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Thesis abstract

The present dissertation presents my doctoral work developed during the last three years at the
Italian Institute of Technology (I1T) and the University of Genoa. The work was focused on
the development of different ferrite nanoparticles and their magnetic characterization. Another
objective of this work was the use of these magnetic nanoparticles for magnetic hyperthermia

as a suitable mean to enhance the blood brain barrier passage.

The first chapter deals with the synthesis and characterization of different divalent ions
substituted ferrite nanocubes (NCs). In particular, trough non-hydrolytic synthesis, cobalt
ferrite, zinc ferrite and mixed ferrite NCs, i.e. cobalt-manganese and cobalt-zinc, were
obtained. The size and the composition were controlled by modifying the synthesis parameters,
obtaining cubic-shaped nanoparticles with a cube edge ranging from 5 nm to 65 nm at different
ions stoichiometry. The full characterization of these NCs was carried out to find the
combination of composition and size that better suits their application in magnetic
hyperthermia treatment (MHT), magnetic resonance imaging (MRI) and magnetic particle
imaging (MPI). Additionally, their use to prepare magnetic clusters by controlling the
aggregation of these nanocubes into polymeric beads, here named magnetic nanobeads, was
also studied. In chapter 1 is shown that these nanocubes, especially cobalt ferrite and zinc
ferrite, revealed outstanding heating properties in magnetic hyperthermia. The same nanocubes
were showing good performances as MRI contrast agent and generates MPI signals that were
better than commercially available Resovist magnetic nanoparticles. Thanks to the large
portfolio of NCs here prepared, it was possible to correlate their structural and chemical
properties to the hysteresis loops measured under alternating magnetic field (AMF), probing
heat losses as a function of media viscosity, concentration and aggregation status. The results
obtained revealed that among all the different compositions, the zinc ferrite NCs are the most

promising material for MHT, MPI and MRI applications, thanks also to his biocompatibility.

In the second chapter, the functionalization and the exploitation of magnetic nanoparticles for
enhancing central nervous system delivery is reported. In particular, the main goal of this study
was to increase the NCs transportation through the blood-brain barrier (BBB) for the treatment
of neurodegenerative diseases and brain tumors by using magnetic hyperthermia and molecular

targeting. To reach this scope two strategies were followed. The first approach consists on the



temporary and local damage of the BBB driven by the heat properties of the iron oxide and
cobalt ferrite NCs thus increasing the para-cellular transportation through the BBB. The second
approach consists on the functionalization of the same NCs with the trans-activating
transcriptional activator peptide (TAT) to enhance the trans-cellular transportation through the
BBB. The experiments were carried on a functional in vitro model of BBB using bEnd3 cells.
First a suitable coating for the nanoparticles was developed. The results showed the importance
of coating the NPs with polyethylene glycol (PEG) to increase the stability in biological media,
enhancing the passive passage through the BBB. Then, the heating performances of both iron
oxide and cobalt ferrite NCs were compared to induce thermal damage to the BBB. Due to
their ability to heat up using lower NPs dose, cobalt ferrite NCs were chosen over iron oxide
ones for further studies. The experiments of BBB transportation of these nanoparticles in
presence of magnetic hyperthermia revealed a double fold dose increase in the passage when
the barrier was thermally damaged. Nevertheless, the complete recovery from the temporarily
induced damage was demonstrated. Concerning the second BBB transportation approach, the
TAT coated NPs were successfully prepared. Further experiments will be done to test them on
the BBB model. Finally, being most of the neurodegenerative disorders characterized by
peptide fibrils accumulation in to the brain, a preliminary study focused on the use of Ferulic
acid (FA) as a potential compound for disassembling aggregated insulin fibrils in a protein
plaque model was followed. The effect of the FA on the fibrils was found to be concentration
dependent, increasing with the increase of compound concentration. Further studies should be

done to delivery this compound to the brain.



Introduction

1. The role of magnetic nanoparticles In
nanomedicine

Nanomedicine that makes use of nanoparticles/nanostructures for medical purposes, is gaining
great interest in the scientific community. These nanosystems can be engineered to possess
various functions, making them potentially useful as multi-purposes nano-tools for medical
applications.! The class of nanomaterials is very broad and includes many inorganic
nanoparticles (e.g. gold,? silica,® iron oxide,* silver® or semi-conducting materials®), and
organic based nanomaterials (e.g. lipid nanoparticles’, polymeric nanoparticles®, dendrons®
etc.). The nanomaterials have tunable sizes ranging from a few nanometers up to tens of
nanometers which place them at a scale smaller or comparable to those of a cell (10-100 pm),
a virus (20450 nm), a protein (5-50 nm) or a gene (2 nm wide and 10-100 nm long).1° Their
surface is normally coated with polymers or bioactive molecules for improved
biocompatibility?, selective targeting of biologic molecules'?*® and cells recognition.!*¢ In
the nanomedicine scenario, magnetic nanoparticles (MNPs) became interesting thanks to their
physical properties.t” First, a fundamental feature of the MNPs is their large ratio of surface
area to volume, which can be orders of magnitude greater than that of bulk materials.*® When
the particles size decreases, the number of surface atoms become larger with respect to the total
number of atoms constituting the NP, which implies that surface and interface effects become
more important affecting NPs interactions.*®?° Moreover, having higher surface area available
per nanoparticle, even the loading efficiency with payloads molecules such as drugs becomes
significantly higher than larger carriers, such as micrometer or mesoscale carriers.™ Then, they
can be manipulated by an external magnetic field, which can permeate the human tissue. The
combination of these two factors opens the way for many applications involving, in particular,
the transport and/or the accumulation? of the MNPs or the biological magnetic tag.?? The main
limitation to these applications, involving low intensity static magnetic fields, is represented
by the decrease of the magnetic field strength with the distance to the target (the effective depth
in the human body is about 10 cm).?® Moreover, energy transfer from a time-varying magnetic
field to MNPs can occur under certain frequency regime and field intensity. It enables the
conversion of energy accumulated by the NPs into heat dissipation, which made them suitable
for local magnetic hyperthermia treatment (MHT).2* These and others interesting applications



are made possible in nanomedicine thanks to the particular properties of MNPs. For example:1)
targeted drug delivery; 2) biological separation; 3) biosensing; 4) magnetic resonance imaging
(MRI); 5) in gene transcription; 6) neural stimulation;7) magnetic particles imaging
(MP1).181925-2% This work was focused on the application of MNPs in MHT, MPI and MRI.
The design and synthesis of MNPs should be planned considering some benchmarks important
for their application. For the MHT, the MNPs should have a specific absorption rate (SAR) as
high as possible, for the lowest dosage allowed, while applying field and frequency parameters
in the range deemed safe for human body. In particular the product between these two
parameters should be kept below 5-10° Ams to avoid potential side effects.>*3! The SAR
value express the heating efficiency of the magnetic nanoparticles being defined as the power
absorbed per mass of the heat mediator. The MNPs can be used for MPI an emerging imaging
technique.2 MPI has the ability to directly detect MNPs, with no background signal originating
from surrounding tissues, resulting in superb contrast.?®33% The heat generation mechanism in
magnetic hyperthermia relies on the same Brownian and Néel relaxation principles for
magnetization reversal, which also dictate the signal generation in MPI. Thus, NPs with good
magnetic properties for MHT results ideal for the application in MPI. For this reason, recent
studies are looking at the interesting possibility to merge the MHT with the MPI, in the so
called hMPI, in which imaging and treatment are done with the same device.®*" Then, the
MNPs can be exploited as contrast agents for MRI diagnosis, thanks to their ability to enhance
proton relaxation of specific tissues. Their properties, inducing magnetic field-in-
homogeneities can reduce the longitudinal (T1) and transverse (T2) relaxation times of the
surrounding protons, responsible for the MRI image formation.®® Most of the MNPs are T2
agents thanks to their difference in susceptibility with the surrounding media, giving a negative
contrast to the MRI images.®® In all these applications, MNPs should be close to the
superparamagnetic state, at body temperature, with low magnetostatic interactions, to avoid
unwanted behaviors like agglomeration.®®4! Lastly, they should be biocompatible with
negligible cytotoxic effects.*>*® The magnetic properties of the NPs can be optimized by
choosing a synthesis method that enable to tune with high control the magnetic relevant
parameters that regulate their heating ability and relaxivity. This list of parameters includes:
the saturation magnetization (Ms), the remnant magnetization (M), the susceptibility (y), the
coercivity (Hc) and the surface anisotropy (Ks).**® Currently, several methods including co-
precipitation,*® thermal decomposition,*®* micelle synthesis,®* hydrothermal synthesis®? are
exploited to synthesize MNPs with much focus on the synthesis of iron oxide nanoparticles

(IONPs). Several synthesis of IONPs prepared by different routes have been reported and



investigated as indeed these nanoparticles are the most promising materials for clinical
applications, given their biocompatibility, body tolerance and the proven in vivo
biodegradability and transformation.>®°® Unfortunately, the roughly spherical shaped iron
oxide NPs obtained by co-precipitation method, that are currently approved by Food and Drug
Administration (FDA) for medical applications,®” are characterized by low values of Ms (due
to large surface spin disorder),>® low control over the size and size distribution which reduce
their performance for both MHT and MRI applications. An effective approach to maximize the
SAR of IONPs is to tune and control their shape anisotropy for obtaining cubic NPs by thermal
decomposition synthesis.>® The increased shape anisotropy gave to the NPs important quality
as lower surface spin disorder, higher Ms and higher crystallinity.8%°3* Monodisperse iron
oxide nanocubes (NCs) have Ms values that are closer to that of bulk magnetite (90 emu/g).*°
Additionally, compositional tuning has been reported as an alternative and effective strategy to
enhance the magnetic properties of MNPs, obtained by the partial or complete replacement of
the Fe?" ions in magnetite (FesO4) NPs with other divalent metal ions like Co?*, Mn?* and
Zn?2* 48586368 Noreover, the manipulation of MNPs and their aggregation into controlled
clusters could play a significant role on the heating performance of NPs. Controlled
aggregation in a centrosymmetric 3D configuration (bead-like assembly) was reported to lower
SAR values but is useful for MRI and magnetic separation of DNA, molecules and proteins
moieties .°%72 Currently, the state of the art in terms of hyperthermia performances for
clustered structures is held by bacterial magnetosome chains, that are about 50 nm cubic-shape
IONPs individually coated with a lipid shell, naturally aligned in chain-like morphologies on
protein filaments. Since there are evidences that the current understanding of the physical
parameters controlling magnetic heating at the nanoscale still needs to be improved, this work
was focused on the study of physical parameters that affect NPs heating efficacy, in particular
on the viscosity (1) that is the less present in literature.*>">"° The effect of media viscosity
change is far more pronounced in anisotropic systems, like cobalt ferrite than in iron oxide
NPs.*L7 This effect is ascribed to the magnetic relaxation processes (i.e. Néel or Brownian
mechanisms). Whereas Néel relaxation is related to the reorientation of the particle magnetic
moment, Brownian relaxation is related to the particle rotation for reorienting its magnetic
moment. The relaxation processes are affected by different parameters such as the NPs size,
anisotropy, magnetic dipolar interaction and magnetic field intensity.”®"°



2. Nanoparticles for neurodegenerative diseases and
the importance to overcome the Blood Brain Barrier

The nanomaterials used for the neurodegenerative diseases treatment are the ones commonly
used in drug delivery (e.g. quantum dots, liposomes, solid lipid NPs, gold NPs, IONPs) with
particular attention given to size, surface charge and surface chemistry.8® Most of the
neurodegenerative diseases are defined pathologically by abnormal accumulation into the brain
of specific protein species (e.g. # amyloid plaques in Alzheimer’s disease (AD)).8* Nowadays,
most of the study for the treatment of these pathologies are based on the delivery of compound
to reduce or eliminate the diseases impairment. Mourtas at al. developed nanoliposomes
carrying a curcumin derivate that bind and inhibits the s amyloid aggregation.®? Liu et al
produced polystyrene NP functionalized with an iron chelator (2-methyl-N-(2'- aminoethyl)-
3-hydroxyl-4-pyridinone) showing their ability to protect neurons from toxicity related to the
peptide aggregation.®® Moreover, Picone et al. showed that solid lipid NPs loaded with Ferulic
Acid (FA), decrease reactive oxygen species (ROS) generation, restore mitochondrial
membrane potential and reduce cytochrome c release and intrinsic pathway apoptosis
activation.® Further, FA modulate the expression of Peroxiredoxin, an anti-oxidative protein,
and attenuate phosphorylation of extracellular signal-regulated protein kinases 1 and 2
(ERK1/2), which can mediate cell proliferation and apoptosis activated by Ag oligomers.®> FA
is a natural compound that arises from the metabolism of phenylalanine and tyrosine in plants.®*
It is reaching attention thanks to his antioxidant properties.8>8 All these promising strategy for
neurodegenerative diseases treatment are limited by the presence of the Blood Brain Barrier
(BBB). The BBB prevents drugs, NPs and imaging agents penetration, limiting their
application due to poor access to the Central Nervous System (CNS).™® Thus, research efforts
are focused on developing effective strategies to overcome this barrier and deliver drugs to the
CNS.8” The BBB is a selective barrier formed by tight junctions (TJ) between cerebral capillary
endothelial cells, and represents a critical regulator of the brain homeostasis by exclusion of
harmful xenobiotics.2 The endothelial layer is so tight that precludes the passage through
intercellular junctions (para-cellular passage), limiting the possibility of exchanges between
the brain and the blood only through passages across the cellular body (trans-cellular
passage).8® However, the BBB is not only a mechanical fence but also a dynamic biological

entity, in which active metabolism and carrier-mediated transports occur (Figure 1).%
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Figure 1 A schematic diagram of the endothelial cells that form the blood—brain barrier (BBB). The main routes for molecular
traffic across the BBB are shown. a) Normally, the tight junctions severely restrict penetration of water-soluble compounds,
including polar drugs. b) However, the large surface area of the lipid membranes of the endothelium offers an effective
diffusive route for lipid-soluble agents. c) The endothelium contains transport proteins (carriers) for glucose, amino acids,
purine bases, nucleosides, choline and other substances. Some transporters are energy-dependent (for example, P-
glycoprotein) and act as efflux transporters. AZT, azidothymidine. d) Certain proteins, such as insulin and transferrin, are
taken up by specific receptor-mediated endocytosis and transcytosis. €) Native plasma proteins such as albumin are poorly
transported, but cationization can increase their uptake by adsorptive-mediated endocytosis and transcytosis. Reproduced,
with permission, from reference 57.

Different approaches have been tested to allow pharmaceuticals to overcome the barrier. These
explorative strategies have been ranging from invasive techniques, e.g., through osmotic
opening of the BBB®?, to chemical modifications of drugs.®? These taking advantage of carrier-
mediated transports, or exploiting the so-called “Trojan horse” technology, it use the receptor
mediated passage system attaching drugs that are not able to cross the BBB alone to molecules
which can easily go through.®® Recently, superparamagnetic NPs were exploited as local heat
sources to trigger the opening of the TJ thanks to their ability to convert electromagnetic energy
into thermal energy.®* Moreover, the same heat may be exploited to target and dissolve the
fibrils plaques, common in disorders like Alzheimer or Parkinson, or for tumor ablation.*>*’
Some recent studies revealed encouraging results in this direction.?®® The heating property of
magnetic NPs was used by Tabatabei et al. to increase the local temperature to 38-39 °C and
consequently the flux of NPs trough the BBB.%®% In this temperature range, it is possible to
observe a reversible disruption of the barrier on the surface of the brain. Particularly, the
authors showed that large dye molecules are able to cross the BBB after application of MHT
and that the barrier is capable to fully recover after treatment. This provides the possibility to
access the brain tissue with higher spatial precision, advanced control and lower immune

reaction. Nevertheless, in this in-vivo study commercial available MNPs were used with low



magnetic properties. For this reason, to have a local heat increase they were forced to
administer a huge amount of MNPs (60uL at 12g/L). Another promising strategy to overcome
the BBB, is the NPs functionalization with the Trans-activating transcriptional activator (TAT)
peptide (derived from HIV virus). Such functionalization could be exploited to merge the
molecular targeting approach (TAT-based) with the physical one (local heat by magnetic NPs).

This subject will be discussed in detail in chapter 2.
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Chapter 1. Synthesis and characterization
of divalent metal ions substituted ferrite

nanocubes

1.1 Introduction

Basis of nanomagnetism

Nanomagnetism (i.e., the magnetism observed at the nanoscale) is a key concept to be
addressed when designing magnetic nanoparticles (MNPs). The classical types of magnetic
behavior; diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic,
appears at the nanoscale based on the collective response of the magnetic dipoles inside a NPs
in presence of an applied magnetic field (Figure 1).! For diamagnetic materials, a zero
magnetization is observed in the absence of a magnetic field, that is, there are no magnetic
dipoles. But, upon application of a magnetic field, the variation of the magnetic flux induces
an spontaneous magnetization opposite to the magnetic field obeying Lenz law. As a result,
magnetic dipoles oriented opposite to that of the applied magnetic field are formed inside the
material. Paramagnetic materials already present magnetic dipoles, which are randomly
distributed in absence of a magnetic field with zero magnetization. However, upon application
of an external magnetic field, dipoles aligned in the direction of the magnetic field and a net
magnetization is observed. Ferromagnetic materials show a similar behavior having a net
magnetic moment in the absence of an external magnetic field. This is due to exchange or super
exchange interactions, which keep magnetic dipoles aligned even if the magnetic field is zero.
Noteworthy, this interaction may result in an antiparallel arrangement of the dipoles inside the
magnetic material at zero field, the so-called antiferromagnetic and ferrimagnetic materials.
The above described magnetic behaviors are typically related to multi domain systems, also
present at the nanoscale. Yet, when size is decreased under a certain limit the energy balance
of the systems result in the formation of single domain particles and superparagmentism takes
place. In the section below a more detail description of this magnetic behavior observable only

at the nanoscale is described.?
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Figure 1 Schematic illustrating the arrangements of magnetic dipoles for five different types of materials. a) Diamagnetic
materials does not have magnetic dipoles in absence of an external magnetic field,, upon application of a field, the material
produces a magnetic dipole that is oriented opposite to that of the applied field. b) Paramagnetic materials, there exist
magnetic dipoles, but these are aligned only upon application of an external magnetic field. c) Ferromagnetic materials have
net magnetic dipole moments in the absence of an external magnetic field. d) In antiferromagnetic and €) ferrimagnetic
materials, the atomic level magnetic dipole moments are similar to those of ferromagnetic materials but adjacent dipole
moments exist that are not oriented in parallel and effectively cancel or reduce, respectively, the impact of neighboring
magnetic dipoles within the material in the absence of an applied field.

