stable and extremely hot plasma is produced. Thanks to the thermal
energy, the sample is ionized. The electrons are excited and when they go back to their ground level,
photons are emitted and can be detected. The emission spectrum is characteristic of the material. The
spectrometer measures the light intensity and with the help of a calibration curve, it is possible to

calculate the percentage of each element [86].
2.2.9. Brunauer-Emmett-Teller porosimetry

BET analysis is useful to quantify the surface area of a sample and its pore dimensions. The model at
the base of this technique was developed in 1938 [87] as a multi-layer extension of the gas adsorption
theory proposed by Langmuir in 1916, according to which the adsorption takes place only as a
monolayer formation on the surface of the material, the adsorption is reversible, the adsorbate-
adsorbate interaction is negligible if compared to the adsorbate-adsorbent one, and all the sites are
energetically equals, so can be occupied with the same probability [88]. BET method is based on the
following assumptions: homogeneous surface, the fact that molecules adsorption can happen even if
the lower layer is not complete, and that no lateral interaction between molecules is present. The
starting point is the adsorption isotherm which is the graph of the adsorbed volume as a function of
the relative pressure [89]. Indeed, through nitrogen physisorption it is possible to obtain the specific

surface area of the material, but also the total pore volume is a parameter that is commonly derived.

Equation 7 is the so-called BET relation.
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(Eq.7)

C\E-ee@)bh-g

g is the adsorbed amount of gas, qm is the BET monolayer capacity, C is the dimensionless BET

parameter (ratio between the adsorption constants) that is approximated with Equation 8.

E, —E
C =~ exp( IRT 2) (Eq. 8)

Herein, E; and E; are the molar adsorption energy of the first layer (E;) and of the second and further
layers (E2). Once determined the monolayer capacity, it is possible to calculate the specific surface area

with Equation 9.

vap
N,A

Sper = —qmpSAT; Acs (Eq.9)
N
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where p is the density of nitrogen vapor at standard temperature and pression, Na is Avogadro’s
constant, A is the cross-sectional area of nitrogen molecule (0.162 nm?), and My; is nitrogen’s molar
mass. Another adsorption derived property is the pore size distribution, that can be found through the
Barrett, Joyner, Halenda (BJH) method. It assumes that for a specific relative pressure, the volume of
adsorbate inside the pores of the material depends on two factors: the formation of layers of adsorbed
molecules on the pore surface and the condensation of the adsorbate due to the capillary

phenomenon.

The sample is purified by degassing. Regarding the specimen, one of the problems of this technique is
that the sample must be dried, but the drying method can deeply affect the results of the analysis. For
example, oven-dried samples show more aggregation than the freeze-dried ones, leading to a

reduction of the specific surface area [90].
2.2.10. Thermogravimetric Analysis

TGA can be helpful to get information about the coating of the NPs. It exploits weigh-recording
balances focused on temperature both to analyze a material or to modify it [91]. This technique
basically consists in measuring a physico-chemical property at elevated temperatures and in particular,

the changes in weight that are detected as a function of the increasing temperature.

The thermogravimetric results can be presented in two ways [92]:

20



- Thermogravimetric curve: weight function of temperature (here the weight axis can be
presented as weight scale, as percentage of the weight, as percentage of the weight loss, as
fraction of the total weight lost, etc.)

- Differential thermogravimetric curve: rate of loss of weight versus temperature.

2.2.11. Nuclear Magnetic Resonance relaxometry

Standard NMR spectroscopy allows to observe local magnetic fields around atomic nuclei. The most
common technique is the H-NMR, based on hydrogen atoms, but C-NMR exists too, and it is based on
13C atoms. An electromagnetic radiation is used to change the nuclear spin from the low energy
condition (aligned with the external magnetic field) to the higher one (opposite to the external
magnetic field). The necessary energy to realize this transition depends on the applied magnetic field
and it is given by the electromagnetic radiation in the radio frequencies. When the nucleus goes back
to the aligned condition, a signal in the radio frequencies is emitted. The Fourier analysis of the output

produces the NMR spectrum where the absorbance is a function of the applied radio frequency.
An important parameter is the chemical shift, as defined in Equation 10.

