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SOMMARIO

Negli ultimi anni il nostro gruppo di ricerca si € concentrato nello studio delle applicazioni
biomediche delle nanoparticelle magnetiche per scopi di terapia e diagnosi delle patologie
tumorali su modelli animali.

Da un punto di vista diagnostico, di grande interesse da parte del gruppo sono state le
tecniche di imaging tomografico € molecolare capaci di rilevare esigue quantita di ferro
(componente essenziale delle nanoparticelle magnetiche usate per scopi biomedici) in
esperimenti in vitro € in vivo. Per tali scopi le tecniche utilizzate principalmente sono state
la Risonanza Magnetica Nucleare (MRI) e I’'Imaging di Particelle Magnetiche (MPI),
capaci di fornire una elevata risoluzione tomografica morfologica (MRI) e la capacita di
osservare esigue quantita di ferro sia in vitro su cellule che in vivo su modelli murini
(MPI).

Da un punto di vista terapeutico, sono state oggetto di rilevante interesse nanoparticelle
magnetiche in grado di produrre ipertermia magnetica. L’ipertermia magnetica ¢ un
termine utilizzato per indicare la generazione di calore da parte di nanoparticelle una volta
sottoposte all’applicazione di campi magnetici esterni alternati.

Nello specifico delle ricerche del gruppo negli ultimi quattro anni sono state studiate,
caratterizzate e applicate a modelli di tumore mammario (MDA-MB-231 e 4T1) in vitro
e in vivo nanoparticelle aventi peculiari caratteristiche di transizione di fase. Tali
particelle si sono dimostrate capaci di subire una transizione di fase magnetica in funzione
della variazione di temperatura, previa applicazione di campi magnetici esterni alternati,
tale da alterare la loro capacita di generare calore. Tale classe di nanoparticelle si €
rivelata un importante punto di svolta nel panorama dell’ipertermia magnetica in ambito
preclinico, in quanto capace di autoregolare la variazione di temperatura prodotta
dall’applicazione di campi magnetici alternati esterni prevenendo cosi la possibilita di
danneggiare tessuti sani nell’immediato intorno dei tessuti patologici.

Una vasta varieta di tecniche di indagine ¢ stata adottata per caratterizzare le
nanoparticelle utilizzate per scopi sperimentali. In particolare, tecniche quali
spettroscopia a infrarosso, diffrazione a raggi X, scattering di luce dinamico e
microscopia elettronica a trasmissione hanno permesso di comprendere la natura

chimico-fisica dei mediatori di ipertermia utilizzati nella successiva fase sperimentale.



L’applicazione dell’ipertermia per sperimentazione in vitro € in vivo € stata osservata poi
mediante indagini di MRI e MPI confrontate successivamente con 1 risultati istologici
ottenuti dalla colorazione dei tessuti coinvolti negli studi (tipicamente tessuti tumorali e
1 principali organi coinvolti nell’accumulo di nanoparticelle quali il fegato, 1 reni e la
milza).

Nel complesso, 1 risultati in vitro e in vivo sono stati rilevanti al punto da essere oggetto
di una pubblicazione scientifica e una ulteriore futura pubblicazione attualmente in fase
di finalizzazione, a conferma della concreta possibilita di una loro futura applicazione in

ambito clinico biomedico.



ABSTRACT

In recent years our research group has focused on the study of the biomedical applications
of magnetic nanoparticles for therapy and diagnosis (theranostics) of tumor pathologies
on animal models.

Considering diagnostics, the tomographic and molecular imaging techniques able to
detect small quantities of iron (an essential component of magnetic nanoparticles used for
biomedical purposes) during in vitro and in vivo experiments were of great interest to the
group. For these purposes the techniques mainly used were Nuclear Magnetic Resonance
(MRI) and Magnetic Particle Imaging (MPI), able to provide a high morphological
tomographic resolution (MRI) and the ability to observe small quantities of iron both in
vitro on cells and in vivo on murine models.

Considering therapy, magnetic nanoparticles able to produce magnetic hyperthermia
were mostly studied. Magnetic hyperthermia is a term used for the generation of heat by
nanoparticles once subjected to the application of alternating external magnetic fields.
Specifically, one of the main research interests of the group in the last four years was to
study, characterize and apply, in breast cancer models (MDA-MB-231 and 4T1) both in
vitro and in vivo, nanoparticles with a peculiar magnetic phase transition. These particles
have proved able to undergo a magnetic phase transition as a function of the temperature
variation, after applying external alternating magnetic fields. In this way it was possible
to alter their ability to generate heat. This class of nanoparticles has demonstrated to be
an important turning point in the panorama of magnetic hyperthermia in the preclinical
field, as they were able to self-regulate the temperature variation produced by the
application of external alternating magnetic fields thus preventing the possibility of
damaging healthy tissues in the immediate surrounding of the pathological tissues.

A wide variety of investigation techniques was adopted to characterize the nanoparticles
used for experimental purposes. In particular, techniques such as infrared spectroscopy,
X-Ray powder diffraction, dynamic light scattering and transmission electron microscopy
have made it possible to understand the physico-chemical nature of the hyperthermia
mediators used in the subsequent experimental phase.

The application of hyperthermia for in vitro and in vivo experimentation was then
observed by means of MRI and MPI investigations subsequently compared with the

histological results obtained from the staining of the tissues involved in the studies



(typically tumor tissues and the main organs involved in the bioaccumulation of
nanoparticles such as the liver, kidneys and spleen).

Overall, the in vitro and in vivo results were as relevant as being the subject of a scientific
publication and a further future publication currently being finalized, confirming the

concrete possibility of their future application in the biomedical clinical field.
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up through MFH treatment performed with the MPI itself set at another frequency. In this
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Jun et al., 2007).
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Figure 1. Characterization of M48 and G-M48 nanoparticles. a, b) TEM images of M48;
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COD n.9002319), blue pattern, alpha-Fe20O3 (hematite, COD n.9000139); d) FTIR
spectrum of G-M48 (black line); FTIR spectrum of glucose (red line), e) M48
magnetization vs temperature; f) Hydrodynamic diameter (by Dynamic Light Scattering)
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Figure 2. /n vitro viability of MDA-MB-231 cells and G-M48 internalization at TEM. a)
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Transmission electron microscopy images of G-M48 uptake and distribution in MDA-
MB-231 cells. b) MDA-MB-231 cells internalize G-M48 via endocytosis (arrow). c-f) G-
M48 nanoparticles are compartmentalized into endosomes (arrowheads in c,d) distributed
in the cytoplasm, as well as in residual bodies (asterisks in e,f). MDA-MB-231 cells show
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Figure 3. Viability of MDA-MB-231 after MFH treatments and related histologies of the
different groups. a) Thermograms were collected in water solutions at different
concentrations of G-M48 suspension; b) MTT assay on MDA-MB-231 cells after
multiple MFH treatments (each every 24 h). (c-h) Light microscopy images of H&E
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MFH treatments and observed 24 hours after the treatment. Scale bar: 50 um.
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Figure 4. Characterization of G-M48 as temperature sensitive MRI contrast agents. /n
vivo biodistribution and clearance verified by MRI and histological examination. a) The
plot of transversal relaxation rate versus Fe concentration in water dispersed G-M48
phantoms, at 25°C. MRI images of phantoms cross section are also reported. b) SNR of
G-M48 water suspension at 25 and 75°C and related magnetization curve of M48. The
T2 signal variation has been observed in the related histogram. c-d) MRI images of a
phantom constituted by a capillary filled with G-M48 (white arrow) and placed inside a
thermostated box at 25°C and at 75 °C. MR images of a representative animal acquired
using a Tr-weighted sequence before (e, h), 40 min (f, 1) and 72 hours (g, 1) after the
injection of G-M48. The liver and the kidney are indicated by arrows in Figure 4 (e-h),
respectively. After 40 min the signal intensity (S.I) in the liver dropped by 32.6% (Figure
4 (f) arrow). In the kidneys, no appreciable loss of signal could be detected 40 min post-
injection, while at 72 hours the S.I decreased by 45 % (Figure 4 (1)). Prussian Blue
staining of liver and kidneys 72h after administration of G-M48 (Figure 4 (m, n),
respectively).

Figure 5. Schematic illustration of the in vivo experiment.

Figure 6. MRI monitoring of the % of tumor growth and histological examination.
Representative MR images of the tumor’s growth for the group administered with saline
solution (a) and G-M48 + MFH (b). (c) Average tumor volume at different time points
after tumor implantation (mean + SEM). (d) % Tumor growth 3 and 6 days after the first
MFH treatment (corresponding to 23 and 26 days after tumor implantation, respectively).
A TWO-way ANOVA statistical test and a multiple comparison Tukey-Kramer test was
used to assess the statistical significance of the % Tumor growth. (e-f) Histological slices
of tumors treated with G-M48+MFH stained with Prussian Blue (e) and H&E (f). (g-h)
Histological slices of tumors treated with saline and stained with Prussian Blue (g) and
H&E (h).

Figure S1. Zeta Potential for G-M48 nanomaterials.

Figure S2. MTT assay in HeLa Cells incubated with G-M48 (10-150 pg/ml) for 2, 24
and 48h of internalization.

Figure S3. MTT assay in HeLa cells after MFH treatment.

Figure S4. T, weighted MR images of tumor mass before (a) and after (b) intratumoral

injection of G-M48 (1.2mg Fe/mL) in mice. The distribution of G-M48 is clearly visible
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(b) as hypointense areas (arrow and asterisks).The tumour mass was excised for
histological examination with Prussian Blue staining; representative histological slices
from the excised tumour tissue are reported in frames c-d: blue stained areas inside the
tumour tissue (c) and at the tumour periphery (d) confirmed the presence of iron
(magnification x10).

Figure S5. a) Representative MR images of mice treated with G-M48 at Day 0 and Day
6. The tumor growth is comparable to the saline group. (b-c) Histological analysis of
tumor mass at day 6. Prussian Blue staining reveals the presence of iron (b), while H&E

staining shows the preservation of tumor tissue (c).
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concentration in water dispersed G-MS55 phantoms, at 25°C. The slope of the fitting
straight line (53.20 mM-1s-1) represents the transversal relaxivity coefficient (r2). c. T2w
MR images of phantoms containing decreasing concentrations of G-M55.

Figure 3. a. Calibration curve of the tracer used for the labeling experiment. The slope
of the straight line underlines the ability of the single nanoparticle to serve as a MPI
contrast agent. b. Number of cells that can be observed considering a 1.0 mg Fe/ml of

incubation. The slope of the straight line defines the ability of the tracer to serve as an
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efficient cell labeling agent in MPI ¢. The whole row is composed by the different number
of cells that can be observed in MPI using G-M55 as a labeling agent.

Figure 4. a. Characterization of in vitro viability of MDA-MB-231 through MTT assay
with different concentrations of G-M55. b. AMF application at Nanotherics Magnetherm
comparing a Control (water solution) with G-M55 water dispersed solution. C = 4.1 10°
Am's!. ¢. MTT assay to assess the efficiency of G-M55 to act as MFH mediator with
different number of treatments. d. Internalization of G-M55 in MDA-MB-231 observed
at TEM. e. G-M55 efficiency as MFH tracer observing the expression of HSPs in
immunofluorescence.

Figure 5. a. T>-weighted images of liver of mice treated with G-M55 NPs at different
timepoints. b. Plot of T signal change, expressed as signal intensity decrease (%), in
liver, (spleen), kidneys at different time points up to 72h after administration of G-M55
NPs. c. Detail of liver tissue of the animal treated with G-M55 NPs. Tissues were treated
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Figure 6. a. T>-weighted images of a representative tumor from animals treated with G-
MS55 (top) and from animals treated with G-MS55 and hyperthermia (bottom) at different
timepoints. b. Tumor volume growth after the MFH treatments at different time points.
The statistical analysis shows the increasing difference among the groups at different time
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Introduction
1. Magnetic Fluid Hyperthermia

It is possible to define hyperthermia as the procedure of raising the temperature of a part
of or the whole body of a living being above standard temperature for a certain amount
of time. Fluctuations of temperature in a living organism could actively interfere with
metabolism and homeostasis processes, for example hydro-saline and acid-basic
homeostasis as well as energetic metabolism. Other critical areas deeply affected by
temperature fluctuations are related to the regulation of a wide range of biological
mechanism as the lipid and carbohydrate metabolism in which adipose tissues in general
play a substantial role as regulator. A relevant increase of temperature could be
responsible for the alteration in lipid metabolism and in particular could interfere with the
carbohydrate-lipid metabolism as reported in Barnabucci et al., 2009. In the last decades
the effect of a slight increase of temperature has been widely investigated in several
papers as for example in Song et al., 2005. A modest increase up to 2.0 °C starting from
physiological conditions (37.0 °C) led to a mild heat shock for the cells. More consistent
temperature increase could lead to severe heat shocks that could induce physical phase
changes in the phospholipidic layers of the cell membrane. Among the most common
alterations produced in the cell structure, the viscosity changes related to the transition
from solid to liquid of the cell membrane surface should be mentioned. These eventful
physical transitions could be responsible for consequent relevant changes as in the
electrical and thermal conductivity of the biological membranes with consequent
fluctuations in the efficiency and speed of the signal transduction as well as alteration in
the general response of the cell membranes to different stimuli. The heat shock stimulus
itself and the consequent activation of the proteins involved in the recognition and
response of the increasing temperature could be deeply affected as well.

As far as the anticancer therapies are concerned, the term “hyperthermia” is referred to

the treatment of cancer by administering heat in different ways (Pelaz et al., 2017).

Nowadays, conventional approaches commonly used for cancer treatment include a
combination of chemotherapy drugs, invasive surgery, guided focused ultrasound
ablation, thermal ablation, and radiation therapy. Across all these old-fashioned and

brand-new patterns of cancer therapy it could also be introduced hyperthermia. It is
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usually applied in combination with an already established treatment modality as one of
the mentioned above (preferentially radiotherapy and/or chemotherapy) and it is
exploited reaching temperatures in the range of 40-46 °C inside the tumor mass. Recent
advancements in clinical studies (see for example Moyer et al., 2008 and Lee et al., 2010)
have demonstrated that the success of a hyperthermia cancer treatment is strictly related
to the minimum temperature rise occurring in the tumor tissue. It is easily understood that
the efficiency of hyperthermia treatment against cancer disease is related to the
temperature achieved during the treatment itself. However, this is not the only parameter
determining the efficacy of the treatment. The length of the treatment, the time window
chosen to administrate it, the chemical and physical characteristics of the tumoral tissues,
the tumor microenvironment and the tumor vascularization could also be important foci
of the whole analysis as reported in Hegyi et al., 2013.

Despite all the challenges faced to develop the hyperthermia treatment suitable for cancer
therapy, significant steps have been done to introduce this therapeutic path into clinical
trials. Nonetheless an important and tough challenge stands still, the chance to reduce
damages to healthy tissues and other adverse effects. As already well known in literature
in fact, high temperatures, (especially above 43 °C), can easily induce cell death
stimulating different apoptosis pathways inside the cell. Even killing a huge number of
tumor cells, hyperthermia applied reaching over 43.0 °C could still harm healthy tissues
or at least severely injure these ones. Considering this issue, one of the main goals of the
last decade was to develop an efficient hyperthermia mediator able to stabilize its increase
of temperature up to 44 to 45 °C. In this way the ability to harm tumoral cells would be
summed up to the chance of keeping the surrounding tissue healthy.

For this purpose, Magnetic Fluid Hyperthermia (MFH) has been developed and pushed
in the last three decades. It is a non-invasive technique for cancer therapy and has several
advantages compared to traditional hyperthermia therapies as reported in several papers
as Kumar et al., 2011; Laurent et al., 2011; Thiesen et al., 2008 and Gneveckow et al.,
2004.

As a therapeutic approach, MFH involves the administration of magnetic nanoparticles
(MNPs) as heat mediators into the tumor followed by its exposure to an external
alternating magnetic field (AMF). Due to the AMF application, the temperature inside

the tumor mass tend to increase and the temperature inside cells reach values from 42 to
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46 °C resulting in an effective and efficient thermal ablation of the tumor. The heat
generation itself is clearly attributable to the heat dissipation of the magnetic energy
provided by the high frequency AMF applied to the magnetic nanoparticles. Considering
the magnetic single domain nanoparticles (NPs), from a physical perspective, the
magnetic energy conversion into heat came from the internal Néel fluctuations and the
external Brownian relaxation phenomenon (Das et al., 2019).

Among the well-known advantages of MFH respect to other therapies, as for example
near-infra-red laser-based hyperthermia, its higher penetration ability of magnetic field
in biological tissues and an enhanced accumulation of magnetic nanoparticles in the
tumor tissues via magnetic targeting strategy for cancer treatment (Fontes et al., 2017).
In addition, due to the chance of exploit MFH in combination with other therapies it could
be also evaluated the synergistic effects with traditional choices as chemotherapy and
radiotherapy (Ito et al., 2003; Di Corato et al., 2015; Cazares-Cortes et al., 2017).

In general, the heating power of magnetic nanoparticles strictly depends on nanocrystal
size, chemical and physical composition of the material and the solvent properties (Fortin
et al., 2008). Thanks to the developments of nanotechnology in the last years because of
its widespread application in cancer therapy and diagnostics, various methods have been
established to synthetize high-quality magnetic nanoparticles and to chemically modify
their surface to allow their utilization in a biological (and so safe/toxic-free) environment.
To treat cancer pathologies, nanomedicine-based modalities have already been devised
(Zhang et al., 2019). The expansion of nanotechnology is already having a strong impact

on biotechnology and healthcare (Zagar et al., 2010).

In the last decade a few clinical trials have taken place in different countries to test
Magnetic Fluid Hyperthermia. Modern sophisticated magnetic nanoparticles have been
developed and patented to be tested for clinical trials. The Nanomedicine Company,
MagForce (founded in 1997 in Berlin, Germany) has currently developed NanoTherm®,
a solution composed by superparamagnetic iron oxide nanoparticle that can change its
polarity a hundred thousand times per second, under the proper frequency of AMEF,
generating the promised heat. Among the most promising clinical trials after the FDA
approval in the US there is a clinical study in stage II with the enrollment of

approximately 120 patients. The following centers, specialized in cancer detection and
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cancer therapy, are involved in the application of MFH technology: the University of
Texas, San Antonio; the University of Seattle, Washington (Chandrasekharan et al.,
2020); Vall d’Hebron University Hospital and Fuenlabrada University Hospital both in
Spain (Rubia-Rodriguez et al., 2021).
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2. Mechanisms of heat generation

It is now relevant to understand the physical mechanism behind the heat generation. The
conversion from magnetic energy to thermal energy in magnetic nanoparticles subjected
to an alternating magnetic field can be due to a wide range of mechanisms depending on
different variables.

At first it is important to divide the nanoparticles in two classes, considering the magnetic
domain of reference, multi-domain nanoparticles and single domain nanoparticles.

In multi-domain NPs (as the ones characterizing the ferri- or ferromagnetic material), the
production of heat is simply due to hysteresis losses, i.e. the amount of energy dissipated
during a whole magnetization cycle (Cherukuri et al., 2010). In physical theory it is
possible to define the Weiss domain as the magnetic domain of a specific region of space
of a material. Considering the multi-domain NPs, a ferromagnet is composed by Weiss
domains in which the magnetic moments of atoms are aligned parallel one to each other
to maintain a lower energy state, while a ferrimagnet is composed by magnetic domains
with magnetic moments of different amplitudes and opposed one to each other. Once
applied an external magnetic field, it is possible to observe that the magnetic domains
tend to align themselves in the direction of the applied external field. Once exposed to an
external magnetic field, the saturation magnetization is reached as soon as each single
magnetic moment of each domain is aligned toward the same direction imposed by the
magnetic field.

Once the external magnetic field is turned off, the magnetization starts to decrease even
if it does not get back to zero at the end of the process. This net magnetization still present
in the material is the so-called remaining magnetization. At this point, for a ferromagnetic
material, the only way to reduce the magnetization to zero again is to apply a magnetic
field with a defined intensity in the opposite direction.

It is possible to represent the magnetization curve of a ferromagnetic material through a
simple hysteresis loop (Figure 1.). To compute and measure the efficiency of the
hysteresis losses it is possible to integrate the area of the hysteresis loop itself. The
phenomenon of superparamagnetism can be observed in ferromagnetic as well as in
ferrimagnetic materials if the material itself is packed in the form of nanoparticles. The
smaller the particles chosen the higher the probability to observe a single-domain

magnetic region even in a bulk material. Usually, even nanomaterials are packaged as a
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bigger bulk material, so it seems very unlikely to observe a single-domain material.
Nevertheless, it is possible to isolate and analyze even single regions in a whole material,
reducing the infinite amount of magnetic moment associated with the atoms of the
material to a precise finite amount or even so a single magnetic moment.

Indeed, small enough NPs (or small enough regions in a material) are single-domain
particles, which can be regarded as a single magnetic moment composed of all magnetic

moments of the atoms forming the NPs. Such nanoparticles are named superparamagnetic

nanoparticles.
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Figure 1. Hysteresis loop of different materials. As mentioned in the text, the response of the
different magnetic materials determines their ability to exchange heat once stimulated by an

external magnetic field. (Figure reproduced from Namdeo et al., 2008).

In the last decades, for biomedical applications, superparamagnetic NPs were preferred
over ferri- and ferromagnetic NPs thanks to their ability to not retain any magnetization
once the external magnetic field is removed (Figure. 2). Compared to multi-domain NPs,
single-domain NPs can dissipate heat through relaxation losses, which can be described

and summarized in two types: Néel relaxation and Brownian relaxation.
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Figure 2. Curve for a superparamagnetic material. At the intersection of axes where the magnetic
field and the magnetization is equal to zero the orientation of the magnetic moment of each single
particle is random. Once the magnetization reaches the saturation all the magnetic moments align
to the same orientation imposed by the external magnetic field (Figure reproduced from Hervault

etal., 2014)

In general, in Néel relaxation, the heat generation occurs because of a fast alteration in
magnetic moments direction relatively to the crystal lattice. On the other side, the
Brownian relaxation occurs by the physical movement of particles within a medium and
therefore can be enhanced or inhibited by the viscosity of the medium itself that tends to
modify the rotation of the particles.

More specifically, the magnetic relaxation mechanism depends on several important
parameters: size, shape and composition of the NPs as well as the viscosity of the
compound itself and its chemical-physical stability in different dispersion media. From a
physical perspective, Néel relaxation derives from the reorientation of the magnetic
moment in the same direction of the external applied magnetic field with each field
oscillation (Suto et al., 2009), (Kotitz et al., 1999). It is possible to estimate the Néel

relaxation time t~ by the following equation:

KV
Ty = ToekBT

-9
where 10- 10 s, K is the anisotropy constant, V is the volume of the magnetic particle,

Kpg is the Boltzmann constant and T is the temperature.

22



The size of nanoparticles is the most important parameter to be considered in the Néel
relaxation. For a bigger particle, it could be critical to establish an efficient thermal
exchange because it requires a higher amount of energy, to be provided by the external
magnetic field, to produce the rotation of its own magnetic moment and the consequent
magnetic relaxation. Differently, a smaller particle requires less energy for the rotation of
its magnetic moment.

As mentioned before, the other mechanism related to the magnetic relaxation is the
Brownian relaxation that is basically induced by thermal excitation (Suto et al., 2009),
(Kotitz et al., 1999). As well as the Néel relaxation time, the Brownian relaxation time 8

is expressed by the following equation:
_ 3y
KT

Tp

where 1 is the viscosity of the medium, VH is the hydrodynamic volume of the particle,

Kp is the Boltzmann constant and T is the temperature.

As for the Néel mechanism, the Brownian relaxation mechanism is strongly size-
dependent, shape-dependent, and viscosity-dependent (Kotitz et al., 1999). The first two
features are related to the geometry of the nanoparticle itself. The bigger the size the
slower would be the relaxation process itself. Also, the higher viscosity of the liquid
medium will slow down the rotation of the particles. Considering only the dimensions of
the nanoparticles the losses due to the Néel relaxation process will prevail in small NPs
while the Brownian relaxation process will be dominant in bigger particles (or even in
simple clusters of small particles strictly held together (Suto et al., 2009 and Levy et al.,
2008). Considering the strong geometry-dependency of the physical relaxation process,
it is easy to understand that the Brownian losses are not found only in superparamagnetic
NPs as described in Hergt et al., 2006.

Focusing on magnetic fluid hyperthermia applied to cells it is important to remember the
change in viscosity that can occur in the cell membrane, inside and outside the cell.
Considering such changes in viscosity, it is convenient to have NPs relaxing essentially
through the Néel mechanism. In this way, once internalized in the cells, a free rotation of
the nanoparticle centered in one of its axes (depending on its geometry) and due to a
change of viscosity in the medium could be prevented. Reducing the degree of freedom

of the nanoparticle internalized in the cells could be one of the most efficient ways to
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actively control the rapid increase of temperature due to the magnetic relaxation
mechanisms.

Due to the size and shape of the nanoparticle, it could be necessary to consider a
combination of the relaxation mechanisms mentioned above. In this way it is possible to
estimate a combination of the effects given by the geometry of the nanoparticle (or of the
possible aggregates and clusters formed) and the viscosity of the medium. An effective
computation of the combination of the two magnetic relaxation times gives the overall

effective relaxation time t of the particles:
TplN
(Tp + Tn)

Once considered the coupling of the two relaxation mechanisms, it can be easily

T

introduced the matching between the relaxation time of the nanoparticle itself and the
oscillation of the external magnetic field applied to the nanoparticle to obtain the heating
effect. If the AMF oscillates faster than the relaxation time of the MNPs, it induces the
release of heat (for the conservation of energy) from the MNPs due to the delay
accumulated in the relaxation of the magnetic moment (Suto et al., 2009). The effect of
this delay could be studied directly measuring the power dissipation (P) and estimating
the Specific Absorption Rate (SAR). In particular, P can be computed by the following
equation:
P = poxfH?

where P is the power dissipation value, y, is the permeability of free space, y is the AC
magnetic susceptibility, f is the frequency of the applied AC magnetic field, and H is the
strength of the applied AC magnetic field.