The research in MNPs for nanomedicine applications is typically focused on developing
superparamgnetic NPs.*> The desired MNPs for applications in drug delivery, exhibit no
magnetic properties at body temperature after removal of the external magnetic field and for
that reason, dipole-dipole magnetic interaction are suppressed eliminating the risk of
aggregation. This is the “so called” superparamagnetic (SPM) regime. Furthermore,
superparamagnetic NPs provide a strong and quick response to an external magnetic field
allowing a precise control over the application of their magnetic properties. Noteworthy, the
SPM behavior does strongly depend on the temperature, as described below. As such, below a
certain temperature a transition between a SPM to a ferromagnetic state take place.
Ferromagnetic NPs are characterized by a typical magnetization curve, which exhibits
characteristic positions associated with saturation magnetization (Ms, all the magnetic dipoles
are aligned to the external magnetic field, the maximum magnetization is reached), remnant
magnetization (My, induced magnetization remaining after removal of the applied field) and
coercivity (Hc, the intensity of an external coercive field needed to force the magnetization to
zero). In contrast to the hysteresis generate in case of ferromagnetic NPs, the response of

superparamagnetic NPs show no hysteresis but it follows the same sigmoidal curve (Figure 2).
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Figure 2 Typical magnetization curve of a paramagnetic, ferro- or ferromagnetic and superparamagnetic materials. From
the hysteresis loop of ferromagnet material can be identified the saturation magnetization Ms (the maximum value of M); the
remanence magnetization Mr (the residual magnetization at zero field strength); and the coercivity Hc (the external field
required to bring magnetization back to zero).

Magnetization is a strong temperature dependent feature being the Ms maximum at 0 K as
thermal energy/vibrations (and thus randomization of aligned moments) is reduced. Above the
temperature known as the blocking temperature (Tg), both ferromagnetic and ferrimagnetic
nanoparticles exhibit a superparamagnetic behavior manifested by rapid random MNP
magnetization reversals leading to a zero time-average magnetic moment. The value of Tg,
associated with the energy barrier, depends on the characteristic measuring time, which can
vary from 100 to 108 s.° From the relative difference between the measuring time and the
relaxation time, arise the magnetic behavior. Thus, if the relaxation time is lower than
measuring time, the NPs are considered to be in the SPM regime; if, however, the relaxation
time is higher than the measuring time, the NPs are in a “blocked” (ferromagnetic) regime.® If
the MNP size is maintained below a critical dimension during the synthesis, they tend to
develop as single magnetic domain structures, and at the smallest sizes, they exhibit SPM

behavior.”8
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Figure 3 a) Schematic illustrating the dependence of magnetic coercivity on particle size. In the single-domain regime, the
coercivity can follow either the solid curve for non-interacting particles or the dashed line for particles that have coupling
between them. The coercivity falls to zero for superparamagnetic colloidal particles. Reproduced with permission from
reference 51. b) On the nanometer length scale magnetic materials, at a given temperature, show distinctly different behavior
as a function of size; most noticeably, this is observed in nanoparticles. For diameters D<Dsp, they exhibit
superparamagnetism; for D>Dsq, they split into multiple domains to minimize their overall energy and in between Dsp<D<Dsq,
they are ferromagnetic and single domain. These characteristic sizes depend on their intrinsic properties (saturation
magnetization Ms, anisotropy constant k, and exchange stiffness), and can easily be calculated. Critical sizes for the
observation of superparamagnetism Dsp, and single-domain Dsd, behavior in a variety of common ferromagnetic fine particles
are shown. Reproduced with permission from reference 52.

The critical size (rc), which corresponds to a transition from the single- to the multi-domain is
associated with the size below which it is energetically favorable for the magnetic grain (or
particle) to exist without a domain wall®1°. Thus, that size might be interpreted as the maximum
size for a single-domained structure. However, with the broad chose of magnetic materials in
use in MNP research, it is challenging to define a discrete transition point for r.. A domain wall
is defined as a transition region between the different magnetic domains of uniform
magnetization it develops when a magnetic material forms domains to minimize the
magnetostatic energy; the wall energy is the energy required to maintain this wall. When
domains are formed, the magnetostatic energy decreases, and the wall energy and the
magnetocrystalline anisotropy energy increase. When the NPs size is bigger than the thickness
of the domain wall, it is forced to split into domains. Thus, the domain wall thickness (and the
critical size, rc) depends on three parameters: the exchange energy (which is the energy required
to keep the spins parallel and is low in case of a thick wall), magnetization and NPs anisotropy
(K). In this way, the transition point from SPM to single-domain to multi-domain for MNPs
depends upon different parameters. In particular, those are the size and/or shape of the NPs,

and the intrinsic material parameters coming from the composition, such as Ms and K. Hence,
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it is important to understand the fundamental magnetic properties and their interdependence to
be able to optimize the MNPs for particular applications (i.e. MHT, MRI and MPI).

Hyperthermia: using MNPs for heat generation

Among the different definitions of Hyperthermia, it is possible to define it as an abnormally
high body temperature. Hyperthermia therapy is a type of treatment in which body tissues are
exposed to high temperatures to damage and Kill cancer cells, or to make them more sensitive
to other therapies such as radio- or chemotherapy.'! Nowadays, the nanomedicine advances
allowed the use of engineered MNPs as heating mediators for the application of local MHT.!2
The first use of MNPs for MHT on an animal model date back from 1957.12 This pioneer study
has paved the way in the last two decades to the first clinical trials of MNP-based hyperthermia
led by MagForce Nanotechnology, AG Germany .1* The heating ability of MNPs under an
alternating magnetic field (AMF) can be expressed by the specific absorption rate (SAR),
which provides a measurement of the transformation of magnetic energy into thermal energy.
The SAR values accounts for the energy rate released to the environment per unit mass of

magnetic material (i.e. MNPs):

Where C is the specific heat capacity of water (4185 J/kgK) and m is the concentration (g/L)
of magnetic material in solution. This equation is only valid under adiabatic conditions;
however, at a first approximation, the slope of the curve (dT/dt) can be measured by taking into
account only the first few seconds of the temperature versus time in which a quasi-adiabatic

regime is assumed.1>1
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Figure 4 Schematic representation of the heating curve profiles of a MNPs sample placed in AMF, in case of adiabatic
condition (red) and non adiabatic condition (blue).The two curves are equal in the firsts few seconds and then starts to diverge.

Modified and reproduced with permission from reference 64.

During an MHT experiment, MNPs are exposed to an AMF of amplitude H and frequency f.
Thus, the atomic magnetic moments (m) of the MNPs are forced to align with the external field.
The degree of alignment depends upon the H magnitude and the NPs properties. Since the
external field polarity changes, the direction of m will also change. When the frequency of the
changing external field increases, the MNP’s magnetic moment may, cease to change
“instantaneously”, resulting in a lag in the magnetic response. If the external AMF has
sufficient amplitude to force the m to oscillate this opens the hysteresis loops (HLs) as the result
of this lag. Hysteresis for MNPs is accompanied by losses, which manifest themselves as heat.
The enhanced anisotropy present in these kind of NPs contributes to increase hysteretic losses
when they are subjected to AMFs, leading to much higher SAR, or heat.!” The hysteretic or

thermal losses are expressed by the area A of the hysteresis loop:

+H
A =f woM(H)d H

-H

Where M(H) is the NP’s magnetization. With frequency f as the number of cycles per second,
the SAR is given by the product A-f. The theoretical and experimental challenge is thus to
correlate the characteristics of MNPs and the causes of the lag in magnetic response. The linear
response theory, first proposed by Rosensweig'®, it is a good approximation of the MNPs
behavior in AMF. This theory is valid under some limitations; it considers the case where
thermal fluctuations can reverse the particle magnetic moment with a certain probability. It is
only valid at low AMF amplitudes, so that the magnetization responds linearly to the applied

field and the energy barrier between two thermodynamically stable directions of the particle
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magnetic moment is not substantially modified by the applied field. In this case, the hysteresis

loop area is given by:

o H*V M; 2nft
~ 3kgT [1+ (2rf1)?]

In which T is the temperature, ks is the Boltzmann constant, and t is the characteristic
relaxation time of m. t is determined by two mechanisms: Néel relaxation with characteristic
time tn depending exponentially on the volume and anisotropy constant of the material; and
Brownian relaxation with characteristic time tg depending linearly on the local viscosity and
hydrodynamic volume of the MNPs. The effective time constant t is therefore derive from

these equations:

Where 1o is the inverse of the frequency, K is the magnetic anisotropy constant, V is the NPs
volume, kg is the Boltzmann constant, T is the temperature, n is the viscosity and V is the
hydrodynamic volume. Given these equations, magnetic relaxation will be dominated by the

shortest time.

Néel relaxation Brownian relaxation
H 3 H 3
‘ ‘

Figure 5 Schematic representation of relaxation processes that influence the heating properties of MNPs Néel relaxation

involves internal rotation of the magnetic moment. Instead, Brownian relaxation pertains to the physical rotation of the MNPs.

The effective relaxation time is constituted by the collective contribution on both Neel and Brownian relaxation processes.
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For example, when tn is much shorter than g (i.e., for small enough NPs and anisotropy or for
blocked NPs) the Neel fluctuations govern the relaxation and the SAR is maximized in a very
narrow size range that depends on both the anisotropy (K) and the field frequency. Being these
expressions dependent from NPs size, K, Ms and n it is possible to use them for the optimization
of the MNPs characteristics. Interesting, is the square dependence of SAR on the Ms (coming
from the expression of initial susceptibility in the linear response model), which will be of
paramount importance in optimizing the SAR. The current understanding of the physical
parameters controlling magnetic heating at the nanoscale still needs to be improved. Beside all,
n is the less studied*®?°, but it is crucial for the MNPs application in biological environment.
Many recent studies have found a strong reduction in heating efficacy of MNPs when located
into cells and tissues.?Y2* This could be ascribed to the viscosity increase® and to the MNPs
aggregation induced by the cellular biological environment.?® Cabrera et al. have recently
published an interesting study about the viscosity effect on the heating capacity of IONCs of
14 and 24 nm in cube edge and on  cobalt-ferrite nanocubes (CoFeNCs).?” They have
showed how not only the MNP size and K favor the Brownian relaxation process, but also low

H and large size distribution.

Magnetic resonance imaging (MRI): using MNPs as image
contrast agents

MR is currently one of the routine diagnosis tools in clinic, especially for cancer diagnose.?®
It has been the tool for imaging the brain and the central nervous system, for assessing cardiac
function, and for detecting tumors. MRI is based on the interaction of nuclear moments of
hydrogen protons with static and oscillating magnetic fields (Bo and By). Under a static
magnetic field (B0) and upon application of a transverse radiofrequency (rf) pulse, these
protons are perturbed. The subsequent process through which these protons return to their
original state is referred to as relaxation. The study of two independent relaxation processes,
longitudinal and transverse relaxation, and more specific their Ti(recovery) and Tz(decay)
relaxation times respectively, is exploited to generate an MRI image. As it is visible in Figure
6 b and c, the T1 and T2 relaxation process of protons are shortened when is present a contrast
agent. The shortening of the two relaxations gave a brighter image in case of T1 contrast agent

and a darker image under the presence of T2 contrast agent (Figure 6).
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Figure 6 Principle of magnetic resonance imaging. a) Spins align parallel or antiparallel to the magnetic field and precess
under Larmor frequency (vo). After induction of RF pulse, magnetization of spins changes. Excited spins take relaxation
process of Tland T2 relaxation. (b) and c)) T1 relaxation of protons is shortened under the presence of T1 contrast agents
(e.g. Gd®*), which will generate a brighter image; (d) and e)) T2 relaxation of protons is shortened under the presence of T2
contrast agents (e.g. FesO4 NPs), which will generate a darker image. Reproduced with permission from reference 73.

Local variation in relaxation times of the protons arises from proton density as well as the
chemical and physical nature of the tissues within the specimen, give rise to a contrast in the
image.?®%° MNPs are exploited as contrast agents for MRI diagnosis, thanks to their ability to
influence the proton relaxation. They can induce strong magnetic field in-homogeneities,
affecting both the longitudinal and transverse relaxation times of surrounding protons. Thus
this ends into enhanced contrast localized in the accumulation site (i.e. tumor area).>! Anyhow,
the shortening of T1 processes needs a strict interaction between protons and Ti-agents. Hence,
the thickness of the MNPs coating can interfere with these processes.* On the other hand, the
effect of MNPs on T shortening is derived by the pronounced susceptibility difference between
the NPs and the surrounding media. This results in the formation of microscopic field gradients.
The diffusion of protons through these gradients generate the dephasing of the proton magnetic
moments, decreasing transverse relaxation times of protons.323® Nowadays, the most studied
To-agents are the superparamagnetic iron oxide NPs, which are used to provide negative
contrast enhancement.*% The efficiency of a contrast agent does also depend on composition,
size, shape, and aggregation state of the MNPs.3436-3 The efficacy of the contrast agent can be
described by its relaxivity, which is proportional to the measured rate of relaxation over a range
of contrast agent concentrations (R1 (1/T1) and Rz (1/T2)).Indeed the R1 and R2 are obtained
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by calculating the slope of the measured relaxation rates. The relaxivity of a sample varies with
not only the MNPs properties, but also experimental variables such as field strength,

temperature and the medium in which the measurements were done.

Magnetic particle imaging (MPI): using MNPs as image
tracer

MPI is an emerging tracer imaging modality, it was first presented by Gleich and Weizenecker
in 2005 and invented by the same authors few years before when they were at the Philips
Research Laboratories in Hamburg .*° Differently from MRI, MPI has the great advantage to
detect only MNPs, with no background signal coming from tissue (being diamagnetic), having
a near-perfect contrast.*’ Instead, as MRI, MPI shares the advantage to be penetration depth
independent. Moreover, at low frequency of AMF, there is zero depth attenuation, thus making
the MPI scan quantitative at any depth.*! These peculiarity associated with the biocompatibility
of iron-based tracers has made this technique a useful alternative to the standard diagnostic
imaging system such as MRI, X-Ray and positron emission tomography (PET).*’ The MPI
technique relies on spatially selective saturation of MNPs achieved by a strong magnetic
field.>**! A 3D field gradient saturates all the MNPs tracer, leaving at the origin of the gradient
a region were the magnetic field is zero, known as field-free region (FFR).*? The MNPs inside
the FFR are generating the MPI signal, being able to align with the time-varying excitation
fields, while those outside of the FFR are blocked by the field gradient.** The image is formed
by shifting the FFR across the imaging field of view (FOV). The FFR passing over the MNPs

induces a magnetization reversal, which is detected by the receiver coil.
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Figure 7 A strong magnetic field gradient forms a sensitive region known as a Field Free Region (FFR) in which the magnetic
field is zero. The FFR can be moved in a scan trajectory to cover the imaging field of view (FOV). Modified and reproduced
with permission from reference 41.

After the recording of the raw MPI signal by the receiver coil, an MPI image can be
reconstructed. There are two principal methods for reconstructing an image in MPI such as
harmonic-space MPI and x-space MPI1.%4-%6 In x-space MPI, the image is reconstructed as a
convolution of the NPs spatial distribution with the point spread function (PSF), obtained by
mapping the instantaneous position of the FFR (following a grid scheme).** Moreover, the
images resolution is determined by the full-width at half-maximum (FWHM) of the PSF.*2
This technique produces quantitative images that are linear and shift invariant (LSI), property
that is crucial to obtain images of good quality.*>*” To evaluate the performance of MNPs in
MPI and their dynamic relaxation process it is used a relaxometer that measure the 1-
dimensional PSF.*® During the signal generation, MPI tracers must undergo a magnetization
reversal, which requires overcoming viscous, thermal, and inertial torques by using a
combination of Brownian and Néel relaxations.*>*° It relies on the same principles responsible
of the MNPs heating in MHT. Therefore, a good tracer for MPI will be a good heating mediator
in MHT, meaning that the imaging diagnosis and the treatment can be combined using the same
MNPS.42’50'51
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Improving the magnetic properties of MNPs

The properties of the MNPs can be tuned by their size,®>%® surface,*>® shape,>%°
assembly®"381 and composition.?®? The majority of these characteristics should be obtained
during the MNPs synthesis. For this reason, in the last decades a lot of work was done on the
non-hydrolytic colloidal syntheses, as they uncovered the possibility to finely control size,
composition and shape of MNPs.®® To better understand the effect of composition on the
magnetic nature of ferrite based NPs, it has to be investigated the magnetic ordering in its
crystal lattice. This family of NPs belong to the crystallographic class of spinels. It can be
represented by the general formula MFe>O4, where M could be any of the divalent ions. The
spinel ferrite structure has a face-centered cubic arrangement of oxygen atoms, with M?* and
Fe3* occupying any of two different crystallographic sites. These sites have tetrahedral or
octahedral oxygen coordination, which are often termed A and B-sites, respectively. In the unit
cell, there are 8 A-sites and 16 B-sites, where the magnetic moments of the cations are aligned
parallel with respect to each other. Between the A and B-sites, the magnetic ordering is anti-
parallel and as there are twice as many B- sites than A-sites, there is a net moment of spins
yielding ferrimagnetic ordering for the crystal.** IONPs has an inverse spinel structure, the 8
bivalent cations occupy 8 B sites and the 16 trivalent cations are distributed between 8 A and
8 B sites.®® The peculiar properties of ferrites are strictly related to the distribution of cations
between octahedral and tetrahedral sites in the spinel structure. The control of cation
distribution provides a means to tailor their properties. In this way the, magnetic properties of
iron oxide based NPs can be increased adding M?*ions with higher idealized magnetic moment
(i.e Mn) or adding non-magnetic ions (i.e Zn) lowering the antiferromagnetic coupling
interactions between the Fe3* ions in the A and B sites resulting in a net increase in
magnetization.®® Nowadays the most studied ferrite MNPs are the spherical IONPs due to their
proved biocompatibility.”®8The food and drug administration (FDA) has approved some
spherical shaped for medical applications.®® Unfortunately, these NPs are plagued by low
values of Ms (due to large surface spin disorder)’® which reduce their magnetic performance.
It has been reported that non-spherical IONPs could improve their usefulness for bio-
applications.®” 91 Of particular interest are the cubic shape NPs resembling magnetosomes’?,
have demonstrate extremely high relaxivity as negative MRI contrast agents®’, high value of
the SAR™ and high signal in MP1.#? Further, doping of other inorganic ions (as Co%*, Zn**
Mn?*) offers a great way to adjust the physical properties of magnetic ferrite NPs and their

usefulness in applications.®? Among the family of spinel ferrites, cobalt ferrite has been widely
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studied due to its interesting properties, which are strong magneto-crystalline anisotropy,
moderate saturation magnetization, high coercivity, excellent chemical stability, good
mechanical hardness and the highest value of magneto-striction.”>”* Sathya et al. had published
a work on the synthesis of Co substituted ferrite NCs with tunable size and Co stoichiometry.
These NCs of 20 nm exhibit outstanding r. relaxivity values (985 mM-s™ at 0.5 T magnetic
field and 19.95 MHz frequency) and SAR value of 915+ 10 W/g(co+re) at low frequency
(105 kHz).” However, Cabrera et al. had recently showed that the heating ability of these NCs
was suppressed when placed in a viscous environment?’, this and the intrinsic toxicity of
cobalt’® could limit theirs in vivo application. However, the toxicity of cobalt could be
controlled by the NPs concentration and used for induce apoptosis in carcinogenic cells. The
potential key advantage of Zn and Mn ferrite NPs is the reduced toxicity over Co. The Food
and Drug Administration has set the reference daily intake (RDI) doses for Fe, Zn and Mn at
18, 15 and 2 mg/day, instead the Co RDI is 5-8 pg/day.’” Concerning the zinc ferrite NPs, there
are many studies on the synthesis and characterization for their application as contrast agent in
MRI.7882 Despite to their poor size and shape distributions they showed good relaxivity values
and improved sensitivity of detection.8:# Noh et al. reported an interesting work on 40 nm
Zno.4Fe2604 NCs exhibiting high Ms (165 emu/g) and a maximum SAR of 4060 W/g.>
Moreover, these NCs showed good performances as MPI tracer.*? Beyond that, some study
were done in which a double ions substitution was done, in particular MnCo ferrite and ZnCo
ferrite.3487 It has been shown that the substitution of Co?*by Zn?* in CoFe;O4 NPs (Co; -xZn«
Fe>04) could improve the properties of NPs, such as chemical stability, corrosion resistivity,
magneto—crystalline anisotropy, magneto—striction and magneto—optical properties.®*° Ben
Ali et al. observed a significant decrease of coercivity from 2000 Oe to 170 Oe with increasing
the zinc substitution.®* This variation can be attributed to the reduction of domain wall energy
caused by the weak magneto-crystalline anisotropy of the zinc.?? They also reported a Ms for
CoFe>04 of about 61 emu/g with an average NPs size of 11.7 nm, while the value reported in
the literature for bulk sample is about 81 emu/g.%®> However, the substitution of cobalt by zinc
shows an increase in saturation magnetization up to reach about 75emu/g for
Coo0.7Zng 3Fe204.%! This is supported by the findings of Wang et al.; they showed that only
moderate Zn substitution can enhance Ms and magnetic susceptibility.** Moreover, Mameli et
al. showed a high Ms of 94 emu/g obtained by 7 nm ZnCo ferrite NPs having the same
stoichiometry of above (Coo7ZnosFe204).% While, the influence of the Mn substitution on
magnetic properties of the CoFeNPs has not been widely studied so far, especially for using in

biomedical applications, Topkaya et al. reported that the Ms for MnxCo1-xFe2Os NPs remains
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almost the same when x is between 0 and 0.4. This results was similar to the ones achieved by
Ranvah et al..%®% Afterwards, with the increase in the Mn concentration (x = 0.6), the
magnetization reaches a maximum value of about 60 emu/g.2%% This higher Ms value can be
suitable for biomedical applications. The reason of the increasing of the saturation
magnetization at higher stoichiometry of Mn than Co may be that the substitution of Mn ions
by Co ions in octahedral sites of the inverse spinel ferrite structure®® increases the

magnetization as the magnetic moments of Mn*? and Co*? are 5 and 3 s, respectively.
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1.2 Results and discussion