5 = Vres = Vref (Eq. 10)
Vref
where v is the resonance frequency of the sample (frequency of the signal), while v is the reference
frequency of the spectrometer. The magnetic field conveyed to the nucleus is affected by the structure
of the molecule and it depends also on how many and what type of atoms are present near it. Then,
for different material the same atom has different chemical shifts. The electrons create a shield around
protons because they are responsible for an opposite magnetic field with respect to the external one.
If the electron density around a proton increases, the chemical shift decreases. In the obtained graph,
each chemical group produces a peak that changes when the group is added to a molecule because it

is affected by this interaction. The area of each peak is proportional to the number of hydrogen protons

that the peak represents.

The solvent is usually deuterated, meaning that is has deuterons in place of its protons. The sample is
spun at 20 Hz, and phases of locking, shimming, and tuning are necessary to respectively compensate
for variations in the magnetic field strength, to optimize the current in the coils and to tune the NMR
probe for the right frequency. This technique is useful to understand if a functionalization was

successful, for example.

NMR relaxometry allows to monitor slow dynamics in many different materials and compared to

standard NMR equipment it has a fast-switchable magnetic field. In this technique, nuclear magnetic
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moments are used to measure specific physical and chemical properties of materials. In particular, the
relaxation rate of nuclear spin depends on the mobility (fluctuations, diffusion) of the microscopic
environment and the strength of the applied magnetic field. Strong magnetic fields lead to increased
sensitivity on fast dynamics while low fields lead to increased sensitivity on slow dynamics. Thus, the

relaxation rate as a function of the magnetic field strength is a fingerprint of the microscopic dynamics.

The source of magnetic field is an iron core electromagnet energized by a stabilized constant current
power supply. T1 and T2 are the characteristic times of relaxation respectively along the z-axis and the
xy-plane. The spin-spin relaxation process (T2) is due to the interaction among like or un-like nuclear
spins, while spin-lattice (T1) refers to the interaction between the nuclear spins and all the surrounding
environment (with direct or indirect energy exchange). Longitudinal (T1) and transverse (T2) relaxation
times can be measured by applying different pulse sequences. Saturation Recovery (SR) sequence is
the standard one for T1 measurements. This pulse sequence consists of a repeating block of two m/2-
pulses. The first pulse flips the nuclear magnetization from the z-axis, where it is initially directed, to
the xy-plane; after a time ‘t’, during which the magnetization rebuilds itself along the longitudinal
direction, a second pulse turns the reconstructed magnetization on the xy-plane. The height of this
part of the magnetization is measured and, by repeating the t/2- 1t/2 pulse sequence varying the time
T between the pulses, it is possible to reconstruct the recovery curve of the longitudinal magnetization.
For T2 measurements, Carr-Purcell-Meiboom-Gill (CPMG) sequence can be used: a /2 pulse is
followed by a series of m-pulses. The m/2-pulse excites the nuclei turning their spins in the xy-plane;
the m-pulses refocus the rotating spins, reversing their motion in the xy-plane. After each m-pulse, an
echo signal is generated and from the envelope of the echoes’ amplitudes one can evaluate the T2
value. This sequence was invented to overcome the so-called problem of diffusion of resonating nuclei

in liquid samples.

The magnetic field intensity is usually indicated with the corresponding Larmor frequency of the
investigated nuclei, by following Equation 11.

2nv;, =yB (Eq. 12)
0

wherey = 2.67513 - 108 rad s~1T~1 is the gyromagnetic factor of the proton.
The efficiency of the sample as contrast agents can be evaluated by considering the nuclear relaxivities,
r1 and r2. They are calculated as the inverse of the relaxation times corrected for the host diamagnetic
contribution (e.g. water) and normalized for the contrast agent concentration (Equation 12), that in
the case of magnetic NPs is the concentration of the magnetic part.

(7) ;

- (TL) (Eq. 12)

measured diamagnetic

r.=
! c

22



2.2.12.Vibrating Sample Magnetometry

VSM gives information about the magnetic properties of the sample, similar to the one that can be
obtained with a superconducting quantum interference device (SQUID). The sample is placed in a
constant magnetic field and a vertical vibration is transmitted to it. Then, the alternating magnetic field
of the sample generates an electric field in a coil based on Faraday’s law of induction. The voltage
induced in the sensing coil is proportional to the magnetization of the sample, thus the magnetic

properties of the specimen can be recorded by a software and analyzed.