Nowadays, nanoparticles performance as efficient heat exchange mediator is no longer
evaluated by power dissipation. Instead, the Specific Adsorption Rate (SAR), is used to
quantitatively describe the efficiency of the synthetized nanoparticles. In this terms,
quantification of the power dissipation of magnetic nanoparticles in an AMF is provided
by the specific absorption rate (SAR) expressed in Wg!. In a few papers SAR is also
reported as ILP (intrinsic loss power) even if between the two there is a slight difference
(Suto et al., 2009). As reported in Das et al., 2019, SAR crucially depends on a wide range
of internal and external parameters such as size, size distribution in space, shape and
geometry of the nanoparticle (or the nanoparticle cluster), chemical composition, possible

surface modification due to functionalization or coating applied, saturation magnetization
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of the particles as well as external parameters as frequency and amplitude (intensity) of
the applied magnetic field.
SAR can be computed exploiting the following equation:

dT mg

SAR = C —
dt m,,

where C is the specific heat capacity of the sample, the ratio dT/dt is the slope of the time-
dependent heating curve interpolated in a short time window compared to the amount of
time used to perform the whole measure, ms is the mass of the solvent used to dilute NPs

and mp is the mass of the NPs.

-------- Ms

Hef O Hs

Figure 3. Hysteresis loop of a magnetic material. The area of the hysteresis loop represents the

energy dissipated during a magnetization cycle (Figure reproduced from Arora et al., 2018).

The SAR is a very common and efficient parameter to determine and compare the
efficiency of a compound considering its only fundamental features as mass, thermal
capacity, and thermal fluctuations due to external magnetic field. Once determined the
hysteresis cycle of the material (as reported in Figure 3 for example) it is possible to
estimate the energy dissipated as heat during the magnetization cycle. The integral of the
magnetization function is the effective power energy transformed into heat. A remarkable
value as result of this integral could be of great impact for preclinical and clinical studies;
in fact, high heating potential is crucial for the clinical use of MFH. The higher is the
heating potential of a compound the smaller would be the amount of nanoparticles

required to be injected into patients.
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Toxicity is still one of the main issues related to the application of magnetic nanoparticles
(combined with an external magnetic field) to serve as an intravenous drug combined
with other more conventional therapies. Therefore, it is highly desirable to obtain MNPs
with an exceptional SAR value as reported in Liu et al., 2012 and Sharifi et al., 2012.
After the discovery of superparamagnetic NPs, research related to the application of MFH
to cancer therapy was driven towards that direction. Superparamagnetic nanoparticles
produce heat via Néel and Brownian relaxation mechanisms and compared to
ferromagnetic NPs they can generate a larger amount of heat and a higher SAR at lower
field amplitudes. The chance to apply weaker external magnetic field amplitudes could
be positively reflected on patients that could experience a smaller amount of physical
stress in terms of symptoms during the treatment as reported in Hergt et al., 2007.

To regulate the impact of magnetic fluid hyperthermia and to safely introduce this
treatment in clinics Hergt et al., 2007 suggested a mathematical rule related to
nanoparticles feature that must be attended. During the early days of magnetic
hyperthermia applications for cancer therapy it was commonly used the Brezovich
criterion to identify an upper limit to the magnetic field strength and the frequency applied

in the treatments. This limit was calculated through the equation C = H*f (H is the
magnetic field intensity in Am’' and f1is the frequency of the related field in s']) and it is

equal to 4.85 10° Am’'s™. Nowadays it is accepted another safety criterion, the so called
Hergt criterion. It is a less rigid rule that was introduced to adapt the magnetic
hyperthermia procedure to different geometries and shapes of the treated body in order to

safely apply hyperthermia to patients and avoid damages on healthy tissues. It can be

summarized as C = H*<5.0 10" Am’'s” Hergt et al., 2006.

Another critical issue fixed by Hergt et al., 2007 was related to the optimal size of the
nanoparticles to obtain a high SAR value. This size is the one that is close to the physical
transition from superparamagnetic to ferromagnetic behavior of the material.

From an experimental perspective there is a clear lack of standardized protocol to measure
the heat dissipation produced by the magnetically excited nanoparticles. To directly
measure SAR a few devices are present on the market but the ideal one would require an
adiabatic setup to avoid interferences from external agents that could directly modify the
bulk temperature and so the Brownian relaxation mechanism. Considering in vitro studies

and possible measure of SAR inside cells it has to be considered also the possible toxicity
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introduced by a non-sterile environment as well as non-standard working conditions for
cells (warm air stream around 37.0 °C with fluxed CO). Even so, most of the research
groups use non-adiabatic and often home-made setups which results in more sources of
inaccuracies and tend to increase variability of the SAR values (Natividad et al., 2008).
Even the choice of the magnetic field intensity and the frequency applied (related also to
the average dimension of the nanoparticles) greatly differ from different laboratory
although the Hergt criterion for the clinical applications should be fulfilled. To be more
accurate and to reduce the source of error each research group measures the nanoparticles
heating abilities under different magnetic field intensities and frequencies.

Considering all the above-mentioned details related to the investigation of the heating
ability of the particles it can be easily deduced that it is very difficult to compare SAR
values among different nanoparticles even normalizing it with common standard
conditions. Starting from the above reported difficulties, in the last decade a new
parameter, more accurate than SAR, was introduced. Such parameter, named intrinsic
loss of power, or simply ILP (Kallumadil et al., 2009).

ILP can be computed through the following equation:

ILP = AR
= T

ILP is obtained by normalizing the SAR by the frequency and the squared intensity of the
field amplitude and is therefore independent of the magnetic field parameters themselves.
By the way, the direct consequence of this formula is that polydispersity of magnetic
nanoparticles causes a decrease in ILP values. This reduction is strictly bounded to the
dimension of the nanoparticles and the chance of aggregation due to their chemical
composition and eventual surface coating. The heating ability of the nanoparticles is
dependent on the surrounding conditions (boundary conditions of the bulk) of the medium
and so of the entire cell.

Thanks to this parameter it was possible to compare way different superparamagnetic

nanoparticles and understand the most efficient one in terms of heating exchange.
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3. Cellular effects of heat generation

The application of Magnetic Fluid Hyperthermia technique at the in vitro and in vivo
level can easily induce different kind of damages directly to cells. Considering
hyperthermia as a valuable tool in the fight against cancer it could be of great interest to
observe the damages produced by hyperthermia at the cellular level. It is well known
from literature that hyperthermia may kill or at least weaken tumor cells. In the last
decade, the necessity to control and limit the effects produced by thermotherapy on
healthy cells composing the tumor microenvironment also emerged.

One of the most common cellular mechanisms solicited by hyperthermia is apoptosis.
Once thermally stimulated over a certain temperature level, cancerous cells can undergo
apoptosis in direct response to applied heat, while healthy tissues can easily maintain a
normal temperature (Hegyi et al., 2013). There is a wide range of direct mechanisms
related to the increasing temperature that could kill cancer cells: the most relevant include
denaturation, folding, unfolding and aggregation of proteins, coagulation, immune system
response produced by the over expression of the heat shock proteins on the cellular
membrane, apoptosis, cell cycle arrest, autophagy, and necrosis.

Over the past years MFH has demonstrated to be a powerful tool against cancer and other
diseases exploiting a different range of temperatures. In the 40-46°C temperature range
MFH kills cells (even healthy cells) in a reproducible time and temperature dependent
manner. As reported in Laszlo et al., 1992, at a cellular level there are a few changes
induced by hyperthermia that must be due to temperature-induced alterations in molecular
pathways, which usually involve inhibition of protein synthesis, DNA and RNA.

Protein synthesis is a fundamental process involved in almost all biological activities that
could be easily inhibited during heating. Even milder temperature (around 43 °C,
exploited for mild hyperthermia) reached through smaller steps of temperature increase
could instead cause an over expression of heat shock proteins (HSP) (Kregel et al., 2002).
The over expression of HSP could be easily correlated with a peculiar biological
mechanism defined as thermotolerance. It is hard to say from the over expression of HSP
if the heat shock has led to inactivating or activating responses. The response to a signal
could led to different endings. For example, during apoptosis mechanism, also defined as
programmed cell death, cells in healthy or ill tissues trigger their self-destruction in

response to a specific molecular signal (Kerr et al., 1994). This kind of biological event
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can’t be easily unveiled, even tough, different signals related to HSP could be
investigated. As far as the necrosis mechanism is concerned, there is associated
inflammation induced in the surrounding microenvironment. Necrosis is induced by a
huge, induced increase of temperature (approximately over 60 °C measured in the tissue
and defined as thermoablation) that would lead to permanent damage to the vascular
system, preventing the chance of auto repairing of the organism. Apoptosis occurs almost
spontaneously in cancer cells once the tissue is exposed even to a mild increase of
temperature (around 43 °C), thereby slowing tumor growth. This effect could be also
enhanced through a combination of heat, irradiation, and chemotherapy. Another relevant
difference between these two mechanisms of cell death is that apoptosis is a natural
process while necrosis is a cellular damage that would lead to a premature death of cells
in tissues and causes an inflammatory response in the surrounding environment (Golstein
et al., 2007). Thermoablation (that cause necrosis) in high temperature range (above 46
°C) could not be the most suitable option to treat cancer due to the potentially relevant
side effects on healthy tissues. Considering the weaker side effects, mild hyperthermia
produced by externally applied magnetic fields set with proper frequencies could be more
appropriate although not without flaws. Several studies over the last 20 years
(Hildebrandt et al., 2002) have demonstrated that the thermal energy required to induce
apoptosis in cells is close to the thermal energy needed for protein denaturation which
means that the direct consequence of mild hyperthermia is based on the denaturation of
the cell membrane and on the response of the cytoplasmic proteins to the thermal shock.
Typical features and signs of thermal damage (and early apoptosis) caused by the
application of mild hyperthermia are alteration of membrane geometry and composition,
cytoskeletal and cytoplasmic damage including cell rounding, overexpression of HSP and
early folding-unfolding of a wide range of proteins located mainly on the cell membrane.
Such relevant alternations may cause alterations during DNA synthesis and impairment
of its repairing ability, among the most important consequence of protein denaturation.

Comparing different cells, it has been observed higher sensitivity to heat and thermal
stress for those undergoing mitosis phase. This crucial observation makes cancer cells
more susceptible to heat than any other healthy cell thanks to their well-known ability to
undergo faster cell division process. This selective feature, characteristic of the

hyperthermia process, is most certainly due to the architecture and morphological
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structure of the cell itself that hides huge differences between healthy and pathological
cells. In a normal tissue the density of the vessel, the organization of the capillaries net
and their capacity is completely different from a cancerous cell. This last tissue is
basically abnormal thanks to its huge and disorganized vasculature. The disorganized
structure of tumor vasculature can also lead to oxygen and nutrient starvation (Siemann
et al., 2011). In terms of clinical and preclinical studies it’s important to distinguish
between small tumors, usually characterized by high blood flow and big tumors, usually
characterized by low blood flow. From this feature it is possible to define a general rule
that could help to understand the aggression of the tumor: generally, blood flow decreases
with increasing tumor size (Song et al., 1984).

From a physiological perspective, application of hyperthermia up to temperature of 43 °C
(low-mild-hyperthermia) could induce an increase of blood flow that could facilitate
tumor expansion improving its ability to supply oxygen faster from the organism. Once
obtained a similar effect, MFH could be used in combination with radiotherapy or
chemotherapy. Radiotherapy because, as reported in Hildebrandt et al., 2002, radio-
sensitivity is increased by tissue huge oxygenation and chemotherapy because drug
delivery is strongly favored by high levels of vascularization and perfusion as reported
by Wust et al., 2002.

Once hyperthermia is applied at temperatures between 43 to 45 °C (mild hyperthermia)
tumor blood flow tends to decrease while in normal tissue it significantly increases. This
decreased blood flow led to lower heat dissipation rate and consequently the temperature
in tumor tissue will rise faster than in normal tissue. This difficulty in dissipating heat
could cause apoptosis while, healthy tissues, more easily maintain physiological
temperatures.

In general, the conversion of magnetic energy into heat and the heat exposure would
produce regions of hypoxia, acidosis, and energy deprivation. In addition to its
cytotoxicity, these tumor micro-environmental factors make cancer cells more sensitive
to hyperthermia and heat exposure. In fact, depending on the temperature reached and the
exposure time of the tissue, the application of MFH may increase or decrease the tumor
oxygenation, leading to consistently different scenarios (Song et al., 2001).
Fundamental considerations related to the application of MFH to cancerous tissues could

be done also considering the main differences between a normal cell and a cancerous cell.
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Biophysical differences arise quite easily considering a few chemical-physical

characteristics based on the different electric properties of the normal cells respect to the

pathological ones:

Tumor cells membrane and charge distribution over the phospholipidic surface is
electrochemically different.

The lipidic composition of the phospholipidic membrane of tumor cells compared
to the healthy cells, especially regarding to the sterol content.

Production of ATP in tumoral cells is slower because of the huge demand for
energy consumption due to the high proliferative rate. This fact contributes to an
instability of the ionic channel exchange due to the transport of K™ and Na* ions.
Changing membrane permeability, the influx of K*, Mg?* and Ca?* ions increase,
while the efflux of Na® decreases. Consequently, cell membrane potential
decreases further, and the tumor cells will be negatively polarized in average.
The conductivity and the dielectric constant of the tumor tissue will be higher than

normal.
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4. Magnetic nanoparticles for magnetic fluid hyperthermia

To understand the impact of magnetic nanoparticles for hyperthermia on cancer treatment

and to design optimal heat mediators it is essential to start from the laws of magnetism

that allow to exploit the energy conversion from electromagnetic energy to heat via

dissipation.

Considering the arrangement of magnetic dipoles in the presence or absence of an

external magnetic field, magnetic materials (in this case magnetic nanomaterials), are

usually classified into

several categories

as: diamagnetics, paramagnetics,

ferromagnetics, ferrimagnetics and antiferrimagnetics.
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Figure 4. Arrangement of magnetic dipoles within an externally applied magnetic field. (Figure

reproduced from Das et al., 2019).

e Diamagnetic nanomaterials: in absence of magnetic field, they do not have

magnetic dipoles, but they start to generate them once the external magnetic field

is applied.

e Paramagnetic nanomaterials: they already have existing randomly oriented

dipoles in absence of external magnetic field. Those dipoles will be aligned in the

same direction after an external magnetic field is applied.
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e Ferromagnetic nanomaterials: they have a permanent magnetic dipole in the
absence or in the presence of an external magnetic field. For ferrimagnetic
material, a few random weak magnetic dipoles exist in antiparallel to neighboring
stronger dipoles even in absence of magnetic field.

e Antiferromagnetic nanomaterials (or uncompensated ferrimagnetism): where the
minimum energetic configuration is realized having permanent magnetic dipoles
in antiparallel configuration in the absence or in the presence of an external

magnetic field.

Even having an extensive knowledge of the different magnetic behavior of the
nanoparticles in the past decades, for biological applications as magnetic fluid
hyperthermia, researchers exploited mostly superparamagnetic and ferromagnetic
nanomaterials (Chang et al., 2018; Huang et al., 2013; Kumar et al., 2011; Liu et al.,
2020).

By exploring the heating properties of magnetic nanoparticles excited by alternating
magnetic fields for hyperthermia applications, it was possible to clarify the influence of
important parameters as magnetic anisotropy constant (K), hydrodynamic volume
(derived from the hydrodynamic radius) and saturation magnetization. All these structural
parameters depend on geometry, size, shape, chemical and physical composition of the
nanomaterial (Laurent et al., 2011).

Size and dispersion are crucial factors in determining the saturation magnetization and in
enhancing the heating capacity of nanoparticles. The bigger the nanoparticle, the highest
will be the saturation magnetization. Saturation magnetization is proportional to the
heating capacity itself as measured by SAR (or even using the ILP to evaluate the
efficiency of the nanomaterial). In general, the iron-oxide nanoparticles with a
hydrodynamic radius smaller than 10 nm display SAR value considerably lower than
nanoparticles with radius in the range of 14 to 20 nm and same chemical composition.
Size influences also side effects produced by the nanomaterials. The bigger the
nanoparticle, the highest will be the cytotoxicity of the compound inside cells (Fortin et
al., 2008).

The geometry of the nanoparticles is relevant to determine the efficiency of the
nanoparticles themselves. In the last decade a lot of different shapes have been adopted

and tested especially for biomedical applications. A crucial point was to obtain a low
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surface energy: in this way the magnetic anisotropy would be significantly reduced, and
the saturation magnetization would be enhanced leading to a higher SAR and consequent
more pronounced heating efficiency.

It is well known that spherical iron oxides have significantly lower value of SAR
compared to cubic nanoparticles with the same chemical composition and equivalent
volume (Martinez-Boubeta et al., 2013). Considering a different metal, also gold
nanostars have shown higher SAR respect to their equivalent spherical nanoparticles
(Guardia et al., 2012).

In conclusion, chemical and physical features of nanoparticles have been deeply
investigated over the years to optimize the composition and reach a standard. Nowadays,
one of the most popular methods to optimize SAR is to dope ferrite nanoparticles with
different metal ions in order to increase saturation magnetization and therefore improve
SAR and ILP (Jang et al., 2009).

As already explained before, in magnetic nanoparticles-based hyperthermia, heating
deeply depends on particle distribution over the targeted tumor site. In general, magnetic
heat generation can be associated with two different mechanism of heat generation
already defined: relaxation (as Néel and Brownian relaxations) and hysteresis loss.
Considering the first approach the generation of thermal loss is due to a tendency of the
sources of friction to a phase lag between the applied magnetic field and the orientation
of the magnetic moments of the particle distribution.

According to the ILP formula reported above, the intrinsic loss power of a nanomaterial
is related to the material composition (the elements), the structural characteristics of the
magnetic nanoparticle and the magnetic features. The intensity and frequency of AMF
adopted also play a crucial role (Pankhurst et al., 2003). The microenvironment in which
magnetic nanoparticles are embedded influences ILP because of intracellular elements
that constantly inhibit the particles movement. Finally, considering the definition of Néel
and Brownian relaxation, the first one is considered the main source of heat generation

during intracellular magnetic fluid hyperthermia.
In the last 30 years several in vitro and in vivo studies have been conducted exploiting

direct administration of magnetic nanoparticles into a tumor followed by AMF exposure.

These studies have considered several endpoints of therapeutic efficacy as tumor size
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(and associated growth factor), metastasis rate of the primal tumor, invasiveness of the
metastasis and of tumor cells, neo angiogenesis, tumor cell growth and proliferation.

As perfectly described by Lacroix et al., 2010; Dadfar et al., 2019 and Etemadi et al.,
2021 a huge variety of nanoparticles were studied. Here follows a summary of the most
relevant magnetic nanoparticles synthetized and their actual application related to cancer
therapy.

In general, it is important to define a size range for the nanoparticles used in magnetic
fluid hyperthermia. Usually, the size ranges from 1 to 200 nm. Nanoparticles can be
ferromagnetic or superparamagnetic and they usually are dispersed in a non-magnetic
matrix (Kharisov et al., 2014). In terms of chemical composition nanoparticles can be
oxides, metallic, or metallic shell types and are prepared in laboratory by co-precipitation,
microemulsion, thermal decomposition, or hydrothermal techniques. Depending on the
specific application, nanoparticles can be coated with organic or inorganic coatings to
enhance chemical stability, biodistribution and to prevent aggregation and cytotoxicity
(Soto et al., 2007; Lewinski et al., 2008). The size of nanoparticles has crucial effect on
their fate when systemically injected into living organism. Smaller nanoparticles present
advantages because are characterized by longer blood half-time and lower liver uptake.
In general, nanoparticles size is fixed before synthesis procedure upon considerations
regarding their fate in terms of therapeutic effect. The smaller the size the easier is the
diffusion and so the distribution at targeted sites (Pelaz et al., 2017).

Jordan, one of the true pioneers of magnetic fluid hyperthermia in one of his crucial
papers related to MFH (Jordan et al., 1997) investigated the abilities of silane and dextran
magnetite nanoparticles (3—13 nm) to induce hyperthermia in vitro, and provided
evidence of intracellular hyperthermia, apoptosis mechanism and tissue necrosis.

A few years later, Hilger (Hilger et al., 2001), provided a deep analysis related to a wide
range of aspects of nanoparticles. He examined the effects of magnetite nanoparticles
changing the shapes, the aspect ratios (difference among the various diameters and
possible configurations), and the hydrodynamic diameters. All these features were tested
on a human breast tissue and in in vivo experiments with murine tumors. A relevant
increase in tissue temperatures was observed both in human tissue and in mouse tumor
after the AMF application. For this study Hilger started with magnetite nanoparticles and

synthesized super paramagnetic iron oxide nanoparticles for the treatment of breast
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cancer and investigated their effects in vivo. After several experiments histological results
shown that heat was released in localized spots producing necrosis inside the tumor.

By investigating different magnetic nanoparticles (especially iron-oxide nanoparticles) it
has been demonstrated that a crucial role is played by the coating. One of the most tested
coating over the years was the dextran coating or the glucose coating. They are cheap to
produce and to bound to iron-oxide nanoparticles. Probably the main reason because
glucose (or dextran) is so popular as coating is related to his ability to be internalized by
tumoral cells due to the huge need of nutrients of these cells. In 2009 Cassim (Cassim et
al., 2009) synthesized ferromagnetic, dextran-coated nanoparticles with an average
dimension of 100 nm and observed that these particles delivered heat to tumor cells
without adversely affecting surrounding cells in vitro and in vivo. This result was another
milestone in preclinical research related to MFH: it suggested that MFH could be a
standalone therapy, not necessarily used in combination with radio or chemotherapy.

It is hard to tell when organic or inorganic coating could be necessary, it mainly depends
on the cytotoxicity of the compound, if it could be relevant to help nanoparticles to get
into cells, to enhance their ability to ablate cancerous tissue (for example enhancing their
SAR-ILP) or to stretch their circulation time in the organism.

In a paper of 2014, Rana (Rana et al., 2014), reported about the effect of polyaniline
coating of superparamagnetic iron-oxides Fe;O, nanoparticles. These coated iron-oxides
showed a huge improvement in killing tumor cells in vitro compared to their naked
version. Coated version of this specific NP had higher SAR value due to greater stability
(given by the coating) and induces magnetic hyperthermia in tumor cells with remarkable
results.

Another relevant examples of coated magnetic nanoparticles, was reported in Majid et
al., 2014. They synthesized iron oxide nanospheres (with a size range from 15 to 35 nm)
with tunable shell thicknesses composed by silica layers. As compared with naked
nanoparticles, magnetic NPs had higher SAR and higher efficiency in killing cancer cells
in vitro.

Treatment of cancer have also been tackled exploiting different approaches of synthesis
and different geometrical shapes of nanoparticles. Liu et al., 2016 synthesized a new class
of Feo.sMno4O nanoparticles called nanoflowers and used them to treat cancer cells in

vitro and cancer tissue in vivo. Even at the lowest concentration used of around 50 pg/mL
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of nanoparticles, these NPs exhibited promising results as heat exchange mediator and
inhibited tumor growth both in vitro and in vivo without affecting surrounding healthy
cells. Liu et al., 2021, reported efficient magnetic nanocrystals of Mn-Zn ferrite produced
with an average size of 50 nm and organically coated with biocompatible phospholipids.
A huge efficiency as heat exchange mediators of such nanocrystals, upon exposition to
electromagnetic field in destroying cancer cells causing necrosis both in vitro and in vivo,
was reported.

Doping with magnesium a common superparamagnetic nanoparticle with a tiny
hydrodynamic dimension (average diameter around 23 nm for the iron-oxide Fe3O4 core),
Jang et al., 2018 developed an interesting tool that exhibited efficient heating and
enhanced antitumor activity both in vitro and in vivo compared to any other commercially
available NPs.

During the years, also the magnetic structure of the compounds has been deeply explored
as in Hemery et al., 2017. In this study, authors compared monocore and multicore
magnetic iron oxide nanoparticles FesOs (with an approximate average dimension of
around 58 nm). They applied the same external magnetic field to the two different NPs
and evaluated the MFH efficiency on an in vitro model of human glioblastoma. The
efficiency of the multicore NPs was detected not only by higher SAR-ILP value but also
by the better and faster cellular internalization leading to a more effective destruction of

tumoral cells.

Another important chapter of biomedical application of magnetic nanoparticles to
tumoral cells is related to the combined action of chemotherapy and MFH mediated by
NPs. Among this branch of study, a wide variety of examples are worth to mention,
especially the ones related to the use of nanoparticle as a carrier.

Mieszawska et al., 2013 developed a biocompatible and thermoresponsive polymer-based
nanomaterial loaded with doxorubicin to enhance the efficiency of the NPs treatment as
antitumoral agent. Due to the heating produced by magnetic NPs once exposed to an
alternating magnetic field, this polymer swelled and release doxorubicin from its pores
on the surface. Thanks to this combined action the NPs became a platform able to kill

cancer cells more efficiently than application of MFH protocols.
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Another relevant example is related to doxorubicin coated magnetic microspheres of
PLGA (polylactic glycolic acid) synthesized by Fang et al., 2015. These NPs were applied
for a combined chemo-thermal therapy.

Doxorubicin was encapsulated inside the cores of hollow microspheres and when exposed
to an alternating magnetic field, the heat exchanged by the magnetic nanoparticle induce

doxorubicin release and rapid inhibition of tumor cell growth in vivo (Fang et al., 2015).

All these investigations and much more have conferred promising outcomes after
application of the magnetic fluid hyperthermia in the treatment of cancers, but a few has
been done regarding the chance to limit the interactions of magnetic nanoparticles with
the whole organism, especially the healthy tissues. Basically, none of these studies have
clearly declared assessed the effect of magnetic nanoparticle and the hyperthermia
protocol on healthy cells. Further investigations must be performed and should be clearly
focused on the comprehension of interactions between NPs and healthy tissues. In
particular, the risk of overheating normal tissue surrounding tumoral lesion does exist and
can constitute and important limitation for application of MFH.

During my PhD I had the chance to work with a peculiar class of iron-based NPs and
apply them as heat exchange mediators able to do not harm the healthy tissues thanks to

their self-controlled increase of temperature.
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5. Nanoparticles exhibiting self-regulating temperature for magnetic
fluid hyperthermia

One of the most critical issues to be solved for the successful application of magnetic
fluid hyperthermia is to determine the ability of the nanoparticles to be able to target only
the tumoral cells and to only harm the malignancy and not the healthy tissue surrounding
it. Over the years several approaches have been performed to tackle this issue but none
of them seemed to be adequate.