1.2.1 Optimization of CoFeNCs synthesis

The experimental parameters were set considering previously reported synthesis by our group,
to obtain CoFeNCs of 15-27 nm in cube-edge (see experimental section).%® Despite the high
SAR value measured in water for CoFeNCs at this size range, their strong interparticle
interactions might limit their application in biological environment. Therefore, the goal of this
study was to synthesize smaller NCs (size <15 nm and a Co to Fe ratio of about 0.6) in order
to reduce such interactions between NCs. There are several parameters affecting the cube’s
size and the cobalt to iron ratio in their composition. Particular attention was given to the
vacuum control. In fact, it was found a correlation between the vacuum levels reached at the
end of the degassing step and the quality of the NCs. Using a vacuum pump with higher
performances (increased level of vacuum and power) than before, allowed reaching vacuum
values close to 15 pBar instead of the common 25 pBar in the same lapse (1.5 h). The resulting
CoFeNCs obtained using this pump were more stable over time in organic solvent, preventing

aggregation, with a well-defined cubic shape (Figure 8b).

Figure 8 TEM images of CoFeNCs synthetized using: a) 25 pBar and b) 15 pBar of vacuum level. Both samples are 18 nm in

cube-edge with a standard deviation of @) £4 nm b) + 2 nm.

Moreover, when the solution was kept at 305°C a turbulent boiling (refluxing of the solution
along the condenser) could be observed during the last hour of the synthesis. This resulted in
low quality NCs in terms of shape and size distribution. Such behavior was ascribed to a poor
temperature distribution inside the solution and the extremely high boiling point for the correct
growth of the crystals. Therefore, the amount of squalane was increased to 12 mL (from

10 mL)(Figure 9a). This solvent has a higher boiling point than the dibenzyl ether used as co-
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solvent. Thus, increasing the amount of squalane the boiling point of the mixture was increased
and less refluxing was observed. To have a better temperature distribution a bigger flask
(100 mL) rather than the standard 50 mL flask was used, allowing a larger surface contact
between the solution and the outer heating mantle.

Figure 9 TEM images of CoFeNCs with a) higher amount of squalene (12 mL instead 10 mL) and b) with bigger flask (100 mL
instead 50 mL).The NCs size are 16+2 nm and 12+1 nm, respectively.

The sample synthesized in the 100 mL flask (Figure 9b) exhibits a uniform shape and size
distribution. Noticeable, the size measured for these CoFeNCs, 12+1 nm (see Figure Al in
appx.), is smaller than the expected one (1812 nm), considering the synthesis done with the

50 mL flask under the same conditions (Figure 10a).

Figure 10 TEM images of CoFeNCs synthetized using: a) 50mL flask and b) 100mL flask the other synthesis parameters were
the same. Both samples are in cube-edge with a size of a) 18+ 2 nm and b) 12+ 1 nm.

The optimized synthesis was repeated four times to assess the reproducibility, obtaining
particles of about 12 nm with a standard deviation of 3nm. Finally, a set of syntheses were
performed to obtain NCs of different sizes below 15 nm. Another parameter essential for the

control over size was the N2 flow. The nitrogen pressure into the schlenk line was set to 2 Bar
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and the flow was controlled by counting the bubbles per minute into the bubbler connected to
the synthesis flask placed at the exit of the gas stream. Using fast flow rate (more than 120
bubble per minute) the NCs size was 15 nm (Figure 11a). When the flow rate was drastically
decreased to few bubbles per minute (5-10 bubbles per min), CoFeNCs of 8 nm were obtained
(Figure 11d). Setting the bubble rate to an intermediate speed, specifically 80 and 40 bubbles

per minute, the NCs reached a size of 14 nm and 12 nm (Figure 11b and c), respectively.
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Figure 11 TEM images of CoFeNCs synthesis controlling the nitrogen flow rate: a)>120 bubbles per minute, ) 80 bubbles
per minute, ¢)~40 bubbles per minute andd) 5 bubbles per minute leading to 15+2, 1442, 12+1 and 8+1nm NCs.

1.2.2 Water transfer of CoFeNCs with polymer coating
technique

The design of advanced colloidal NPs for biological applications should involve the
exploitation of suitably coatings to enable the water transfer and the further functionalization
with functional molecules. At the same time, the outer coating has to protect the NPs surface
from degradation in the physiological environment, provide biocompatibility and confer
compelling colloidal stability in biological environment while enabling proper outer
functionalization (e.g. PEG and/or targeting molecules).®*-1% The water transfer protocol with
amphiphilic polymer developed by our group,'® gives excellent results with spherical, cubic
and rod-shape iron oxide NPs. In case of CoFeNCs (and for the other ferrite NCs in this chapter)
some modifications have been performed in order to obtain a colloidal stable solution. The

procedure starts with mixing the NPs and the poly(maleic anhydride-alt-1-octadecene)
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(PMADO) in chloroform. Then, the chloroform of the obtained solution has to be evaporated to
re-disperse in water the NPs capped in the polymer shell. The evaporation step is critical to
obtain a high quality coating of the NPs. In this way, to gently evaporate the chloroform and
provide individually coated NCs with the PMAOQO, the pressure of the rotavapor was decreased
following a three steps evaporation: 800 mBar for 30 minutes, 700 mBar for 30 minutes and
finally 600 mBar until complete solvent evaporation was achieved. In addition, the water bath
temperature was kept at 50 °C with a continuous rotation at 140 rpm. This caution prevents
CoFeNCs aggregation rendering them well dispersed in aqueous medium. The optimized
procedure, reported in the experimental section, is suitable for CoFeNCs with a cubic edge
from 8 to 18 nm. After ultracentrifugation, the nanoparticles were found as a uniform layer in
the 40% phase of the sucrose gradient, meaning that the polymer coated CoFeNCs maintained
a good size distribution and were individually coated (Figure 12a). From Figure 4b is possible
to detect the excess of PMAO in ultracentrifuge tube as a blue band under UV light on the top
of the sucrose gradient. There were no NCs co-localization with the polymer layer, confirming

that NPs were well purified.

Figure 12 Pictures of CoFeNCs in sucrose gradient after ultracentrifugation: CoFeNCs sample is visible thanks to the dark
color of the nanoparticle in the middle gradient of a) sucrose under visible light and b) excess of polymer(PMAO) is detected

under UV light as a blue band.

Moreover, to reduce the overall time spent for washing the NCs, a pressure ultrafiltration
concentrator (Vivacell 250, Sartorius) was used instead of the standard filter for centrifugation
(Amicon tube, Millipore). This device allowed the dispersion of the samples in bigger volumes
(max 250 mL) during the washing step and avoiding the particle aggregation that often
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occurred when concentrating the samples with the standard filters. The modified procedure
allowed the water tranfer of larger volumes of CoFeNCs improving the sample’s quality. In
the end well disperded NCs in water, not aggregated and completely free from excess of
polymer were obtained. In Figure 13 is visible the characterization of a CoFeNCs sample
(12+2 nm). As it is visible the sample is single coated and well dispers in water (Figure 13 a).
The image of the agarose gel after the electrophoresis show a defined band with no tail,
indicating a norrow size distribution of the NPs (Figurel3 b-c).This result was confirmed by
the DLS measurements, in which the PDI is low (0.145) and the hydrodinamic size by intensity
is 31+1nm (Figure 13 d-e).
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Figure 13 TEM images of the a) polymer coated CoFeNCs sample in water, b-c) image of electrophoresis run characterization
at 100V for 45min in TBE the sample was loaded on a 2% agarose gel. Images were taken under visible and UV light DLS
characterization: d) graph of distribution of hydrodynamic diameter by intensity and e) DLS data table (each value is the
result of three measurements repetition).
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1.2.3 SAR characterization & AC Hysteresis loops of
CoFeNCs

Since the goal of this study was to exploit the potential of CoFeNCs for magnetic hyperthermia
providing an efficient heat treatment, their magnetic properties were investigated. Thus, the
SAR and AC Hysteresis loops (ACHLSs) values for CoFeNCs of different sizes (8-11-14-
15 nm) were recorded (see Figure A5 and A6 in appx.). IONCs of 15 nm were used as
reference. Interestingly, the best SAR performances were obtained for the smaller CoFeNCs at
100 kHz (Figure 13a), which were four times higher than those recorded for IONCs. The heat
ability seems to decrease with particles size increase. The SAR data recorded when the 300 kHz
frequency was applied showed a similar trend (Figure 14b). The invariance of CoFeNCs SAR
with respect to the frequency was already noticed by Sathya et al. in case of bigger NCs (17
and 20 nm).%® Comparing the values obtained for the CoFeNCs with those for IONCs, it was
clear their different response to the AMF. CoFeNCs did not show significant variations in the
SAR obtained for different frequencies while IONCs revealed an increase of almost 4-folds in
the SAR once the frequency was increased. On the contrary, the CoFeNCs were more sensitive
to the field raise. These results render the CoFeNCs interesting for applications in which low

frequency AMF is required.
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Figure 14 SAR measurements graphs of different sizes of CoFeNCs (15+2, 14+2, 11+1 and 8+1 nm) and IONCs (152 nm).
The measurements were done with a field of 8-16-24 kA/m and a) 100kHz, b) 300kHz.

The response of the NCs to the AMF applied frequency was even more evident from their
ACHLs. The ACHLs were recorded by an AC magnetometer. Herein, hysteresis loops at
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24 kA/m and frequency ranging from 50 kHz to 300 KHz for 12 nm CoFeNCs and 15 nm
IONCs are reported (Figurel5 a and b). The loops for the CoFeNCs were closing and becoming
flat with the increase of frequency from 50 kHz to 300 kHz (Figure 15a). This might be
explained by their difficulty to follow the AC magnetic field and it is consistent with the
dynamic hysteresis simulations done by Verde et al..X% On the other hand, for the IONCs the
ACHLs recorded were opening with the increase in the frequency applied (Figure 15b). These
results are in accordance with those obtained from the SAR measurements.
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Figure 15 AC hysteresis loops of a) CoFeNCs 12+1 nm and b) IONCs 1542 nm recorded at fixed field 24kA/m and different
frequency: 50 kHz, 100 kHz, 200 kHz and 300 kHz.

1.2.4 CoFeNCs in Matrigel environment: simulation of a
tumor injection

To evaluate the behavior of the CoFeNCs when placed in the biological environment, an
experiment was designed in which the NCs were embedded in a Matrigel matrix. A Matrigel
matrix is a gel protein mixture and it simulates the conditions found by the NCs when injected
at the tumor mass. Thus, a Matrigel cast (500 pL) was prepared, leaving a hole in the centre to
place the NCs solution. Once it was jellified after 1 h at 37 °C, the NCs (17£2 nm, 2 pL at
11 g/L) were added and then the mold was closed using another volume of 500 uL of gelatin
protein mixture. The model was left jellify for 1 h at 37°C and then subjected to three MHT
cycles of 30 min each (120 kHz — 20 kA/m) (Figure 16). It was also tried, the direct injection
of NPs into the jellified Matrigel. In this case, first was produced a cylindrical Matrigel gel and
was left jellify for 1 h at 37°C. Then, the NPs were injected into the gel using a small needle.
Unfortunately, the stiffness of the protein matrix was too high and it breaks under the syringe

pressure, resulting in the NPs leakage.
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Figure 16 Image of the tumor mass model simulated with Matrigel. The black spot in the center of the cylinder is formed by

the CoFeNCs(17+£3nm, 2 L at 11 g/L) embedded into the gelatin protein mixture (1 mL).

From Figure 17 it is possible to observe the infrared images of the matrigel placed into the
MHT applicator. No temperature increase was recorded for the CoFeNCs-matrigel sample
during the MHT treatment, even when the highest frequency was applied (300 kHz). This
suggest that the high viscosity of the matrigel drastically affects the heating ability of Co ferrite
NCs even when they have a 17 nm cube edge.?” The actual decrease in temperature measured
during MHT exposure time, observable in the figure, was given by the cooling system of the

device and the equilibration of the sample with the room temperature (21 °C).
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Figure 17 Infrared images of the Matrigel model loaded with CoFeNCs(17+3nm, 2 uL at 11 g/L) placed into the MHT
applicator. The images are taken at time 0 and after 20 min during the application of a field of 20 kA/m and two different
frequency 120 and 300 kHz. The red marker represent the highest temperature on the images and the white is the control
temperature outside the device.
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After the MHT, the model was fixed in resin and cut to be analyzed by TEM. The images at
TEM were need to understand the aggregation state of the NPs in to the Matrigel matrix. No
aggregations of NPs were observed but it was shown that the 17 nm CoFeNCs were forming
organized chain-like structures under the MHT (Figure 18).

Figure 18 TEM images of the CoFeNCs (17+3nm) in Matrigel. The images differs for the magnification. It is visible the
formation of chain-like structures and no other aggregation occurs.
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1.2.5 Synthesis of Zinc ferrite nanocubes

The synthesis of ZnFeNCs (ZnxFezxOs4) was a follow-up of the optimized synthesis of
CoFeNCs. The relevant parameters fixed for the synthesis of CoFeNCs made easier the
replacement of cobalt ions to zinc ions for the zinc-substituted ferrite. The goal of the work
was to obtain nanocubes under 15 nm in size with optimal size and shape distribution. Given
the successful results obtained for the synthesis of CoFeNCs from 8-15 nm, the procedure was
reproduced under the same conditions for the trials with the new Zn divalent ions. The
ZnFeNCs were obtained but there was still space for refinement to improve their size and shape
distributions. Therefore, a series of synthesis were done (Figure 19), varying systematically the
amount of surfactant (Decanoic acid) from 6 mmol to 8 mmol while all the other parameters

(1 mmol of Fe (acac)2, 0.5 mmol of Zn(acac)., 13 mL of dibenzyl ether and 12 mL of squalane)

were kept constant as detailed in the experimental section.

Figure 19 TEM images of ZnFeNCs synthesis varying the amount of decanoic acid: a) 6mmol b) 7mmol and c¢) 8mmol lead to
65+5nm, 12+1nm and 8+6nm ZnFeNCs.

As it is visible from Figure 19, the surfactant plays a fundamental role in the NCs growth.
When 6 mmol of decanoic acid were used (Figure 19a), the synthesis gave NCs with good size
and shape distribution but bigger than expected (65 nm). This sample showed an irregular
surface probably coming from the agglomeration of the seeds in the early stage of the synthesis.
On the contrary, when were used 8 mmol the control over quality was lost obtaining NCs with
irregular size and cubic shape distribution (Figure 19¢). Therefore, the amount of decanoic acid
chosen to obtain the desired NCs was set at 7 mmol and the surfactant to metal ratio was kept
at 4.7 (Figure 19b). The synthesis was repeated 4 times to evaluate its reproducibility. The
obtained particles with average size of 12 nm (see Figure Al in appx.) and a Zn fraction of

about 0.18 (Zno.1sFe28204) revealed a well-defined cubic shape as intended (Figure 19b).
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1.2.6 Synthesis of zinc-cobalt ferrite and manganese-cobalt
ferrite nanocubes

The aim of this work was to obtain enlarge the portfolio of NPs having a cubic shape and
different composition to then study their performances in MHT, MPI and MRI. Thus, the
synthesis of mixed ferrite in which were introduced two metal ions simultaneously (either zinc
and cobalt or manganese and cobalt) were tried. The parameters used for the synthesis of
CoFeNCs was adopted, the only differences were the use of Mn(Il) and Zn(Il) acetylacetonates
precursors in in addition to the cobalt, maintaining the same ratio between surfactant and metals
(4:1). As reported in Figure 20c, the first trial provided 15 nm NCs having a narrow shape
distribution and a Zno.1Coo.19Fe2.7104.composition. A set of experiments were further done
changing the starting concentrations of Zinc(acac). and Cobalt(acac) in the feeding reaction
pot, leaving constant all the other parameters, in particular, the amount of Iron(acac)s (1 mmol)

and the surfactant to metal ratio (4:1).
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Figure 20 TEM images of ZnCoFeNCs varying the Co to Zn feed molar ratios: a)only Co b) Co:Zn at 4 c¢) 1 d)0.25 and e)
only Zn, lead to 8+1nm CoFeNCs, 11+1nm ZnCoFeNCs, 15+1nm ZnCoFeNCs, 40+18nm ZnCoFeNCs and 65+5nm ZnFeNCs
and f) graph of the size trend. The size increase is controllable by tuning the metal precursor’s concentrations. Lines are draw
just to guide the eye and do not represent a mathematical fit.

Interestingly, it was found that increasing the amount of zinc precursor in comparison to the
cobalt it gave a size increases from 8 to 65 nm (see Figure A2 in appx.). Moreover, the Co to
Zn ratio found by elemental analysis, after the synthesis, was nearly doubled from that used as

feeding and seemed to be reproducible for all syntheses. This indicates that the two ions can
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enter into the NCs in a well-defined amount, which could be predicted during the experiment
design. These data suggest that by controlling the metal precursors concentrations it was varied

the size of the synthesized NCs and the metal composition of the nanocrystals.

Table 1 Summary of the different synthetic parameters used for the synthesis of ZnCoFeNCs, size and final stoichiometry for
the NCs reported in 20.