The magnetization M represents the quantity of magnetic moment per volume unit. The magnetic
dipole moment is a measure of the ability of the dipole to align with an external magnetic field H. The

relation between the magnetic field and the magnetization is reported in Equation 13 [93].

H =M (Eqg. 13)
X is the volumetric magnetic susceptibility and it is dimensionless, while H and M are expressed in A/m.
The field H can also be expressed in tesla or in oersted; M can be found expressed in emu/g. For
diamagnets and paramagnets the previous law is linear, but for ferromagnets it has a sigmoidal shape:
it increases rapidly at the beginning, then it becomes asymptotic as it approaches the magnetic
saturation M. When the magnetic field decreases, the magnetization does not follow the same graph,
but it shows a residual magnetization M,. The coercivity or coercive field (H¢) is another important
parameter and it represents the magnetic field that must be applied in the negative direction in order
to have again a null magnetization. The hysteresis loop is shown in Figure 2.1 and its area is a measure

of the dissipated energy upon reversal of the field.

Saturation
magnetization

Coercivity -

Figure 2.1 B-H sigmoidal curves for a ferromagnetic material. (Adapted from [93])
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Moreover, the shape of the loop depends on the size of the particles, too. Indeed, for larger and
multidomain particles the loop is narrow because the field energy needed to make the domain wall
move is small, while in little particles with a single domain ground state the hysteresis loop is larger.

For hyperthermia therapy, a large area enclosed by the graph B-H is the most effective one.

The external magnetic field H exerts on the magnetic NPs a force of attraction Fr, defined by Equation

14, where V is the particle volume.

E, = V(ﬁs’ -V)H (Eq. 14)

So, indirectly the force depends on the size.

Different materials give different values of Ms, M, and H.. For example, superparamagnetic Fe304

nanoparticles have an M; around 75-80 emu/g and H=0 T (or Oe).
2.2.13. High Performance Liquid Chromatography

HPLC is a technique that allows to separate different substances dissolved in a solvent through a
chromatography column. The affinity between the mobile phase and the stationary one is exploited:
molecules that are more similar to the stationary phase need more time to go out of the
chromatography column. Substances are revealed with UV radiation when they reach the end of the
column. For each analyzed sample, a chromatogram is realized, and the peak of interest is kept into
consideration because the area under the peak is proportional to the concentration of the molecule.
The peak position depends on the sample, on the solvent and on the speed exploited to make the

sample pass through the column.
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PART I: material synthesis and characterization

3.Synthesis and characterization of uncoated NPs

NPs in general can be produced with a top-down or a bottom-up approach. The first one does not
guarantee a homogeneous dispersion when dimensions become too small, while the second type of
synthesis is often preferred even if it usually involves solvents that then need to be carefully removed
because of their toxicity. Bottom-up methods include precipitation (where the introduction of
additives stabilizes the particles), condensation (where the additives help to produce the particles) and
synthetic procedures (through which NPs are directly created). The MANPs presented in this thesis
were fabricated with a bottom-up approach, in particular with a modified one-pot approach that was

previously described by Liu et al. [75].

First of all, the core of the MANPs contained iron oxide (FesQ,), also known as magnetite and
characterized by a face-centered cubic cell unit. Thanks to this component, lots of advantages are
reachable. First of all, the NPs can be magnetically guided directly to the cancer zone (an idea that
Freeman et al. had in 1960 [94]) and they can be tracked in real time through the magnetic resonance
navigation (MRN), that is achieved with a clinical MRI scanner upgraded with an insert of steering coils.
Moreover, the magnetic property lets control the drug release in a better way (a method introduced
by Kost et al. in 1987 [95]) and by using an external magnetic field it is possible to induce hyperthermia.
Finally, the NPs can be easily tracked with imaging techniques.