Among the most promising ones there was the chance to develop nanoparticles as
bioimaging contrast agents for Magnetic Resonance Imaging (MRI) and other imaging
techniques. In general, the development of novel contrast mechanisms and labeling agents
for MRI is important to better understand cell tracking by a non-invasive way and the
eventual readouts of different physiological conditions both in vitro and in vivo (Ahrens
et al., 2013; Shapiro et al., 2004). A huge number of synthesis attempts has been
performed to define which chemical compound could be better to be used as a biomarker
for magnetic fluid hyperthermia applied to tumoral tissues including usage of
conventional magnetic materials for the preparation of nanoscale particles useful for MRI
also (Bulte et al., 2004)

The appropriate selection of the most suitable magnetic material as contrast agent in MRI
and at the same time performing MFH is based on several parameters. It is essential to
choose the magnetic material which could be more adapt at physiological conditions
around 37 °C (so with a working temperature around 37°C). Among these materials, a
wide range of compositions has been explored as iron, iron oxides, manganese oxides,
mixed materials formulation, and mixed metal formulations.

All these materials share an important feature, the Curie temperature. In Physics, the
Curie Temperature (T¢) is the temperature related to the transition from ferromagnetic to
paramagnetic state of matter. T¢ is the value above which a ferromagnetic material
switches its whole magnetic moment orientation following the orientation provided by
the external magnetic field. It must be observed that most of the metals (and so of the
magnetic nanoparticles) have Curie Temperatures in the order of hundreds of Celsius
degrees revealing almost impossible to observe and exploit the advantage derived from

this energetic transition.
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To understand the ability of the magnetic material to serve as a heat mediator and at the
same time as a contrast agent it is relevant to know that MRI takes place with specific DC
magnetic field settings related to typical magnetic field magnitude between 0.5T and 20T
where any sort of magnetic material is almost completely saturated. In this scenario it is
hard to find a dependency of the net magnetization of the lattice (or of the nanoparticles
cluster) that really depends upon other variables such as pH of the solution, temperature,
chemical composition of the material and other common physiological parameters.
Taking into account this factor, it is clear that it is not easy to design a magnetic material
having relevant switchable magnetic properties useful for a safe and reliable MFH and at
the same time a high contrast ratio to be observed at standard working temperature
(physiological temperature) in tomographic imaging at high DC magnetic fields.

During my PhD I had the chance to focus my attention and efforts on an interesting class
of magnetic materials commonly known as magnetocaloric materials. This class of
materials provide a close match to the requirements depicted above related to the design
of a high contrast ratio switchable and tunable MRI contrast agents (Banobre et al., 2018;
Moya et al., 2014; Barbic et al., 2019).

A closer examination of the whole class of magnetocaloric materials led us to know that
some of them have extremely sharp first and second order magnetic phase transitions at
physiological temperatures. These phase transitions can have a positive or a negative
slope of magnetization versus temperature making them interesting candidates for
switchable MRI contrast agents.

It is relevant to briefly summarize what a magnetic phase transition is and why it is so
important for the application of magnetic materials as imaging biomarker and heat
exchange mediators (McHenry et al., 2002).

Magnetic phase transition can occur when we are in the presence of a magnetic order
defined as collective magnetism. This order appears in materials characterized by a
particular ordering temperature, for example the already mentioned Curie Temperature
(Tc) or the Néel Temperature Tx). These temperatures are examples of a class of physical
phenomena which are described as magnetic phase transitions. The physical properties
and thermodynamics of these phase transitions can be described by energy functions, in

terms of magnetization phase diagrams, or in terms of critical exponents that describe the
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variation of thermodynamic properties (as a function of the order parameter) as the
ordering temperature is approached.
At a closer mathematical look: first order magnetic phase transition works at temperature
T < Tc where Tc is a critical parameter. H as the intensity of the magnetic field, the
magnetization M has a discontinuity at H = 0 for T < Tc. Considering the Landau theory
of magnetic transitions and the mean field approximation it is possible to consider
magnetization as a self — consistent equation

M = tanh (8(H + 2DM))
where D is the number of spatial dimensions.
Keeping H = 0 and changing the temperature T, it is possible to encounter a transition at
T = Tc. During this transition the order parameter, M, remains in the continuous domain
but its derivative with respect to temperature dM /9T changes discontinuously generating
a second order magnetic phase transition.
In conclusion, nowadays magnetocaloric materials tuned through material science
techniques, as doping or thermal treatments, are of great relevance as a new generation
of magnetic fluid hyperthermia mediators.
During my PhD I have characterized and exploited an iron-based magnetocaloric material
composed by different phases. Such material was endowed with the innovative self-
regulating heating ability: this effect consists in a stable increase of temperature up to a
certain maximum (self-regulating temperature or Tsr) below the Tc of the material itself

once exposed to an AMF.
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with different Tc. (courtesy of MBN Nanomaterialia, Carbonera di Treviso, Treviso, Italy)

These nanoparticles have been employed as heating agents against breast cancer both for
in vitro and in vivo studies. As already described, the heating of the nanoparticles can be
produced through different dissipation mechanisms (Néel and Brownian relaxation).
According to the explanations related to magnetic phase transitions, when the material is
approaching T., both the magnetization and the magnetic anisotropy decrease, with a
progressive lowering of the efficiency as heat exchange mediator. It is well known that
Neéel losses scale as magnetization saturation, therefore above T., once magnetization is
negligible, magnetic losses tend to become negligible too, switching off the heating
mechanisms. Considering local heat losses, nanoparticles start to reach an equilibrium
condition at a temperature level named Tsgr, smaller than the Tc. As a direct consequence
this effect provides an intrinsic control for induction heating during the energy conversion
when a sharp magnetic transition occurs.

Regarding the iron-based nanoparticles employed during my research activities, Tc
corresponds to a second order magnetic transition, that can be observed at the threshold
between ferromagnetism to paramagnetism. Once exceeded this temperature there is no
more magnetic order. Paramagnetism takes place and so the net magnetization is equal to
zero. In this way the related possible magnetic losses stimulated by the energy exchange
with the external electromagnetic field have been switched off completely, erasing the
ability of the NPs to transform AMF absorbed into heat. The modulation of Tc can be
produced by modifying the ferromagnetic bulk lattice perturbing it with the introduction
of a dopant, in this case a non-ferromagnetic material. Usually, this process can be
performed in several ways: introducing a non-metal element to decrease the Tc (materials
as perovskite manganates with La); introducing elements like Cu, Ag or Cr to directly
modify the Tc. One of the biggest concerns about this second method is related to the
existent correlation between net magnetization and Tc of each single element introduced
in the ferromagnetic lattice. During the synthesis and doping procedure, it is possible to
lower the global Tc diluting the chemical solution. As a downside of a similar process
there is the reduction of the heating efficiency of the whole material.

To obtain a material that could be exploited for safe MFH as well as contrast agent in
MRI it is essential to control the modulation of composition, the structural and chemical

disorders as well as magnetic properties and magnetic anisotropy. To enhance heat

42



exchange mediator features it is essential to exhibit hysteretic behavior considering
anisotropy and size of the final compound.

Particularly for iron oxides nanoparticles it is important to identify critical diameters and
sizes among different regimes: the multi magnetic domains nanoparticles, the single
magnetic domain nanoparticles, and the superparamagnetic domain nanoparticles. The
most influent mechanisms related to heat induction, as Néel and Brownian relaxation
process, are size and temperature dependent and that is why to achieve heating efficiency
it is not common to reduce too much the average size of the crystal lattice. The description
of the nanoscale system tunable magnetic nanoparticles also involves many other
variables that tend to complexify the heating dynamics.

Although many considerations and theories have been developed to theoretically describe
the induction heating phenomenon in nanoparticles and the heat exchange with the
surrounding matrix, a clear description of this phenomenon approaching the Tc is still
missing as well as precise considerations on dynamical magnetic phase transitions of
nanoparticles from ferromagnetic to paramagnetic behavior going through Tc. Despite
the promising tuneability of magnetic properties, the potential biomedical applications of
the existing magnetic materials have not been explored up to now. Several approaches
have been investigated as the interaction with the external matrix under alternated

magnetic fields, their size distribution and structural morphology.

My work during the PhD has been focused on magnetic induction heating of self-
regulating temperature iron oxides for safe and efficient hyperthermia. In order to monitor
the efficacy of the treatment and the ability of the chosen particle to act as a contrast agent
it was employed magnetic resonance imaging (MRI) and magnetic particle imaging
(MPI). During the last years, for therapeutic purposes, MFH as been associated with
different imaging techniques to observe the heating effects tumor tissues. Often,
conventional, and already commercial iron oxides have been employed, demonstrating
the chance of a localized treatment but, at the same time, the need of intrinsic control of
the temperature increase, to safely avoid overheating of healthy tissues composing the
tumor microenvironment.

So far, the major challenges of magnetic hyperthermia treatment tackled by researchers

are related to the uniform control of temperature in the malignancy area and in the
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surrounding neighborhood and the enhancement of the half-life of magnetic nanoparticles
in the bloodstream to increase the chance of target the tumor while injected intravenously.
Considering cancer diagnostics, it is of great relevance to develop not only efficient heat
mediator but also powerful contrast agent able to monitor the treatment provided. The
intrinsic high level of toxicity of most of the metals do not simplify this search however
a wide range of chemical compounds has been clinically approved and tested to be
successfully applied as theranostic agents (which means that a single tracer could provide
both diagnosis and treatment of the tumor).

Specifically, during my PhD, I have worked on a peculiar iron-based nanoparticle
composed by different phases of magnetic material and able to simultaneously treat and
diagnose cancer that could be defined as theranostic agent. The lack of control on the
MFH treatments has been overcome by this innovative material that enable the operator
to push hyperthermia in cancer tissue without risking the healthy cells. To be applied for
such theranostic purposes, these nanoparticles were finely characterized through a wide
range of invasive techniques as InfraRed Spectroscopy, XRD spectroscopy, Transmission
Electron Microscopy, Dynamic Light Scattering and Magnetic Resonance Imaging. Once
coated with a biocompatible double shell of organic components as citrate and glucose
(more recent tests have been performed with a chitosan variant) to provide a good
suspension and colloidal stability to the compound in physiological conditions. Their self-
regulating heating mechanism has been tested in a non-clinical range of temperature
(from 25 to 75 degrees) and monitored through MRI to observe the switch in contrast
ratio defined by the second order magnetic phase transition.

Exploiting their iron-based chemical nature it was possible also to test a relevant
innovation in the field of biomedical imaging, the MPI technique coupled with MRI. It
has allowed to test the efficiency of these particles as tomographic contrast agent with a
temperature dependent magnetic relaxation.

All the knowledge developed so far gave rise to a finely tuning magnetic nanomaterials
by design able to perform switch in contrast ratio and to provide a strong tool for MFH

treatments in vitro and in vivo.
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6. Magnetic Particle Imaging and Magnetic Resonance Imaging

During my PhD it soon raised the necessity of observing magnetic nanoparticles to
monitor their biodistribution in vivo, their cytotoxicity, their ability to serve as contrast
agent and their ability to play as heat exchange mediator while and after performing
magnetic fluid hyperthermia treatments. Due to the chance of using the MRI routinely
and considering the long history of iron-based contrast agents I have performed a
consistent number of acquisitions and analysis by MRI to monitor the nanoparticles,
naked, coated and during in vivo experiments. MRI is probably the most suitable
tomographic technique used to observe iron-based magnetic nanoparticles due to its high
contrast ratio, its sensitivity, the well-known literature and established protocols and its
preclinical and clinical use.

However, during my PhD I was lucky enough to test a wide range of other imaging
modalities, from advanced microscopy molecular imaging to structural imaging. But
none of these seemed to be as useful, precise, and powerful as MRI up to the invention
of Magnetic Particle Imaging (MPI). To better understand the revolution introduced by
this tomographic technique it could be useful to make a small step behind and describe
how it was developed (Gleich et al., 2005).

Contrast agents and tracers in medical imaging provide important information for
diagnosis and therapy, but for a few specific applications it could be required a higher
resolution, both spatial and temporal, respect to currently available medical imaging
techniques as MRI (Beuf et al., 2004, Hendrick et al., 1993, Sosnovik et al., 2005). In
magnetic resonance imaging the use of magnetic tracers strictly depends on background
signal from the host tissue and from the microenvironment of the tissue of interest.
Specific threshold has been studied over the years concerning the in vitro and in vivo
(Nunn et al, 1997) detection limit setting up the overall resolution of the MRI related to
the biomedical application of magnetic nanoparticles. MRI allows to observe iron-based
nanoparticles starting from the magnetic relaxation induced in the tissue of interest.
Magnetic nanoparticles would generate a lack of signal (void signal) in the tissue due to
their magnetic components. This is what is called an indirect measure of the presence of
nanoparticles because it is not based on the signal itself of the compound but on the

change in relaxation (for T1 and T> measures) induced by their own presence. Considering
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this peculiar feature of MRI, a sensitive method for detecting the magnetic particles
directly was invented by Gleich and Weizenecker (Gleich et al., 2005) and it is based on
the direct measure of magnetic fields generated by nanoparticles exploiting their
relaxometry (Romanus et al., 2002). Collecting the data as spatial points it came out a
relevant drawback about the low spatial resolution reserved for this imaging modality.
The innovation of the MPI was about this direct molecular imaging modality bounded to
several mathematical methods employed to achieve high-resolution images of magnetic
tracers by means of the nonlinear magnetization curve of nanoparticles. Already the first
experiments achieved a spatial resolution below 1 mm, defining MPI as a high spatial
resolution and high sensitivity tomographic imaging technique.

MPI relies on the nonlinearity of the magnetization curves of ferromagnetic material and
the fact that the particle magnetization saturates at some magnetic field strength. It is
possible to apply to magnetic nanoparticles an oscillating magnetic field, called the
‘modulation field’, with a specific frequency fi and amplitude A: once applied the
magnetic material will demonstrate his own magnetization as a function of time M(t).
This function is composed by the so-called drive frequency f; and his harmonics. Through
appropriate filtering the higher harmonics could be easily split from the collected signal.
Once applied the modulation field it is possible to superimpose another magnetic field
with a relevant large magnitude and constant in time. At this point magnetic nanoparticles
saturate and once saturated there is no more harmonics generation. This physical
phenomenon gives rise to the chance of spatially encoding the nanoparticles positions.
But to do so it is crucial to introduce another magnetic field, the so-called selection field;
a time independent magnetic field that is equal to zero and vanishes in the so-called field
free point (FFP), a specific region at the center of the imaging device with a complete
lack of magnetic field and increasing magnetic field magnitude close to the edge of the
field. Because of the superimposition of these three magnetic fields, if there is any
magnetic material at the position of the FFP it will produce a signal containing higher
harmonics, but all the other magnetic material remains saturated. Once defined this
mathematical and physical concept and applied to more dimensions it is possible to
consider also regions of interest and even volume of interest, generating a 2D or 3D
tomographic image. Even considering a generation of a 3D image (defined by a 3D spatial

encoding), it is sufficient to use a single selection field because a spatial variation in one
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single direction of the field will generally be followed by variations on the other
components in other directions. To generate the necessary movement, it would be
sufficient to move the whole coil, or the object inserted inside the coil. To simplify the
physical understanding of the events it could be assumed a fixed low amplitude of the

magnetic field. Otherwise, the magnetic field would shift the FFP significantly.
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Figure 6. These graphs were famous in the early days of MPI and still are meaningful. The left
one represents an oscillating magnetic field at a frequency f; (green curve), the nonlinear
magnetization curve (black curve) and the time-dependent magnetization (red curve) with the
higher harmonics expressed by the below Fourier transform. On the right an off set is applied to
the oscillating magnetic field and observing the field in the saturated region it is possible to deduce
that no harmonics have been produced and so the Fourier transform has produced no signal (image

reproduced from Gleich and Weizenecker, 2005).

To conclude this brief introduction to physical principles of MPI, to form an image with
this new tomographic modality the magnetic tracer material must be applied to the object.
The object itself must be placed in the selection field with a superimposition of a
modulation field. To produce the spatial encoding of the signal the object must be moved
to discrete positions and during this movement the magnitudes of the harmonics have to
be recorded. Mapping the magnitude of the harmonics analyzed through the Fourier
transform of the harmonics signal it is possible to produce an image of the magnetic tracer
directly by its own magnetic signal.

Even so the method described below lead us to the conclusion that the signal to noise
ratio (SNR) is still low due to the weak modulation magnetic field introduced and to the

mechanical movement that leads to a necessary low scanning speed. Due to these
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evidences, it was necessary to introduce the so called drive fields, three orthogonal
magnetic fields provided form external sources. Thanks to the drive fields, the three
components of the selection field could be erased in any spatial direction. Additionally,
it is possible to generate the driving fields through a coil pair with specific design of the
current waveform, in this way it would be easier to move the trajectory of the FFP over
the magnetic object that has to be observed. The advantage of using the drive fields is
that they could accelerate the movement of the FFP dramatically. To produce a
sufficiently strong drive field, able to erase at any point in space the selection field, it is
crucial to apply a sinusoidal current with a high frequency to each coil pair applied to the
whole system.

Once the FFP (now fastened by the drive fields) passes on a location of the magnetic
object there would be a significant change in magnetization. This change could be
translated into a signal in the recording coil showing higher harmonics of the drive fields.
The image reconstruction method is now based on this data, acquired in a faster and
reliable way due to the drive fields. Moreover, the presence itself of the drive fields makes
the presence of the low modulation field completely obsolete. Through the introduction
of the drive fields in each spatial direction it is possible to overcome the lack of the image
reconstruction method mentioned before, the low SNR and the low encoding speed due
to the previous mechanical movements.

An alternating way to produce the spatial encoding of the image would be of mixing the
two different acquisition modalities, the mechanical movement, and the presence of the
FFP.

During the last decade there were built several custom scanners for the MPI and also
commercial scanners, one from Bruker-Biospin (Preclinical Magnetic Particle Imaging)
and the other one from Magnetic Insight (Momentum Magnetic Particle Imager).
Nowadays, the existing MPI systems are limited to small animal- sized bores with bores
up to up to around 1.2 m (Panagiotopoulos et al., 2015) and magnetic gradient strengths
up to 7 T/m (Yuetal., 2017). The actual fastest Image acquisition times with the available
scanners have been shown to be equal to 20 ms per acquisition for smaller fields of view
(Panagiotopoulos et al., 2015). As underlined in Harvell-Smith et al., 2022, MPI
sensitivity and contrast are competitive with MRI cell tracking and imaging applications

and even so it is possible to conclude that MPI sensitivity has not yet achieved the true
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physics limit. This leave room for further optimization of the sensitivity through the
implementation of more refined electronics that would allow to detect even smaller
amount of iron up to a few picograms of iron per voxel with a reduced scan time (respect
to the actual limit of around 20 seconds).

All of the scanners built have adopted a scan modality considering the system that had to
be observed. In general, it is well known that there are two main modalities of acquisition.
The one described before that exploit the so called FFP, which could produce 3D images
and the field free line, or FFL. This second one could produce projection images that lead
to consistently high-resolution images respect to FFP acquisitions. In particular, the FFL
approach achieve up to orders of magnitude higher speed and SNR for image

reconstruction over FFP scanning modality (Ferguson et al., 2015; Goodwill et al., 2012).

Considering the application of the MPI imaging modality to the localization of magnetic
nanoparticles and to track magnetic fluid hyperthermia damages there raises several
considerations.

The enormous advantage of the MPI over the other techniques is based on the complete
absence of biological signal derived from the background due to the biological tissues.
The only signal acquired derives from magnetic signal produced by magnetic objects with
a proper relaxation. This gives rise to a high positive and direct image contrast and SNR
for magnetic tracers (especially superparamagnetic tracers or SPIO) (Weizenecker et al.,
2009).

The physics governing MPI is different from MRI, and it is not possible to perform MPI
in an MRI scanner. The MPI signal comes from SPIO or proper magnetic tracers in
general as they immediately respond to an externally applied magnetic field.
Nanoparticle’s dynamics and magnetic relaxation is well defined by Langevin physics.
Once activated the external magnetic fields the magnetic moments of the particles align
with applied magnetic fields until they reach superparamagnetic saturation. As already
explained the spatial encoding of the image itself derived from the MPI signal is based
on the saturation of the SPIOs with a strong gradient field and the drive fields which move
the FFP or the FFL to acquire the signal without any other background noise from other
regions. It is crucial to understand that the induced signal is linearly proportional to the

amount of iron present in the sample analyzed. This fact enables a linear reconstruction
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process and allows to define a precise point spread function (PSF), useful to determine
the relaxivity of the nanoparticles themselves (Goodwill et al., 2010; Lu et al., 2013).

As mentioned before MPI has been applied already to the monitoring of damages
produced by MFH through the heat exchange of iron-based nanoparticles. In particular,
in the last decade, a considerable effort has been spent to set up a proper imaging modality
able to directly observe the heating exchange process. In this case MPI has demonstrated
to be more efficient than conventional molecular imaging techniques (Tay et al., 2018;
Du et al., 2019; Yu et al., 2017). MFH has demonstrated to be quite a challenge to be
understood and detected with conventional methods over the years. First and foremost,
iron-based nanoparticles delivered systemically aggregates and accumulates in off-target
organs even if properly chemical coated. Without a proper spatial control of the heating
mechanism a huge damage could be induced in the healthy organs while treating the
malignancy. Another challenge is related to the ability of the actual imaging modalities
to be quantitative over the dose of iron used as heat mediators. Up to MPI introduction
on the market for research purpose there was no chance to be accurate in the estimate of
the dose of iron present in a specific spatial location, especially for deeper tissues.

MPI seems to be able to address all the challenges proposed. Compared to MRI, MPI
safety is bound by SAR and the stimulation itself of the magnetic nanoparticles.
Considering so MPI has remarkable advantages respect to another tomographic imaging
modality as MRI. First of all, MPI has demonstrated to be more sensitive respect to MRI
in terms of iron dose detected. MPI goes even under picograms of iron (Graeser et al.,
2017; Saritas et al, 2013). The real time imaging guaranteed by MPI also is a specific
feature of this new imaging modality with a temporal resolution that goes far beyond any
other imaging techniques, approximately around 46 frame per second (Ludewig et al.,
2017). Unlike MRI, it is also a direct quantitative method that could precisely estimate
the dose of iron present in a specific spatial area. This detection is possible thanks to MPI
physics that is based on magnetic saturation of iron-based contrast agents almost
everywhere except the field free region (that could be a field free point or a field free
line). In this area, the unsaturated tracers can respond to small excitation (up to 20 mT)

and produce spatially accurate reconstruction of the volume observed.

Among the advantages of the MPI above the other techniques applied to observe directly
or not MFH there is the fact that the iron core used to generate the MPI signal could be
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exploited to generate heat for MFH. Heat, as well as MPI signal, is generated by rotation
of magnetic moments that produces a signal in MPI. Thanks to the dipole rotation of the
nanoparticles, the MPI signal could detect at the same time not only the position of the
nanoparticle, but also the position of the MFH treatment itself and monitor it in real time.
This detection method is based on a gradient magnetic fields-based mechanism that
magnetically lock the nanoparticles in a single place through magnetic saturation and
prevent rotation to generate heat or MPI signal. Only the field free region will produce a
signal that would localize at the same time the nanoparticle and MFH. The only weakness
of this method that is based on precise thermal dose localization with high spatial
resolution is the dependency from magnetic gradient strength. Consider so, there is still
plenty of room to improve the spatial resolution of this imaging technique.

To ensure heating only in magnetic hyperthermia stage and not on other frequencies
(during the imaging stage) it would be possible to employ low frequency (20 kHz) for
imaging purpose and higher frequency for hyperthermia purpose (around 350 kHz as

suggested by preclinical and clinical trials).
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Figure 7. An example of the theranostic platform defined by the MPI application to a case of
U87MG xenograft mouse model. Iron-based nanoparticles were found both in the tumor as well
as in the organ, but it was possible to isolate the tumor region and heat it up through MFH
treatment performed with the MPI itself set at another frequency. In this way, heat is localized
only via FFP/FFL and the collateral damages are minimized (image reproduced from Tay et al.,

2018).

Exploiting iron-based nanoparticles for MFH treatments I have used the most common

tomographic technique to monitor nanoparticles spreading all over the organism,
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nanoparticles magnetic efficiency as contrast agents and as heat exchange mediator and

the damages produced by MFH.

It is well known that Magnetic Resonance Imaging (MRI) is a non-invasive diagnostic
technique (Shokrollahi et al., 2013; Laurent et al., 2009). Main features of MRI include
imaging flexibility, it is harmless for the patient and highly accepted, it has a high spatial
resolution and an optimized soft tissue contrast considering the different types of tissues
that could be observed. It is also quantitative providing several physiological parameters
and important clinical information (Caravan et al., 1999; Na et al., 2009; Strijkers et al.,
2007). Among all the important features deeply explored in preclinical and clinical
research all over the years there stands out the strong spatial resolution negatively affected
by the lack of proper probes used as contrast agent or tracers with high sensitivity. In the
last couple of decades, a wide range of biocompatible materials (mostly in form of
nanoparticles) have been tested as positive or negative contrast agents.

Exploiting magnetic nanoparticles with a high SNR able to enhance MRI sensitivity many
attempts have been made to improve sensitivity and facilitate biological and functional
information. As a result, a wide range of magnetic nanoparticles like paramagnetic and
superparamagnetic iron oxide-based compositions have emerged (Hofmann-Amtenbrink
et al., 2010; Senpan et al., 2009; Jin et al., 2014).

Considering MRI as a molecular imaging technique compared to MPI the major lack of
MRI is its lower temporal sensitivity and lower specificity for contrast agents (Figure 8)
However, MRI contrast agents act by shortening T (longitudinal magnetization) and T>
(transverse magnetization) providing adequate relaxivity and susceptibility effects,
biological and biomedical safety, very low toxicity, optimal stability and biodistribution

as well as a proven elimination by the organism.
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Figure 8. An example of how it works the production of contrast in MRI through magnetic
nanoparticles. Water molecules present in the tissue would be oriented through the induced
magnetic field produced by the magnetic response of the contrast agent, in this case nanoparticles.
This reorientation of the water molecules changes the signal produced by the tissue itself

composing the contrast ratio change (Image reproduced from Jun et al., 2007).