Iron feed
Co/Zn feed ratio Co/Znratioby ICP | NCsstoichiometry Size by TEM
Panel of Figure 19 concentration

(Initial) (final) Zn,CoFe; (.0, [nm]
[mmol]
a 1 - - CopgsFe; 350, 8+1
b 1 4 7.8 ZNng05C00 47F€3 4704 11+1
c 1 1 1.9 Zng 1Cog 1oFe5 510, 1155E 11
d 1 0.25 0.8 Z.15C00 11F€5 404 40+ 18
e 1 Ing,7Fe; 730, 65+5

Following the procedure described above, the Zn precursor was replaced by manganese
precursor (we chose as precursor manganese(ll) acetylacetonate) and the same set of syntheses
were repeated. The results obtained clearly showed an opposite behavior for the presence of
Mn comparing to Zn. In this case, the increase of Mn metal precursor led to the decrease the
size of the NCs (see Figure A3 in appx.) (see Figure 20). As reported above (Table 1) for the
Co to Zn ratio, the Co to Mn ratios in the NCs were doubled with respect to the feeding ratios
(Table 2). This result confirms the possibility to predict the final metal ions ratio.

40



0.1 02

04 05

Mn feed fraction (mmol)

Figure 21 TEM images of MnCoFeNCs varing the Co to Mn feed molar ratios: a)only Co used as control b) Co:Mn at 4 c) 1
d)0.25 and e) only Mn, lead to 8 + 1nm CoFeNCs, 12+ 2nm MnCoFeNCs,double population in which the main one is 19+ 4nm
MnCoFeNCs, 6.5+ 0.5nm MnCoFeNCs and 5.5+ 0.5nm MnFeNCs and f) graph of the size trend. The size decrease is
controllable by tuning the metal precursors concentrations. Lines are guide to the eye.

Table 2 Summary of the different synthetic parameters used for the synthesis of MnCoFeNCs, size and final stoichiometry for
the NCs reported in of 21.

Iron feed
Co/Mn feedratio | Co/Mn ratio by ICP | NCs stoichiometry Size by TEM
Panel of Figure 20 concentration
(initial) (final) Mn,Co Fe; .10, [nm]
[mmol]

a 1 Cog gsFe; 350, 8+1
b 4 7.8 Mng 05C0p27F€; 5704 2142
c 1 1 2.3 Mng 16C0p56F€5 2504 19+4
d 1 0.25 0.43 Mng 55C00 57F€1 7704 6.5+ 0.5
e 1 Mng sFe, 40, 5.5+0.5

Figure 21c, which represents the results for the synthesis in which the two metal precursors

were added at the same concentration (0.25 mmol), shows clearly two populations of NCs one

with a mean size of 19+4nm and one at 6x3nm. One can speculate about the contemporary

nucleation of MnCo ferrite and manganese oxide NPs. Therefore, another set of syntheses was

performed modifying the surfactant to metal ratio from 4:1 to 3.33:1 and 3:1, using equal

concentrations of metal precursors and leaving constant the Fe(acac)z(1 mmol).
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Figure 22 TEM images of MnCoFeNCs varing the surfactant to metal ratio: a) 4:1, b) 3.33:1 and c) 3:1 leading to 19+ 2nm
nm, 10+ 1nm nm and 15+ 4nm nm MnCoFeNCs. Whit the decrease of the surfactant to metal ratio the NCs morphology
changes.

The TEM results (Figure 22) showed that by increasing the amounts of the metal precursors
the NCs become hetero-structures, in which spherical like structure were forming at the corner
of a nanocube.
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1.2.7 Structural and magnetic characterization
Structural characterization

In order to characterize structurally the synthesized materials, groups of representative size-
dependent X-Ray diffraction (XRD) patterns of the different ferrites nanocubes were analyzed.
The position and relative intensity of all diffraction peaks, shown in Figure 23, match well with
standard diffraction data of ferrites of magnetite FesO4 powder (JCPDS card no. 00-001-1111).
No impurity phases were visible as reported instead in previous works on cobalt-substituted

magnetite NCs prepared by thermal decomposition.%
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Figure 23 Groups of size-dependent XRD patterns of the different ferrite NCs; a) ZnFeNCs, b) ZnCoFeNCs and c)
MnCoFeNCs.

Detailed compositional analyses were then performed by X-ray spectroscopy in scanning

transmission electron microscopy (STEM-EDS ) ona 12+1 nm Zno2Fe2 804 nanocubes sample,
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on a 15£2 nm Zno.1Coo.19Fe2.7104 nanocubes sample and on 10+1 nm Mno 14C00.66F€2.2004
nanocubes sample. The Zn, Co and Mn stoichiometries were estimated over large groups of
NCs for each samples (see Table Al in appx.) and the results match the stoichiometries found
by elemental analysis by ICP on samples solutions. The ions distributions within the NCs were
analyzed by STEM-EDS elemental mapping (Figure 24). For all samples, EDS elemental maps
indicated a homogeneous distribution of Fe within the NCs, whereas the distribution of the
other ions was less homogenous and evidenced an enrichment of Zn, Mn and Co closer to the

surface.
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Figure 24 Compositional analysis of three samples of mixed ferrite nanocubes, i.e. Zno2Fe2804 (red square),
Zn0.1Coo.19Fe2.7104 (green square) and Mno.14Coo.ssF€2.2004 (blue square). (a, e, k) Zero-loss filtered TEM image of nanocubes
in each sample and (d, i, j, 0, p) combination of corresponding EFTEM elemental maps for Fe (red), Co (blue) and Zn or Mn

(green). The Fe, Zn, Mn and Co maps are shown separately in (b, ), (f, g, h) and (I, m, n) respectively, for the sake of clarity.

Although no secondary phases were detected from the XRD pattern, it should be said that a
low volume fraction of the Co, Zn and Mn-rich phase at the NC surface (which may go
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unnoticed in XRD) could still significantly affect the magnetic properties.®® Moreover, High
resolution TEM (HRTEM) of the three mixed ferrite samples (Figure 25) are showing ferrite
phases that matches those found by XRD, in each samples there are no appreciable changes in
lattice parameters along the cubes volume

Figure 25 HRTEM images of three samples of mixed ferrite nanocubes, a) ZnozFe2804, b) Zno.1Coo.19Fe27104 and c)
Mno.14Co00.66F€2.2004 . It is also reported the 2D fast Fourier transform.The measurements over the crystalline structure
matches with the ferrite structure.
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Magnetic characterization

Hysteresis loops with finite coercive fields (Hc) and temperature dependent magnetization were
recorded on the NCs samples of various sizes and composition (Figure 26). The 12+1 nm
ZnFeNCs sample was characterized by a really low coercive field and high saturation

magnetization at both 300K and 10K, being superparamagnetic at 300 K.
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Figure 26 Magnetization vs applied magnetic field curves for different ferrite samples: a)ZnFeNCs 12+1nm, size dependency
magnetization curves of ZnCoFeNCs at 10 K b) and 300 K c), Size dependency magnetization curves of MnCoFeNCs at 10 K
d) and 300 K e). All curves were normalized to the amount of material measured using ICP analysis.

Once introduced the cobalt ions into the NCs structure (ZnCoFeNCs) the superparamagnetic

behavior was still present at 300 k for the 11 nm sample but a drastically increase of the Hc was
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observed (20 kOe). This value is almost two orders of magnitude higher with respect the one
recorded for ZnFeNCs (150 Oe). Such increase is ascribed to the increase in magnetic
anisotropy related to the presence of cobalt ions in the structure.°41% The H. trends of the
ZnCoFeNCs followed the expected trend, increasing the amount of Co ions the Hc increased at
10 K. These conclusions can only be drawn at 10 K where al samples are far below their
superparamgentic regime. At 300 K, Hc does strongly depend on the size and hence no
conclusion can be done comparing NCs of different sizes and compositions. The same trends
were found in case of the MnCoFeNCs samples. Moreover, samples between 15 nm and 20 nm
(either ZnCo and MnCo ferrites) at low temperature were characterized by a spring-magnet
behavior as the result of a soft-hard magnetic coupling. In general, such behavior could be
ascribed to the formation of core-shell structures.? In the present, no evidence of core-shell
structures from TEM has observed. Still it was evident from TEM that the MnCoFeNCs sample
had a double population, which could induce such behavior, although is very unlikely. On the
other hand, the ZnCoNCs sample had narrow size distributions, with no other impurity phases
from XRD analysis, which rules out the possibility of having an important contribution coming
from another magnetic structure. Still, since Mn and CoFeNCs are soft and hard magnets
respectively, it is very likely that the distribution of Co inside the NC is not homogenous. This
is supported by the elemental mapping in which was visible an enrichment of dopant ions on
the surface of the NCs. The magnetic characterization of CoFeNCs and MnFeNCs is reported
in Figure A4 in appendix.

1.2.8 SAR and AC magnetic measurements

All the following characterizations were performed for the NCs transferred in water. The water
transfer was done following the procedure explained in the experimental section (Phase transfer
of the NCs in water with poly(maleic anhydride-alt-1-octadecene)). The heating performances
of the different ferrite NCs were evaluated by measuring the increase of temperature over time
under an applied AC field. The measurements were done using 300 puL of NCs solution at a
fixed concentration of 3 g/L. The evaluation of the SAR performances showed immediately
that the NCs composition has a strong influence on the heating performances. The SAR values
of cobalt based NCs were almost frequency independent, while SAR increases with the

frequency for IONCs and especially for ZnFeNCs (Figure 27).
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Figure 27 SAR values of the different ferrite nanocubes of comparable sizes at different field, graphs applying: a) 100kHz and
b) 300kHz

A concomitant study of the SAR behavior was performed with AC magnetic hysteresis loops
(ACHLs) measurements, for the cases in which the different response to the frequency changes
were more evident. Herein, the ACHLs were measured at 24 kA/m varying the frequency of
the AMF from 50 kHz to 300 kHz for IONCs, CoFeNCs and ZnFeNCs.

80 a 80] b 80
60 60 ~ 60
40 40 40
220 _— 2 20 / 2 20+
= — & / o
£ 0 =) =)
= < / <
-20 20 -204
= = =
~40 -40 —— 50 kHz -401 ——50kHz
504 60 ——100KkHz  _gg ] —— 100 kHz
—— 200 kHz —— 200 kHz
80 80 ——300kHz  -80- 300 kHz
-30 30 20 10 0 10 20 3 a0 20 -0 0 10 20 30
H [kA/m] H [kA/m]

Figure 28 ACHLs of a) CoFeNCs 12nm b) IONCs 15nm and c) ZnFeNCs 13nm recorded at fixed field 24kA/m and different
frequency: 50 kHz, 100 kHz, 200 kHz and 300 kHz.

The ACHLs for CoFeNCs seem to close with the increase in frequency and their particular
elliptical shape revealed intrinsic difficulties for these NCs to follow the AMF. Contrarily, the
ACHLs recorded for the IONCs and ZnFeNCs, were opening with the increase of the frequency
applied. These results are important to understand the expected SAR performances to different
AMF parameters and to find out the best heating performance expected for each type of NCs.
In particular, with a sample in water, CoFeNCs would respond better applying low frequency

and high field intensity and vice versa for ZnFeNCs.
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Figure 29 SAR concentration dependence (from 1g/L to 9 g/L, till 16g/L for 15 nm ZnFeNCs) at 100 kHz and 24kA/m of
different ferrite nanocubes. The error bars are not visible, being the standard deviation less than 1% of the measured value.

The SAR dependence on the NCs concentration was also studied for the different ferrites. For
the concentration range observed, from 1 g/L to 9 g/L (till 16 g/L for 15 nm ZnFeNCs), the

samples did not show any significant changes in their SAR values (Figure 29).

50



1.2.9 SAR and AC magnetic measurements of the ferrite
nanocubes in viscous media

To better predict the response of the NCs in biological complex medium, the magnetic behavior
of the NCs under viscous conditions was studied. For that purpose the NCs were dispersed in
aqueous solutions with increases percentages of glycerol (0 % - 15 % - 36 % - 60 % - 80 %),

using a constant concentration of materials (2 g/L).
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Figure 30 SAR media viscosity dependence measurements of IONCs, CoFeNCs and ZnFeNCs under AMF (24kA/m) at a)
50kHz, b) 100kHz, c) 200kHz and d) 300kHz. The percentages of Glycerol are 0-15-36-60-80% in a water solution at 2g/L of
nanocubes. Lines are a guide to the eye The error bars are not visible, being the standard deviation less than 2% of the
measured value in most of the shown data.

The response of the NCs varies with size and composition (Figure 30). CoFeNCs at 16 nm in
size are the most sensitive to the increase of viscosity, showing a drastic decrease in their heat
ability as it was showed previously by Cabrera at al..?” The 8 nm CoFeNCs were less affected
by the viscosity changes. The SAR values of the IONCs and the 13 nm ZnFeNCs were almost
not perturbed by the presence of glycerol, remaining constant, as shown in Figure 30.
Moreover, the 15nm ZnFeNCs showed an intermediate behavior between the smaller

ZnFeNCs and the CoFeNCs. In this case, the SAR drops using 0-15 % of glycerol and remains
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constant for the higher viscosities. The behavior revealed from the particles might be ascribed
to a prominent Brownian relaxation heating process in the case of the CoFeNCs and a prevalent
Néel relaxation process for the IONCs. For what concerns the ZnFeNCs heating process is not
so clear. It might be in the middle between the two relaxation processes depending on the NPs
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Figure 31 Magnetic AC hysteresis loops viscosity dependence measurements of a) ZnFeNCs, b) IONCs and ¢) CoFeNCs under
AMF(100kHz and 24kA/m). The percentages of Glycerol are 0-15-36-60-80% in a water solution at 2g/L of nanocubes.

The dependence on the media viscosity is clear also from the ACHLs graph (Figure 31).
Interestingly, the ACHLs for CoFeNCs close with the increase of viscosity in a similar manner
as they show for the increase of frequency, confirming the predominance of the Brownian

relaxation heating process.
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1.2.10 Automatized synthesis of MNBs: large scale
synthesis

One of the main issues associated to the synthesis of MNBs is the difficulty to scale up the
process, because it works only for small sample volumes. For that reason, a procedure
developed in our group for the production of MNBs®’ was adapted to be used by a robotic
liquid handler (Nimbus) in an attempt to scale up the synthetic procedure. The modifications
from the original protocol were applied due to the implementation of the automatic device. In
particular, the NCs were dissolved in THF instead of CHCIz and water was used as anti-solvent.
The shaking velocity was decreased from 1200 rpm to 450 rpm. Furthermore, the velocity of

the anti-solvent dripping was tuned considering the robot requirements.
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Figure 32 Scheme of MNBs robotic synthesis. The NCs dissolved in THF were mixed with a stock solution of PMAO in the
same solvent. Soon after the water (working as anti-solvent) was added to the solution drop by drop inducing the MNBs
formation. Modified and reproduced with permission from reference 37

This procedure, carried out by the liquid handler, allows the production of nanobeads starting
from different ferrite NCs by adjusting the addition rate of the water, which was set to values
between 2.5 and 5 mL/min depending on the type of ferrite NCs. These results confirm the
advantage of using the robotic handler for preparing high amounts of MNBs in few minutes.
Generally, such amount of materials would take days to be prepared, requiring the operator to
repeat manually hundred times the same procedure. Moreover, this protocol allowed to produce
MNBs composed by different ferrite NCs. In Figure 33, the TEM images if different ferrite
MNBs as synthetized by Nimbus are shown indicating the good quality of the sample prepared.
The analysis at DLS (Figure 34) showed results comparable in PDI and hydrodynamic size

with the one obtained for the standard procedure.®’
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Figure 33 MNBs composed by different ferrite NCs synthesized by automatized procedure (Nimbus): a) IONCs, b) CoFeNCs

and c) ZnFeNCs.

204

Intensity (%)

CoFeNCs-11nm-MNBs|
ZnFeNCs-15nm-MNBs
—— IONCs-15nm-MNBs

100

1000 10000

Size (nm)

® | c
100 nm
dh by intensity dh by number dh by volume
PDI
(nm) (nm) (nm)
IONCs-MNBs 15nm 0.172 286+2 21442 299+2
Co-FeNCS MNBS | 534 12643 682 97+4
11nm
Zn-FeNCS-MNBS | g 24912 20542 25442

15nm

Figure 34 DLS intensity size measurements of magnetic nanobeads composed by IONCs, CoFeNCs , ZnFeNCs and tables of DLS values
relative to the same samples (each value is the result of three measurements repetition).

1.2.11 SAR and AC magnetic measurements of MNBs

The magnetic behaviors and the SAR performances of the MNBs produced by the automatic
procedure were investigated. The field applied in all the experiments was 24 KA/m. The SAR
values for iron oxide MNBs and zinc ferrite MNBS, in result to the ACHLs area reduction,

showed a one-half decrease with respect to the measurements done in water and in glycerol.

The shapes of the ACHLSs did not change (Figure 35).
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Figure 35 SAR characterization and AC hystheresis loops of a, ¢) IONCs-MNBs and b, d) ZnFeNCs-MNBs. The c, d) HLs
were recorded at 24kA/m.

On the contrary, the recorded values for the cobalt ferrite MNBs (two sizes 11 and 13 nm) were
confirming what was seen in the experiments with viscous media and were even worse. The

heating ability disappeared and the ACHLSs collapse on them self (Figure 36).
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Figure 36 ACHLs of a) CoFeNCs 11+1nm MNBs and b) CoFeNCs 13+2nm MNBs, recorded at 24kA/m.
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1.2.12 Relaxivity characterization

In order to achieve high efficiency of a MRI contrast agent it is crucial to lower the longitudinal
(T1) or transverse (T2) relaxation times of the water proton spins in tissues at the lowest
contrast agent concentration.3* The relaxivity defined as the slope of the relaxation time rate
(either 1/T1 or 1/T2) is a direct measurement of this efficiency. Ferrite nanoparticles, in
particular IONPs, are well known MRI contrast agents in which the T2 relaxation times are
predominant (shorter than T1).3”®% Increasing r2/rl ratio plays a key role in improving the
darker signals of T2-weighted images in MRI (when the r2/rl is greater than 2, the
nanoparticles are better for T2 contrast agent for MRI.).1%"The relaxivities of polymer coated
(PMAO) nanocubes samples of various stoichiometries and comparable sizes were measured
at 1.5 T and 0.5 T (Figure 37). The related experimental measured longitudinal and transvers

relaxation rates are visible in Figure A7 and A8 in appendix.
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Figure 37 Relaxivity characterization for application in MRI, values recorded at 1.5T a) and 0.5T b) for the different ferrite
samples.

Among all the measured samples, the ZnFeNCs show the highest r2 value under 1.5 T field;
but their r2 decreases from 341 mMs™ to 236 mM™s™ when 0.5 T field is applied. This is the
only sample that showed a significant difference between the two field intensities. The
MnCoNCs revealed to have the highest value of the ratio r2/r1 (89.7 mMs™), followed by the
ZnFeNCs (68.9 mMs?).