Together with magnetite, the other principal material, cheap and abundant in nature, used for the NPs
was manganese dioxide (MnO;), also called ramsdellite: it is a ROS scavenger and it leads to oxygen
generation. Therefore, the MANPs’ shell of manganese dioxide is beneficial because it can reduce the
oxidative stress in the tumour environment. In fact, MnO; represents a catalyst for the decomposition

of the oxygen peroxide (Equation 15).
MnO, + 2H,0, - 2H,0 + 0, + MnO, (Eq. 15)
By looking at Equation 15 it is possible to see that among the products of the reaction there is also O..

So, the manganese dioxide shell of the NPs acts not only as a ROS scavenger but also as an oxygen

generator.
MATERIALS

For the MANPs’ synthesis, precursors of the abovementioned materials (magnetite and ramsdellite)

were needed. So, 2.5 mmol of iron sulfate heptahydrate (FeSO4-7H,0) were used as precursors of iron,
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while potassium permanganate (KMnQO,) was the source of manganese. Six different molar ratios of

manganese and iron were used:

Mn 1Mn_1 Mn 1 Mn 1 Mn 1 Mn

iy

Fe 2Fe 5 Fe 75 Fe 10 Fe 125 Fe

The same mass of FeS0,4-7H,0 was used for all the sample, while the KMnO, amount changed. The

employed quantities of the materials are reported in Table 3.1.

Table 3.1 Materials and quantities used to realize the MANPs with six different molar ratios of manganese and iron

Mn/Fe FeSO47H,0 KMnO; NaOH5M Deionized water

1/2 695 mg 198 mg 1ml 99 ml
1/5 695 mg 79 mg 1ml 99 ml
1/7.5 695 mg 53 mg 1ml 99 ml
1/10 695 mg 40 mg 1ml 99 ml
1/12.5 695 mg 32 mg 1ml 99 ml
0 695 mg - 1 ml 99 ml

Deionized water and sodium hydroxide (NaOH) 5 M were added to the solution at diverse time points.

The materials were bought from Sigma Aldrich®.

PROCEDURE
KMnO, 5ml H,0
N N
o har
ﬁh,»,gf
or 71,

Spinning and
695mg 94ml 1ml Dropwise cleaning for 3

FeS0, 7H,0 H,O NaOH 5M ‘ ‘ ‘ addition times

'YW A R
Magnetic - -
stirring for 1h 88°C
About 12h ) 'S

Magnetic stirring

Figure 3.1 Scheme of the synthesis procedure of the MANPs

The fabricated MANPs were fabricated using a simple hydrothermal method as presented in Figure 3.1
and after performing a detailed parametrical study. Briefly, the experimental procedure was as
following described. The iron sulfate heptahydrate was dissolved in 94 ml of water in a conical flask
under gentle magnetic stirring for one hour. Meanwhile, 5 ml of water were added to the potassium
permanganate and left shaking. After 1 h, the speed of the stirring of the iron solution was increased
in order to avoid the attraction of the magnetite nanoparticles by the stirring magnet and sodium

hydroxide was added drop-by-drop (1 ml/min at room temperature), creating a dark green solution.
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While adding the NaOH, the temperature was adjusted to 90 °C. When it reached 80°C (5-10 min), the
KMnOjy solution was added dropwise (1.5 ml/min) in the iron solution. Finally, the black solution was
left at 88°C under magnetic stirring for 12 h. In the end, three cleanings with deionized water were

accomplished: each time the solution was stirred down 10 min at 8965 xg and at 4°C.
DISCUSSION

The following redox reactions (Equation 16, 17, 18) explain what happened during the fabrication of

the MANPs [75]:

FeSO, + 2NaOH - Fe(OH), + Na,SO0, (Eq. 16)
9Fe(OH), + 2KMn0, — 3Fe;0, + 2Mn0, + 2KOH + 8H,0 (Eq. 17)
4 KMnO, + 2H,0 - 4Mn0, + 30, + 4KOH (Eq. 18)

Concerning the sample without the manganese, the reactions reported in Equation 19, 20, and 21 took

place:
FeSO, + 2NaOH - Fe(OH), + Na,S0, (Eq. 19)
1
3 Fe(0H); + 0, > Fe(OH); + 2Fe00H + H;0 (Eqg. 20)
Fe(OH), + 2FeOOH - Fe30, + 2H,0 (Eqg. 21)

Thanks to the hydroxyl radicals on its surface, the MnO, has a strong affinity for the Fe30,
nanoparticles, so it creates the shell layer [96]. In reality due to the one-pot procedure it is not possible
to be sure that the core and the outer layer are completely separated. Probably the iron oxide core is

doped with manganese dioxide particles, some of which cover the surface.