It 1s possible to divide MRI contrast agents following two different lines: the clinical
application line or the chemical composition line. Considering the first one there are two
different kinds of contrast agents: the positive contrast agents and the negative ones. The
first category is basically related to extracellular agents and blood pool imaging, the
second one concerns passive targeting (Yao et al., 2020). In my case of study, tumor
imaging and nanoparticles applied as heat exchange mediators in the organism, I have
exploited positive contrast agents.

Considering the chemical composition there are two main categories: the paramagnetic
contrast agents and the superparamagnetic ones. As already explained from a physical
perspective the difference is basically that superparamagnetic compounds could form a
significantly larger magnetic moment and are based on an iron-oxide core composed
mainly by iron. This type of contrast agent shortens T> relaxation times acting negligibly

on T relaxation times.
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One of the most relevant downsides of using magnetic nanoparticles as contrast agents in
MRI is that to achieve sufficient contrast for imaging purpose it is necessary to use high
concentrations of nanoparticles with very high saturation magnetization. Considering this
feature, it is important to choose the most suitable material to synthetize the nanoparticles.
Superparamagnetic nanoparticles have a higher magnetic moment requiring lower
concentrations respect to paramagnetic nanoparticles. Moreover, the average size of
superparamagnetic nanoparticles is smaller than paramagnetic ones. This geometrical
characteristic allows them to be cleared faster and mostly without consequences from the
host organism. To produce an efficient contrast agent that could be exploited as tracer for
MRI it is essential to be focused on different aspects of the nanoparticle. In particular it
would be fundamental to define the precise material composition (and so the crystal
structure) and the size and shape of the nanoparticle (Sharifi et al., 2012; Pankhurst et al.,
2009). The size dependency crucially influences the MR signal enhancement. Smaller
particles are characterized by a low r2/r| ratio. In the nanoscale regime, surface magnetic
spins tend to be tilted to form a magnetically disordered spin surface layer which has a
significant effect on the magnetic moments and MR contrast-enhancement effects
(Bodganov et al., 2011). As the particle size decreases, the surface effect becomes
dominant as the particle size decreases and so the net magnetic moment. In Figure 7 it is
demonstrated how the nanoparticles could affect the relaxation processes of the protons
in the surrounding water molecules resulting in shortening of the spin-spin relaxation time
of the proton themselves. This fact results in a void signal enhancement during the MRI
acquisitions.

MR images could display all kinds of soft tissues considering different values of T>
relaxations. Exploiting this feature, the iron-based contrast agent with a high saturation
magnetization could be clearly visible in MRI because it induces a T relaxation value
completely different from the surrounding healthy tissues.

It is well known that iron-based nanoparticles (especially superparamagnetic ones)
properly coated with organic molecules have a competitive relaxivity, a consistent blood
retention time, high biocompatibility, and biodegradability due to low toxicity
(Harisinghani et al., 2003; Dragar et al., 2021; Hartshorn et al., 2018). As mentioned
before, due to their relevant magnetic core and to the production of an enhanced proton

relaxation, iron-based nanoparticles could be used with lower doses respect to other kind
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of nanoparticles as MRI contrast agents. The issue related to the dose employed as
imaging agent is still actual. It is one of the cardinal points that makes MPI so important.
As already explained, Magnetic Particle Imaging can observe ultralow amount of iron (up
to a few picograms of iron) with a poor spatial resolution but a consistent temporal
resolution. On the other hand, MRI can observe bigger amounts of iron with a high spatial
resolution but with a poor temporal resolution.

The need of an efficient contrast agent could be also explained considering that the typical
receptors are present in the organism with a very low concentration (approximately
around 107" molg™'. To observe such sparse biomarkers, it is necessary to apply different
strategies. For example, it could be increased the effective relaxivity per particle
containing the potential high level of cytotoxicity during the synthesis procedure.
Nowadays an entire class of materials is applied and devoted to this purpose: magnetite,
maghemite, ferrite, nickel, cobalt, cobalt ferrite and so on and so forth.

In the last decade the search for an efficient T> contrast agent for MRI was focused on
iron-based nanoparticles (from ferromagnetic to superparamagnetic ones). Lack of
cytotoxicity, chemical and physical stability over time and biodegradability were the
main issues considered and tackled. On the top of these issues there was also the difficulty
related to the artifacts produced by the iron-based nanoparticle due to magnetic
susceptibility. To answer all these expectations different synthesis procedures were tested
over the years and almost an infinite set of coatings were proven. The most common ones
were dextran and glucose coatings, citrate, or other organic molecules,
polyethyleneglycol (PEG) and chitosan. All these coatings have high biocompatibility
and the enhanced chemical and physical stability over time. Regarding this issue,
Mailander et al., 2008, and Wang et al., 2017 provided a comprehensive update of the
stabilization procedure and availability on the market of commonly used magnetic
nanoparticles.

The issue related to chemical stability and biocompatibility will never be stressed enough:
it 1s one of the major problems associated with magnetic nanoparticles that tend to
aggregate in the blood stream leading to the blocking of the blood flow and their stocking
in the liver instead of reaching the desired target. In MRI this issue could be easily
observed through nanoparticles biodistribution once injected intravenously in a mouse

model (for preclinical studies).
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During my PhD I had the chance to test a wide range of contrast agents produced with
different synthesis procedures and employed for various aims, from blood pool contrast
agents, to tumoral target specific tracers and heat exchange theranostic mediators. For my
main working activity, I have tested iron-based contrast agents able to perform MFH
treatments with a consistent T> relaxation able to be observed in MRI with the most

common imaging sequences.
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7. Nanoparticle delivery to the tumor site: present and further steps

Treating tumors with nanoparticles allows to have a clear view about the biodistribution
of magnetic compounds once injected intravenously or intratumorally. The physiological
pathways as well as the efficiency of the contrast and heating agent is completely different
and is heavily affected by the injection path chosen. In the intratumoral injection it is
possible to observe the behavior of the particles related to the high intratumoral pressure
and the huge angiogenesis locally present in the tumor surroundings. The efficiency of
the magnetic agent is maximized considering that there is almost no waste of the
nanoparticles that are collected by the tumor itself. The intravenous injection is
completely different. It is crucial to fix and define several parameters of the nanoparticles
as their chemical stability, their ability to bound the plasma and serum proteins, their
ability to reach the desired target, their biocompatibility, their half-life in the blood
stream, the ability of the nanoparticles to evade the liver endothelial reticulum and so on
and so forth. A part from these two mainstream line of nanoparticles administration there
is also the magnetic targeting. This technique allows to improve the accumulation of
nanoparticles in the tumoral area exploiting external magnetic fields used as guides to
attract nanoparticles in a specific site. It has been already tested with interesting results
(Angelakeris et al., 2017). During my PhD I have performed several in vivo studies to
observe the efficiency of the nanoparticles as heat mediators against tumors. Considering
the huge number of difficulties hided by the intravenous injections, almost all these
studies have been performed exploiting local intratumoral injection of the contrast agent.
Although a few in vivo trials have been finally performed to study new treatment
protocols to maximize the efficacy of MFH on tumors by using specific macrophages to
evade the ability of the RES to block the nanoparticles in the liver. The macrophages have
the specific function to saturate the RES before the intravenous nanoparticles injection in
order to help them reach the target by the blood stream before being cleaned by the
physiological pathway.

It is well known that magnetic nanoparticles must be delivered to the target body site and
should be kept inside the tumor to reach a sufficient concentration to act as hyperthermic
agent. As already mentioned, there are two different approaches for the delivery of

nanoparticles.
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Intratumoral injection, that is the easiest way to administer nanoparticles in the tumor.
Different clinical trials for MFH have already tested this physiological pathway
(Johannsen et al., 2010). Via this way it is clearly easy to achieve a high concentration of
nanoparticles in the tumor site. However, this method has several downsides. First, it is
suitable only for certain type of tumors, especially the most superficial and accessible
ones. Second it guarantees a non-homogeneous distribution of nanoparticles because once
injected inside the tumor it is hard to obtain a plain and homogeneous distribution of the
nanoparticles. Moreover, the high concentration of nanomaterial does not consider the
toxicity fluctuations. Tumoral cells could start dying not only because of the treatment
but also because of the high cytotoxicity of the nanoparticle’s aggregates (Huang et al.,
2013).

Intravenous injection mainly exploits the so-called enhanced permeability and retention
effect (EPR effect) (Acharya et al., 2011). This effect is based on the pathophysiological
characteristics of tumors in comparison to healthy tissues. In these last ones, small
molecules or drugs could easily extravasate from blood vessels. This chance is neglected
to nanoparticles considering their typical size. Otherwise in the tumors, the wide-open
fenestrations in the blood vessels membrane allow the extravasation of materials with
sizes up to several hundreds of nanometers, including so the nanoparticles. The EPR
effect seems to be one of the main (if not the main) contributors to the accumulation of
nanoparticles in the tumoral tissue. It is crucial to understand that each tumor has his own
EPR effect considering the mass of the tumor, the angiogenesis, the growth rate in time
and many other parameters related to the tumor itself. Considering so, the EPR effect is
highly heterogeneous and could change over time quite easily, that is why it is considered
a passive targeting mechanism and it could not be considered the one and only target
mechanism for the intravenous injections.

To critically exploit EPR effect, magnetic nanoparticles should be able to have a long
enough half-life in the blood stream. Considering so, nanoparticles should have a
hydrodynamic size of around 200 nm at most to evade the liver clearance due to the
presence of RES and at least a dimeter around 50 nm to avoid kidneys clearance.
(Krishnan et al., 2010; Das et al., 2019).

Another critical parameter related to the circulation of nanoparticles in the blood stream

is the chemical coating (organic or inorganic). Coating plays a crucial role in the

58



permeability of the nanoparticles in cancer cells as well as in healthy cells. It mainly
contributes to stability over time of the compound in the blood stream and contributes to
generate stability to the whole solution; it prevents aggregation and keep the
hydrodynamic radius under defined dimensions. The chemical coating could also be part
of the mechanism of active delivery improving the specificity of the nanoparticles for the
tumor. Once properly coated with a first shell, nanoparticles could undergo a process of
functionalization of their surface with targeting agents as antibodies, antibodies
fragments, receptors, peptides, and many other alternatives. All these biological factors
could actively contribute to the targeting purpose of the nanoparticles once injected
systemically.

In conclusion, the systematic delivery of nanoparticles via the EPR effect results in a
homogeneous distribution of the nanomaterial in the tumor in comparison to an
intratumoural injection. However, the main downside of this delivery method lies in the
difficulty to reach a substantial concentration of nanoparticles in the tumor site able to

perform efficient MFH treatments.
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8. Aim of the work

During my PhD program I have investigated different aspects of magnetic nanoparticles
to exploit them as contrast agent for tomographic imaging in MPI and MRI as well as
heat mediators for MFH treatments. I have focused my attention on iron-based
nanoparticles and several aspects related to them:
e the characterization process with a wide range of techniques;
e the coating procedure to improve the biocompatibility and the stability in time as
well as the internalization procedure;
e the biomedical application of nanoparticles as heating agents during MFH
treatments;
e the biomedical application of nanoparticles as contrast agents for MPI and MRI;

e the testing of the ability to switch contrast ratio varying the Curie Temperature.

For my work as first author (Gerosa et al., 2021, Nanotheranostics) I have tested an
innovative, promising nanomaterial, developed by M.B.N. Nanomaterialia (Carbonera di
Treviso, Treviso, Italy) and named M48. The aim of this work was to generate a robust
theranostic platform able to be exploited as heat exchange mediator and contrast agent in
MRI to tackle breast cancer. M48 is composed of iron oxide-based phases and shows self-
regulating temperature due to the observable second order magnetic phase transition from
ferromagnetic to paramagnetic state. A double shell organic and hydrophilic coating
based on citrate ions and glucose molecules allows biocompatibility and chemical
stability of the nanomaterial in biological matrices and makes them suitable for in vivo
use. A wide range of qualitative and quantitative techniques is used to characterize this
material, exploiting morphological imaging as Transmission Electron Microscopy to
define their shape; X-Ray Powder Diffraction to observe the different iron phases of the
core; Infrared Spectroscopy to observe the bonding among the different coatings and the
nanoparticle core and Dynamic Light Scattering to test their chemical stability in time
and their hydrodynamic radius. Heat mediator efficiency for MFH treatments is
demonstrated in vitro and in vivo in breast cancer cells and tumors, confirming excellent
features for biomedical application. In this study M48 is administered locally via
intratumor injection. It was chosen the MDA-MB-231 breast cancer cell line to test these

particles. The temperature increase, up to the Curie temperature, gives rise to a phase
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transition from ferromagnetic to paramagnetic state, promoting a shortage of the r
transversal relaxivity that allows a switch in the contrast in Magnetic Resonance Imaging
(MRI). Due to the limitation of the experimental apparatus used and to the synthesis
condition applied it was not possible to test this feature at working temperature around
the ones used for MFH treatments, but the effect was clearly observed at higher
temperatures by MR imaging. Combining this feature with a competitive transversal
(spin-spin) relaxivity, M48 paves the way for a new class of temperature sensitive T>

relaxing contrast agents.

For the second work (still not published) as first name author I have focused my attention
on a new iron-based nanoparticle synthesized by M.B.N. Nanomaterialia (Carbonera di
Treviso, Treviso, Italy) named M55, more performant respect to M48 in terms of
magnetic features and heat exchange ability. The aim of this last work (still ongoing in
the Lab) was to understand the behavior of a nanoparticle able to be observed both in
MRI and MPI and exploited as heat exchange mediator for MFH treatments on breast
cancer tumor not only via conventional techniques as the ones used for M48 but also
exploiting a new hyperthermia device applied to MPI and named HYPER module
(Magnetic Insight Inc., Alameda, California, USA). This innovative device has a peculiar
characteristic of being able to magnetically excite and heat the nanoparticle with the same
frequency and without harming the healthy tissue surrounding the tumor. In this way it is
possible to set up an innovative, non-invasive, and safe theranostic platform able to

deeply exploit all the magnetic feature of a nanoparticle.

The final work as first author is a brief paper published as a Conference Paper on the
International Journal of Magnetic Particle Imaging (Gerosa et al., 2020, International
Journal of Magnetic Particle Imaging)and released during the International Workshop on
Magnetic Particle Imaging held in Wurzburg, Germany, March 2021. For this work I have
focused my attention on how to exploit Magnetic Particle Imaging to observe magnetic
nanoparticles and localize a tumor in a mouse model by a systemic injection. I have
studied the tumor microenvironment composed by tumor-associated-macrophages
(TAMs). They are thought to be protumoral enhancing cancer progression. Often the
presence of TAMs has been correlated with the metastasis of tumor and their ability to

inhibit the immune responses mediated by T cells. MPI is applied in combination with

61



computed tomography (CT) to detect passively targeted TAMs homing to a breast cancer
model. The magnetic nanoparticles employed to target TAMs for this study is a PEG-
coated magnetic nanoparticle (commercially available). The main aim of this work was
to understand the behavior of MPI in an in vivo study under variable conditions as
different concentrations of tracer and sensitivity of the imaging technique (different
acquisition mode) to observe the signal in the tumor even administering systemically the

nanoparticles.
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Results and Discussion:

1. Investigation of M-48, as temperature sensitive MRI contrast agent and

MFH agent in breast cancer cells and murine model
a. Introduction

Cancer is a serious health issue due to a large number of cancer-related human deaths
worldwide. Nowadays, conventional approaches commonly used for cancer treatment
include a combination of chemotherapy drugs, invasive surgery, guided focused
ultrasound ablation, thermal ablation, and radiation therapy. However, none of these
techniques is free from risks due to the possible high level of toxicity and invasiveness.
Nanotechnology has provided valuable tools in the war against cancer during the last few
years, including systems for selective drug and gene delivery or innovative diagnostic
agents (Accardo et al, 2019; Calcagno et al., 2019; Pelaz et al., 2017). Nanotechnology
advancements have also made possible developing a therapeutic approach named
Magnetic Fluid Hyperthermia (MFH) based on local heating of tumor cells. MFH is
considered a promising cancer treatment method, known as green therapy due to the
limited effect on the tumor surroundings and relatively low toxicity (Court et al., 2017).
MFH is currently under testing both in preclinical studies (Court et al., 2017; Mannucci
et al., 2014; Mannucci et al., 2018) and clinical trials, especially for the treatment of
gliomas and prostate cancer (Johannsen et al., 2010). This method delivers thermal energy
to the target region exploiting magnetic nanoparticles (NPs) as mediators of heating
exchange and exposing the tumor to an alternating magnetic field (AMF). When magnetic
NPs are injected in the tumor, and an AMF is applied, tumor cells may reach the
temperature of 42-46 °C. Such a temperature increase is due to the generation of heat
from magnetic NPs. Magnetic energy is indeed dissipated into heat via two different
mechanisms depending on the size of the magnetic domain of the NPs. For a multi-
magnetic domains NP, the heating effect is due to hysteresis losses. For a single-domain
NP, it is due to the Brownian-Neel relaxation mechanism. It involves the rapid rotation
(reorientation) of the magnetic moments within the domain of the nanoparticles in the
case of Neel relaxation and physical rotation of nanoparticle within the fluid in the case
of Brownian relaxation process in the presence of AMF resulting in an extremely
selective thermal ablation of the tumor (Ito et al., 2005). The increase of temperature

causes the activation of various mechanisms inside the cell such as unfolding and
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denaturation of proteins, necrosis, aggregation, apoptosis, and immune response (Laurent
etal., 2011), promoted by the activation of heat shock proteins and by the polarization of
tumor-associated macrophages gathered by the inflammatory response of the
surroundings (Ito et al., 2003).

In the last years, numerous research groups studied magnetic NPs, such as iron oxides,
and ferrous fluids that could play a substantial role in treating tumors by MFH (Mondal
et al., 2017; Fantechi et al., 2014; Kobayashi et al., 2011; Kandasamy et al., 2018; Jia et
al., 2018; Lu et al., 2018). A widely recognized limitation of this technique is represented
by the risk of overheating tumor tissue that may jeopardize surrounding healthy tissues
(Hervault et al., 2014).

This work aims to test an innovative, self-regulating temperature nanomaterial
synthesized in the form of nanoparticles, hereafter denoted as M48. M48 belongs to a
class of innovative nanomaterials developed by MBN Nanomaterialia S.p.A. (Treviso,
Italy) that show self-regulating temperature (Matteazzi, European Patent EP 2961429B1
Pr. 28.02.2014). The self-regulating heating effect consists of a stable temperature
increase of the magnetic nanomaterial when exposed to AMF up to a maximum value
(Tsr, Self-Regulating Temperature) below the Curie Temperature (T.). This effect
provides an intrinsic control for induction heating and exploits an efficient energy
conversion — from electromagnetic energy to heat — regulated by a sharp magnetic
transition. The values of T, can be modulated by adjusting the composition of the
nanomaterial itself. The Curie Temperature is observed in correspondence to a second-
order magnetic transition threshold between ferromagnetism and paramagnetism. Above
T., the magnetization is negligible and consequently, magnetic losses do not occur,
switching off the heating mechanisms under AMF. The overheating phenomenon and the
related dangerous effects on the healthy surrounding tissues can therefore be avoided
thanks to the self-regulating properties of the maximum temperature level. Such
properties are of paramount utility when the nanomaterial is integrated into biological
matrices.

Moreover, thanks to its magnetic properties, M48 is a promising contrast agent for
Magnetic Resonance Imaging (MRI) allowing in principle for simple monitoring of
hyperthermia treatment and reliable control of local temperature distribution in the treated

tissue. Indeed, considerable interest has been recently devoted to temperature-sensitive

64



contrast agents for guiding thermal therapies (Hervault et al., 2014; Barbic et al., 2019).
However, safer and more reliable compounds for in vivo theranostic methods with low
toxicity and tunable temperature are highly desirable.

According to the American Cancer Society, breast cancer is the second most common
cancer worldwide after lung cancer, the fifth most common cause of cancer death and the
leading cause of cancer death in women. Current therapeutic approaches include surgery
followed by chemotherapy/ radiotherapy, an invasive and debilitating approach. Novel
therapy methods, minimally invasive, and devoid of negative impacts, are needed to
reduce mortality rates in breast cancer patients. In this respect, MFH has been proposed
as an innovative approach to breast cancer treatment Miaskowski et al., 2019.

In this paper, M48 was tested both in vitro and in vivo in breast cancer cells and
experimental model as an efficient MFH heat mediator. An organic coating was applied
to the prepared iron-based nanomaterials to guarantee biocompatibility and stability in
physiological fluids. The capability to act as temperature-sensitive contrast agent for MRI

was also demonstrated in vitro.

b. Materials and Methods
Synthesis of the iron-based NPs
M43 is synthesized by MBN Nanomaterialia S.p.A (Treviso, Italy) using a proprietary
mechanochemical process (Matteazzi, European Patent EP 2961429B1 Pr. 28.02.2014).
Briefly, M48 was prepared from MgO, Fe203 and TiO2 powders in proportion 2:4:1,
performing High Energy Ball Milling (Predescu et al., 2018; Matteazzi et al., 2000) in
stainless steel equipment for 6h followed by thermal treatment in air at 1200°C for 4h.
The resulting powder is finely ground by a second ball milling step of 1h, then
homogeneously dispersed in propan-2-ol and processed by ultrasonication to promote de-
aggregation. Centrifugal classification allowed us to extract smaller particles <200 nm.
The detailed processing parameters are courtesy of MBN.
Structural characterization
For phase analysis, an X-Ray Powder Diffractometer (Thermo ARLX’TRA) equipped
with a Cu-anode X-ray source with a Peltier Si (Li) cooled solid state detector was used.
The XRPD patterns were collected with a scan rate of 0.04°/s, with a measurement time

of 1.0 s/step. The samples were prepared by careful homogenization in a mortar with few
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drops of ethanol. After evaporation of the solvent, the sample was deposited on a low
background sample stage.

Morphological analysis

The size and morphology of M48 were investigated using Transmission Electron
Microscopy (TEM, FEI TECNAI G2). For TEM analysis M48 was added to the copper
grid and desiccated for one day before TEM imaging.

Coating of the iron-based NPs

The iron-based NPs were coated with citrate moieties (using Trisodium Citrate dihydrate
99% Alfa Aesar as reagent) and then with glucose (using D-(+)-Glucose SigmaUltra
99.5% Sigma as reagent). For the coating procedure, a microwave assisted synthesis was
exploited to significantly reduce the reaction time. One mL of M48 suspension
(concentration of 9.6 mg/mL) and 3.0 mL of sodium citrate solution (concentration of 1
M) were added in a 10 mL glass vial for the microwave assisted reaction, using an Anton
Paar Monowave 400 microwave reactor. The heat treatment followed a general literature
protocol with some optimizations (Santos-Marques et al., 2006) (heat treatment at 90°C
for 7 min). The obtained nanoparticles were collected by centrifugation at 8000 rpm for
5 min. The whole procedure was repeated for the glucose capping (concentration of the
glucose starting solution of 1M). At the end of the coating procedure, the NPs suspension
was dialyzed overnight (Spectra/Por 3 Dialysis Membrane Standard RC Tubing MWCO:
3.5 kD). Hereafter, the citrate and glucose capped NPs will be referred to as G-M48.
Dynamic Light Scattering measurements

The hydrodynamic size and the zeta potential for G-M48 were determined with a Malvern
Zetasizer Nano instrument. The sample was prepared diluting G-M48 water suspension
with water (1:5 in volume) in a proper plastic cuvette.

Infrared Spectroscopy

The organic capping on the M48 surface was analyzed by using FTIR spectroscopy, with
a JASCO FT/IR-660 plus. The sample was prepared by dispersing G-M48 in a KBr pellet
(3 mg of NPs in 100 mg of KBr).

Cytotoxicity assay

The cytotoxicity of G-M48 was evaluated in two cell lines: HeLLa and MDA-MB-231
cells, cervix and breast cancer cell line respectively (purchased by ATCC Manassas, VA).

Cells were cultured in Dulbecco’s Minimum Essential Medium (DMEM) with 10% of
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Fetal Bovine Serum (FBS), 1% of a mix of penicillin/streptomycin 1:1 and 1% of L-
glutamine 200 mM, seeded onto 96-well plates (2500 cells/well) and incubated at 37°C
in humidified air with 5% CO2 for 24h. After 24 h, the medium was replaced with fresh
medium containing 10, 50, 100, 150 ug/ml of G-M48.

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide cytotoxicity
assay was performed after 2, 24, and 48 h of incubation: 100 pl of MTT (at 5 mg/ml
concentration, purchased from Sigma, Italy) were added to each well and incubated for
additional 4 h (37°C, 5% CO2). Formazan crystals were dissolved in 100 ul of DMSO,
and the absorbance was read at a wavelength of 570 nm using a microplate reader (HTX
Microplate Reader BioTek Instruments, Winooski, VT, USA). Four measurements of
optical density (OD) were recorded for each sample, and cell viability (%) was calculated
with the following equation: CV% = (ODsample/ ODcontrol) x 100.

Nanoparticles Internalization in cells: TEM analysis

HeLa and MDA-MB-231 cells were grown as monolayers on glass coverslips, treated
with 150 pg/ml of G-M48 for 2, 24 and 48 h at 37 °C, and then fixed with 2.5% (v/v)
glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4
°C for 1 h. Afterward, cells were post-fixed with 1% osmium tetroxide and 1.5%
potassium ferrocyanide for 1 h, dehydrated with acetone and embedded in Epon resin.
Ultrathin sections were stained with lead citrate for 2 min and observed in a TECNAI G2
transmission electron microscope (FEI Company Italia Srl, Milan, Italy) operating at 80
kV and equipped with a Megaview III camera for digital image acquisition.

Magnetic Fluid Hyperthermia

MFH was performed by using a Nanotherics MagneTherm system (Warrington, United
Kingdom) in water. The heat dissipation value strictly depends on the frequency and
amplitude of the applied alternating magnetic field (AMF). The transformation of
magnetic energy into thermal energy mediated by magnetic nanoparticles in the presence
of an external AMF is quantified from the value of specific absorption rate (SAR). The

SAR value of nanoparticles in solution is calculated by using the following equation:

C AT

SAR = —
Mg, At
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Where C is the specific heat capacity of the solvent per g, AT is the temperature variation
in time, mFe is the mass of iron in the compound per g (Predescu et al., 2018; Cotin et
al., 2019).