56



1.2.13 Relaxometry measurements for MPI imaging
application

Being MPI an emerging and powerful imaging technique the samples were evaluated for this
application. The NCs were exposed to a sinusoidal magnetic field (frequency 16.8 kHz,
amplitude 20 mT), which mimics the field free region (FFR) movement across the sample
during an MPI experiment. The time dependent magnetization is inductively detected by a
receiver coil and gridded to the known instantaneous magnetic field value to generate the
PSF.*2 The samples were prepared to have same volumes with the same coatings. In particular,
two sets of samples were measured: the first with the NPs dispersed in chloroform and the
second with the water transferred NPs capped in PMOA, using 500 puL of sample at 1 g/L.
Image resolution in MPI is determined by the full-width at half-maximum (FWHM) of the PSF.
In order to generate a signal, MPI tracers must undergo a magnetization reversal, which
requires overcoming viscous, thermal, and inertial torques by using a combination of Brownian
and Néel relaxations.*? The ideal PSF, generated by tracers with minimal relaxation, is
symmetric, with high signal-to-noise ratio (SNR) and small FWHM, corresponding to high
image resolution. A first screen of samples were analyzed directly in chloroform. Only the best
samples were then transferred in water for further characterization. All the data were compared

with a commercial MRI contrast agent (Resovist, Bayer-Schering Pharma), used as reference
(Amg).
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Figure 38 Point spread functions (PSF) of the ferrite nanoparticles, different sizes in chloroform; a) IONCs, b) CoFeNCs, ¢)
ZnFeNCs, d)ZnCoFeNCs and ) MnCoFeNCs.

In Figure 38 are shown the graphs relative to the PSF of the different ferrite nanocubes analyzed
in chloroform. The best results were achieved by the ZnFeNCs samples followed by the
CoFeNCs and the IONCs. Among the different ferrite compositions, it is interesting to observe
that the NCs with the higher PSF are the ones in the size range between 11 nm and 14 nm as

compared to resovist. The best performant samples in chloroform were chosen to evaluate their

behavior for MPI in water.
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Figure 39 Point spread function a) and Signal to Noise Ratio (SNR) b) of the chosen NCs samples from the evaluation in

chloroform.

The results obtained after the water transfer (Figure 39a reflect the SAR results for the
characterization in viscous media. The signal in MPI is sensitive to the environment in which
the NPs are, so the polymer shell plays an important role in the signal generation. Moreover,
the Brownian relaxation is slower than the field switching cycle and, therefore, it has minimal
influence on magnetic particles spectrometry (MPS) signals and so Néel relaxation is the
dominant mechanism determining MPI response for small NPs (size < ~15 nm).1% Indeed, the
samples containing cobalt, which have been proven to have predominant Brownian relaxation
process, showed a strong decrease in the MPS signal. On the other hand, the MPS signals for
ZnFeNCs and IONCs capped with PMAO are even higher than in chloroform, revealing their
dependence to the Néel relaxation process. These differences between the NCs performances
are also visible from the SNR graph (Figure 39b), in which ZnFeNCs and IONCs had
respectively 3 and 2 fold the SNR value of the Resovist, while the CoFeNCs do not show any
signal. Noticeably, the mixed ferrite NCs show a SNR that is one-half of the reference. This
might be explained by the insertion of the Zn and Mn ions besides the Co that reduces the

dependence from the Brownian relaxation.
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1.2.14 Cytotoxicity of the nanocubes

In order to exploit the ferrite nanocubes for biological applications, their cytotoxicity was
evaluated in-vitro on mouse brain endothelial (bEnd3) and mouse glioblastoma (GL261) cells.
The tests were done for CoFeNCs and the ZnFeNCs, the latter was the material that showed
the most promising magnetic performances as discussed above. Both the types of ferrite
nanocubes were functionalized with an additional PEG shell to ensure good stability in
biological media. The results in Figure 40 show at 24 hours a negligible percentage of cell
death for both kinds of nanocubes and cell types studied. However, as expected, the continuous
exposure to CoFeNCs, especially at higher concentration, promotes cytotoxicity over time.1%
Their toxicity was less prominent on the glioblastoma cells. This may be explained as this
carcinogenic cell line is more resistant to the Co induced toxicity with respect to the normal
ones.!% Contrariwise, ZnFeNCs did not show any signs of cell toxicity even at the highest

concentration of NCs administered.
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Figure 40 Cytotoxicity of ZnFeNCs(12+1nm) and CoFeNCs (13+2nm) a) on GL261 and b) bEnd3 cells at 24,48 and 72 hours;
using three different concentrations of NCs, 25,50 and 100nM (corresponding to 0.1, 0,2, 0,4 gre/L and 0.02, 0.04, 0.08 gco/L
for the CoFeNCs; 0.14, 0,28, 0,56 gre/L and 0.01, 0.02, 0.04 gzn/L for the ZnFeNCs).

These results are supported by the bEnd.3 cells images acquired with the optical microscope.
The picture referred to the highest concentration of CoFeNCs, after 72 h of incubation, shows
some agglomerates of NCs sticking on the cells layer. The cells in that condition look disperse,
confirming that were suffering not only for the intrinsic toxicity of the CoFeNCs, but also
because of the NCs aggregation. In the other hand, the image about the ZnFeNCs at the same

incubation conditions looks the same as the control. In addition, in this case there was a little
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aggregation of the NCs but less accentuated then the CoFeNCs and it seems not generate a

toxic effect on cells.

CoFeNCs

ctrl 25 nM 50 nM 100 nM
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ZnFeNCs
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Figure 41 Images at optical microscope(20X magnification) of bEnd.3 cells incubated with ZnFeNCs (12nm) and CoFeNCs
(13nm) bENd3 cells at 24 and 72 hours; using three different concentrations of NCs, 25,50 and 100nM (corresponding to 0.1,
0,2, 0,4 gre/L and 0.02, 0.04, 0.08 gco/L for the CoFeNCs; 0.14, 0,28, 0,56 gre/L and 0.01, 0.02, 0.04 gzn/L for the ZnFeNCs)
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1.3 Conclusions and outlook

In this chapter, an optimization for the synthesis of CoFeNCs with improved reproducibility
and quality is presented. In particular size and shape distribution were improved, obtaining
CoFeNCs in the size range between 8 and 15 nm, which was never reported before. A modified
procedure for the polymer coating of the MNCs has been introduced that has allowed
increasing the yield and the quality of the NPs transferred in water. These modifications have
helped to simplify the protocol allowing to obtain significant amount of NPs in shorter times.
The heating ability of CoFeNCs was investigated measuring the SAR performances.
Interestingly, the results showed that smaller NCs (8-11 nm) performs better then bigger ones
(14-15 nm). Moreover, the SAR values of these NCs were found to be sensitive to the field
raise and almost invariant with the frequency. These results render the CoFeNCs interesting
for applications in which low frequency AMF is required. Then, convenient sets of one-pot
synthesis procedures to obtain ZnFeNCs and mixed ferrite nanocubes (ZnCoFeNCs and
MnCoFeNCs) are reported. In addition, the possibility to tune the size and composition of the
mixed ferrite NCs by controlling the amount of the metal precursors is discussed. The wide
range of nanocubes prepared were subjected to an extensive characterization in order to
compare their heating performances for hyperthermia treatment and their potential to be used
as contrast agents for MRI and MPI application. The results obtained revealed interesting
qualities for ZnFeNCs, especially in the size range under 15 nm, showing the highest
performance for all the applications in exam (MHT, MRI and MPI). In particular, the
predominance of the Néel relaxation process was demonstrated for ZnFeNCs. While the
CoFeNCs showed a predominant Brownian relaxation process losing the ability to heat up once
poured in viscous media, capped with a polymeric shell or embedded in the matrigel matrix.
Adding another ion with the cobalt (like zinc or manganese), obtaining mixed ferrite NCs could
mitigate these losses. However, their performances remain inferior to the one achieved with
ZnFeNCs. To complete the study, the biocompatibility of ZnFeNCs was shown in-vitro on
healthy and carcinogenic murine cells, confirming the suitability of such materials to be applied
in the intended biomedical applications (HT, MRI and MPI). Further development of this work
will exploit the properties of mixed ferrite nanocubes in order to study how the change of

composition at a given size can act on the NCs performances.
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1.4 Experimental section

Synthesis of iron oxide nanocubes

FesOs nanocubes (IONCs) were synthesized by thermal decomposition following an
established procedure with suitable modifications. The protocol relies on the synthesis of
particles of 15 nm in size. In a 100 mL three-neck flask connected to a standard Schlenk line,
1 mmole (353 mg) of Fe(acac)3 and 5.5 mmoles (950 mg) of decanoic acid were dissolved in
a mixture of 10 mL squalane and 15 mL benzyl ether. The resulting solution was degassed at
65 °C for 2 h reaching 16-25 pBar vacuum after 2 h. After switching to N2 flow, the
temperature of the mixture was increased to 200 °C at a rate of 5 °C/min and kept at 200 °C
for 1.5h. Then, the reaction temperature was increased to 305 °C at a rate of 7.5 °C/min
keeping the mixture refluxing for 1 h. The flask was than cooled down to room temperature
(RT) under inert atmosphere. The black colloidal solution was washed 2 times with excess
amount of acetone (45 mL) and centrifuged at 4500 rpm for 20 min to collect the particle as
black precipitate. The final particles were dispersed in chloroform (8 mL) for further

experiments.

Synthesis of cobalt ferrite nanocubes

CoxFezxO4 nanocubes (CoFeNCs) were synthesized by thermal decomposition following an
established procedure, with suitable modifications. The protocol relies on the synthesis of
particles of 17 nm in size with 0.65 Co stoichiometry. In a 100 mL three-neck flask connected
to a standard Schlenk line, 0.46 mmoles (115 mg) of Co(acac)2, 1 mmole (353 mg) of
Fe(acac)3 and 6 mmoles (1033 mg) of decanoic acid were dissolved in a mixture of 12 mL
squalane and 13 mL benzyl ether. The resulting deep red solution was degassed at 65 °C for
2 h reaching 16-20 yBar vacuum after 2 h. After switching to N2 flow, the temperature of the
mixture was increased to 200 °C at a rate of 5 °C/min and kept at 200 °C for 1.5 h. After, the
reaction temperature was increased to 305 °C at a rate of 7.5 °C/min keeping the mixture
refluxing for 1 h. The flask was then cooled down to room temperature under inert atmosphere.
The black colloidal solution was washed 2 times with excess amount of acetone (45 mL) and
centrifuged at 4500 rpm for 20 min to collect the particle as black precipitate. The final

particles were dispersed in chloroform (8 mL) for further experiments.
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Synthesis of zinc ferrite nanocubes

Zinc ferrite nanocubes (ZnxFesxOs4 NCs) were synthesized by thermal decomposition. The
protocol rely on the synthesis of particles of 15 nm in size and with 0.2 Zn stoichiometry. In a
100 mL three-neck flask connected to a standard Schlenk line, 0.5 mmoles (131 mg) of
Zn(acac)2, 1 mmole (353 mg) of Fe(acac)3 and 7 mmoles (1033 mg) of decanoic acid were
dissolved in a mixture of 12 mL squalane and 13 mL benzyl ether. The solution was degassed
at 65°C for 1.5 h reaching 16-20 uBar vacuum after 1.5 h. After switching to N2 flow, the
temperature of the mixture was increased to 200 °C at a rate of 5 °C/min and was then kept at
200 °C for 2 h. The reaction temperature was increased to 300 °C at a rate of 7.5 °C/min
keeping the mixture refluxing for 1 h. The flask was than cooled down to RT under inert
atmosphere. The black colloidal solution was washed 2 times with excess amount of acetone
(45 mL) and centrifuged at 4500 rpm for 20 min to collect the particles as black precipitate.
The final particles were dispersed in chloroform (8 mL) for further experiments.

Syntheses of zinc-cobalt ferrite and manganese-cobalt ferrite
nanocubes

Zinc-cobalt and manganese-cobalt ferrite nanocubes (ZnxCoyFes-(x+y)O4 NCs or MnyxCoyFes.
x+y)Oa NCs) were synthesized by thermal decomposition, following similar protocols. zinc-
cobalt-ferrite NCs of 15 nm in size, were synthesized using 0.1 Zn and 0.2 Co stoichiometry.
In a 100 mL three-neck flask connected to a standard Schlenk line, 0.25 mmoles (63 mg) of
Zn(acac)2, 0.25 mmoles (62 mg) of Co(acac), 1 mmole (353 mg) of Fe(acac)s and 6 mmoles
(1033 mg) of decanoic acid were dissolved in a mixture of 12 mL squalane and 13 mL benzyl
ether. The solution was degassed at 65 °C for 1.5 h reaching 16-20 uBar vacuum after 1.5 h.
After switching to N2 flow, the temperature of the mixture was increased to 200 °C at a rate of
5 °C/min kept at 200 °C for 2 h. The reaction temperature was increased to 300 °C at a rate of
7.5 °C/min keeping the mixture refluxing for 1 h. The flask was than cooled down to RT under
inert atmosphere. The black colloidal solution was washed 2 times with excess amount of
acetone (45 mL) and centrifuged at 4500 rpm for 20 min to collect the particles as black
precipitate. The final particles were dispersed in chloroform (8 mL) for further experiments.
For the synthesis of the manganese-cobalt ferrite NCs the same protocol was followed
replacing Zn(acac). with the Mn(acac). hydrate. The contribution of the metal precursors on the
size of those NCs is discussed below.
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Phase transfer of the NCs in water with poly(maleic anhydride-alt-
1-octadecene).

The synthesized, hydrophobic NCs dispersed in chloroform were transferred to water, using
poly(maleic anhydride-alt-1-octadecene) (PMAO), following a protocol developed by our
group with suitable modifications.l%'! NCs of 15 nm in size at aconcentratio of about
400 nM(were diluted with an excess of chloroform (70 mL) and sonicated for 5 minutes. A
certain amount of PMAO polymer solution in chloroform (137 mM, concentration referred to
the monomer units) was added, respecting a ratioof 500 molecules of monomer unit per nm?
of NC surface. The solvent was evaporated at the Rotavapor (140 rpm, 50 °C) following three
steps of evaporation under reduced pressure: 800 mBar for 30 minutes, 700 mBar for
30 minutes and finally 600 mBar until complete solvent evaporation was achieved. The dried
sample was then soaked in 20 mL of borate buffer and sonicated at 65 °C for 1 h until complete
solubilization was verified. The water soluble NCs were concentrated by an ultrafiltration
system. The sample volume was reduced to nearly 3 mL under continuous shaking at 150 rpm
for 15 min at RT. Subsequently, the sample was loaded on top of a sucrose gradient (2 mL of
20 %, 3 mL of 40 % and 3 mL of 60 % in an ultra-centrifugal tube, from top to bottom) and
centrifuged at 20,000 rpm for 45 min. The excess of polymer (visible under UV lamp) found
at the top of the sucrose gradient at 20 % was removed, by collecting it with a syringe. Instead,
the nanocubes, usually found in the 40 % to 60 % fraction of the sucrose gradient were
collected and further washed with pure water (MilliQ) three times to remove the excess of
sucrose and finally concentrated to a final volume of about 4 mL in water.

Poly(ethylene glycol) functionalization

The functionalization of the polymeric shell of nanocubes with poly(ethylene glycol) (PEG)
was carried out following a procedure developed in our group, with minor modifications.*? A
solution of CoFeNCs of 0.1 uM was mixed with the same volume of 0.125 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and a diamine-PEG (NH>—-PEG-
NH2) 0.1 mM solution in pure water. The amount of PEG was kept as 1000 fold excess
compared to Co-FeNCs molar concentration. The mixture was vigorously shaken for one
minute and left under gently shaking at 150 rpm for 2 h RT. Finally, the solution was diluted 3
times to quench the reaction and washed in pure water using centrifugal filters. The final sample

was collected in few microliters of water.
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Robotic procedure for Magnetic Nano Beads synthesis

The synthesis of magnetic nanobeads (MNBS) is based on a reported work with substantial
modifications to adapt it for the automatic liquid handler (Nimbus - Hamilton).3"*2 Briefly, to
prepare MNBs of IONCs, 7 uL of IONCs (0.12 uM nanoparticles concentration, d =15 nm) in
tetrahydrofuran (THF) were added in an 8 mL glass vial. Soon after, 180 uL of THF and 20 uL
of a stock solution of PMAO in CHCIz (50 mM, this concentration refers to the polymer
monomer units) were added. The mixture was shaken in the robot orbital shaker at 450 rpm for
60 s at 20 °C. Subsequently, 800 pL of water was added at a flow rate of 5 mL min™.To wash
the MNBs and transfer them in water, the samples were manually collected by keeping them
on top of an external magnet (0.3 T) for about 30 min. The supernatant was removed, and the
MNBs were dissolved in 500 uL of water. To have enough materials for SAR measurements
the above-reported procedure was repeated by the robot 5 times, to a total amount of 120

reactions (24 in each run).

Elemental analysis

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was performed
on an iCAP 6000 spectrometer (ThermoScientific) to quantify the concentration of the
elements of interest. Briefly, 25 pL samples were digested in 2.5 mL of aqua regia (HCI:HNO3

ratio is 3:1 (v/v)) overnight and diluted with 25 mL of milliQ water prior to the measurement.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on a JEOL JEM-1011 with an
acceleration voltage of 100 kV. The sample preparation was conducted by drop-casting a
droplet of the sample solution onto a 400 mesch ultra-thin carbon-coated copper grid with
subsequent removal of the solvent by evaporation at RT. Images were captured and recorded
with a 11 Mp fiber optical charge-coupled device (CCD) camera (Gatan Orius SC-1000).

Matrigel samples with CoFeNCs were chemically fixed overnight at 4°C in a fixative solution
(4% Paraformaldehyde + 2% Glutaraldehyde ) prepared in Na-Cacodylate buffer 0.1M, post-
fixed for 2 hours in 1% OsO4 solution in Na-Cacodylate buffer 0.1M and finally stained
overnight in a 1% Uranyl acetate aqueous solution at 4°C. After several washes in water,
samples were completely dehydrated with a scale of Ethanol, propylene-oxide and then

infiltrated with epoxy Spurr (SPI-Chem) resin. Once the resin has hardened for 48h in oven at
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65°C, 70 nm thick sections were cut with a Leica EMU C6 ultra-microtome. Transmission

electron microscopy (TEM) images were then collected.

X-Ray Diffraction analysis

XRD patterns were recorded on a Malvern PANalytical Empyrean diffractometer machine.
The X-ray source is operated at 40 kV and 150 mA. The diffractometer was equipped with a
Cu source and a Gobel mirror to obtain a parallel beam as well as to suppress Cu K radiation
(1.392 A). The 2-theta/lomega scan geometry was used to acquire the data. The samples were
prepared by drop casting concentrated NCs solutions onto a zero background silicon substrate.

The PDXL software of Rigaku was used for phase identification.

Dynamic Light Scattering and gel electrophoresis

The hydrodynamic size was estimated by using dynamic light scattering (DLS) from Malvern
Instruments Zetasizer-nano. The scattered intensity was collected at 173° back scattered
geometry with 632 nm laser source. For each sample 3 measurements were taken with 10
acquisitions each. Gel electrophoresis was used to observe the NCs migration in a solid agarose
matrix after the water transfer procedure to confirm the absence of free polymer in solution.
The free polymer migrates faster than the NCs and can be detected under a UV light. The
electrophoresis was run on 1% agarose gel in tris-borate-EDTA(TBE) buffer applying a voltage
of 100 V or 45 minutes.

Magnetic characterization

Magnetic measurements were performed on a MPMS superconducting quantum interference
device (SQUID) from Quantum Design Inc. Hysteresis curves were recorded within the
magnetic field of £ 70 kOe at 5 K and 298 K.