The main problem during the synthesis procedure was the oxidation of magnetite to maghemite, due
to the fact that the procedure was realized in oxygen atmosphere. The transformation of the first oxide
into the second one was not desired because even if both of them are ferromagnetic, the magnetite
has a higher bulk saturation magnetization and a lower Curie temperature (TCmagnetite = 577°C). Indeed,
the saturation magnetization of the magnetite is 92-100 emu/g, while the one of maghemite is 60-80

emu/g.
The yield of the procedure was calculated for every sample with the following formula (Equation 22)

final weigh of the material

yield(%) = (Eq. 22)

initial weigh of the material
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The sample with the ratio Mn/Fe=1/10 is the one with the highest yield, equal to 31.89%, while the
worst results are the ones of the sample with ratios Mn/Fe=1/2 and Mn/Fe=1/7.5. Table 3.2 contains

all the calculated yields.

Table 3.2 Yields of the samples with different Min/Fe ratios. The best result is the one of the sample with Mn/Fe=1/10.

Mn/Fe vyield (%)

1/2 11.37
1/5 13.70
1/7.5 11.24
1/10 31.89
1/125  13.63
0 28.06

3.1.SEM and FIB analysis
All the samples were observed with a dual beam microscope in order to have a first information about
the shape of the NPs and the eventual presence of impurities. Before SEM 10 pl of the sample were
put on a stub containing a piece of silica wafer attached on a dual side carbon tape, and they were left
at 37°C to dry. The preparation of the sample consisted also of a step of a 10 nm coating with gold
using a gold sputtering device, by employing a 30 mA current for 60 s. SEM images for this thesis project

were taken with a FEI 200 operating at 15 keV, with beam currents varying from 43 pA to 0.17 nA.

Figure 3.2 SEM images of the samples with different Min/Fe molar ratios; the scale bar represents 500 nm. In both the samples
with Mn/Fe=1/2 (A) and Mn/Fe=1/5 (B) there are many impurities. On the contrary, samples with Mn/Fe=1/7.5 (C),
Mn/Fe=1/10 (D) and Mn/Fe=1/12.5 (E) show NPs.

As shown by Figure 3.2, the samples with a bigger quantity of manganese (Mn/Fe=1/2 and Mn/Fe=1/5)
have impurities, while when there is less manganese (Mn/Fe=1/7.5, Mn/Fe=1/10 and Mn/Fe=1/12.5),
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the images show the presence of NPs. Images of the sample without manganese are not presented

because nanostructures were not observed.

Images with higher enlargements are presented in Figure 3.3: NPs are more evident in the samples
with lower Mn/Fe molar ratios, while nanostructures without consistent morphology are shown in the

sample with Mn/Fe=1/2. So, with this first analysis it was evident that samples without or with high

guantities of manganese, in respect to the iron part, were not able to give spherical nanoparticles.

Figure 3.3 Magnified SEM images showing different nanoformulations after altering the molar ratio of Mn/Fe. More
specifically: Mn/Fe=1/2 (A) shows petals (scale bar represents 200 nm), Mn/Fe=1/7.5 (B) and Mn/Fe=1/10 (C) show
nanoparticles (scale bars represent 300 nm).

The images of the samples containing NPs were analyzed with the software Imagel, in order to
measure the diameter of the MANPs. At least 30 measurements from each sample were used to
calculate the average and the standard deviation of the diameter; data that are reported in Figure 3.4.
The sample with the Mn/Fe ratio equal to 1/10 showed smaller NPs, with a diameter of about 37+10

nm, but in general all the MANPs had dimensions between 20 nm and 90 nm.
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Figure 3.4 Average diameter of the NPs of the samples with Mn/Fe ratios equal to 1/7.5, 1/10, and 1/1.5. The
measurements were performed with the software Imagel.