The AMF apparatus yields a maximum magnetic field intensity of 23 kA/m (=29 mT). A
multichannel thermometer equipped with optical fiber probes (FOTEMP4, Optocon AG,
Germany) was used to assess temperature variation within the sample every 10.0 s. For
MFH characterization of G-M438, in order to satisfy the Hergt criterion (less rigid than the
previously published Brezovich one) for the clinical translatability of the compound, a
frequency f=473.1 kHz (0.473 MHz) was coupled with a field strength H = 8.75 kA/m
(Muela et al., 2016; Brero et al., 2000; Obaidat et al., 2015; Kita et al., 2010; Hergt et al.,

2006). These parameters were tested as the most efficient and clinically safe among the

ones provided by the Magnetherm device, providing a coupled H*f = 4.1 109 Am-1s-1
(between 0.110 and 0.970 MHz and between 1.0 and 23 kA/m ).

Thermograms of G-M48 were acquired for different concentrations (2.5, 3.75, 5, 7.5 and
10 mg/mL). The multichannel thermometer was placed inside the sample during the 20
min acquisition time. The time window of 20 min for the effective treatment was chosen
considering preliminary results and experimental conditions suitable for possible
translatability to the clinics. Preliminary results showed that about 15 min were necessary
to reach the temperature plateau and therefore the total treatment time amounted to about
35 min (MFH protocol).

To maintain cell cultures at 37°C a homemade device constituted by a closed box with a
thermostated air stream was used.

To avoid contamination of cell cultures, the temperature was calibrated before the
measurement in a disposable sample for each single acquisition. For MTT assay, cells
were plated on 96 well plates. Cells were incubated for 24 hours with 150 pg/mL of G-
M48 and treated for 35 min with MFH protocol. Untreated cells, untreated cells subjected
to MFH and cells treated with 150 pg/mL of G-M48 but not exposed to MFH were used
as controls. Twenty-four hours after MFH treatment, MTT cytotoxicity assay and
Hematoxylin and Eosin (H&E) staining were performed. For H&E, after the incubation
time, cells were fixed with 4% buffered formalin solution for 15 min, rinsed with PBS
and then stained with Mayer’s hematoxylin (nucleus) and eosin (cytoplasm). Six images

of each sample were taken at 10X using a BX-URA2 Olympus microscope (Olympus
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Optical, GMBH, Hamburg, Germany) equipped with a digital camera. MDA-MB-231
cells viability was evaluated after one, two, three and four hyperthermia treatments and
normalized to that of the respective control cells.

Characterization of G-M48 as temperature sensitive MRI contrast agent

MRI was performed using a Bruker Biospin 7T, 72 mm bore (Bruker Biospin, Ettlingen,
Germany) scanner to evaluate the in vitro transversal relaxation rate (r, coefficient), the
switching contrast ratio property and the in vivo biodistribution of G-M48.

The transversal relaxation times and the switching contrast ratio property were measured
using a standard Spin-Echo Multi-Echo sequence with the following parameters: TR =
2000 ms, TE = from 6.5 to 170.43 ms, FOV=55x55mm, matrixsize = 128 x 128, slice
thickness = 1 mm, number of echoes = 25. Transversal relaxation rates (1/T,) were plotted
as a function of the Fe concentration and r, relaxivity was obtained by the slope of the
fitting straight line. To characterize the switching contrast ratio property, a magnetic field
compatible system for the control of temperature, from 5°C up to 80 °C, was designed. A
phantom was prepared with a capillary filled with G-M48 (1.9 mg/ml) solution immersed
in water and settled inside the temperature-controlled box. To completely avoid the
thermal stretching of the box itself, the temperature was slowly increased by 5°C every
15 min starting from 25°C.

To unveil the biodistribution of G-M48 in vivo, Balb/c, male mice (n = 3, 68 weeks old,
Envigo) were used. Animals were anesthetized with gas anesthesia (a mixture of Oz and
air containing 1-1.5% of isofluorane), placed in a heated animal bed and inserted ina 7.2
cm internal diameter bird-cage coil. G-M48 was injected at a dosage of 2 mg Fe/kg. T2-
weighted images of the mice body were acquired using a Rapid Acquisition with
Relaxation Enhancement (RARE) sequence with the following parameters: FOV = 60 x
40 mm, MTX = 256 x 256, slice thickness=Imm, TE = 33ms and TR = 2.500 ms. The
images were acquired before, 40 min, 24 and 72 h after G-M48 injection.
Characterization of G-M48 nanoparticles as hyperthermia mediators in vivo

N = 30 nude homozygote female mice (Harlan Laboratories, Udine, Italy) were
maintained under standard environmental conditions (temperature, humidity, and 12 h/12
h light/dark cycle, with water and food ad libitum) and veterinarian control in the animal
facility of the University of Verona. Animal experiments were conducted following

Italian law (D.L. 4 March 2014 no. 26) and the European Union normative (2010/63/EU).
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Two million MDA-MB-231 cells (human breast adenocarcinoma) were injected
subcutaneously in the flank of nude mice (n = 27). Starting from 15 days after cells
inoculation, the size of the tumor mass was measured every three days by MRI. Three
mice did not develop tumor and were excluded from the study. Twenty-one days post
tumor implantation (when tumor volume reached about 200 pl) mice were divided into
three groups according to the treatment. Animals in the first group (n =8, CTRL) received
saline intratumorally. Animals in the second group (n = 8, G-M48) received G-M48
[1.2mg Fe/mL]. Animals in the third group (n = 8, G-M48 + MFH) received G-M48
[1.2mg Fe/mL] and were exposed to four MFH cycles immediately, 24h, 72h and 96h
after G-M48 injection. In order to improve the homogeneity of the distribution of G-M48
within the tumor tissue, the total injected volume (100 pl) was divided in 5 aliquots and
injected in different areas of the tumor. Each MFH treatment consisted of 35 min
application (in agreement to the MFH protocol adopted for the in vitro study) of an
oscillating magnetic field with a maximum intensity of 23 kA/m (=29 mT) and a
frequency of 473 kHz. In particular, it was chosen the same field strength and frequency
used for the in vitro studies (H = 8.75 kA/m and f=473.1 kHz). During MFH treatments,
animals were maintained at 37°C using a homemade device constituted by a closed box
with a thermostated air stream.

All mice were monitored by MRI before (day 1), 3 days (day 3) and 6 days (day 6) after
the injection of G-M48 to monitor the efficacy of treatments. T> weighted images were
acquired in the axial plane usingaRARE3DsequencewithTR=1200ms,TEeff= 47.5ms,
NEX=1,f ield of view = 25 x 25 x 25 c¢m?, matrix size (MTX) = 256 x 128 x 32, slice
thickness = 0.8 mm, flip angle = 90°, RARE factor = 16. To measure the volume of
tumors, MR images were processed with Paravision software and a custom-made

MATLAB (MathWorks, Natick, USA) script. The tumor area was manually selected slice

by slice and tumor volume was calculated as (3"*j=1 pu;) * image resolution, where
pui represents the number of pixels manually selected. The percentage increase in tumor
volume was calculated at each time point as 100* (V-Vy)/Vo, where Vi is the tumor
volume at time t and V) is the initial volume.

Histology

Mice were sacrificed and tumor, liver, kidneys were dissected out, washed with PBS 0.1

M and fixed in 10% formalin for 4 hours. Tissues were embedded in paraffin, cut in 5 pm
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thick sections with a microtome and dried at 37°C for 24 h. To evaluate the presence of
iron in the tissue, Prussian Blue (PB) staining was performed: sections were incubated
with PB solution (5% hydrochloric acid and 5% potassium ferrocyanide) for 40 min and
counterstained with nuclear fast red (Bioptica) for 10 min. Sections were examined under
a light microscope (Olympus BXS1) equipped with a charge-coupled device camera.
Finally, to evaluate tissue damage in tumor tissue, sections were stained with
Hematoxylin and Eosin (H&E).

Statistical Analysis

Statistical analysis was performed using Prism software (8.1.1, GraphPad Inc., La Jolla,
CA, USA) and confirmed by a custom script for statistical analysis realized in MATLAB
(Mathworks, Natick, MA, USA). All the data are expressed as mean =+ standard deviation
of the mean (Mean = SEM). Statistically significant differences were evaluated by TWO-
way ANOV A with multiple comparisons using the Tukey-Kramer method. Differences

were considered statistically significant when the p-value < 0.05.

¢. Results and Discussion

Morphological and structural characterization

TEM allowed investigation of M48 morphology. TEM images, reported in Figure 1 (a,b),
reveal that M48 nanoparticles have a large size dispersion and are present as single
nanoparticles or aggregates with size ranging from around 10 nm to more than 100 nm.
A decreased particle size distribution could positively affect the in vivo application of
M48 nanoparticles. For example, reduction of size could affect the biodistribution with
decreased liver uptake that is desirable in the prospective of systemic administration.
Decreasing particles size could however also affect their magnetic properties. When the
size of the NPs is of the order of the size of magnetic domain, there will be a switch to
superparamagnetic single domain NPs with no transition. The optimization of size
distribution of the magnetic core of the NPs is a very important future development of

our work and will be the objective of further investigations.
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Figure 1. Characterization of M48 and G-M48 nanoparticles. a, b) TEM images of M48§; ¢) XRPD
pattern of M48: black line, experimental data; red pattern, Fe304 (magnetite, COD n.9002319),
blue pattern, alpha-Fe2O3 (hematite, COD n.9000139); d) FTIR spectrum of G-M48 (black line);
FTIR spectrum of glucose (red line), e) M48 magnetization vs temperature; f) Hydrodynamic

diameter (by Dynamic Light Scattering) of G-M48.

The composition (both phase and structural characterization) of M48 was investigated by
the XRPD technique. The measured XRPD pattern obtained for the M48 sample is shown
in Figure 1 (¢) (black line). A detailed analysis of the experimental XRPD pattern
revealed that the M48 sample is composed by more than one iron oxide compounds. This
behavior can be observed in Figure 1 (c), where the XRPD patterns of a-Fe>O3 (hematite,
Crystallography Open Database (COD) n. 9000139) and Fe3;Os4 (magnetite, COD n.
9002319) are shown in blue and red patterns, respectively. From an EDX analysis of the
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M48 sample, also Mg and Ti metals were found, and a relative molar ratio Fe:Mg:Ti =
1:1:0.3 was evaluated. This evidence indicates that other iron-containing compounds, as
magnesium ferrites or iron titanates, that have XRPD patterns compatible with the
experimental one, can be present in the sample.

Coating of M48 nanoparticles

To use the sample in biological systems, M48 NPs were surface coated with glucose
molecules and citrate ions moieties. The idea of using two hydrophilic coating agents was
pursued to provide high colloidal stability and good biocompatibility of the NPs.

As described in the experimental section, the NPs were capped with citrate ions and
glucose moieties. Citrate capping was chosen as this capping enhances the stability of
inorganic NPs in water (Cortelletti et al., 2017). On the other hand, glucose coating was
chosen considering the pronounced glucose greed of tumor cells. Indeed, malignant
tumors exhibit a high rate of glucose uptake compared to normal cells. Glucose molecules
are internalized via GLUT transporters, highly expressed on the cancer cell surface
(Calvo et al., 2010). For this reason, glucose coating is an effective way to facilitate the
entry of NPs into tumor cells.

The surface coating was characterized using FTIR spectroscopy. Figure 1 (d) shows the
FTIR spectrum of the citrate and glucose coated M48 sample (hereafter denoted G-M48)
compared with the glucose molecule's FTIR spectrum. Several features in the FTIR
spectrum of G-M48 are due to the glucose molecule, confirming that glucose is present
on the nanoparticles surface. On the other hand, it was impossible to distinguish any
characteristic band of the citrate ions, most probably due to a higher amount of glucose
than the citrate ions on the nanoparticle surface. Figure 1 (d) shows one broadband around
3300 cm! due to -OH stretching of glucose or citrate ions and a narrow band around 2900
cm! due to -CH stretching of the organic backbone. In the region between 1600 and 500
cm!, many vibrations due to the glucose molecular skeleton are observed, in substantial
agreement with those observed for the FTIR spectrum of the glucose molecule (red line
in Figure 1(d)), in the fingerprint region. Besides, an absorption band around 570 cm’!
can be assigned to a Fe-O vibration of the inorganic phase.

Colloidal and magnetic properties of water dispersion of G-M48

Dynamic Light Scattering (DLS) was exploited to investigate the colloidal stability of

water dispersion of G-M48 through the measurement of the zeta potential. The obtained
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zeta potential value of —23.2 + 10.7 mV, reported in Figure S1, confirms good colloidal
stability (Kovar et al., 2017).

The thermomagnetic analysis was performed on dry M48 nanoparticles, measuring
magnetic susceptibility variation with temperature, on-heating between -85 and 200 °C,
and on-cooling down to 40°C, in inert Argon atmosphere, applying a 10 Oe magnetic
field at 502 Hz. A Curie temperature (Tc) of 95 °C was determined as the temperature of
susceptibility at half height of the curves normalized at the maximum peak before
susceptibility drop. Indeed, thanks to their innovative design and synthesis approach,
M48 at low temperature is in an ordered state with low entropy, a so-called ferromagnetic
state, and can undergo a second-order phase transition into a paramagnetic state at a
specific temperature Tc (Tc = 95°C).

Cytotoxicity and cell internalization

An important feature for the biomedical application of nanoparticles in MFH is the
absence of cytotoxicity when used without AMF. Cell viability was therefore assessed
after 2, 24, and 48h of incubation with G-M48 in MDA-MB-231 (Figure 2 (a)) and HeLa
cells (results in supplementary information). MTT assay reveals that G-M48 is safe up to
the concentration of 150 pg/mL for long incubation times (48 h, Figure 2 (a)). The
electron-dense chemical composition of G-M48 allowed to unveil the intracellular
distribution and the internalization process of the nanoparticles in MDA-MB-231 cells
(Figure 2 (b-1)) at different incubation times. In the cytoplasm, G-M48 nanoparticles were
always found enclosed into endosomes (Figure 2 (c-d), arrowheads) and, following the
lytic pathways, secondary lysosomes/residual bodies (Figure 2 (e), 2 (f), asterisks). G-
M48 nanoparticles were thus always entrapped in vesicular structures and never free in
the cytoplasm or in contact with any organelle, confirming that endocytosis can be
identified as the primary internalization process in MDA-MB-231 cells. Mitochondria,
endoplasmic reticulum and Golgi complexes preserved their morphology, confirming the
absence of cell damage or death up to 48 h of incubation time.

In vitro Magnetic Fluid Hyperthermia characterization

Figure 3 (a) reports the thermograms up to the plateau collected in aqueous suspensions
of G-M48 at different concentrations. As expected, an increase in NPs concentration (and
so in the iron content) increases temperature variation. Thermograms were collected

starting from a specific bulk temperature, in this case, 37.0 °C. This starting condition
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was chosen to simulate the condition of in vivo experiments. As reported in Figure 3 (a),
the most concentrated sample reveals a promising increase of temperature of 5.5 + 0.5 °C
that paves the way to more exciting results in vitro and in vivo. For each sample the
temperature plateau was reached approximately after 15 minutes. The SAR of G-M48
was determined in aqueous solution from the acquired thermograms, and a value of 47.0
+ 8.0 Wg'! was obtained. SAR depends on various parameters such as size, shape, and
magnetic properties of nanoparticles, frequency, and intensity of the applied external
AMF (Kekalo et al., 2015). The result agrees with typical SAR values reported in the
literature for iron oxide nanoparticles (ranging from 20 to 400 Wg') (Kekalo et al., 2015;
Das et al., 2019).

As reported in Das et al., 2019 (Das et al., 2019), cancer cells are more sensitive to
temperature enhancement than non-tumoral cells, and usually, temperature around 46 °C
can induce death in tumor cells. According to literature, MFH involves cancer treatment
in a temperature range of 40—46 °C, at which denaturation and aggregation of intracellular
proteins induce cell death (Hildebrandt et al., 2002).

During the early days of magnetic hyperthermia applications for cancer therapy it was
commonly used the Brezovich criterion in order to identify an upper limit to the magnetic
field strength and the frequency applied in the treatments. This limit was calculated
through the equation C = H*f (H is the magnetic field intensity in Am™' and 1 is the
frequency of the related field in s') and it is equal to 4.85 108 Am™'s”!. Nowadays it is
accepted another safety criterion, the so called Hergt criterion. It is a less rigid rule that
was introduced to adapt the magnetic hyperthermia procedure to different geometries and
shapes of the treated body. It can be summarized as C = H*/ < 5.0 10° Am's™.
Considering this rule, the frequency and the magnetic field strength were chosen
according to the Hergt criterion with a final value of C=4.1 10 Am!s”!, perfectly fitting
the above condition (Hergt et al., 2006).

G-M48 was tested as hyperthermia mediator on MDA-MB-231 cells at the concentration
of 150 pg/mL, verified to be the highest non-toxic concentration (Figure 3 (b)). MDA-
MB-231 cells were incubated with G-M48 for 24h and exposed to four cycles of AMF
spaced 24h one each other.

Every effective cycle lasted 20 min (following the initial 15 minutes, necessary to reach

the temperature plateau). Then, cell viability was determined 24h after the last
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hyperthermia treatment and normalized to the related control cells, as shown in Figure 3
(b). The percentage of cell viability was significantly affected by MFH treatment
compared to control conditions (untreated cells, untreated cells subjected to MFH, and
cells treated only with G-M48 but not exposed to MFH). MDA-MB-231 cells treated only
with G-M48 but not exposed to MFH showed a percentage of viability of 95.3 + 4.3%,
while cells treated with G-M48 and exposed to MFH showed a percentage of viability of
73.0 £ 2.5% and 52.0 £ 4.3% after the first and the second hyperthermia treatment,
respectively. After the third and the fourth treatment, the viability recovers up to 73.0 £+
5.2% and 88.0 + 18.0%.

a MTT assay MDA-MB-231
b W ct
M B 10 pg/mL
210 [ 50 pg/mL
3 [ 100 pg/mL
g [] 150 pg/mL
2
2 24 48
Time (h)
B & i R b

Figure 2. In vitro viability of MDA-MB-231 cells and G-M48 internalization at TEM. a) MTT
assay in MDA-MB-231 cells shows that G-M48 is safe up to a concentration of 150 pg/mL and
up to 48 h of incubation time; the error bar represents SEM over six replicates. Transmission
electron microscopy images of G-M48 uptake and distribution in MDA-MB-231 cells. b) MDA-
MB-231 cells internalize G-M48 via endocytosis (arrow). c-f) G-M48 nanoparticles are

compartmentalized into endosomes (arrowheads in c,d) distributed in the cytoplasm, as well as in
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residual bodies (asterisks in e,f). MDA-MB-231 cells show well-structured mitochondria (M) and

endoplasmic reticulum cisternae, demonstrating no cell damage. N: cell nucleus.
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Figure 3. Viability of MDA-MB-231 after MFH treatments and related histologies of the different
groups. a) Thermograms were collected in water solutions at different concentrations of G-M48
suspension; b) MTT assay on MDA-MB-231 cells after multiple MFH treatments (each every 24
h). (c-h) Light microscopy images of H&E stained MDA-MB-231 cells: ¢) control cells, d) cells
incubated with G-M48 without AMF application, e) f), g), h) Cells incubated with G-M48 and
subjected to I, I1, III, IV MFH treatments and observed 24 hours after the treatment. Scale bar: 50
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Figure 4. Characterization of G-M48 as temperature sensitive MRI contrast agents. In vivo
biodistribution and clearance verified by MRI and histological examination. a) The plot of
transversal relaxation rate versus Fe concentration in water dispersed G-M48 phantoms, at 25°C.
MRI images of phantoms cross section are also reported. b) SNR of G-M48 water suspension at
25 and 75°C and related magnetization curve of M48. The T2 signal variation has been observed
in the related histogram. c-d) MRI images of a phantom constituted by a capillary filled with G-
M48 (white arrow) and placed inside a thermostated box at 25°C and at 75 °C. MR images of a
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representative animal acquired using a T»>-weighted sequence before (e, h), 40 min (f, i) and 72
hours (g, 1) after the injection of G-M48. The liver and the kidney are indicated by arrows in
Figure 4 (e-h), respectively. After 40 min the signal intensity (S.I) in the liver dropped by 32.6%
(Figure 4 (f) arrow). In the kidneys, no appreciable loss of signal could be detected 40 min post-
injection, while at 72 hours the S.I decreased by 45 % (Figure 4 (1)). Prussian Blue staining of
liver and kidneys 72h after administration of G-M48 (Figure 4 (m, n), respectively).

Histological examination of MDA-MB-231 cells stained with H&E confirmed the results
obtained by MTT (Figure 3 (c-h)). Cells incubated with G-M48 and subjected to AMF
demonstrated a more pronounced cell death effect after the first (e) and the second (f)
MFH treatment in comparison with control cells (c) or to cells incubated with G-M48
without AMF application (d). In agreement with the MTT data, after the third and fourth
treatment, cell viability recovered. The observed recovery effect can be partially
attributed to cell replication and consequent G-M48 dilution. Moreover, it is well-known
that hyperthermia stress induces the synthesis of a class of proteins named ‘heat shock
proteins’ (Hsps) (Calderwood et al., 2002), which may induce thermoresistance with a
consequent decrease of the efficacy of the last two treatments (Sapareto et al., 1984; Hall
et al., 1984; Khoei et al., 2004).

Characterization of G-M48 as MRI temperature sensitive contrast agent

The transversal (spin-spin) relaxation time of water dispersion containing G-M48 was
measured at 7T in a series of phantoms with variable iron concentration (from 0.21mM
to 3.47 mM). Values of 1/T> vs. Fe concentration were interpolated using a straight line
whose slope determines the transversal relaxivity of the NPs under investigation (Figure
4 (a)). As shown in the same figure, the T>-weighted MR images of G-M48 phantoms
tend to become darker with increasing iron concentration showing that G-M48 can
effectively reduce the spin-spin relaxation time of water protons as a T contrast agent.
Transversal relaxivity (r2) of 32.10 mM-!s! was obtained, comparable to the value of a
commercial iron oxide MRI contrast agent, like Endorem (Hidebrandt et al., 2002;
Calderwood et al., 2002) confirming the potential of G-M48 as a contrast agent for MRI.
As reported in Figure 1 (c), the magnetization of M48 strongly depends on temperature
through a second-order magnetic phase transition occurring at 95°C (Tc¢). Therefore, a
relevant decrease in the transversal relaxivity is expected as temperature increases. Figure

4 (c, d) shows MR images of a phantom containing a G-M48 filled capillary embedded
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in water acquired at 25°C (i.e., well below Tc) and at 75°C (i.e., not far from Tc),
corresponding to the red and green dots respectively in Figure 4 (b). A substantial increase
in the signal of the G-M48 filled capillary is visible. The histogram shows the quantitative
signal to noise ratio (SNR) of G-M48 capillary that increases from 21.8 + 5.4 (T =25 °C)
to 72.3 £ 2.0 (T = 75°C). This property allows G-M48 to be a temperature-sensitive
contrast agent. The SNR increase could be more relevant if observed at 95°C, but the
available experimental apparatus could not be used at temperatures higher than 75 °C.
However, as an iron-based contrast agent, it has to be considered the well-known issue
related to the susceptibility artifacts that produces in MRI images “signal voids” in large
areas surrounding the iron core. High local concentrations of NPs, as those used in MFH,
may therefore destroy the signal of tumor tissue and prevent the observation of tumor
anatomical details.

The currently used nanoparticle has a ferromagnetic-paramagnetic transition at 95°C,
while a substantially lower transition temperature (around 42-45°C) should be necessary
for safe and effective translation to the clinic. However, the present nanoparticle belongs
to a class of nanomaterials whose transition temperature can be modulated by adjusting
the composition of the nanomaterial itself. The present is a proof-of-concept of the
usefulness of such materials as temperature sensitive contrast agent and future
investigations will be devoted to preparation and characterization of nanoparticles with
ferromagnetic-paramagnetic transition occurring at lower temperature.

Finally, the biodistribution and clearance of M48 nanoparticles were investigated in vivo.
G-M48 was intravenously injected in healthy mice and monitored up to 72h. In Figure 4,
MR images of a representative mouse acquired using a T2-weighted sequence before (e,
h), 40 min (f, 1), and 72 (g, 1) hours after the injection of G-M48 are shown. A dosage of
2 mg Fe/kg was administered. The signal intensity (S.I) in the liver decreased by 32.6 +
5.2% (Figure 4 (f) arrow) and by 46.8 + 3.9% 40 min and 24 h after injection, respectively,
indicating early hepatic accumulation of the nanoparticles. Seventy-two hours after G-
M48 injection, the S.I in the liver dropped by 58.13+4.5% (Figure 4 (g)). In the kidney,
no appreciable loss of signal could be detected 40 min post-injection (p.i.), while 72 h p.1i.
the S.I decreased by 45 +7.3% as it is visible in Figure 4 (1) (asterisk). The loss of S.I in
both cortex and medulla of the kidney observed 72h p.i. may indicate renal clearance of

(G-M48. No loss of signal was detected in the spleen.
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To validate MRI results, histological examination was performed. Prussian Blue staining
of liver and kidneys (see Figure 4 (m, n)) showed several blue spots homogeneously
distributed in the tissues indicating the presence of iron. Of note, the tissues exhibit no
relevant modifications in the parenchyma with good preservation of cellular morphology,
as shown in Figure 4 (m, n) for liver and kidney, respectively, indicating that G-M48 has
a good biocompatibility.

Characterization of G-M48 as hyperthermia mediators in vivo in an experimental
model of breast cancer

The experimental plan illustrated in Figure 5 was implemented to test the efficacy of G-

M48 as an MFH mediator in vivo.
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Figure 5. Schematic illustration of the in vivo experiment.
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Figure 6. MRI monitoring of the % of tumor growth and histological examination. Representative
MR images of the tumor’s growth for the group administered with saline solution (a) and G-M48
+ MFH (b). (c) Average tumor volume at different time points after tumor implantation (mean +
SEM). (d) % Tumor growth 3 and 6 days after the first MFH treatment (corresponding to 23 and
26 days after tumor implantation, respectively). A TWO-way ANOVA statistical test and a
multiple comparison Tukey-Kramer test was used to assess the statistical significance of the %
Tumor growth. (e-f) Histological slices of tumors treated with G-M48+MFH stained with
Prussian Blue (e) and H&E (f). (g-h) Histological slices of tumors treated with saline and stained
with Prussian Blue (g) and H&E (h).