Ac magnetic measurements

The inductive magnetic characterization was carried out with a custom-made device for AC
magnetic measurements (IMDEA, Madrid). Hysteresis loops were recorded at different fields
(8-16-24 kA/m) and frequency (50-100-200-300 kHz) combination. The experiments were

performed with different ferrite NCs, testing their behavior varying the concentration from 2
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to 9 gL, the viscosity of the media (glycerol at 15 %-36 %-60 %-80 % in volume) and the

aggregation state.

Calorimetric measurements of Specific absorption rate

A commercially available magnetic nano-heating device (DM100 Series, nanoscale
Biomagnetics) was used to evaluate the SAR values under quasi-adiabatic conditions. The
water soluble NCs were exposed to an alternating magnetic field (from 12 up to 32 KA/m) at 3
different frequencies: 105, 220 and 300 kHz. All measurements were performed using 300 pL
of sample in water (at a concentration of 4 g/L) and the SAR values were normalized using the
iron concentration determined by elemental analysis (g/L). SAR values were calculated
according to the following equation:

Where C is the specific heat capacity of water (4185 J/kgK) and m is the concentration (g/L)
of magnetic material in solution. To calculate the parameter dT/dt, temperature data points
collected within the first 60 seconds were used to obtain the slope of the curve deriving from
the linear fitting of these points. Each data point is given as the mean of at least three

independent measurements.

Relaxivity Measurements

Water solutions of NCs containing different magnetic material concentrations ranging from
0.001 to 2 mM were prepared. The longitudinal (T1) and transverse (T2) relaxation times were
measured at 40 °C using a Minispec spectrometer (Bruker, Germany) mq 20 (0.5 T) and mq
60 (1.5 T). The T1 relaxation profile was obtained using an inversion— recovery sequence, with
20 data points and 4 acquisitions for each measurement. T2 relaxation time was measured using
a Carr—Purcell- Meiboom—Gill (CPMG) spin-echo pulse sequence with 200 data points with
interecho time of 0.5 ms. The relaxivities ri (i = 1, 2) were determined by the following

equation:

1

1
= +1Cn (i=1,2)
Tiobsy Tigmoy =
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Where Cn, is the concentration of magnetic ions. The values are reproducible within 5 %

deviation.

MPI relaxometry

Magnetic particle relaxometry experiments were performed using Case Western Reserve
University’s custom x-space magnetic particle relaxometer. Background signals were acquired
prior to testing each sample, and were subtracted from the averaged sample signals (N = 10
averages for both background and sample signals). The signal to noise ratio (SNR) was
calculated as the poin spread function (PSF) peak value divided by the noise level of the
relaxometer, which was obtained by acquiring the signal from a sample of deionized water.
The full width at half maximum (FWHM), which indicates image resolution, was evaluated by
finding the width of the PSF (in mT) at one-half of the peak PSF value. To obtain an estimate
of the image resolution, the FWHM s divided by the strength of the static gradient field. A
measure of the PSF symmetry is obtained by finding the location of the peak PSF value; a

symmetric PSF should have a peak shift of 0 mT.

Cell culture

Mouse cerebral endothelial cells (bEnd.3) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin streptomycin (PS), 1 % pyruvate, 1% non-essential amino acids (100X)(MEM) and
1 % glutamine at 37 °C, 5 % CO and 95 % humidity. Cells were split every 3-4 days, before
reaching 100 % confluence. Mouse glioblastoma cells (GL261) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS), 1 %
penicillin streptomycin (PS) and 1 % glutamine at 37 °C, 5 % CO2 and 95 % humidity. Cells

were split every 2-3 days, before reaching 100 % confluence.

NCs cytotoxicity studies

Viability of the bEnd3 and GL261 cells upon incubation with NCs were tested. Briefly, cells
at a concentration of 10° cells per well were seeded in a 24 multiwell plate and allowed to
adhere for 24 h. The day after, different NCs concentrations, diluted in fresh medium (100 nM,
50 nM and 25 nM), were added to the cells and incubated for additional 24 h, 48 h or 72 h at
37 °C. At each time point of interest, the cells were detached from the wells, washed several

times in PBS and stained with a dead cell dye, the ethdium homodimer-1 (EthD-1) following
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the manufacture’s protocol and then analyzed by flow cytometry technique with a FACSarialll
(BD-bioscence) device. Loss of membrane integrity is an indicator of cell death in flow
cytometric analysis. Cells that exclude a dead cell dye are considered viable, while cells with
compromised membranes allow the dye inside the cell to stain an internal component, thus
identifying the dead cells. Briefly, was prepared a staining solution diluting 2 pL of dye in
1 mL of phosphate buffer saline(PBS). The cells in each well were incubated with 500 pL of
the staining solution for 20 min at RT. Soon after were washed and suspended in 200 pL of
PBS and analyzed with FACS to count the dead cells.
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Chapter 2. Nanocubes for Blood Brain
Barrier transportation and

neurodegenerative diseases treatment

2.1 Introduction

2.1.1 Neurodegenerative Brain diseases

Neurodegenerative brain diseases are adult-onset diseases in which degeneration of specific
neuronal populations of the central nervous system plays a central role.! In this millennium,
neurological disorders are growing due to the aging of the population, with a consequent high
social impact due to their prevalence and/or high morbidity and mortality.? From last
estimations, there were between 17.80 and 26.70 million patients with Alzheimer’s diseases
(AD), 7.12 million to 10.68 million patients with vascular dementia (VD), 7 to 10 million
patients with Parkinson’s disease (PD) and about 350 000 patients with amyotrophic lateral
sclerosis (ALS).® These diseases are all characterized by abnormal accumulation of specific
protein species, hence the term “proteinopathy” to describe these disorders.* Other common
factors that are potential mediators of the disease process include: increased oxidative stress
(reactive oxygen species); impaired energy metabolism; lysosomal dysfunction; inflammation;
cytotoxicity; necrosis; and/or apoptosis.® Genetics plays a major role in all these diseases,
which in general result from a complex combination of multiple genetic risk and protective
factors. Besides the genetic bases, environmental factors (such as diet, pollution, etc.) represent
additional individual's risk to develop the disease at a given point in life.>° For instance, it is
well established that Down's syndrome and Alzheimer's disease are related,'® and Down's
patients have a 100% probability of developing Alzheimer's disease.!! Individuals with Down's
syndrome have an extra copy of chromosome 21, which contains the gene for the amyloid
precursor protein.'2 Amyloidogenic processing of amyloid precursor protein gives rise to the
amyloid B-peptide that is the main constituent of the plaques found in the brains of Alzheimer
patients. Amyloid-f is 40 to 42 amino acids in length and is generated by proteolytic cleavage
of the much larger amyloid precursor protein (APP), a transmembrane protein constituted by a

single membrane-spanning domain .13
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Figure 3 a) Generation of amyloid-S (48) from the amyloid precursor protein (APP). Cleavage by [-secretase generates the
N terminus and intramembranous cleavage by y-secretase gives rise to the C terminus of amyloid-g. Cleavage by a-secretase
precludes Ap formation. b) Twenty missense mutations in APP are shown. Single-letter abbreviations for amino acid residues:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; 1, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser;
T, Thr; V, Val; W, Trp; Y, Tyr. Adapted with permission from reference 7. Copyright 2006, Science.

In the extracellular domain of APP is possible to find the N terminus of amyloid-f, 28 amino
acids from the transmembrane region, and its C terminus is located in the transmembrane
region. The B-secretase and y-secretase are the enzymes whose activity gives rise to the N and
C termini, respectively. Instead the a-secretase, cleaves between residues 16 and 17, precluding
amyloid-p formation. The major species of amyloid-p are 40 or 42 amino acids long, and it is
the more amyloidogenic.*®Apart from several other environmental or genetic factors, oxidative
stress (OS) leading to free radical attack on neural cells contributes calamitous role to neuro-
degeneration. OS is the result of unregulated production of reactive oxygen species (ROS),
obtained by a number of different pathways, including direct interactions between redox-active
metals and oxygen species via reactions such as the Fenton and Haber—\Weiss reactions, or via
indirect pathways involving the calcium activation of metal-enzymes such as phospholipases
and nitric oxide synthase.’® The excessive generation of ROS leads to dysregulation of
intracellular calcium signaling, and such dysregulation has been observed in neurodegenerative
diseases in which aberrant calcium levels stimulate an apoptotic cascade.l’?! Another
important factor in the neuro-degenerative disorders evolution is represented by the neuro-
inflammatory events. The brain is considered an “immunologically protected” organ, as it is
provided of an efficient dedicated neuro-immune system. The primary constituents of this
system are glial cells (microglia and astrocytes) and their interaction with the peripheral
immune system is poorly understood since the immune cells are not able to penetrate the blood

brain barrier (BBB).22%* Dysfunction of this barrier is well known to occur in neuro-
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inflammatory disorders, including Alzheimer’s disease, Parkinson disease and Amyotrophic
lateral sclerosis,?® and is mediated by the activation of endothelial cells that display an altered
phenotype and a decrease in expression of tight junction proteins. These changes are also
observed during ageing® and they may also explain the increase in susceptibility to neuro-

inflammation and neurodegenerative disorders in the elderly population.*?’
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2.1.2 Blood Brain Barrier

The blood brain barrier (BBB) is a diffusion barrier of the central nervous system (CNS),

essential to maintain his homeostasis and normal functions. The BBB protect the CNS from

fluctuation in plasma composition or harmful circulating agents such as neurotransmitters and

xenobiotics, limiting and selecting the accesses of the blood-derived molecules.?®
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Figure 2 a)Main constituents of the blood-brain barrier. The barrier is formed by specialized endothelial cells connected by

multi-protein complexes, tight junctions (TJs), junctional adhesion molecules, astocytes, pericytes and basement membrane

Astrocytes provide the cellular link to the neurons. b) Molecular composition of endothelial TJs. Simplified scheme showing

the molecular composition of endothelial TJs. Occludin and the claudins (proteins with four transmembrane domains and two

extracellular loops) are the most important membranous components. Within the cytoplasm are many first-order adaptor

proteins, including zonula occludens 1, 2 and 3 (ZO-1-3), the ZO-1-associated nucleic acid-binding protein and afadin (AF6).

All of these adaptor and regulatory/signaling proteins control the interaction of the membranous components with the actin/

vinculin-based cytoskeleton. In epithelial cells, tight and adherens junctions are strictly separated from each other, but in

endothelial cells these junctions are intermingled. The most important molecule of endothelial adherens junctions is vascular

endothelial cadherin (VE-cadherin). Adapted with permission of J.Perkins and reference %,
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It is composed by specialized endothelial cells connected by multi-protein complexes, tight
junctions (TJs), junctional adhesion molecules, astocytes, pericytes and basement membrane.?°
These endothelial cells differ from endothelial cells present in the rest of the body by the
absence of fenestrations and more efficient cell-to-cell junctions.3*3! In addition, they present
higher number of TJ strands as well as the frequency of their ramifications .3 The TJ consists
of three integral membrane proteins, namely, claudin, occludin, and junction adhesion
molecules, and a number of cytoplasmic accessory proteins including zonula occludens 1-2-3(
Z0-1,Z0-2, Z0O-3), cingulin, and others.®3 The cytoplasmic proteins link membrane proteins
to actin, which is the primary cytoskeleton protein for the maintenance of structural and
functional integrity of the endothelium. Another family of protein, involved in the endothelia
cells spacing is the Adherens junctions (AJs), composed of a cadherin—catenin complex and its
associated proteins.® Endothelial cell TJs junctions limit the paracellular flux of hydrophilic
molecules across the BBB, promoting the freely diffusion of small lipophilic molecules as well
as O:and CO:across plasma membranes along their concentration gradient.3® The nutrients
enter into the brain by different pathways. Among them glucose and amino acids cross the BBB
via transporters, whereas larger molecules than small nutrients including for instance insulin,
leptin, and iron transferrin are able to pass through the BBB by receptor-mediated
endocytosis.>**#Transit restrictions imposed by the BBB represent the most important barrier

to overcome in drug delivery to target the CNS.

2.1.3 Nanoparticles: brain drug delivery

Presently, there are no effective therapies for neurodegenerative diseases, even if candidate
drugs may be already available. Up to now, the biggest limitation to the penetration of the
majority of drugs and imaging agents is due to the presence of the BBB that limits or prevents
their entrance, causing unwanted peripheral side effects.®® However, the BBB represents a
tough obstacle only in healthy subject. Indeed in some brain diseases, such as Alzheimer’s
disease or amyotrophic lateral sclerosis the BBB integrity is altered.*® An alternative approach
to facilitate the overcome of the BBB is by using NPs.** NPs may cross the BBB without a
functionalization (e.g. gold NPs)*® of their surface or may be properly functionalized with
molecules able to promote the entrance of drugs and/or contrast agents into the brain.*
Moreover, NPs possess additional positive features given by the functionalization such as a
high chemical and biological stability, feasibility of incorporating either hydrophilic or
hydrophobic molecules. Furthermore, NPs can be administered by a variety of routes including
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oral, inhalational and parenteral).*>**At the present, the use of nanoparticles for drug delivery
purposes are under investigation, in cancer therapy but also in the treatment of other
neurodegenerative disorders. Among all types of NPs, biocompatible iron oxide nanoparticles
(IONPs) with a proper surface coating conjugated to targeting ligands/proteins were proven to
act as drug delivery,* magnetic hyperthermia treatment (MHT),* magnetic resonance imaging
(MRI)*" and magnetic particles imaging (MP1).*® In order to target the Ap(1-42) peptide, recent
studies, have used lipid-based NPs exposing Phosphatidic Acid (PA) as targeting moieties for
amyloid fibrils. In these work besides showing the specific binding towards the Ap aggregates,
the disaggregating effects on Ap plaques were also proven.**> NPs exposing PA can be used
also for AD diagnostic purpose, the PA can detect the presence of amyloids moieties in the
blood. In addition to the disaggregation effect, it is possible to obtain an antioxidant effect
using Ferulic Acid (FA).>! Picone and colleagues were using Solid Lipid Nanoparticles (SLNs)
loaded with FA, to decrease ROS generation, restore mitochondrial membrane potential and to
reduce cytochrome c release (involved in apoptosis process) and reduce intrinsic pathway
apoptosis activation. Further, FA modulate the expression of peroxiredoxin, an anti-oxidative
protein, and attenuate phosphorylation of ERK1/2 activated by AS oligomers.>? The interaction
between NPs and amyloid fibril can occur, not only due to their functionalization, but also with
the rough NPs (without functionalization), as evidenced by the study of Skaat. They used vy-
Fe203 nanoparticles self-assemble at the surfaces of the amyloid fibrils probably through
charge and/or hydrophobic interactions.>® Alzheimer’s disease and other neurodegenerative
disorders like Parkinsons’s disease, also cause an alteration of the neuronal activity.>** Chen
et al. demonstrated the possibility to exploit MNPs to provide a minimally invasive and remote
neural excitation for treatment of these diseases. This takes place through the activation of the
heat-sensitive capsaicin receptor TRPV1 by MNPs under hyperthermia treatment.>® As shown
above, to provide a therapy for these disorders it is necessary to pass the blood brain barrier.
Different approaches have been tested to enable the overcome of the barrier and the delivery
of drugs. These explorative strategies have been ranging from invasive techniques, e.g.,
through osmotic opening of the BBB,*’ to chemical modifications of drugs. These would take
advantage of physiological carrier-mediated transports, or exploiting the so-called “Trojan
horse” technology, which consists of coupling drugs that are not able to cross the BBB alone
to molecules which can easily go through.%® To this aim, recent studies of Tabatabaei et al.
revealed encouraging and innovative results.®® They examined the blood-brain barrier’s
permeability in the presence of moderate heat induced by MNPs in an AMF, taking advantage

of the fact that the permeability to drugs of the BBB between tight junctions is known to
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increase in response to a physiologically relevant temperature increase (38—39 °C).>%% In this
temperature range it is possible to observe a reversible disruption of the barrier on the surface
of the brain.5! In this pioneering study, the aim was to show how the heat generated by the
MNPs under the AMF could improve the cross among the BBB of large dye molecules . The
authors were also showing that under the MHT, the barrier was not permanent damaged by the
thermal treatment but it was capable to naturally recover the BBB function. This provides the
possibility to access the brain tissue with higher spatial precision, advanced control and lower
immune reaction. This method is the most encouraging mechanism to facilitate the transcellular
transport of NPs from the blood to the brain. Nevertheless, in this in-vivo study commercial
available MNPs were used with low magnetic properties. For this reason, to have a local heat
increase they were forced to administer a huge amount of MNPs (60uL at 12g/L). Other
strategy currently under study are receptor- and adsorptive-mediated transcytosis.5 In the latter
case, Sancini and colleagues have shown that it is possible to functionalize nanoliposomes
(NL) with a modified HIV Transactivating Transcriptional Activator (TAT) peptide, which
was covalently attached to NL surface via a thiol-maleimide reaction. The TAT-peptide can
enhance the BBB crossing by the NP, based on the evidence that its coupling to NP can
facilitate their efficient translocation through the cell membrane, bypassing the endocytic

pathway. 5364

As explained above (also in the previous chapter), the MNPs must have the combined features
of good magnetic properties, biocompatibility and interactive functions at the surface® for
passing the BBB and to be used for diseases treatments. The surface of these particles can be
modified through the creation of few atomic layers of a polymer®®, a metal (e.g., gold)®” or
oxide surfaces (e.g., silica or alumina)®®, suitable for further functionalization by the attachment
of various bioactive molecules.*’ They can be either dispersed in a large volume of a polymeric
bead or occur as core in colloidal reagent with a biodegradable shell.5"® The MNPs, with
suitable surface characteristics, have a high potential in many applications both in-vitro and in-
vivo. As discussed up to now, functionalized MNPs are the most promising way to overcome

the BBB and provide a specific and effective treatment for neurodegenerative disease.
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2.2 Results and discussions

2.2.1 Nanoparticles for BBB permeation study

This chapter is referred to experiments carried out in the first part of the Ph.D. period. The goal
of this study was to increase the MNPs transportation through the BBB. To reach the scope
two strategies were followed: the first one is based on the local damages of the barrier driven
by the heat up properties of the MNPs and the second is based on the functionalization of the
MNPs with TAT to increase the trans-cellular transportation. These two strategies could be
merged and used in combination. At the starting point of my Ph.D., the MNPs candidates for
these tasks were cubic shaped iron oxide (IONCs) and cubic-shaped cobalt ferrite (CoFeNCs).
A lot of work was done to decrease the size of these NCs below 16 nm (Chapter 1), in particular
for CoFeNCs. The main reason was practical, because bigger magnetic NCs means that are
more interacting each other , being far from the critical size in which they are
superparamagnetic. During the functionalization, the interactions were playing a crucial role
as the NPs aggregation easily occurred when working with NCs bigger than 15 nm. Without
stable and individually coated NPs, the heat performance as well as their surface
functionalization was compromised. Once were obtained the NCs in the requested size range
with good size and shape distributions (Figure 3 a and b), the CoFeNCs starts to show their
potential with respect to the iron oxide ones. The SAR performances of the cobalt substituted
MNPs were 5 times higher than the iron oxide NCs at low frequency (100 kHz) (Figure3c).
This result highlight the possibility to decrease drastically their dose to provide an effective
MHT and at the same time, the concentration reduction could mitigate the possible cytotoxic

effect given by the cobalt ions.
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2.2.2 PEG functionalization