3.2. FT-IR analysis

The FT-IR analysis was used in order to check if the desired components were created. Infrared

spectroscopy for this project was performed using a Shimadzu Miracle 10. Before the measurements,
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all of the samples have been freeze-dried. The number of scans was set to 45 and the resolution step

was 4 cm™L. The graphs were plotted using OriginPro software 9.1.

The spectra of the five samples with iron and manganese are reported in Figure 3.5, where the

important peaks are highlighted.
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Figure 3.5 FT-IR spectra of the samples with different Mn/Fe molar ratios: 1/2 (a), 1/5 (b), 1/7.5 (c), 1/10 (d), 1/12.5 (e).

According to the literature, the FT-IR wavenumber that corresponds to the Mn-O bond is
approximately at 745 cm™ [97], while the one of the Fe-O bond is approximately at 592-600 cm™ [98].
Moreover, the FT-IR spectra of the Fes04 shows peaks at 450 cm™ and 582 cm™ [99]. The peak at 1640
cm? can be associated with hydroxyl groups, like the band between 3380 cm™ and 3440 cm™ [100].
They can be probably attributed to the environmental humidity absorbed by the samples. Samples
with a Mn/Fe ratio equal to 1/2 or 1/5 presents some peaks between 2300 cm™ and 2400 cm™ that are

probably due to impurities.

220 T T
200 _ FeS04

ol KMnO4 i

160 |- ]
140 [ ! i
120 L 568 qm™ 1
100 [ d

80 b

transmittance (%)

60 |- -
40 | . .
900 cm ]

20 I 1 L 1 L 1 | L
4000 3000 2000 1000 0]

wavenumber (cm™)

Figure 3.6 FT-IR spectra of the precursor materials used to realize the NPs: Fe3SO4 and KMnO,.
30



In addition, by comparing the NPs’ spectra with the FT-IR analysis of the initial material FeSO4 and
KMnO, reported in Figure 3.6, it is possible to notice that the peak around 900 cm™ is due to the

manganese shell, while the peak at 568 cm™ can be attributed to the iron core [101].

In conclusion, the analyses proved that Mn-O and Fe-O bonds were obtained, suggesting through
Equation 18 and Equation 21 that both manganese dioxide and iron oxide were present in the final
system, but again samples with a Mn/Fe molar ratio equal to 1/2 or 1/5 showed some impurities with

the peaks between 2000 cm™ and 2500 cm™.

3.3.DLS analyses
The DLS measurements for this thesis project were performed with a Zeta-sizer Nano ZS90 of Malvern
Instruments LTD. In the data presented, each measurement represents the average value of 3
measurements, with 15 runs for each measurement, of 1 ml of sample. Before measuring, each sample
was sonicated for 1 minute by using a Bandelin ultrasonic probe at 8 W, to avoid the presence of
aggregates during measurements. Different solvents, with various conductivities, were used in
addition to deionized water in order to simulate and test the conditions that the NPs can find into the
cell cultures or inside the human body. Therefore, Dulbecco Modified Eagle Medium (DMEM) without
phenol red, DMEM without phenol red but with 10% fetal bovine serum (DMEM+10%FBS), and

artificial cerebrospinal fluid (aCSF) were also employed as dispersants.
MEASUREMENTS OF THE DIFFERENT Mn/Fe RATIO SAMPLES

For the hydrodynamic diameter measurements, the concentration of the under examination samples
was adjusted to 0.1 mg/ml and the temperature was set at 37°C in order to simulate the body
temperature. For every Mn/Fe ratio, three solvents were used to disperse the NPs: water, DMEM and
DMEM+10%FBS. Moreover, all the samples were tested at different time points: 0 h (that means after
1 min sonication), 1 h, 6 h, and 24 h after the addition of the solvent; the samples were always kept at

37°C.

In all cases (Figure 3.7, Figure 3.8, Figure 3.9, Figure 3.10, Figure 3.11), it is possible to observe that
the solutions with DMEM showed larger hydrodynamic diameters of the NPs, while the MANPs in
DMEM+10%FBS seemed to have smaller d