Twenty-one days after cell implantation (tumor volume approximately 200 ul), G-M48
nanoparticles were intratumorally injected in mice. Four MFH treatments consisting of

20 min of exposure to AMF were applied (following the initial 15 minutes, necessary to
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reach the temperature plateau). Figure 6 (a-b) shows representative MRI images acquired
in two mice belonging to the CTRL group and the G-M48 + MFH group. MRI images
clearly show that tumor growth is considerably faster in the CTRL group than in the
treated group. Moreover, the presence of G-M48 in the tumor tissue is detectable by MRI
as signal voids, according to its ability to behave as a negative contrast agent (Figure S4,
supplementary information, shows additional images). The tumor volume progression for
the three experimental groups is reported in Figure 6 (c). The tumor volume does not
differ among the three groups until day 21st after tumor cell implantation, which
corresponds to day 1 of the treatment. After the second MFH cycle (24 hours after the
first treatment), the tumor volume in G-M48 + MFH mice remains substantially lower
than in control groups (saline solution and G-M48) (Figure 6 (¢)). The percentage increase
of the tumor volume for the experimental groups on day 3 and day 6 is shown in Figure
6 (d). Values are expressed as percentages of the initial size, measured at day 1 of the
treatment plan (Figure 5). Data are reported as mean £ SEM. On day 3, while the tumor
volume of group G-M48 + MFH is stable (3.45% = 1.59) compared to the initial volume,
the tumor volume of CTRL and G-M48 groups strongly increases by 91.11% =+ 13.50 and
82.67% £ 16.68, respectively. At day 6, the tumor volume in the group G-M48 + MFH
remains significantly smaller (43.47% + 17.20) than either the CTRL group (236.09% +
30.99) or the G-M48 group (179.51% + 46.23), showing that G-M48 strongly inhibits
tumor growth when applied as MFH mediator. It is noteworthy that a small difference in
% tumor growth was also detected between CTRL and G-M48 groups. This may indicate
marginal toxicity of the nanoparticles themselves that was not evidenced in vitro. It has
to be considered that in vivo fate of injected nanoparticles could differ from in vitro: as
apparent from MRI, wupon intratumoral injection, nanoparticles accumulate
heterogeneously in the tumor mass and, therefore, may give rise to local areas of very
high concentration and toxicity. Future efforts will be devoted to minimizing such
heterogeneous distribution in tumor tissues to optimize toxicity and efficacy.

The progress of tumor volume reported in Figure 6 (c¢) shows that the highest efficiency
(no increase of tumor volume) is reached after the second MFH treatment in agreement
with in vitro cell culture studies. Single heat treatment could induce irreversible protein
damage and result in protein aggregation or inhibition of cellular functions. Moreover, it

is well known that mild hyperthermia treatments can induce and regulate apoptosis and
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heat shock proteins (Hsps) expression. The tissue level effects include pH changes,
alterations in perfusion, and oxygenation of the tumor micro- environment. To get more
insight into cell death mechanisms and their dynamics, further studies will be needed to
identify expression of different biomarkers related to necrosis and apoptosis. The
effectiveness of any hyperthermia treatment greatly depends on the temperature
generated at the targeted sites of action, duration of exposure, and specific cancer cells
(Santos-Marques et al., 2006, Hildebrandt et al., 2002; Goldstein et al., 2003; Suto et al.,
1995).

At day 6 of the treatment, mice were sacrificed, and the tumor masses excised for
histological analysis. Figure 6 (e-h) shows histological slices of tumors treated with G-
M48 + MFH and CTRL. Prussian Blue staining confirmed the presence of iron inside the
tumor mass (see blue spots indicated by ‘NPs’) in the G-M48 + MFH group (e). H&E
staining revealed damaged regions characterized by a paucity of cells distributed in
different portions of the tumor (Figure 6 (f)) in the G-M48 + MFH group. The saline
group resulted negative for Prussian Blue staining and did not exhibit apparent
modifications in the parenchyma with good preservation of cellular morphology in the
core and in the peripheral area of the mass (Figure 6 (g-h)). Good preservation of tumor
tissue with the absence of necrotic areas was detected in the G-M48 group whose H&E
histological slices closely resembled those of the CTRL group (see Figure S5).
Conclusion

This study characterized an innovative nanomaterial, M48, as a theranostic agent,
combining diagnostic imaging with local treatment of cancerous tissues. The results show
that a double shell coating process makes M48 water-soluble, biocompatible, and safe
both in vitro and in vivo. T2 weighted MR images of G-M48 phantoms performed at 25°C
and 75°C demonstrate the nanomaterial switching contrast property, opening new
scenarios in MFH treatments controlled by MRI imaging. The biodistribution of G-M48
was investigated by MRI: clear and early loss of signal was detectable in the liver (40
min p.i.) while late loss of signal was detectable in kidneys (72h p.i.).

Finally, MFH experiments confirm the ability of G-M48 to act as a hyperthermia mediator
both in vitro and in vivo. Results obtained in vivo are particularly interesting: after the
first two MFH treatments, G-M48 nanoparticles strongly inhibit tumor growth (% tumor
growth 3.45% + 1.59 vs.91.11% + 13.50 in the CTRL group).
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Overall, our results pave the way for efficient and minimally invasive cancer therapy and
diagnosis by applying a single NP as a hyperthermia heating agent and MRI contrast

agent with self-regulating temperature properties.

Supplementary Information

Zeta Potential measurement of G-M48
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Figure S1. Zeta Potential for G-M48 nanomaterials.

Cytotoxicity in HeLa Cells

Cytotoxicity of G-M48 was evaluated on HeLa cells treated with increasing concentration
of NPs (10, 50, 100 and 150 pg/ml) and incubated for 2, 24 and 48h. Results of toxicity
tests are reported in Figure S2. MTT assay reveals that G-M48 does not affect in a

statistically significant manner HeLa cells viability until 48h.
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Figure S2. MTT assay in HeLa Cells incubated with G-M48 (10-150 ug/ml) for 2, 24 and 48h of
internalization.

In vitro Magnetic Fluid Hyperthermia in HeLa cells

HeLa cells were incubated with G-M48 and subjected to MFH treatment for 20 minutes.
Cell viability was determined by MTT assay, 24h after the hyperthermia treatment, and
normalized respect to the related control cells. Different concentration of G-M48 (100,
300 and 700 pg/ml) were evaluated and the efficacy of the hyperthermia treatment on
HeLa cells was obtained with 700 pg/ml of NPs (Figure S3). MTT assay on cells treated
only with G-M48, but not exposed to MFH, showed viability of 95.56% while cells
treated with 700 pug/mL NPs and exposed to MFH showed a viability of 72.57%.
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Figure S3. MTT assay in HeLa cells after MFH treatment.
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Intratumoral localization of G-M48

In order to observe the distribution of NPs inside the tumor, T> weighted MR images were
acquired before and after intratumoral injection of 50 ul G-M48 (1.2 mg Fe/ml) in mice.
Representative images are reported in Figure S4 (a-b). Areas of signal drop were detected
within the tumor mass (arrow in Figure S4 (b)) and in the subcutaneous region (asterisks
in Figure S4 (b)). After MRI, the presence of G-M48 in the tumor tissues was confirmed
by histological analysis. Prussian Blue staining of tumor tissue showed the presence of
iron: several blue spots were detected inside the mass (Figure S4 (c¢)) and at the periphery

of the tumour (Figure S4 (d)), corresponding to the dark areas detected in MRI.

N
Figure S4. T, weighted MR images of tumor mass before (a) and after (b) intratumoral injection
of G-M48 (1.2mg Fe/mL) in mice. The distribution of G-M48 is clearly visible (b) as hypointense
areas (arrow and asterisks).The tumour mass was excised for histological examination with
Prussian Blue staining; representative histological slices from the excised tumour tissue are
reported in frames c-d: blue stained areas inside the tumour tissue (c) and at the tumour periphery

(d) confirmed the presence of iron (magnification x10).

Histological examination of tumor mass treated with G-M48

Six days after G-M48 intratumoral injection the tumor volume of mice treated with G-
M48 increases of 179.51% + 46.23 respect to the day of NPs injection. Representative
MR images of mice treated with G-M48 at Day 0 and Day 6 is reported in Figure S6a.
Histological analysis reveals the presence of NPs (b) and the preservation of tumor tissue
(c). At day 6, the tumour masses were excised for histological examination. Figure S5
shows the Prussian Blue (b) and H&E (c) staining of the tumour tissue. Prussian Blue
staining reveals several blue spots inside the tumor, proving the presence of iron inside

the mass (Figure S5 (b)). Finally, mice treated with G-M48 don’t exhibit evident
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modifications in the tumour tissue with a good preservation of cellular morphology, as

shown in Figure S5 (c).

Figure S5. a) Representative MR images of mice treated with G-M48 at Day 0 and Day 6. The
tumor growth is comparable to the saline group. (b-c) Histological analysis of tumor mass at day
6. Prussian Blue staining reveals the presence of iron (b), while H&E staining shows the

preservation of tumor tissue (c).
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2. Investigation of MSS as theranostic agent for MRI/MPI imging and MFH in
breast cancer.

a. Introduction

Breast cancer is one of the leading causes of cancer morbidity and mortality. A recent
review reported that breast cancer is the second most diagnosed malignancy, accounting
for more than 11.6% of female cancers (Huang et al., 2021) and that it is the fifth
commonest cause of cancer deaths, leading to 6.6% of all cancer mortality worldwide.
The same review reports that breast cancer induces a substantial public health burden,
leading to a loss of 14.8 million Disability Adjusted Life Years (DALYSs). Despite
progresses in early diagnosis of the disease and the availability of a variety of therapeutic
approaches, its mortality rate remained the highest in the female population, representing
the most reported cause of female cancer deaths.

Nowdays, the primary mammary tumors can be treated by surgery followed by
chemotherapy or radiotherapy, this is an invasive and debilitating approach, contributing
to the above mentioned DALY losses. Chemotherapy and radiotherapy can damage
healthy tissues, and surgery has risks of infection and bleeding and is not always curative
for metastatic tumors. Novel therapy methods, minimally invasive, devoid of negative
impacts, are desirable to reduce mortality rates and morbidity in breast cancer patients.
Hyperthermia has been proposed to minimize morbidity and mortality of more invasive
treatments. Hyperthermia can be generated in many ways, including ultrasound, RF
waves and lasers (Egea-Benavente et al., 2021; Lu Y, et al. 2020.). Nanotechnology
advancement has recently paved the way to Magnetic Fluid Hyperthermia (MFH) in
which increase of temperature is reached by coupling magnetic nanoparticles with
alternating magnetic fields. MFH has shown great promise in cancer research with the
potential to overcome many of the limitations presented by other hyperthermia techniques
(Kozsinnik et al., 2013).

Known limitations and challenges of MFH are represented by the need to deliver high
quantity of MNPs to the tumor tissue and by the risk of overheating healthy tissues
surrounding the tumors (Gerosa et al., 2021). In the currently applied preclinical and
clinical protocols, MNPs are directly injected in the tumor tissue. When tumors are
located in anatomical regions not easily accessible by injection, the need to deliver MNPs

to tumor may result in an invasive procedure requiring surgery and anaesthesia. This is
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not the case of breast tumors: given that image-guided breast biopsy is routinely
performed in breast cancer, the intratumor injection of MNPs required in MFH treatments
could be easily performed in outpatient by trained surgeons, therefore avoiding invasive
surgery.

For treatment of tumors located deep in the body, systemic administration of MNPs could
be envisaged, although strongly limited by nonspecific uptake of MNPs to the liver and
spleen, which typically exceeds the specific uptake to the tumor. In this respect, the
application of Magnetic Particle Imaging to excite MNPs in specific regions of the body
has been reported (Lu et al., 2020, Tay et al., 2018). The Field Free Region of MPI
instrumentation, that can be localized over the tumor to millimeter-scale resolution,
allows space selective irradiation of the tumor region.

The risk of overheating normal tissues in the close neighbouring of tumor tissue has been
previously addressed by us and by other groups (Gerosa et al., 2021; Bhardwaj et al.,
2020) using self-regulating temperature MNPs (Matteazzi, European Patent EP
2961429B1 Pr. 28.02.2014). In Gerosa et al. we have reported an extensive investigation
of a self-regulating temperature nanomaterial synthesized in the form of nanoparticles by
MBN Nanomaterialia S.p.A. (Treviso, Italy). The self-regulating heating effect consists
of a stable temperature increase of the magnetic nanomaterial when exposed to
Alternating Magnetic Field (AMF) up to a maximum value (TSR, Self-Regulating
Temperature) below the Curie Temperature (Tc). The values of Tc can be modulated by
adjusting the composition of the nanomaterial itself and is observed in correspondence to
a second-order magnetic transition threshold between ferromagnetism and
paramagnetism. Above Tc, the magnetization is negligible and consequently, magnetic
losses do not occur, switching off the heating mechanisms under AMF. Interestingly the
transition between ferromagnetism to paramagnetism is also coupled with a sharp
decrease in transversal MRI relaxivity, making such MNPs temperature sensitive contrast
agents (Gerosa et al., 2021). In principle, such properties are of paramount utility when
the nanomaterial is integrated into biological matrices, allowing to limit the maximum
temperature and at the same time to monitor the temperature reached by the change in
MRI contrast. In Gerosa et al., we characterized an innovative nanomaterial, M48, as a
theranostic agent, combining diagnostic MRI with local treatment of cancerous tissues.

In the present paper, we have furtherly investigated such class of materials also
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considering (and focusing our attention on) their properties as contrast agents for MPI, in
view of forthcoming application of MPI in MFH (Lu et al., 2020, Tay et al., 2018). The
MNP investigated in the present paper, named M55, displays a higher Tc compared to
M48. We investigated its properties as theranostic agent: namely its efficiency as
therapeutic agent in MFH and its features as contrast agent for bimodal Imaging
(MRI/MPI).

Our investigation has great potential to impact the future approach to the treatment of
breast cancer, making it an outpatient, minimally invasive procedure with dramatic

benefits for the patients and relevant economic advantages for the national health systems.

b. Materials and Methods

Synthesis of the iron-based NPs

The M55 sample is constituted by doped ferrites, prepared by MBN Nanomaterialia S.p.A
(Treviso, Italy) with a proprietary mechanochemical process. The doped ferrite was
synthesized from MgO, Fe2O3 and TiO; powders in proportion 2:4:1, using High Energy
Ball Milling (Matteazzi, European Patent EP 2961429B1 Pr. 28.02.2014) in stainless steel
equipment for a reaction time of 6 hours followed by a thermal treatment in air at 1200°C
for 4 h. The resulting powder was finely ground by a ball milling step of 1h, then
homogeneously dispersed in iso-propanol and ultrasonicated to promote de-aggregation.
Centrifugal classification was used to extract nano-sized particles (< 200 nm). The
processing was optimized with respect to the previous one (Gerosa et al., 2021), and the
detailed processing parameters are courtesy of MBN.

Structural characterization

An X-Ray Powder Diffractometer (Thermo ARLX’TRA) equipped with a Cu-anode X-
ray source with a Peltier Si (Li) cooled solid state detector was used to measure XRPD
patterns. The XRPD patterns was collected with a scan rate of 0.094°/mins, with a
measurement time of 6.5 s/step. The sample was prepared by homogenization using an
agate mortar with few drops of ethanol. After evaporation of the solvent, the sample was
deposited on a low background sample stage. The phase analysis was carried out using
the ICSD database.

Morphological analysis and dimensional characterization
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The size and morphology of M55 were investigated using Transmission Electron
Microscopy (TEM, FEI TECNAI G2). For TEM analysis M55 was added to the copper
grid and desiccated for one day before TEM imaging. Images of single particles as well
as particle aggregates were acquired.

The hydrodynamic size and the zeta potential of the coated nanoparticles were determined
with a Malvern Zetasizer Nano instrument. The sample was prepared in a proper plastic
cuvette and the size and {- potential measures were repeated for the following 4 days to
assess the stability of the coating.

Coating of the iron-based NPs

The doped ferrite NPs were coated with citrate moieties (using Trisodium Citrate
dihydrate 99% Alfa Aesar as reagent) and then with glucose (using D-(+)-Glucose
SigmaUltra 99.5% as reagent). The coating procedure strictly followed that reported in
(Gerosa et al., 2021). Hereafter, the citrate, and glucose capped NPs will be referred to as
G-MS5s.

IR Spectroscopy

The organic coating of M55 surface was determined and analyzed through FT-IR
spectroscopy, with a JASCO FT/IR-660 plus. The sample was prepared by dispersing G-
M55 in a KBr pellet (3 mg of NPs in 300 mg of KBr).

Cytotoxicity assay

The cytotoxicity of G-M55 was evaluated in MDA-MB-231 human mammary carcinoma
cell line (purchased from ATCC Manassas, VA). Cells were cultured in Dulbecco’s
Minimum Essential Medium (DMEM) with 10% of Fetal Bovine Serum (FBS), 1% of a
mix of penicillin/streptomycin 1:1 and 1% of L-glutamine 200 mM, seeded onto 96-well
plates (3000 cells/well) and incubated at 37°C in humidified air with 5% CO2 for 24h.
After 24 h, the medium was replaced with fresh medium containing 10, 50, 100, 150 and
300 pg/ml of G-MS55.

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cytotoxicity
assay was performed after 2, 24, and 48 h of incubation: 100 pl of MTT (at 5 mg/ml
concentration, purchased from Sigma, Italy) were added to each well and incubated for
additional 4 h (37°C, 5% CO2). Formazan crystals were dissolved in 100 ul of DMSO,
and the absorbance was read at a wavelength of 570 nm using a microplate reader (HTX

Microplate Reader BioTek Instruments, Winooski, VT, USA). Four measurements of
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optical density (OD) were recorded for each sample, and cell viability (%) was calculated
with the following equation: CV% = (ODsample/ODcontrol) x 100.

Magnetic characterization and in vitro Magnetic Particle Imaging

The efficiency of G-M55 as multimodal contrast agent was assessed in MPI by using a
RELAX module (Magnetic Insight Inc., Alameda, California, USA) and in MRI by using
a 7T Bruker Biospec System. In MPI, two components of the measure were performed:
the signal efficiency was measured through the MPI signal per mass of iron (high signal
efficiency results in improved SNR and lower detection limits) and full-width at half-
maximum (FWHM), which is related to the imaging resolution (lower FWHM results in
less signal spread and improved imaging resolution). In particular, a sample containing
G-MS55 with a concentration of 5.5 pg of Fe in 10.0 pl volume was vortexed for 5 minutes
and sonicated in a room temperature water bath sonicator for 5 minutes before testing.
Relaxometry measurements were performed using the RELAX module on naked and
coated nanoparticles at the same concentration and compared to VivoTrax
(Ferucarbotran, Magnetic Insight Inc., Alameda, California, USA). The 1D signal
acquisition mode was used for relaxometry measurements. A 2D projection images was
used to test the nanoparticles with the following imaging parameters: standard mode,
coronal acquisition,2-channel, FOV =6 x 6 cm.

To measure the transversal relaxivity (spin-spin relaxation process) in MRI, the
transversal relaxation time T of water containing different amounts of G-M55 was
measured acquiring a MSME (multi-slice multi-echo) pulse sequence. It consists of a 90°
excitation RF pulse, followed by repeated 180° refocusing pulses interspersed by a fixed
echo time (TE). The signals coming from each phantom at different TEs were averaged
to obtain the relaxation curve decay, that was fitted with a single exponential decay
function to obtain the T value. Afterwards, the transversal relaxivity r, was obtained by

measuring the modified relaxation time of water by the presence of G-MS55 at different

NPs concentration and then extrapolated via linear fit using the following equation: Ti =
2

1
— 4+ r,C.
T20 2

Being T2, the relaxation time of pure water, ¢ the concentration of G-M55 (expressed as

mM of Fe) and T the modified relaxation time of water.
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To assess the ability of the MPI to track cells MDA-MB-231 cells were seeded and
cultured in Dulbecco’s Minimum Essential Medium (DMEM) with 10% of Fetal Bovine
Serum (FBS), 1% of a mix of penicillin/streptomycin 1:1 and 1% of L-glutamine 200 mM
in a T-75 flask (5 x 10° cells) and accommodated for 24 hours. MDA-MB-231 cells were
incubated with 1.0 mg Fe of G-M55 (two flasks) for 3 and 24 hours to observe the iron
uptake. After the incubation time cells were washed 3 times with 5.0 ml of phosphate
buffered saline solution (PBS) and then detached with 1.5 ml 0of 0.25% Trypsin, harvested
and centrifuged (1200 rpm for 3 minutes). Once collected and tossed the supernatant the
pellet was resuspended into 1.0 ml of PBS. The sample was divided into a triplicate of 4
x 10° cells in 0.1 ml PBS each in order to be imaged by MPI.

Images of the pellets were acquired using a Momentum MPI scanner (Magnetic Insight
Inc., Alameda, CA, USA). It was adopted a 2D projection mode scan with the Default
Mode setting (5.7 T/m gradient). The imaging parameters adopted were Field of View
(FOV) = 4 x 12 cm?, 1 average, acquisition time 10.0 s for each projection and
reconstruction time 4.0 minutes.

Magnetic Fluid Hyperthermia and Magnetic Particle Imaging HYPER module

The transformation of magnetic energy into thermal energy mediated by magnetic
nanoparticles in the presence of an external AMF is quantified from the value of specific
absorption rate (SAR). The SAR value of nanoparticles in solution is calculated by using

the following equation:

AT C
SAR =—
At mpg,

Where C is the specific heat capacity of the solvent per g, AT is the temperature variation
in time, mre is the mass of iron in the compound per g. SAR was measured using a
Nanotherics MagneTherm system (Warrington, United Kingdom) with samples diluted
in water. The heat dissipation value strictly depends on the frequency and amplitude of
the applied alternating magnetic field (AMF). The AMF apparatus yields a maximum
magnetic field intensity of 23.0 kA/m (approximately 29.0 mT). A multichannel
thermometer equipped with optical fiber probes (FOTEMP4, Optocon AG, Germany)
was used to assess temperature variation within the sample every 10.0 s.

The multichannel thermometer was placed inside the sample during the whole acquisition
time. Different concentrations of the nanoparticles were tested ranging from 2.0 mg/ml

to 10.0 mg/ml of nanoparticles concentration per sample. The specific time window was
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chosen considering previous results obtained with G-M48 (see Gerosa et al., 2021) as
well as translatability to clinics. The characteristic parameters of AMF were chosen in
order to satisfy the Hergt criterion for the clinical translatability, in particular the magnetic
field intensity was chosen as H = 8.75 kA/m and the frequency was selected equal to
473.1 kHz

MFH was performed in cell cultures, as well. A homemade device constituted by a closed
box with a thermostated air stream-maintained cell cultures at 37°C. To avoid
contamination of cell cultures, the temperature was calibrated before the measurement in
a disposable sample constituted by the exact concentration of NPs used for the experiment
diluted in Dulbecco’s Minimum Essential Medium (DMEM) with 10% of Fetal Bovine
Serum (FBS), 1% of a mix of penicillin/streptomycin 1:1 and 1% of L-glutamine 200
mM.

The SAR was also measured by using the HYPER module of the Magnetic Particle
Imager Momentum Scanner (Magnetic Insight Inc., Alameda, California, USA). The
change in temperature over time was recorded for both coated and naked nanoparticles
for 300 seconds (necessary time window to evaluate SAR, established considering the
results achieved with G-M48 as well as a minimum exposure time to AMF equal to at
least 35 minutes) from thermostated room temperature with a magnetic field excitation
of 12.75 kA/m at 1600 kA/m? gradient. Samples used were composed by 100 ul volume
with the same nanoparticles concentration adopted for the measurement performed with
Nanotherics.

The efficiency of the MFH treatment in cell cultures was demonstrated through a MTT
assay. Cells were plated on 96 well plates, incubated for 24 hours with 150 pg/mL of G-
MS55 and treated for 35 minutes with MFH protocol (15 minutes to reach the temperature
plateau and 20 minutes of treatment). Untreated cells and cells treated with 150 pg/mL
of G-M55 but not exposed to MFH were used as controls. After twenty-four hours, MTT
cytotoxicity assay was performed. The viability of MDA-MB-231 cells was evaluated
after one and two hyperthermia treatments and normalized to that of the respective
controls

In vivo studies

The biodistribution of G-M55 was investigated in normal nude homozygote female mice

(n =4) and in same type of mouse but bearing MDA-MB-231 subcutaneous tumor (n =
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4). Nude homozygote female mice (6—8 weeks old, Envigo, Italy) were used. MRI was
performed using a Bruker Biospin 7T (Bruker Biospin, Ettlingen, Germany) scanner.
Animals were anesthetized with gas anesthesia (a mixture of O2 and air containing 1.5%
of isofluorane), placed in a heated animal bed and inserted in a 7.2 cm internal diameter
bird-cage coil. G-M55 was injected at a dosage of 4.0 mgFe/kg through the tail vein.
Images of the mice body were acquired before and 10 min—30 min—60 min—24 h-72 h
post G-M55 1i.v injection in order to monitor the bioaccumulation inside the tumor respect
to other organs uptake. The sequences adopted were the following: T» RARE sequence
with TR = 1200 ms, TEfr= 36 ms, FOV= 35x35 mm?3, MTX= 128x128, slice thickness
= 1.0 mm. T2 MAP sequence with TR = 1556.906 ms, TEctr = 7.469 ms, NEX =1, FOV=
30 x 30 mm?, MTX= 256x128, slice thickness = 1.0 mm, Echo images = 10, Echo space
=747 ms.

The efficacy of G-M55 as MFH agent was investigated in N = 18 nude homozygote
female mice (Harlan Laboratories, Udine, Italy). Two million MDA-MB-231 cells were
injected subcutaneously in the flank of nude mice. Starting from 15 days after cells
inoculation, the size of the tumor mass was measured every three days through MRI.
Twenty-one days post tumor implantation (when tumor volume reached about 200 pl)
mice were divided into three groups according to the treatment. Animals in the first group
(CTRL) received saline intratumorally. Animals in the second group (G-M55) received
G-M55 [1.2mg Fe/mL] intratumorally. Animals in the third group (G-M55 + MFH)
received G-M55 [1.2mg Fe/mL] intratumorally and were exposed to four MFH cycles
immediately, 24h, 48h, and 96h after G-MS55 injection. Each MFH treatment consisted of
2100 s application of an AMF with an intensity of 23 kA/m and a frequency of 473.1
kHz. The number of hyperthermia cycles differs from in vitro evaluation considering the
positive results obtained with G-M48 and were meant to replicate them.