The PEGylation of the NPs is commonly adopted to increase their stability in water or
biological media.®® "3 After the water transfer with PMAO (described in detail in the previous
chapter), the NCs (either IONCs and CoFeNCs) were functionalized with Poly(ethylene) glycol
diamine 2000 (NH2-PEG-NH2, MW2000) following a procedure developed by Sperling et al.
with minor modifications.’ This protocol is based on the reaction between the carboxyl groups
present on the surface of the polymeric shell of the NCs and the amine terminated groups of
the diamine PEG chain. They form a covalent bound via standard bioconjugation chemistry
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-chloride (EDC). By attaching
the PEG molecules to the NPs, the resulting conjugate increases in size with respect to the
polymer coated NPs. As it is visible from Figure 4a and b, the hydrodynamic diameter (dh)
pass from 40 to 91nm when the PEG was attached and the intensity peak was shifted. The
increase in size can be easily detected by their comparative migration on an agarose gel in
electrophoresis. Negatively charged PMAO NCs migrate towards the positive pole; they
become more retarded the larger the number of NH2-PEG-NH2> molecules attached, also

because the positive charge of the amine groups reduce the overall negative charge (Figure 4c).
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Figure 4. a) DLS table, b) Hydrodynamic size graph by intensity and c) gel electrophoresis in TBE at 100V for 45min of a 2%
agarose gel loaded with CoFeNCs polymer coated with PMAO and PEGylated in water (each value is the result of three

measurements repetition).
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2.2.4 TAT functionalization

The TAT functionalization was done with the aim to increase the cell penetration of the NCs
into the cells.”> " A protocol for the functionalization of NCs (both iron oxide and cobalt
ferrite) with TAT, previously developed in our group for spherical iron oxide nanocrystals, was
optimized and adjusted,’8. The PEGylation was followed by the activation of the amine groups
with sulfo-SMCC crosslinker and finally cysteine modified TAT sequences were bound to the
maleimide moiety of the cross-linker, forming a stable bond. The peptide attachment was
confirmed by the corresponding delay of the migration bands on the agarose gel (Figure 5 c-d)
and by the increased hydrodynamic radius from 91 to 250 nm, before and after the TAT
functionalization. In addition a reduction in surface charge from -3 to -28 mV of the NPs was
measured (Figure 5a-b), probably given by the lysine and arginine residues. Moreover,
Coomassie Blue staining (Figure 5d), that is selective for the peptide sequence; enable their
visualization by color confirming the TAT co-localization with the NPs thus indicating the
attachment of the TAT to the NCs surface. Starting from the published procedure’®, in which
spherical NPs were used, many attempt were done to attach the TAT to NCs bigger than 16 nm
but the aggregation of the NPs during the reaction was the principal problem. The procedure
presents two separetion steps with gel chromatography columns, to ensure the passage through
the column and so the purification from the excess of the unbound moieties, the NPs has to be
monodisperse. For this reason only NCs with low interparticles interactions, smaller than
16 nm were used, giving the attended results in terms of funcionalization quality.
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Figure 5. a) DLS table, b) Size graph by intensity and gel electrophoresis in TBE at 100V for 45min of a 2% agarose gel
loaded c) without and d) with comassie blue staining of CoFeNCs PEGylated or with TAT (each value is the result of three

measurements repetition).
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2.2.5 BBB model study

Different in vitro BBB models can be found in literature.”® 8 These models have become
essential as a tool to determine the ability of NPs to cross the BBB, enabling identification and
evaluation of the optimal formulations for in vivo studies. For this study, a model based on the
use of transwell inserts was chosen (Figure 6). A polyester membrane (3.0 um pore size)
constitutes the insert, which divides horizontally a standard well in two chambers: the apical
and the basolateral. On top of the membrane, treated with type | collagen, mouse endothelial
cells (bEnd3) were seeded enabling to form a monolayer. This model mimics a brain capillary,
in which the endothelium divides the blood stream (apical compartment) from the brain

(basolateral compartment).

Cell monolayer Transwell insert

Apical side

Filter membrane Basolateral side

Figure 6 Scheme of the BBB model used in this work: a transwell insert with a 3um pore size of polyester membrane divides
the well in two chambers, the apical and the basolateral chambers. The BBB is formed by a cell monolayer of bEnd3 (mouse

brain endothelial) grown on a collagen type | layer that divide the cells from the polymeric membrane.

To evaluate the correct growing of the BBB model, different physiological tests were carried
out. First of all, the TEER was measured. It is well known that there is a logarithmic
relationship between the number of TJ strands and the TEER.3*8182 Therefore, the complexity

of the strands network can be used to predict the BBB permeability.®

90



TEER [Q cm?]

104 -
04

T T T T T T
day1 day2 day3 day6 day7 day8

Figure 7 Graph of the transepithelial electrical resistance( TEER) values. The values were raising over a period of 8 days
indicating the growing and the formation of a functional cells barrier(each value is the result of three measurements

repetition).

Figure 7 shows the TEER vales. The values were raising over a period of 8 days, confirming
the development of a healthy cellular barrier. To evidence the expression of TJ proteins,
immunofluorescence was performed after 7-8 days from the bEnd3 seeding. In particular,
Claudine 5 proteins (in red, Figure 8a) and the adherens junction proteins VE-Cadehrin (in
green, Figure 8b) were targeted with primary antibodies rabbit anti-Claudin-5 or VE-Cadherin
and secondary antibodies Alexa 568 and Alexa 488. In Figure 8, it is clearly evident that the
cells form a compact cells monolayer and the two stained proteins at the edge of the cells
marked very well the TJs indicating a physiological protein expression. Additionally, was tried
to target the TJ proteins zonula occludens 1(ZO-1) to compare the results with the Claudine 5

staining, but was found that with the bEnd3 cells works better the first two mentioned proteins.

Figure 8 Junction immunostaining of bEnd3 cells, confocal images of a) Claudine 5(red) and b) VE-Cadehrin proteins (green)

were stained with primary antibodies rabbit anti-Claudin-5 or VE-Cadherin and secondary antibodies Alexa 568 and Alexa

488 after 7 days of incubation. The TJ proteins are well expressed.
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After eight days of incubation, the cell membrane was tested for the para-cellular transport
assay, which is to evaluate the passage of fluorescent dye (FD-4kDa) molecules between
adjacent endothelial cells. As it is visible from Figure 9, the transwell membrane treated only
with the collagen (used as a reference) allowed the fast passage of the dye during the 4 hours
of the experiment. Contrary, once the cell layer is present the transportation of the dye trough
the barrier became almost negligible. These outcomes prove the suitability of the model chosen

for producing a good platform to test the NPs for brain application.
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Figure 9 Permeability assay done with the FD4 dye on the transwell membrane treated with the collagen (type I) and on the

complete model with the bEnd3 seeded. The permeability was evaluated by measuring the amount of the dye found in the
basolateral chamber. The fluorescence of FD-4 kDa was determined using a spectrofluorimeter with an excitation/emission
wavelength of 490/515 nm

2.2.6 Main features affecting NPs transportation through
the BBB.

MNPs coating

NPs are gaining attention for the transportation of drugs through the BBB, thanks to their
physico-chemical features and to the possibility of multi-functionalization.?% The interest was
focus on magnetic NPs, since they can be manipulated by an external magnetic field, which
can permeate the human tissue. However, due to the delicate brain environment, the NPs
coating and functionalization had to be carefully chosen. A first preliminary study on the
passive transportation (PP) of IONCs trough the BBB was carried out. Two IONCs samples
with different coating were tested: PMAO and PMAO functionalized with diamine-PEG. The
PEGylation reduces opsonization and elimination of NPs, thus increasing blood circulation
time, increasing the probability that the NPs will reach the brain before being recognized as
foreign and being cleared from the body.3The experiment was conducted 7 days after the cells
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seeding on the transwell membrane. After additionally 48 hours of incubation with the two
different coated samples, the passage was evaluated quantitatively by elemental analysis,
measuring the amount of iron found in the media of the apical compartment compared with the
iron found in the media of the basolateral one.

% NPs crossing BBB
[+

IONCs-PMAO  |IONCs-PMAO-PEG

Figure 10 Percentage of IONCs-PMAO and IONCs-PMAO-diamine PEG that pass the BBB in a PP experiment. The passage
was evaluated quantitatively by elemental analysis, measuring the amount of iron found in the media of the apical compartment
compared with the iron found in the media of the basolateral one. The experiment was conducted after 48h of incubation with
the two samples.

ThePEGylation of the NP surface increases the sample’s stability in culture media and prevents
the aggregation on the transwell membrane, thus increasing of five times the passage of NPs
through the epithelial layer (Figure 10). Given these results, it was decided to use only samples
functionalized that had the PEG attached at the PMAO surface. Unfortunately, was not possible
to test the MNPs functionalized with TAT on the BBB model. Further experiments are planned

to test them.

MNPs composition

The permeability of the BBB between TJ is known to increase in response to a physiologically
relevant temperature raise (38—-39°C).%%85 In this temperature range it is possible to observe a
reversible disruption of the barrier on the surface of the brain. To verify if the heat induced by
our MNPs under AMF was able to increase the BBB’s permeability we have focused on our
cubic shaped NPs of size below 15 nm. Their magnetic properties should permit to reach the
target temperature (40 °C, a little higher than the one reported above to ensure the correct local
temperature) as fast as possible and maintain that temperature for the entire duration of the
MHT (30 min same time used by tabatabei et al.). Moreover, it was desirable to achieve this
heat performance using the smallest MNPs dose possible. As a first check, the heat
performance of IONCs and CoFeNCs were compared in complete biological media. These tests
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were done using a fixed frequency of 120 kHz, varying the applied field and the concentration
of the NCs to attain the requested performance. The CoFeNCs (13nm in cube edge) at a
concentration of 2 g(co+re)/L (345 nM) reached the best results. They could heat up to 40 °C in
300 s under an applied field of only 20 KA/m (Figure 11b). The IONCs (15nm) at a
concentration of 3 g/L (436 nM) reached the target temperature after 1500 s applying a field of
32 kA/m (Figure 11a). Therefore, CoFeNCs having reached the same temperature at the same
fixed frequency but at lower field intensity were chosen for the following experiments on the
BBB model.
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Figure 11 The heat performance of a) IONCs and b) CoFeNCs were compared in complete biological media. Test done using
a fixed frequency of 120 kHz, varying the applied field. CoFeNCs (13nm in cube edge) at a concentration of 2 gco+Fe)/L could
heat up to 40 C in 300s under an applied field of only 20 kA/m. The IONCs (15 nm) at a concentration of 3 g/L reached the
target temperature after 1500 s applying a field of 32 kA/m. Therefore, CoFeNCs having reached the same temperature at the
same fixed frequency but at lower field intensity were chosen for the following experiments on the BBB model.
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2.2.7 NPs passage across the BBB.

Before performing the experiment to assess the permeability of the BBB model to our NPs
under MHT, the stability of CoFeNCs coated with PMAO-PEG were tested in supplemented
cell media by measuring the DLS hydrodynamic diameter of the NPs over an incubation time
of 48 hours at 37 °C. The hydrodynamic size of the sample, measured by DLS did not change
during the two days of test (Figure 12a) and there was no visible NPs aggregation or
sedimentation as shown by Figure 12b. In which it was not visible sign of color change looking
to the bottom of the couvettes and no change in media transparency.
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Figure 12 a) Hydrodynamic diameter (intensity average) monitoring study of CoFeNCs PMAO-PEG in biological medium in
the presence of 10% FBS, over a total incubation period of b) 48h and picture of the cuvette taken at the same time point.

The barrier in presence of the MNPs was exposed to two cycles of MHT (30 min each). Since
the thermal stimuli brakes the proteins that form the TJ between cells, 20 — 24 h were waited
between the two treatments to allow the cells to recover from the temporary damage. As a
control for the model used in the study, the passive passage (PP) of the MNCs was evaluated
in comparison to the one subjected to thermal treatment. The passage of the MNPs through the
BBB was quantified by elemental analysis. The development of a suitable protocol was
required, in a first stage of this study, to understand which were the proper conditions to
physically perform the experiments ensuring the right test conditions. Thus, a custom-made
support for the Transwell was produced, allowing inserting each well individually inside the
magnetic hyperthermia device and positioning them precisely in the center of the magnetic
field. The use of single wells supports reduced also the risk of contamination and cross-

contamination. The concentration of NPs used for the experiments was precisely tuned to
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increase the temperature, under AMF, to 39 - 40°C and not higher, in order to avoid cellular

damage and membrane breakage.
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Figure 13 CoFeNCs PMAO-PEG transportation across BBB, in terms of a) transportation percentage of nanoparticles in
case of passive passage (PP) and MHT treatment (MHT), evaluated measuring the amount of iron in the basolateral chamber
by ICP after 48 hours of incubation with 2 g(co+re)/L 0f COFeNCs-PMAO-PEG. Images of custom made Transwell support,
from up to down: b)CTRL, c) PP test sample and d) MHT test sample.It is visible how the basolateral media became darker
after the MHT.

The results revealed the efficacy of the MHT, which increases the NCs passage across the BBB
more than two times comparing to the passive one (Figure 13a). The difference in the amount
of NCs passage can be also seen by inspecting and comparing the color difference of the media
in the basolateral chamber (Figure 13b-d). The chamber treated with hyperthermia shows a
darker media with respect to the PP due to the higher content in NCs. The same outcome was
observed from the measure of the amount of iron found in the basolateral chamber for the
passive and the MHT Transwell. The increased permeability of the endothelial cells when
exposed the thermal treatment was clearly confirmed (Figurel4a).These results are consistent
with the ones reported in literature for the BBB passage of large dye molecules boosted by
MHT.%* Moreover, there was a significant difference in the amount of iron found in the
membranes and the cells layers by elemental analysis, after the digestion. The Fe content was
four times higher in the samples exposed to hyperthermia than those used for the PP (Figure
14b).
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Figure 14 CoFeNCs PMAO-PEG transportation across BBB, in terms of passive passage (PP) and MHT treatment , evaluated
by ICP after 48 hours of incubation with 2 g(co+re)/L of CoFeNCs. a) comparison between the Fe content found in the apical
and in the basolateral chamber. b) Fe content found in the BBB layer composed by the cell layer, the collagen layer and the
polyester membrane.

This also indicates the enhanced permeability of the barrier promoted by the thermal treatment.
We have also confirmed this result by using transmission electron microscopy and identifying
the presence of the MNCs inside the layer composed by cells, collagen and polymeric
membrane that eventually are trapped in the collagen layer, or into the membrane or perhaps
internalized by the endothelial cells. Thus, after the experiments were completed, the barriers
were fixed in a resin matrix, cut and analyzed by TEM (Figure 15). Interestingly, it was found
that mostly only the para-cellular passage was occurring, and only few NPs were found inside
cells. The majority of the NCs were located into the collagen layer and inside the Transwell
membrane (Figure 15a), issue that could occur with this type of BBB model . In this way, was

possible to ascribe the increase of iron only to promote NP permeability driven by the MHT.

Cells layer

Transwell membrane

Figure 15 TEM images of a) the collagen/ membrane layer and b) of the cell layer of CoFeNCs PMAO-PEG across BBB,
taken after 48h and 2 cycle of MHT(30 min each) The purple arrows indicate the location of the NCs. In image a) the NCs are
trapped into the collagen and in the pores of the polymeric membrane. In image b) the NCs are located on top of the cell and
none are visible inside.
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2.2.8 Evaluation of BBB recovery

To evaluate the recovery of the cell barrier upon exposure to heat generated by the NCs under
the MHT, the measure of the ‘‘tightness’” of the BBB model was determined based on the flux
of a fluorescent molecule of known molecular weight across the barrier, measured by the
change in fluorescence of the media on the basolateral chambers.®® Thus, soon after the MHT
experiments the permeability of the BBB to a fluorescent dye (FD-4kDa) was studied. This
assay was required to understand if the barrier damages caused by the temperature increase
during MHT were recovered after treatment. This is considered a standard procedure to
evaluate the status of the barrier before and after the exposure to a specific drug.8”:# The results
showed a significant reduction of dye passage through the cell layer. No significant difference
in amount of dye was measured in the basolateral chamber between MHT, PP and the not
treated control (Figure 16), meaning that the BBB functions were preserved. Moreover, since
the assays were carried out one hour after the last cycle of hyperthermia treatment, was proved

that the recovery happens relatively fast.
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Figure 16 FD4 assay graphs: control, passive passage and magnetic hyperthermia treatment enhanced passage of CoFeNCs
after two cycle of hyperthermia, 9 days after cells seeding. No significant difference were visible between the three conditions,

proving that the recovery from the heat damage happens relatively fast.
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2.2.9 Insulin fibrils degradation by Ferulic acid

Since the final goal of this study is the treatment and disruption of the peptide plagues, common
in many neurodegenerative diseases, the effect of Ferulic Acid (FA) on insulin fibrils was
studied. Indeed the final aim it would have been to associate the FA to the NCs surface thus
enabling the delivery MHT mediated. As a first preliminary aim, FA was chosen as
disaggregating agent for insulin fibrils, prepared by Prof. Annalisa Relini. These were chosen
as model system being easier to handle than amyloid fibrils and, at the same time, show a
similar behavior to amyloid fibrils.®° To perform this test, the insulin fibrils were incubated at
37 °C for 24 and 72 hours with FA. The FA was tested at different concentrations from 14 uM
to 56 uM, to investigate which was the correct amount of compound that effectively
disaggregate the fibrils. The results of these preliminary tests seemed promising. Looking at
the TEM images of the insulin fibers, acquired after 24 and 72 h, a reduction in length and
volume of them is visible (Figure 17 Fibril + FA 28-56 pM ). In particular, the insulin fibril
degradation starts to be visible after 72 h exposure to 28 uM of FA, but doubling the FA
concentration to 56 uM the effect was occurring already after 24 h. Hence, the fiber reduction
was found to be more pronounced increasing the FA concentration. These results are
reproducing the data collected and published by the work of Jayamani and colleagues. Indeed
in their work, the author found that FA can inhibit insulin fibril formation in vitro, and the
efficiency of the compound is concentration dependent: reduces at lower concentration and
inhibits at higher concentrations.® Interestingly, they also showed results confirming that FA
protects the native structure of insulin and thereby prevents the conformational changes
required for amyloid fibrils formation.&
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Figure 17 Insulin fibril disaggregation by Feruli Acid. Here are visible the TEM images of insulin fibril (100 uM) treated with
different amount of Ferulic Acid (0-14-28-56 uM) after 24 and 72 hours of incubation at 37°C.
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2.3 Conclusion and outlook

In this chapter, the results collected to implement a functional in-vitro model of BBB suitable
for permeability studies are reported. Using our nanocubes, the possibility to increase the
MNPs transportation trough BBB using heat as the trigger stimulus to open the TJs without
damaging permanently the barrier was proved. To achieve this result was first investigated the
proper coating for the NPs, revealing that the functionalization with PEG enhanced the stability
in biological media and the BBB passive transportation of the MNPs. Then a comparison of
the heating performances in biological media between IONCs and CoFeNCs was done. The Co
ferrite NCs were chosen thanks to their outstanding heating performances and so the possibility
to reduce their dose. Moreover, the NCs were successfully functionalized with TAT peptide.
This could enhance the BBB passage taking advantage of the trans-cellular pathway in
combination with the MHT; this strategy will be further exploited. Finally, a promising method
to break up peptide plaques using FA was reported. The insulin fibers showed a sensible
reduction in length and volume when incubated with FA. Furthermore, the FA efficacy on
peptide fibers showed a strong dependence to his concentration, which increases with the
increase of compound’s dose. The work could be carried on, finding the proper strategy to
deliver the FA to the brain. A promising way could be loading the compound on MNPs coated
with a thermo-responsive polymer, studying his release ability under hyperthermia. Moreover,
the effect of FA on Amyloid- aggregates has to be studied. The final goal will be to merge all
these puzzle pieces, testing a more complex model of BBB (e.g. adding an astrocytes layer),
using the NCs with the best magnetic performances, poly-functionalized to enhance the passage
through the barrier and having the right coating to encapsulate and release FA, the
disaggregating agent. Then, overcome the BBB, the release of the FA to destabilize the AP
aggregated fibrils will be reached. Further studies are also needed to investigate the combined
effect on cell of CoFeNCs cytotoxicity and MHT. The use of cobalt ferrite MNCs for brain
diseases treatment presents some limitations due to the intrinsic toxicity of the Co ions. This is
the reason why in the previous chapter different magnetic materials were prepared. On the other
hand, if the cytotoxic cobalt ions can be slowly released, this intrinsic cytotoxicity may be

combined with MHT to kill undesirable tumor cells by the synergic toxicity action.
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2.4 Experimental section

Synthesis of iron oxide nanocubes

FesOs nanocubes (IONCs) were synthesized by thermal decomposition following an
established procedure with suitable modifications. The protocol rely on the synthesis of
particles of 15 nm in size. In a 100 mL three-neck flask connected to a standard Schlenk line,
1 mmole (353 mg) of Fe(acac)3 and 5.5 mmoles (950 mg) of decanoic acid were dissolved in
a mixture of 10 mL squalane and 15 mL benzyl ether. The resulting solution was degassed at
65 °C for 2 h reaching 16-25 pBar vacuum after 2 h. After switching to N2 flow, the
temperature of the mixture was increased to 200 °C at a rate of 5 °C/min and kept at 200 °C
for 1.5h. Then, the reaction temperature was increased to 305 °C at a rate of 7.5 °C/min
keeping the mixture refluxing for 1 h. The flask was than cooled down to room temperature
(RT) under inert atmosphere. The black colloidal solution was washed 2 times with excess
amount of acetone (45 mL) and centrifuged at 4500 rpm for 20 min to collect the particle as
black precipitate. The final particles were dispersed in chloroform (8 mL) for further

experiments.

Synthesis of cobalt ferrite nanocubes

CoxFe3xO4 nanocubes (CoFeNCs) were synthesized by thermal decomposition following an
established procedure, with suitable modifications. The protocol relies on the synthesis of
particles of 17 nm in size with 0.65 Co stoichiometry. In a 100 mL three-neck flask connected
to a standard Schlenk line, 0.46 mmoles (115 mg) of Co(acac)2, 1 mmole (353 mg) of
Fe(acac)3 and 6 mmoles (1033 mg) of decanoic acid were dissolved in a mixture of 12 mL
squalane and 13 mL benzyl ether. The resulting deep red solution was degassed at 65 °C for
2 h reaching 16-20 puBar vacuum after 2 h. After switching to N2 flow (120 bubbles/min in the
shlenk’s bubbler), the temperature of the mixture was increased to 200 °C at a rate of 5 °C/min
and kept at 200 °C for 1.5 h. After, the reaction temperature was increased to 305 °C at a rate
of 7.5 °C/min keeping the mixture refluxing for 1 h. The flask was then cooled down to room
temperature under inert atmosphere. The black colloidal solution was washed 2 times with
excess amount of acetone (45 mL) and centrifuged at 4500 rpm for 20 min to collect the
particle as black precipitate. The final particles were dispersed in chloroform (8 mL) for further

experiments.
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Phase transfer of the NCs in water with poly(maleic anhydride-alt-
1-octadecene).

The synthesized, hydrophobic NCs dispersed in chloroform were transferred to water, using
poly(maleic anhydride-alt-1-octadecene) (PMAO), following a protocol developed by our
group with suitable modifications.®®®® NCs of 15 nm in size at a concentration of about
400 nM(were diluted with an excess of chloroform (70 mL) and sonicated for 5 minutes. A
certain amount of PMAO polymer solution in chloroform (137 mM, concentration referred to
the monomer units) was added, respecting a ratio of 500 molecules of monomer unit per nm?
of NC surface. The solvent was evaporated at the Rotavapor (140 rpm, 50 °C) following three
steps of evaporation under reduced pressure: 800 mBar for 30 minutes, 700 mBar for
30 minutes and finally 600 mBar until complete solvent evaporation was achieved. The dried
sample was then soaked in 20 mL of borate buffer and sonicated at 65 °C for 1 h until complete
solubilization was verified. The water soluble NCs were concentrated by an ultrafiltration
system. The sample volume was reduced to nearly 3 mL under continuous shaking at 150 rpm
for 15 min at RT. Subsequently, the sample was loaded on top of a sucrose gradient (2 mL of
20 %, 3 mL of 40 % and 3 mL of 60 % in an ultra-centrifugal tube, from top to bottom) and
centrifuged at 20,000 rpm for 45 min. The excess of polymer (visible under UV lamp) found
at the top of the sucrose gradient at 20 % was removed, by collecting it with a syringe. Instead,
the nanocubes, usually found in the 40 % to 60 % fraction of the sucrose gradient were
collected and further washed with pure water (MilliQ) three times to remove the excess of

sucrose and finally concentrated to a final volume of about 4 mL in water.

Poly(ethylene glycol) functionalization

The functionalization of the polymeric shell of nanocubes with poly(ethylene glycol) (PEG)
was carried out following a procedure developed in our group, with minor modifications.®? A
solution of CoFeNCs of 0.1 uM was mixed with the same volume of 0.125 M 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and a diamine-PEG (NH>—-PEG-
NH2) 0.1 mM solution in pure water. The amount of PEG was kept as 1000 fold excess
compared to NPs molar concentration. The mixture was vigorously shaken for one minute and
left under gently shaking at 150 rpm for 2 h RT. Finally, the solution was diluted 3 times to
quench the reaction and washed in pure water using centrifugal filters. The final sample was

collected in few microliters of water.
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Cell penetrating peptide functionalization

Following a protocol developed in our group,®® the modified HIV Transactivating
Transcriptional Activator (TAT) peptide was grafted to the surface of the NCs PMAO shell.
The Cys-TAT (GYGRKKRRQRRRGC-amide) was attached to the PEGylated IONCs and
CoFeNCs. With respect to the published protocol, the amount of reagents and the shaking
velocity were adapted for the functionalization of NCa. Thus, 500 pL of a 100 nM solution of
NCs were mixed with the same volume of a 50uM water solution of Sulfo-
SMCC(sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate). The solution
was left under shaking (150 rpm) for 40 minutes at 4°C. At the end of the reaction, the solution
was purified from the excess of Sulfo-SMCC using a Sephadex G-25 column and concentrated
by centrifugation to 500 uL. This solution was mixed with 500 uL of 15 uM Cys-TAT solution
in water and left overnight under gentle agitation (150 rpm) at 4°C. Also in this case the excess
of peptide was removed with a Sephadex column and concentrated by centrifugation to the

requested volume.

Elemental analysis

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis was performed
on an iCAP 6000 spectrometer (ThermoScientific) to quantify the concentration of the
elements of interest. Briefly, 25 pL samples were digested in 2.5 mL of aqua regia (HCI:HNOs
ratio is 3:1 (v/v)) overnight and diluted with 25 mL of milliQ water prior to the measurement.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on a JEOL JEM-1011 with an
acceleration voltage of 100 kV. The sample preparation was conducted by drop-casting a
droplet of the sample solution onto a 400 mesch ultra-thin carbon-coated copper grid with

subsequent removal of the solvent by evaporation at RT.

Dynamic Light Scattering and gel electrophoresis

The hydrodynamic size was estimated by using dynamic light scattering (DLS) from Malvern
Instruments Zetasizer-nano. The scattered intensity was collected at 173° back scattered
geometry with 632 nm laser source. For each sample 3 measurements were taken with 10

acquisitions each. Gel electrophoresis was used to observe the NCs migration in a solid agarose
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matrix after the water transfer procedure to confirm the absence of free polymer in solution.
The free polymer migrates faster than the NCs and can be detected under a UV light. The
electrophoresis was run on 1% agarose gel in tris-borate-EDTA(TBE) buffer applying a voltage
of 100 V or 45 minutes.

NPs stability test in media

The stability test in complete biological media of the CoFeNCs-PMAO-PEG was performed.
50pL of NCs (3gco+re/L) were diluted in 850uL of biological media supplemented with 10%
of fetal bovine serum (FBS) in a clear couvette for DLS. The samples were incubate at 37 °C
for the entire duration of the experiment. At time 0-4-6-8-24-48 hours the hydrodynamic

diameter was measured by DLS.

Magnetic characterization

Magnetic measurements were performed on a MPMS superconducting quantum interference
device (SQUID) from Quantum Design Inc. Hysteresis curves were recorded within the
magnetic field of £ 70 kOe at 5 K and 298 K.

Calorimetric measurements of Specific absorption rate

A commercially available magnetic nano-heating device (DM100 Series, nanoscale
Biomagnetics) was used to evaluate the SAR values under quasi-adiabatic conditions. The
water soluble NCs were exposed to an alternating magnetic field (from 12 up to 32 KA/m) at 3
different frequencies: 105, 220 and 300 kHz. All measurements were performed using 300 pL
of sample in water (at a concentration of 4 g/L) and the SAR values were normalized using the
iron concentration determined by elemental analysis (g/L). SAR values were calculated

according to the following equation:

Where C is the specific heat capacity of water (4185 J/kgK) and m is the concentration (g/L)
of magnetic material in solution. To calculate the parameter dT/dt, temperature data points

collected within the first 60 seconds were used to obtain the slope of the curve deriving from
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the linear fitting of these points. Each data point is given as the mean of at least three

independent measurements.

In-Vitro model of Blood Brain Barrier

bEnd.3 were seeded at a density of 50000 cells/well on Transwell® filter (1.2 cm? for the 12-
well polycarbonate plate with pore size of 3.0 um), previously coated with type | collagen
(0.1 mg/mL) in order to promote cell adhesion and growth as a monolayer. Cells were cultured
in an incubator at 37 °C with 5 % COz, 95 % air and saturated humidity. The culture medium
was changed every two days.*3 8 Trans-endothelial electrical resistance (TEER) was measured
using a Millicell-ERS (Electrical Resistance System). The measurements were done evaluating
the electrical resistance of the cells layer using two electrodes: one plunged in the apical

compartment and one in the basolateral.

Immunofluorescence staining of tight junction proteins

Immunofluorescence staining assay was performed after 7 days of culturing in-vitro. Briefly,
cells were washed once with 1x PBS solution, fixed with 4 % paraformaldehyde (PFA) at RT
and permeabilized with 0.1 % Triton X-100 in PBS for 5 min. In order to prevent non-specific
binding, a blocking solution of PBS containing 0.05 % Tween 20 and 2 % BSA was added for
30 min. Primary antibodies rabbit anti-Claudin-5 or VE-Cadherin (Millipore, Billerica, MA,
USA) diluted 1:200 in blocking solution were used and incubated for 45 minutes at RT. After,
the samples were washed 3 times in PBS and incubated with secondary antibodies Alexa 568
and Alexa 488 for 45 minutes at RT.%*% The cells nuclei were labeled with DAPI using prolong
anti-fade reagent and the fluorescence microscopy imaging was carried out using a Nikon
Eclipse E4000 (Nikon Instruments Inc., USA). Photographic images were visualized by NIS

Elements Viewer (Nikon Instruments Inc., USA).

NPs passage across the BBB

NPs passage assay

bEnd.3 monolayers were used for migration assays 7—10 day’s post-transwell seeding. the
following protocol was set: 500 uL of DMEM medium was poured onto the transwell apical
compartment containing IONCs-PMAO-PEG (3 g/L) or CoFeNCs-PMAO-PEG (2 g/L),

respectively. while the basolateral compartment contained 1500 uL of medium. The passive
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passage of the NPs was evaluated after 24 h of incubation at 37°C by elemental analysis. At
the same time the enhanced passage due to the application of Hyperthermia treatment was
evaluated. The thermal treatment was repeated two times after 1 and 23 hours of incubation
with the NCs. The two cycles of 30 min each were carried out using a commercially available
magnetic nano-heating device (DM3 Series, nanoscale Biomagnetics). The treatments were
done using an alternating magnetic field under the allowed biological limit (frequency
110 kHz, field 20-30 kA/m). For both assays the passage was quantified by ICP, measuring
the apical media, the basolateral and the cell layer which were collected separately. All the

fractions were digested as explained below in the ICP analysis part.

Dye permeability study

At the end of the transport assay the chambers were rinsed with fresh media and the integrity
of the BBBs as well as the permeability were evaluated. In case of fluorescein isothiocyanate—
dextran (FD-4 kDa) assay 100 pL of medium was removed from each basolateral compartment
every hour, in case of FD-4 kDa and divided in aliquots onto black flat-bottomed 96-well plates
and replaced with fresh medium.® The fluorescence of FD-4 kDa was determined using a plate

reader spectrofluorimeter with an excitation/emission wavelength of 490/515 nm.

Internalization study

For guantifying the amount of iron internalized by the cells, the bEnd3 cells seeded on the
transwell membrane were rinsed with phosphate-buffered saline and detached using trypsin.
Cells were collected by centrifugation (1000 rpm for 4 minutes). Iron content was determined
via ICP. For that purpose, after treatment with the NPs the cells were digested in a solution of
hydrogen peroxide (500 pL) and nitric acid (300 uL) for 5 h, sonicating the mixture at 65 °C
to dissolve the organic matrix. Soon after, 900 uL of hydrochloric acid were added to the

solution and left overnight to digest the remaining nanoparticles.

Insulin fibrils degradation by Ferulic acid

The isulin fibrils were produced by Prof. A.Relini from the University of Genova. To obtain a
solution of 5 mM of Ferulic Acid (FA), 30 mg of the natural compound were dissolved in
30 mL of PBS with 40 uL of 2 M NaOH and then sonicated for a few minutes. For the
degradation study 100 pL of Insulin fibrils in PBS (100 puM) were incubated with 100 pL of

107



FA at different concentrations (from 14 uM to 56 puM). The samples were incubated at 37 °C

for 72 hours. After 24 and 72 hours the solutions were observed qualitatively at TEM.
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Figure Al Size distribution of CooeFe2404 and Zno.1sFe28204, displayed in Figure9b and
Figurel8b of the first chapter, respectively. In particular, these two samples were used for

further characterizations.
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Figure A2 Size distributions of samples in Figure 19 of the first chapter, relative to the
synthesis of ZnCoFeNCs varing the Co to Zn feed molar ratios (only Co, 4, 1, 0.25 and only
Zn).
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Figure A3 Size distributions of samples in Figure 20 of the first chapter, relative to the
synthesis of MnCoFeNCs varing the Co to Mn feed molar ratios (only Co, 4, 1, 0.25 and only
Mn).

Table Al Elemental analysis by EDS of 12+1 nm ZnsFesxOs4, 152 nm ZnxCoyFes-(x+y)Oa,
10+1 nm MnxCoyFes-x+y)O4 Nanocubes.

Sample Element Atomic%  Error Wit%
Fe 95 3
12+1 nm Zn,Fe3,0, n : c
Fe 90 3
15+2 nm Zn,Co,Fes )0, Co 7 4
Zn 3 4
Fe 72 3
10+1 nm Mn,Co,Fes .04 Co 22 3
Mn 6 4
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Figure A4 Magnetization vs applied magnetic field curves for different ferrite samples: a)

Coos5Fe2504 8+1 nm and b) MnosFe2.404 5.5+0.5 nm.
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Figure A5 Experimentally measured AC Hysteresis loops for CoFeNCs of different sizes
(81 nm, 11+1 nm, 14+2 nm, 15+2 nm). Each sample was concentrated at 2g/L. The loops
were taken at three different fields (8-16-24 kA/m) and four frequency (50-100-200-300 kHz).

IONCs 15nm ZnFeNCs 13nm

8 kKA/m ——50 kHz ——50 kHz

o 80 15 kaim
1 L7 —— 100 kHz 401 f —— 100 kHz
0 ‘r - 0 v,
.0 P 200 kHz %r —— 200 kHz
] —— 300 kHz -40 300 kHz

< 5o J1eiam 2 S fiokam M——
NE 0 NE 0

<, 40 <, -40 4 _—ﬂ

= 801 T T = 801 T t

80 N BD -1 ——————
24 kA/m 24 kA/m
40 M—_ 40 ] 7
0 /

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
H [kA/m] H [kA/m]

Figure A6 Experimentally measured AC Hysteresis loops for IONCs (15+1 nm) and ZnFeNCs
(13+1 nm). Both samples were concentrated at 2g/L. The loops were taken at three different
fields (8-16-24 kA/m) and four frequency (50-100-200-300 kHz).
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Figure A8 Experimentally measured longitudinal and transverse relaxation rates and the

corresponding calculated regression slopes for the different ferrite NCs at 1.5T, varying the
NPs concentration. a) IONCs 14+2 nm, b) CoFeNCs 9+1 nm, c) ZnFeNCs 12+1 nm, d)
ZnCoFeNCs 12+1 nm, €) MnCoFeNCs 15+4 nm.
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List of abbreviations

Amyloid B

AC hysteresis loops

Alzheimer’s disease

alternating magnetic field

blood brain barrier

mouse brain endothelial cell line
cobalt ferrite nanocubes

central nervous system
hydrodynamic diameter

dynamic light scattering

Dulbecco’s modified eagle’s medium
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
ferulic acid

fetal bovine serum

food and drug administration

field free region

field of view

full width at half maximum

122



GL261

HL

HRTEM

ICP

IONCs

IONPs

LSI

MHT

MnFeNCs

MnCoFeNCs

MNBs

MNCs

MNPs

MPI

MPS

MRI

NCs

NPs

PBS

PDI

mouse glioblastoma cells

hysteresis loop

high resolution transmission electron microscopy

inductively coupled plasma

iron oxide nanocubes

iron oxide nanoparticles

linear and shift invariant

magnetic hyperthermia treatment

manganese ferrite nanocubes

manganese-cobalt ferrite nanocubes

magnetic nanobeads

magnetic nanocubes

magnetic nanoparticles

magnetic particle imaging

magnetic particles spectrometry

magnetic resonance imaging

nanocubes

nanoparticles

phosphate buffer saline

polydispersity index
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SQUID

STEM-EDS
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poly(maleic anhydride-alt-1-octadecene)

passive passage

point spread function

penicillin streptomycin

reference daily intake

radio frequency

reactive oxygen species

room temperature

specific absorption rate

signal to noise ratio

superconducting quantum interference device

X-ray spectroscopy in scanning transmission electron microscopy

trans-activating transcriptional activator peptide

tris-borate-EDTA

transmission electron microscopy

trans-endothelial electrical resistance

tetrahydrofuran

tight junction

X-ray diffraction
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ZnFeNCs zinc ferrite nanocubes

ZnCoFeNCs zinc-cobalt ferrite nanocubes

ZP zeta potential
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