All mice were monitored by MRI before (day 1), 3 days (day 4) and 5 days (day 6) post
G-M55 injection to measure the time evolution of tumor size. T» weighted images were
acquired in the axial plane using a RARE 3D sequence with TR = 1200 ms, Tgefr = 47.5
ms, NEX = 1, field of view = 25 x 25 x 25 cm?, MTX = 256 x 128 x 32, slice thickness
= 0.8 mm, FA = 90°, RARE factor = 16. To measure the volume of tumors, MR images
were processed with Paravision software and a MATLAB (MathWorks, Natick, USA)

script. The tumor area was manually selected slice by slice and tumor volume was
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calculated as (31 pu;) * image resolution, where pu; represents the number of pixel
manually selected. The percentage increase in tumor volume was calculated at each time
point as 100* (V-Vo)/Vo, where V; is the tumor volume at time ¢ and Vo is the initial
volume.

Mice used in in vivo experiments were maintained under standard environmental
conditions (temperature, humidity, and 12 h/12 h light/dark cycle, with water and food ad
libitum) and veterinarian control in the animal facility of the University of Verona.
Animal experiments were conducted following Italian law (D.L. 4 March 2014 no. 26)
and the European Union normative (2010/63/EU).

Histology

Once the in vivo experiments were completed, mice were sacrificed and relevant organs
(tumor, liver, kidneys, spleen, lungs, stomach, intestine and heart) were dissected out for
histology. Excised samples were washed with PBS 0.1 M and fixed in Carnoy solution
for 2.5 hours. Tissues were embedded in paraffin, cut in 8 pm thick sections with a
microtome and dried at 37°C for 24 h. Prussian Blue staining was performed was
performed to evaluate the presence of iron in the tissues: sections were incubated with
PB solution (5% hydrochloric acid and 5% potassium ferrocyanide) for 20 min and
counterstained with nuclear fast red (Bioptica) for 2 min. To evaluate tissue damage and
morphology, sections were stained with Hematoxylin and Eosin. Sections were examined
under a light microscope (Olympus BXS1) equipped with a charge-coupled device
camera.

Fluorescent Immunohistochemistry

Immunofluorescence allowed to observe the overexpression of HSP70 within the cell
colture (MDA-MB-231). After I, II and IV MFH treatments cells were fixed with 4%
PFA solution at room temperature and then fixed with 70% ethanol at -20 °C overnight.
After fixation cells were permeabilized with 0.1% Tryton X-100 in PBS for 10 minutes
at room temperature. Later on incubated in blocking solution for 30 minutes and
immunostained with the following primary antibodies: Rabbit Anti Caspase-3 (Abcam
1:20), Rabbit Anti HSP70 (Abcam 1:50) overnight at 4 °C. Secondary antibody against
rabbit (Alexa Fluor® 488) ab150077 was used at 1:100 dilution. Then, cells were washed
with PBS, counterstained with Trypan (GIBCO 1:10) for 15 seconds, washed with PBS,
stained for 5 min with 1 pg/ml of Hoechst 33342 (Sigma) in PBS and finally mounted in
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PBS:glycerol (1:1) to be observed at confocal microscope. Observation of HSP70 levels
was accomplished with LEICA TCS-SP5 Inverted Confocal Microscope. A diode laser
was employed for Hoechst 33342 with A = 405 nm, a visible laser for HSP70 with A =
496 nm a He/Ne laser for Trypan Blue with A = 543 nm.

Statistical Analysis

Statistical and data analysis were realized in MatLab (Mathworks, Natick, MA, USA),
then confirmed and plotted using Prism software (8.1.1, GraphPad Inc., La Jolla, CA,
USA). All the data are expressed as mean + standard deviation of the mean (Mean +
SEM). Statistically significant differences were evaluated by TWO-way ANOVA with
multiple comparisons using the Tukey-Kramer method. Differences were considered

statistically significant when the p-value < 0.05.

c. Results

Structural characterization and stability of G-MS55

Phase and structural composition were investigated by X-Ray Powder Diffraction
(XRPD). The obtained experimental pattern is shown in Figure 1 (a). The comparison
between XRPD pattern for M55 and the single crystal patterns in the ICSD database
revealed that the sample under investigation is compatible with a mixture of several metal
oxides. In Figure 1 (a), the experimental pattern is compared with the singe crystal
patterns of the ICSD database that better matched it. As a further confirm, EDX analysis
of the M55 sample revealed the presence of Fe, Mg and Ti, indicating that other iron-
containing compounds, as magnesium ferrite or iron titanate, can be present in the sample.
Given the complexity of the system, it is difficult to determine the precise composition
of the sample.

FTIR spectra of the G-M55 sample underline the presence of both citrate ions and glucose
molecules on the surface of the M55 as capping agents. Figure 1 b shows a broad band
around 3300 cm™! due to -OH stretching of glucose and citrate and another band around
2900 cm™! due to -CH stretching of both molecules. The presence of citrate ions is
highlighted by the features around 1600-1700 cm™' corresponding to the C=O stretching

of carboxylate groups (Silverstein et al., 2005). The maxima of the bands are shifted for
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the nanoparticles with respect to the free citrate moiety because of the interaction between
carboxylate groups and nanoparticle surface. It is also possible to observe bands due to
other vibrations of the glucose molecular skeleton in the region between 1200 and 900
cm’! in agreement with those observed for the FTIR spectrum of the glucose molecule
alone (red line in Figure 1 b) (Silverstein et al., 2005). The intense absorption band around
570 cm! is assigned to Fe-O, Mg-O and Ti-O vibrations of the inorganic phase (Kiani et
al., 2019).

Dynamic Light Scattering (DLS) was exploited to investigate the colloidal stability of
water dispersion of G-M55 through (- potential and size measurements. The average (-
potential of -32.1 £ 8.2 mV and the average hydrodynamic diameter of 113.1 & 30 nm
confirmed good colloidal stability in aqueous environments. The stability and the
dimensions were investigated as a function of time throughout an entire week. The (-
potential and the size of the nanoparticles remained substantially unvaried during the
entire week, confirming an excellent colloidal stability, and demonstrating the stability
of the coating. (Figure 1 c,d)

Transmission electron microscopy (TEM) allowed the investigation of M55 morphology.
TEM image, reported in Figure 1 (e), reveals that M55 nanoparticles have a large size
dispersion and are present as single nanoparticles or aggregates with size ranging from

around 10 nm to more than 150 nm.
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Figure 1. a. XRPD graph demonstrates the predominant composition of the nanoparticle and its
most common phases. b. IR spectroscopy was of great help to understand the surface composition
before the coating procedure. ¢. (- potential of G-M55. As can be seen from the graph it has been
monitored up to one week showing a good average colloidal stability d. Hydrodynamic radius at
DLS. As for the previous measurement it has been observed for one week and it has demonstrated
a performant consistency and a sharp peak.e. TEM has been used to investigate the morphology
and structure of the nanoparticles. There is a robust agreement between the hydrodynamic radius

measured through DLS and the average dimension observed at the TEM.

Magnetic properties of G-M55

To define the ability of G-MS55 to serve as multimodal contrast agent exploitable for both
MPI and MRI two different magnetic characterizations were performed. At first it was
assessed the MPI performance of G-M55 and it was compared to its naked version (M55)
and to a commercially available MPI tracer, VivoTrax (Magnetic Insight Inc., Alameda,
California, USA). The signal efficiency (i.e. the signal per ng of iron), the full width half
maximum (FWHM) and the approximate resolution were measured through the RELAX
module of Magnetic Particle Imager Momentum Scanner (Magnetic Insight Inc.,
Alameda, California, USA). Fig. 2a, shows the relaxometry measurement of naked (M55)
and coated (G-M55) nanoparticles. This measurement allows quantification of the signal
efficiency and the space resolution given by the tracer (see Tab. I). In MPI signal
resolution is computed considering the FWHM through the formula Resolution (mm) =
FWHM (mT)/Gradient(T/m) where the resolution is defined as the distance for two

objects separated at 50% of their distance.

Table I. Signal Efficiency, FWHM and approximate resolution for M55 and G-M55, compared to VivoTrax

Nanoparticle Signal Efficiency (Signal FWHM Approximate
per ng/Fe) Resolution (mm)
MS5S (isopropyl) 1.8 7.5 0.7
G-MS5S5 (water) 1.3 16.4 1.5
Ferucarbotran (VivoTrax) 16.4 11.8 1.1

As can be observed from Table I, even if the signal efficiency is approximately 89% (for
MS55) and 92% (for G-M55) lower than VivoTrax, the resolution, computed from the
FWHM, is better than VivoTrax for M55 and comparable to VivoTrax for G-MS5S5.
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Although M55 and G-MS55 have lower signal efficiency than commercially available
VivoTrax, they are able to provide similar resolution. These observations led us to define
MS55 and G-MS55 good tracers for MPI. Further developments in the synthesis procedure
will be needed to sharpen and intensify the signal efficiency of M55 and its coated version
G-MS5s.

The transversal (spin-spin) relaxation time of water dispersion containing G-M55 was
measured at 7T Bruker Biospin MRI scanner through a series of phantoms with scalable
nanoparticles concentration, ranging from 0.318 mM to 1.591 mM. In Fig. 2¢ T2w images
of above mentioned phantoms are reported. As expected, the T,-weighted MR images of
G-MS55 phantoms tend to become darker with increasing iron concentration showing that
G-MS55 can effectively reduce the spin-spin relaxation time of water protons as a T,
contrast agent. Values of 1/T, vs Fe concentration were interpolated using a straight line
whose slope determines the transversal relaxivity of the nanoparticles under investigation
(Figure 2b). It was obtained a transversal relaxivity (r,) of 53.20 mM!s"!, comparable to
the value of a commercial iron oxide MRI contrast agent, like Endorem® (Valero et al.,
2014) confirming the potential of G-M55 as a contrast agent for MRI. In particular r»
coefficient is increased by 40% respect to the r> coefficient shown by G-M48 (Gerosa et

al., 2021).
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Figure 2. Characterization of G-M55 as a bimodal contrast agent. a. Relaxometry measurement
of naked (M55) and coated (G-M55) nanoparticles through RELAX module of MPI. By means
of this measure the signal efficiency and the resolution given by the tracer was quantified. b. Plot

of transversal relaxation rate (1/T2) versus Fe concentration in water dispersed G-M55 phantoms,
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at 25°C. The slope of the fitting straight line (53.20 mM-1s-1) represents the transversal relaxivity

coefficient (r2). ¢. T2w MR images of phantoms containing decreasing concentrations of G-M55.

In order to test the efficiency of G-M55 as MPI contrast agent in a biologically significant
context, it was used in a cellular imaging experiment aimed at demonstrating the ability
of G-M55 to label and detect MDA-MB-231 cells by MPI. The incubation protocol as
well as MPI images collection and analysis have been widely described in the previous
related subsection. Results are reported in Figure 3. For any MPI experiment it is essential
to set up a calibration curve of the tracer that needs to be used. The linear trend of the
signal intensity per mm? vs the iron mass per ml used is crucial to establish the feasibility
of the measurement. A calibration curve of the tracer was set up by scanning in 2D
different concentrations of NPs, expressed as iron content (as shown in Figure 3b). The
calibration curve was then used as a reference to assess the number of cells observable in
a sample. Figure 3a reports quantitatively the MPI signal intensity per mm? obtained
scanning different amount of cells in the same volume (10 ul). The series of images shown
in Figure 3 ¢ shows the ability of G-M55 to label cells with and keep them observable up

to approximately 30000 cells.
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Figure 3. a. Calibration curve of the tracer used for the labeling experiment. The slope of the straight line underlines
the ability of the single nanoparticle to serve as a MPI contrast agent. b. Number of cells that can be observed
considering a 1.0 mg Fe/ml of incubation. The slope of the straight line defines the ability of the tracer to serve as an
efficient cell labeling agent in MPI ¢. The whole row is composed by the different number of cells that can be observed

in MPI using G-M55 as a labeling agent.
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Cytotoxicity, internalization mechanism and in vitro MFH

Before using nanoparticles as hyperthermia mediators, it is fundamental to evaluate the
biocompatibility with an in vitro cytotoxicity assay. The toxicity of G-MS55 was therefore
assessed after 2, 24, and 48h of incubation with MDA-MB-231 cells at different
concentrations. MTT assay reveals that G-MS55 is safe up to the concentration of 150
pug/mL for long incubation times (48 h), as shown in Fig. 4 (a). No statistically significant
difference was found for the concentrations adopted. Considering these results, the
highest non-toxic concentration of 150 pg/mL was chosen to perform MFH in vitro
experiments relevant for magnetic fluid hyperthermia. TEM images performed in MDA-
MB-231 cells demonstrated that G-M55 are internalized mainly via endocytosis and
compartmentalized into endosomes (see Fig. 4d) in agreement with previously reported

findings for a similar NPs (see Gerosa et al., 2021).

In the perspective of biomedical application as heat exchange mediator, the Specific
Absorption Rate (SAR) of G-M55 was evaluated. SAR was evaluated in two different
ways considering future clinical applications: first it was assessed through Nanotherics
Magnetherm following a procedure comparable to the one described in Gerosa et al.,
2021; second it was tested by means of the HYPER module of the MPI. In both
measurements, thermograms were collected starting from a specific bulk temperature,
about 36.0 °C. This starting condition was chosen to simulate the condition of in vivo
experiments. Once observed a good heating ability of the naked nanoparticle (M55), the
measures were carried out on its coated version G-M55. The same iron concentration was
adopted to estimate SAR in aqueous solution with the two methods. Fig. 4 (b upper and
lower) reports the thermograms collected in aqueous suspensions of G-MS55 at
concentration of 6mg/ml, using Nanotherics Magnetherm and the HYPER module of the
MPI, respectively. As shown in Figure 4(b), an increase of 2.5 °C of temperature was
detected at the used concentration. SAR estimated with Nanotherics Magnetherm
resulted to be equal to 11.1 = 1.0 Wg™!' and SAR estimated with RELAX module in MPI
was equal to 9.5 + 1.4 Wg'!. The result seems to be slightly below typical SAR values
reported in the literature for iron oxide nanoparticles (ranging from 20 to 400 Wg') and
below the value reported for G-M48 in our previous work (Gerosa et al., 2021).
Considering that similar SAR values were obtained through the two different methods,

we have chosen to develop our magnetic hyperthermia strategy exploiting Nanotherics
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Magnetherm because the safety criterion evaluated by means of the C parameter (see
discussion section) was significantly lower and paves the way for a more reliable and
scalable solution for the clinics. Moreover, the experimental set up of the Nanotherics

Magnetherm was easily exploitable for both in vitro and in vivo treatments.

G-MS55 was tested as hyperthermia mediator on a triple negative mammary carcinoma
cell line, MDA-MB-231, at a concentration of 150 ug/mL, verified to be the highest non-
toxic concentration (Figure 4c). MDA-MB-231 cells were incubated with G-M55 for 24h
and exposed to two cycles of AMF spaced 24h one each other. Cell viability data after
MFH are shown in Fig. 4c. Cell viability was significantly affected by AMF application
compared to control conditions (untreated cells and cells treated only with G-M55 but not
exposed to MFH). At the time point of the first MFH treatment, MDA-MB-231 cells
treated with G-M55 but not exposed to AMF showed a percentage of viability of 101.76
+ 3.66 %, while cells treated with G-MS55 and exposed to AMF showed a percentage of
viability of 84.45 £ 1.67 %. At the time point of the second MFH treatment, MDA-MB-
231 cells treated with G-M55 but not exposed to AMF showed a percentage of viability
of 114.91 = 7.79 %, while cells treated with G-M55 and exposed to AMF showed a
percentage of viability of 63.15 + 3.44 %.

To have an insight into the mechanism of cell death induced by MFH treatment, after two
and four MFH treatments, cells were processed for immunofluorescence protocol to
evaluate the expression of HSP70, as indicators of cellular stress, including the rise of
temperature. As shown in Figure 4e, the expression of HSP70 is more evident in the
samples treated with hyperthermia (G-M55 + MFH) than in the control ones (G-M55 and
CTRL), especially after two MFH treatments. This finding is compatible with an increase
of temperature in the samples during MFH treatments, as expected. Surprisingly, the
expression of HSP70 in the sample treated with G-M55 and exposed to four MFH
treatments is lower than that observed in the sample exposed to two treatments, possibly

indicating an effect of thermotolerance induced by multiple AMF exposures.
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Figure 4. a. Characterization of in vitro viability of MDA-MB-231 through MTT assay with different concentrations
of G-M55. b. AMF application at Nanotherics Magnetherm comparing a Control (water solution) with G-M55 water
dispersed solution. C =4.1 10° Am's”". ¢. MTT assay to assess the efficiency of G-MS55 to act as MFH mediator with
different number of treatments. d. Internalization of G-M55 in MDA-MB-231 observed at TEM. e. Representative

fields for G-M5S5 efficiency as MFH tracer observing the expression of HSPs in immunofluorescence.

In vivo biomedical application of G-MSS5 as Magnetic Fluid Hyperthermia mediator
The biodistribution and clearance of G-M55 was investigated in vivo. In Figure 5a, MR
images of a representative mouse acquired using a T2-weighted sequence before, 10 min,
60 min and 72 hours after the injection of G-M55 are show. The signal intensity (S.I) in
the liver decreased by 32.6 + 5.2% (Figure 5 (b)) 10 min after injection, and by 20 %
from 30 min onwards, indicating early hepatic accumulation of the nanoparticles
followed by clearance. At difference, the percentage SI decrease in the kidney showed an
increasing trend that may indicate renal clearance of G-M55. No loss of signal was
detected in the spleen.

Histology of the main organs involved in the biodistribution of the tracer were performed
and shown in Figure 5c and 5d. It has to be observed that none of the organs involved in
the biodistribution has been harmed, injured or affected by the presence of G-M55 as can
be seen from H&E staining. As expected, in Figure 5c it is possible to observe that

nanoparticles presence can be observed closer to veins and vessels due to the
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extravasation phenomenon that mainly contributes to spread nanoparticles all over the

organism.
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Figure 5. a. T>-weighted images of liver of mice treated with G-M55 NPs at different timepoints. b. Plot of T signal
change, expressed as signal intensity decrease (%), in liver, (spleen), kidneys at different time points up to 72h after
administration of G-M55 NPs. ¢. Detail of liver tissue of the animal treated with G-M55 NPs. Tissues were treated with
Prussian Blue and Fast red as counterstaining to underline nanoparticles presence. d. Histological analysis of tissues
from animals not treated and from animals treated with G-M55 NPs. HE is reported of the main organs involved in

biodistribution.

The in vivo MFH experiment was performed considering the protocol described in
Materials and Methods.

In Fig 6a, images of tumor in representative mice belonging to the G-M55 and G-
MS55+MFH are reported. The presence of G-M5S5 in the tumor tissue is detectable by MRI
as signal voids, according to its ability to behave as a negative contrast agent. In Figure

6b and 6¢, the tumor volume progression of the three groups is reported.
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The graphs reported in Figure 6b and 6¢ correspond to the MRI measurement of the tumor
volume. In particular, the tumor volume on day 4 (after 4 MFH treatments), on day 6 and
on day 9.

The tumor volume does not differ among the three groups until day 21st after tumor cell
implantation, which corresponds to day 1 of the treatment. After the fourth MFH cycle
(72hours after the first treatment), the tumor volume in G-M55 + MFH mice remains
substantially lower than in control groups (saline solution and G-M55) (Figure 6b, 6¢).
The percentage increase of the tumor volume for the experimental groups on day 4, day
6 and day 9 is shown in Figure 6¢. Values are expressed as percentages of the initial size,
measured at day 1 of the treatment plan. Data are reported as mean + SEM.

On day 6, while the tumor volume of group G-M55 + MFH is stable (14,52%) compared
to the initial volume, the tumor volume of CTRL and G-M55 groups strongly increases
by 238,06% + 23,21% and 184,25% + 7,37%, respectively. At day 9, the tumor volume
in the group G-M55 + MFH remains significantly smaller (83,37% + 9,17%) than either
the CTRL group (432,23% +23,76%) or the G-M55 group (378,37% + 22,66%), showing
that G-M55 strongly inhibits tumor growth when applied as MFH mediator. For this
study, mice were monitored up to day 9 to analyze the tumor growth trend. 6 days after
the last MFH treatment the tumor volume was significantly smaller than the control
groups. At day 9, mice were sacrificed, and the tumor masses excised for histological
analysis. Figure 6d shows histological slices of tumors treated with G-M55 and G-M55+
MFH. Prussian Blue staining confirmed the presence of iron inside the tumor mass. H&E
staining revealed damaged regions in different portions of the tumor (Figure 6¢) in the G-
M55 + MFH group. Good preservation of tumor tissue with the absence of necrotic areas
was detected in the G-M55 group whose H&E histological slices closely resembled those
of the CTRL group.
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Figure 6. a. To-weighted images of a representative tumor from animals treated with G-M55 (top) and from animals
treated with G-M55 and hyperthermia (bottom) at different timepoints. b. Tumor volume growth after the MFH
treatments at different time points. The statistical analysis shows the increasing difference among the groups at different
time points. ¢. Tumor volume growth expressed as % after the MFH treatments at different time points. d. - e.
Histological analysis of tumors from animals treated with G-M55 NPs and from animals treated with G-M55 NPs and
MFH. HE (magnification 4x and 10x) and iron staining (magnification 4x and 10x) are reported. The “N” letters
indicate the necrotic zones of tumors. Black arrows indicate representative blue spots corresponding to iron deposits in

the tissues treated with the iron staining.

d. Discussion

Considering the results obtained so far in this work (still under investigation in our lab)
the development of the G-M55 has shown promising results both as contrast agent for
MRI and MPI and as a MFH mediator for in vitro and in vivo applications. All the results
are still under discussion but even so a few important considerations could be raised.
Through a robust characterization pipeline, it raised the efficiency of G-MS55 as a
magnetic tracer useful for MPI and MRI imaging. The competitive biocompatibility at
high nanoparticles concentration and the ability to satisfy the Hergt criterion for the
clinical translatability of the mediator recognise this magnetic nanoparticle as a
challenging player among the other well-known to market nanoparticles.

MPI and MRI unveiled also peculiar features of this material as a non negligible SAR

value for the MFH in vitro and in vivo applications and also its ability to serve as a
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contrast agent in tomographic imaging modalities exploiting a non-negligible relaxivity
(in MRI) and a robust relaxometry (in MPI).

The most relevant result achieved in this work is related to the in vivo application of G-
MS55. As can be observed in Figure 6 the ability of this nanoparticle to act as a local MFH
mediator in a murine model of breast cancer (MDA-MB-231) is consistent. More mice
will definitively assess this important result.

Other topics of interest that will soon be tackled with other and more extensive
experiments in our lab are related to the ability of switching contrast ratio and the
observation of the mechanisms involved in cell death during and after the MFH
treatments.

Switching contrast ratio ability is considerably difficult to observe through MRI or other
tomographic techniques. However, Gerosa et al., 2021 have demonstrated the feasibility
of this measurement on a less refined version of the same nanomaterial named G-M48.
The possibility to use self-regulating temperature materials, that could increase
temperature only up to the Curie temperature, is regarded as an undoubted advantage of
this technique since it may represent an intrinsic safety mechanism allowing to avoid the
risk of overheating surrounding tissues of inducing necrosis. One of the most relevant
constraints related to this more refined version of the same nanomaterial named G-M55
is the higher Curie Temperature T. compared to G-M48. For the experimental set up
present in our lab it is quite difficult to achieve consistent results in this application
considering that the Curie Temperature of G-MS55 is higher than 100°C, quite hard to
reach through a heating water circuit placed inside MRI. At this stage, slight changes in
the chemical synthesis procedure must be applied to achieve more sustainable T.
exploitable for switching contrast ratio ability of this material.

Considering the death mechanisms induced by the application of several MFH treatments,
we still need to investigate more experiments. The therapeutic application of heat is very
effective in cancer treatment. Both hyperthermia, i.e. heating to 39-45°C to induce
sensitization to radiotherapy and chemotherapy, and thermal ablation, where
temperatures beyond 50°C destroy tumor cells directly, are frequently applied in the clinic
(Kok et al., 2020). MFH is regarded as a minimally invasive thermal therapy able to
provide localized heating in tumor tissues. MFH is based on a limited increase of the

temperature (42-46°) of tumor tissue that can lead to apoptosis, avoiding extensive
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necrosis of tumor. (Gerosa et al., 2021; Bhardwaj et al., 2020). The chance of activating
these mechanisms could be upregulated or downregulated by a huge variety of molecular
factors that could be observed through the immunofluorescence of specific fluorescent
dyes bounded to cell receptors defined as heat shock proteins (HSP). The over expression
of this class of proteins is well-known to be related with application of external direct or
indirect thermal stimuli.

The over expression of HSP could be correlated with thermotolerance also. It is hard to
say from the over expression of HSP if the heat shock caused by MFH treatments through
G-MS55 as mediator has led to inactivating or activating responses. The response to a
signal could led to different endings. This kind of biological event can’t be easily
unveiled, even tough, different signals related to HSP could be investigated by means of
other indications as the associated inflammation induced in the surrounding
microenvironment.

All of these findings have to be deeply investigated in the future to set up a robust
theranostic platform based on G-MS55 nanoparticle, tomographic imaging techniques as

MRI and MPI and MFH application.
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4. Preliminary results: iron oxide nanoparticles as contrast agents for cellular
imaging in MPI

a. Introduction

Tumor-associated macrophages (TAMs) are thought to be protumoral, enhancing and
contributing to cancer progression. The presence of TAMs has been correlated with the
metastasis of tumor cells and the inhibition of the antitumoral immune responses
mediated by T cells. In this brief paper, we used Magnetic Particle Imaging (MPI) to
detect passively targeted TAMs homing to a breast cancer model. TAMs were passively
targeted using PEG-coated Magnetic Nanoparticles (PEG-MNPs). Escalating doses of
PEG-MNPs were tested to evaluate TAM uptake at different time points. An MPI signal
was detected in liver and tumor for all the groups except at the lowest dose. A novel
quantitation workflow has also been proposed to calculate the quantity of iron inside the
different tissues.

Magnetic Particle Imaging (MPI) is a promising tool for tracking cells tagged with
Magnetic Nanoparticles (MNPs). Of great interest is tracking the behavior of cells
associated with the immune system. One cell type, Tu- mor Associated Macrophages
(TAMs), may act as a potential biomarker for both cancer detection and prognosis. In this
study, we tag TAMs in situ with MNPs, and track their location using MPI co-registered
with X-ray/CT. Immune cells (e.g. leukocytes), together with fibroblasts and endothelial
cells, form the tumor microenvironment. These immune cells interact with tumor cells to
influence tumor growth. One type of immune cell, macrophages, are part of the
mononuclear phagocyte system that is responsible for the clearance for foreign matter
from the body. Consequently, nanoparticles that interact with macrophages will be
recognized and internalized (Binnemars-Postma et al., 2017). When a macrophage is
recruited to a tumor site by a tumor, it is known as a Tumor Associated Macrophage, or
TAM. TAMs can promote proliferation, promote metastasis, and stimulate tumor
angiogenesis while inhibiting the antitumor immune response mediated by T cells (Yang
and Zhang, 2017) Due to their role, TAMs are being recognized as potential biomarkers
for diagnosis and prognosis of cancer. In this study, we explore a non-invasive, in vivo

imaging approach using MPI for evaluating TAM recruitment to a mouse breast tumor.
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MPI is an emerging imaging modality that exploits time-varying magnetic fields to
directly detect Magnetic Nanoparticles (MNPs) (Gleich et al., 2005). MPI has unique
capabilities when imaging MNPs. Specifically, MPI enables linear MNP quantitation
with excellent dynamic range, positive contrast, deep tissue depth penetration capability,
no use of ionization radiation, and no background signal. In contrast, Magnetic Resonance
Imaging (MRI) detects MNPs as difficult-to-quantitate T2* signal dropouts. Of note, MPI
does not see anatomy, and so we often co-register the technology with an anatomic
imaging modality such as MRI and X-ray/CT. In recent years, MPI has been reported for
the tracking of superparamagnetic iron-oxide (SPIO) MNPs in stem cells, for imaging of
brain injuries and xenografted tumors in animals (Goodwill et al., 2012; Zheng et al.,
2015 and Yu et al., 2017). Here we propose to use MPI co-registered with X-ray/CT to

evaluate TAM recruitment in a mouse model of mammary carcinoma.

b. Materials and Methods
Animal Procedures
All animal procedures were conducted according to the National Research Council Guide
for the Care and Use of Laboratory Animals and approved by the Animal Care and Use
Committee at Stanford University. Mouse 4T1 mammary carcinoma were grown in the
4™ pair (inguinal) mammary fat pad of 6-8 weeks old female Balb/c mice. The tumors

became palpable 6-8 days after inoculation. A single dose of tracer (1, 3, 6, 12, 24 mg/kg)

of Synomag-D® PEG (Micromod, Germany) was intravenously injected 7 days after
implantation of the tumor (N = 5 mice for each dose). MPI images were ac- quired 8, 11,
14 and 17 days after tumor implantation. Mice were sacrificed on day 17.

Imaging and histology

Mice were imaged longitudinally using the Momentum™ MPI system (Magnetic Insight,
Inc. Alameda, CA, USA). Animals were anesthetized with isoflurane during the duration
of their scans. Projection images were taken 3 with a field of view (FOV) of 4 x 4 x 12
cm?’. Tomographic acquisition was taken using 35 projections, with each projection taking
«-10 seconds, for a total scan time of 40 minutes including pauses for system temperature
and image reconstruction. Mice were imaged with an X-ray/CT (Trifoil Imaging CT120,
Northridge, CA, USA) under isoflurane anesthesia at occasional timepoints during the

study. Following sacrifice, the liver, spleen and tumor were dissected and collected.
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Tumors were sectioned and stained with Hematoxylin and Eosin and Prussian Blue. The
stained sections were scanned, visualized, and documented with a Nanozoomer

(Hamamatsu, Japan). The remaining tissue was analyzed using inducive coupled plasma

(ICP) spectroscopy.
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Figure 1. Two different mice at day 14 post implantation, two doses of the SynomagPEG, 24
mg/kg and 3 mg/kg. The upper white region indicate the location of the liver saturated with

nanoparticles and the lower white region indicates the location of the tumor.

Data Analysis

MPI and CT were co-registered using VivoQuant (Invicro, MA, USA). For MPI
quantification, the MPI signal is defined as the sum of pixel values within the Region of
Interest (ROI) normalized by the ROI’s volume. The up- take of Synomag-D® PEG in
tumors and in livers respect to the dose injected via tail vein has been calculated
normalizing the MPI signal collected from the tissue with the MPI signal collected from
the tracer. The signal from the tracer was evaluated by a calibration curve obtained by

images of a series of dilution which correspond to the dose adopted in the study

c. Results
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In this pilot study we demonstrated MPI imaging of in situ labeled tumor associated

macrophages. In a typical imaging result (Figure 1) escalating doses of Synomag-D®
PEG showed consistent labeling of the tumor. The MPI tumor signal increased with the
escalating dose. Signal was detected at all levels except the lowest dose (1 mg/kg).
Increases in dose correlated with concentrations of iron in the tumor and liver.

From our results, we determined that, for this tumor model, the MPI signal can be detected
as early as 8 days post implantation, just after the tumor becomes palpable. Tumor and
liver signals peaked around day 11-14, and then gradually declined due to the clearance
of the MNPs by physiological pathways.

Prussian Blue staining confirmed iron presence in the tumors of injected mice. Iron
staining patterns were different from control mice. These results must be confirmed by

ICP Spectroscopy.
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Appendix

During my PhD program, besides my research on hyperthermic nanoparticles for

biomedical applications, I gave my contribution to five collaborative studies. As a result

of these collaborative research, five scientific articles were published (the articles have

been reproduced with the permission of the journals’Publishers).

In the frame of a collaboration with Prof. Amendola (University of Padova,
Padova, Italy) highly biocompatible nanoparticles were synthesized and tested to
enhance MRI guided therapy. My task was to test magnetic efficiency of these
particles through in vitro tests and MRI magnetic characterization at different time

points.

Veronica Torresan, Andrea Guadagnini, Denis Badocco, Paolo Pastore,
Guillermo Arturo Mufioz Medina, Marcela B. Fernandez van Raap, Ian
Postuma, Silva Bortolussi, Marina Beki'c, Miodrag Coli'c, Marco
Gerosa, Alice Busato, Pasquina Marzola, and Vincenzo Amendola,

“Biocompatible Fe-B alloy nanoparticles designed for neutron capture

therapy guided by magnetic resonance imaging”’, Advanced Healthcare

Materials, 2020, 2001632.

In the frame of a collaboration with Prof. Daldosso (University of Verona,
Verona, Italy), a novel method of production for efficiency MRI tracers has been
tested to produce Si microparticles infiltrated with magnetic nanospheres. My task
was to support Dr. Chist¢ in MRI testing of the different solutions of
microparticles produced. We have tested both T; relaxation and T> relaxation of
the Si microparticles infiltrated with magnetic particles respect to magnetic

particles alone.

Elena Chiste, Gloria Ischia, Marco Gerosa, Pasquina Marzola, Marina

Scarpa and Nicola Daldosso, “Porous Si microparticles infiltrated with

magnetic nanospheres”’, Nanomaterials, 2020, 10, 463.
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In the frame of a collaboration with Prof. Prosperi (University of Milano-Bicocca,
Milano, Italy) it was synthesized a highly efficient polymer coated iron-oxide
nanoparticle exploited as an efficient MRI tracer as well as heat mediator for MFH
treatments of different cancer cell lines. My task was to magnetically characterize
the material and to test it in different conditions (varying concentrations of tracer)
in order to compute its specific absorption rate. Once defined the SAR, with the
help and guidance of Dr. Vurro I have tested these nanoparticles as heat mediators

in vitro on different healthy and cancerous cell lines.

Pradip Das, Lucia Salvioni, Manuela Malatesta, Federica Vurro, Silvia
Mannucci, Marco Gerosa, Maria Antonietta Rizzuto, Chiara Tullio, Anna
Degrassi, Miriam Colombo, Anna M. Ferretti, Alessandro Ponti, Laura

Calderan, Davide Prosperi, “Colloidal polymer-coated Zn-doped iron

oxide nanoparticles with high relaxivity and specific absorption rate for

efficient _magnetic resonance imaging and magnetic _hyperthermia”

Journal of Colloid and Interface Science, 579 (2020) 186—-194

In the frame of a collaboration with Prof. Perduca (University of Verona, Verona,
Italy) it has been synthesized a novel biomimetic nanoparticle coated with
different polymers to enhance its circulation time in the bloodstream. Interesting
results were achieved testing TAT and PLGA coating. My task was to test MFH
efficiency of the different nanoparticles. In particular I have performed measures
related to the computation of SAR/ILP and the heat mediator efficiency in vitro

on different cancerous cell lines.

Federica Vurro, Ylenia Jabalera, Silvia Mannucci, Giulia Glorani, Alberto
Sola-Leyva, Marco Gerosa, Alessandro Romeo, Maria Grazia Romanelli,
Manuela Malatesta, Laura Calderan, Guillermo R. Iglesias, Maria P.
Carrasco-Jiménez, Concepcion Jimenez-Lopez and Massimiliano

Perduca, “Improving the Cellular Uptake of Biomimetic Magnetic

Nanoparticles ”, Nanomaterials, 2021, 11, 766.
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In the frame of a collaboration with Prof. Amendola (University of Padova,
Padova, Italy) it has been developed a new version of silver-iron nanoparticles
coated with PEG to enhance stability in solution, biocompatibility for in vitro and
in vivo experiments and contrast ratio in MRI. I was responsible for the testing of
T1 and T2 MRI sequences to define the efficiency of the NPs as contrast agent.
Also, I have performed histological examination and coloring of the slices to
highlight the results obtained on a mouse model.

Vincenzo Amendola, Andrea Guadagnini, Stefano Agnoli, Denis

Badocco, Paolo Pastore, Giulio Fracasso, Marco Gerosa, Federica Vurro,

Alice Busato, Pasquina Marzola, “PEG-coated silver-iron nanoparticles

as efficient and biodegradable MRI contrast agent”, Journal of Colloid
and Interface Science, 596 (2021) 332-341
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Biocompatible Iron—-Boron Nanoparticles Designed for
Neutron Capture Therapy Guided by Magnetic Resonance
Imaging

Veronica Torresan, Andrea Guadagnini, Denis Badocco, Paolo Pastore,

Guillermo Arturo Mufioz Medina, Marcela B. Fernandez van Raap, lan Postuma,
Silva Bortolussi, Marina Bekic, Miodrag Coli¢, Marco Gerosa, Alice Busato,
Pasquina Marzola, and Vincenzo Amendola*

" . L . 1. Introduction
The combination of multiple functions in a single nanoparticle (NP)

represents a key advantage of nanomedicine compared to traditional medical
approaches. This is well represented by radiotherapy in which the dose of
ionizing radiation should be calibrated on sensitizers biodistribution. Ideally,
this is possible when the drug acts both as radiation enhancer and imaging

Sensible improvements are expected in
healthcare treatments by the introduction
of new nanomedicines with high efficacy
and low side effects.!l A key advantage of
nanosized medicines is the possibility to

contrast agent. Here, an easy, one-step, laser-assisted synthetic procedure is
used to generate iron—-boron (Fe-B) NPs featuring the set of functions
required to assist neutron capture therapy (NCT) with magnetic resonance
imaging. The Fe-B NPs exceed by three orders of magnitude the payload of
boron isotopes contained in clinical sensitizers. The Fe-B NPs have magnetic
properties of interest also for magnetophoretic accumulation in tissues and
magnetic hyperthermia to assist drug permeation in tissues. Besides, Fe—-B
NPs are biocompatible and undergo slow degradation in the lysosomal

have multiple functionalities, allowing, for
instance, multimodal imaging, combined
therapeutic protocols, or imaging-guided
therapy.?*] A promising, yet scarcely in-
vestigated, way to achieve multifunctional
nanomedicines is the realization of bimetal-
lic nanoparticles (NPs) designed such that
each element brings the physical-chemical
properties desired for a specific med-

environment that facilitates in vivo clearance through the

liver-spleen-kidneys pathway. Overall, the Fe—B NPs represent a new
promising tool for future exploitation in magnetic resonance imaging-guided

boron NCT at higher levels of efficacy and tolerability.

ical treatment. For instance, magneto-
plasmonic Au-Fe alloy NPs have been
proposed as multimodal contrast agents
for X-ray computed tomography, magnetic
resonance imaging (MRI), and Raman
imaging.’! Pt-Cu NPs were successfully
tested as sensitizers for photothermal ther-
apy of cancer, photoacoustic imaging, and
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drug release.l Significant tumor reduction activity has been re-
ported in Au-Ag NPs.l”) Co-Pt NPs have been studied for mag-
netic resonance and photoacoustic dual-modal imaging-guided
photothermal therapy.'® Sometimes, alloying may also introduce
new functions that are not found in single element nanomateri-
als and are exploitable for biomedical applications. This is the
case, for instance, of transformable nanoalloys of Au-Fel®! or lig-
uid Ga eutectics!!®! that have the ability to spontaneously dis-
solve in physiological environments, as required to solve the cru-
cial issue of the in vivo biopersistence of inorganic and organic
nanomedicines.[''"'*] In particular, composition, shape, and sur-
face coating of alloys dramatically influence their resistance to
corrosion in body fluids!**! that can change from high durability
to rapid degradation.[*16:17]

To date, however, the use of bimetallic NPs with the prop-
erties required to improve the efficacy of neutron capture ther-
apy (NCT) with the support of tomographic imaging ability re-
mains almost unexplored. NCT relies on the accumulation of
boron in tumors, followed by the irradiation with low-energy
neutrons.!'®2°] Given the high capture cross section of the B
isotope (19.9% natural abundance), neutron irradiation activates
a nuclear reaction that releases two charged particles (an alpha
particle and a lithium ion, Li) with high linear energy transfer
(LET) and a traveling range of 10-15 pm in the tissue, which is
comparable to the dimensions of the cells."®?!] Hence, NCT is
a binary hadrontherapy in which all the energy of the two types
of radiation is deposited inside the tumor, possibly achieving its
regression and sparing healthy tissues. Once that boron is se-
lectively accumulated in malignant tissues, NCT becomes espe-
cially promising for the treatment of several types of cancer with
negative prognosis such as gliomas,??] head and neck tumors,?’!
melanoma,?*! liver cancer,!”) lung malignancies, and pleural
mesotheliomal?*?’] (the cancer provoked by asbestos fibers, for
which the mortality peak is expected between the years 2015 and
2024 in several countries(?8%). Nonetheless, one of the princi-
pal issues limiting clinical applicability of NCT is the difficulty
of quantifying boron accumulation in the tissues that is indis-
pensable for the identification of the appropriate neutron flux
for therapy.*°?) In several clinical trials, boron concentration is
measured in blood and, after infusion of the boronated drug, the
treatment plan is calculated assuming that boron concentration
in the healthy tissues is the same as in blood and concentration
in tumor is assumed as 3.5 times that in blood.[*3?] This empir-
ical assumption is based on several preclinical experiments per-
formed in animals with boronophenylalanine (BPA) as the boron
carrier, indicating that the boronated drug on average gives a 3.5
tumor-to-normal tissue boron concentration ratio.l*?] In other
trials, the concentration ratio is measured by positron emission
tomography, only after labeling the sensitizer with radioactive
isotopes ('®F) and performing a prescreening of patients some
days before boron NCT (BNCT). However, this expensive and
time-consuming method is performed with a significantly re-
duced dose of labeled sensitizer to limit the cost and the side ef-
fects from the f* radiation of '*F nuclei in the whole body. Thus,
the extrapolation of the boron uptake for the clinical treatment
is affected by significant uncertainties, resulting in the observa-
tion of high variability in the outcome of different patients treated
within the same BNCT trial.?*¢] The development of new B
delivery systems, which are detectable in real time with noninva-
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sive and clinically accessible total body imaging and quantifica-
tion techniques, is thus crucial to trigger future improvements in
NCTI1837.38]

MRI is a powerful and widely used clinical imaging
modality.?>*] It is based on the spin properties of the proton
when it is excited with a radiofrequency (RF) pulse in the pres-
ence of an external magnetic field.***!) MRI provides high spa-
tial and temporal resolution, and excellent intrinsic contrast of
"soft" or low-density tissues.[?**424] In addition, MRI does not
use ionizing or radiotracer radiation. To improve image quality,
contrast agents such as magnetic NPs are used to significantly
aid the detection and differentiation of lesions from healthy
tiSSueS.[S’39'4l'44'45]

Magnetic NPs in general offer additional opportunities to as-
sist the therapeutic action, because they can be accumulated in a
specific region with appreciable precision by the magnetic field
of external permanent magnets.>* This procedure has no side
effects and allows up to fivefold deeper penetration and three-
fold higher concentration in tumors.*#’] Besides, RF alternating
current (AC) magnetic fields promote heating of the NPs,[#8-50]
which enhances drug permeation and diffusion inside the tissues
allowing better efficacy with a lower dose of total administered
medicines.51>%)

Here, we used an innovative one-step synthetic approach based
on laser ablation in liquid (LAL) to realize a nanomedicine agent
composed of Fe-B NPs enveloped in a shell of biocompatible
polymer (polyvinyl pyrrolidone, PVP). LAL proved to be a pow-
erful method for the achievement of bimetallic NPs, also in case
of thermodynamically prohibited compounds or elements with
markedly different chemical reactivity and oxidation potential.l>*]
Noteworthy, this synthetic approach is easy,I**>! cost-effective,*®)
amenable to scale-up with full automation,”! and does not re-
quire the introduction of undesired chemical contaminants,!*®]
starting only from bulk metal components and a solution of the
biocompatible polymer in a pure solvent. The resulting Fe-B NPs
combine the magnetic properties of iron with the high neutron
capture cross section of boron, thus providing a desirable set
of functions for advanced BNCT treatments, such as MRI lo-
calization of the B-containing compound, possibility of magne-
tophoretic accumulation to increase the loading of B in the ma-
lignant tissue, and temperature increase in the site of accumu-
lation by magnetic hyperthermia to improve the permeation of
nanomedicine in tissues.

2. Results and Discussion

2.1. Synthesis of NPs

Fe-B NPs were obtained by LAL with 1064 nm (6 ns) laser
pulses focused on a bulk Fe-B plate dipped in a cell containing
a 0.1 mg mL~! PVP solution in acetone (Figure 1A). To prevent
oxidation of Fe and B, LAL was performed under Ar atmosphere
in anhydrous acetone. The resulting NPs dispersion was concen-
trated with a Rotavapor at 30 °C, mixed 1/9 v/v with an aqueous
solution of citrate buffer (pH 4.7), and incubated overnight at 20
°C. Then, the NPs were collected with a permanent magnet (Fig-
ure 1B) and washed multiple times with deionized water, before
redispersion in an aqueous solution of PVP (0.1 mg mL™").

© 2020 Wiley-VCH GmbH
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Figure 1. A) Sketch of LAL: 1064 nm (6 ns) laser pulses are focused on a Fe-B target dipped in a PVP solution in acetone under Ar atmosphere to generate
Fe-B NPs. B) TEM images of Fe—B NPs just obtained from LAL (left) and after the purification with citrate buffer and collection with a permanent magnet
(right). C) Size histogram of final Fe-B NPs (n > 500). D) STEM analysis on Fe-B NPs showing Fe (red), C (cyan), and O (blue) EDS maps. E) EDS
spectrum collected on Fe-B NPs deposited on a Si substrate with an ESEM. Inset shows the quantitative composition of the deposit extracted from the
fit of the EDS spectrum. F) Hydrodynamic size distribution measured by DLS on Fe-B NPs dispersed in water or in 20% v/v FCS. G) FTIR spectra of

Fe—B NPs and a reference PVP powder.

2.2. Structural Characterization

The final NPs are composed of Fe/B in 1.0:0.4 atomic ratio as
assessed by inductively coupled plasma-assisted mass spectrom-
etry (ICP-MS). Incubation with citrate buffer was pursued to re-
move the synthesis by-products that are shown in the transmis-
sion electron microscopy (TEM) images (Figure 1B) as the low-
density homogeneous matrix surrounding the NPs. This matrix
is effectively removed after the treatment with citrate (Figure 1B),
and the resulting Fe-B NPs have spherical shape and an average
size of 26 + 15 nm (Figure 1C).

We performed a bidimensional energy-dispersive spec-
troscopy (EDS) scanning TEM (STEM) analysis on the NPs
to obtain additional structural and chemical information (Fig-
ure 1D). The O map indicates the absence of oxygen inside the
NPs, thus confirming that Fe-B NPs are metallic. The C map
also confirms that this element is not present inside the NPs,
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whereas the Fe map exactly matches the geometrical shape of
the NPs. B is a weak emitter of characteristic X-rays, with its
Ka-line (0.183 keV) partly overlapping with the tail of Ka-line
of the carbon film coating the TEM grid, in a region where the
response curve of the EDS detectors drops to 0. Therefore, B was
clearly detected with EDS in a more convenient experimental
condition, that is, an environmental scanning electron micro-
scope (ESEM), just by depositing the NPs on a silicon substrate
(Figure 1E), i.e., without the signal background originated by
carbon film coating the TEM grid. Besides, ESEM analysis does
not require the coating of the sample with a conductive thin
film of carbon or gold. The oxygen peak in the EDS spectrum is
weak (see the semiquantitative analysis reported in the inset in
Figure 1E), and should be ascribed to the oxidized Si substrate,
in agreement with STEM-EDS analysis.

The hydrodynamic size of Fe-B NPs measured by dynamic
light scattering (DLS) in the as-obtained aqueous solution and

© 2020 Wiley-VCH GmbH
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Figure 2. A) Plot of charged particles tracks versus boron concentration for Fe-B NPs (black circles) and a boron standard (H3BO;, hollow circles),
measured by neutron autoradiography. B) Images of charged particles density in the dep05|ts of Fe— B NPs obtained by qualltatlve neutron autoradiog-
raphy. C) Comparison of the number of '°B atoms (logarithmic scale) in clinical sensitizers ('°B-enriched BPA and carborane) and in a single Fe-B NP
of 26 nm. The red bar represents the theoretical value achievable with a '°B-enriched Fe-B target and the same LAL procedure.

after 20% v/v dispersion in fetal calf serum (FCS) is nearly iden-
tical (Figure 1F). In fact, the use of PVP as a biocompatible coat-
ing is well consolidated in literaturel>*®] because of its ability to
confer appreciable colloidal stability to inorganic nanomedicines.
DLS indicated a hydrodynamic size of 64 + 40 nm (66 + 45 nm in
FCS) that is larger than the TEM measured value because of the
presence of the polymeric chains wrapping the NPs and the pos-
sible clusterization of NPs during the laser synthesis. Effective
coating of Fe—-B NPs with PVP was further confirmed by Fourier
transformed infrared (FTIR) spectroscopy on a dried powder of
the sample (Figure 1G), where the vibrational fingerprint of the
polymer is clearly identified.

2.3. Neutron Capture Experiments

Since boron is present with high abundance in the bimetallic
NPs, their ability in capturing thermal neutrons and producing
charged particles with high LET, as required for their application
as sensitizers for NCT, was tested by neutron autoradiography
of drop samples deposited on a LET-sensitive film (CR39) func-
tioning as solid-state charged particle track detector.®! In fact,
the charged particles emerging from the neutron capture in 1B
atoms of the samples generate a distribution of tracks in the LET-
sensitive film. Figure 2A reports the results obtained for the Fe-B
NPs irradiated in the thermal column of a TRIGA Mark II reac-
tor with a thermal neutron fluence of (2.0 + 0.1) X 10 cm™
for quantitative track counting and a thermal neutron fluence of
(9.8 + 0.5) x 10'2 cm~? for qualitative imaging. The plot of Fig-
ure 2A shows that the number of charged particle tracks gener-
ated by the Fe-B NPs is comparable to that of a standard of boron
(H;BO;).1°? The increasing amount of charged particles gener-
ated during neutron irradiation, while increasing the amount of
Fe-B NPs deposed on the CR39 film, is also qualitatively shown
in Figure 2B. The slightly larger radiation density measured for
the Fe-B NPs compared to the boron salt standard is ascribable
to the more homogeneous deposition of the nanomaterials on
the CR39 film. From the TEM-measured average NP size and the
composition assessed by ICP-MS, it is estimated a number of 1B
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atoms for single NP as high as 4.6 10* (Figure 2C). This number
exceeds by more than three orders of magnitude the '°B atoms
contained in the carborane (B,,) derivatives reported in literature
as sensitizers for BNCT, such as sodium borocaptate, 74368 and
itis more than four orders of magnitude larger than the 1°B atoms
contained in °B-phenylalanine, the most used molecular drug
for BNCT.I”] Noticeably, the density of 1B atoms per single Fe—
B NPs is amenable to a further fivefold increase by performing
LAL with a 1°B-enriched Fe-B metal target.

2.4. Magnetic Properties

The magnetic response of the Fe—B NPs is well appreciable from
the picture and the UV-vis spectra before and after magnetic at-
traction of the sample reported in Figure 3A. The magnetism of
Fe-B NPs was quantitatively assessed by vibrating sample mag-
netometry (VSM) at room temperature, resulting in a superpara-
magnetic hysteresis loop (Figure 3B) consistent with a magnetic
moment of 8241.8 + 4.4 u, per NP and a saturation magneti-
zation of 70 emu per g-Fe. The saturation magnetization is in
agreement with that expected for Fe-B NPs,[®*71] where the mag-
netic ordering of Fe is weakened by spin canting states at grain
interfaces and iron oxidation at particles surface,”?] as well as by
dilution with a nonmagnetic element like B.7*73]

The magnetic hyperthermia ability of the Fe—B NPs was tested
in aqueous solution (Figure 3C) by applying a RF AC magnetic
field of 260 kHz and amplitude of 51 kA m~! and measuring
a temperature increase of the aqueous solution containing the
NPs on a timescale of few minutes, with a AT(600 s) of 22.6 °C
for the Fe—B NPs versus the 3.8 °C for pure water. The specific
absorption rate (SAR) was also quantified (Figure 3D), evidenc-
ing a linear dependence versus the magnetic field intensity (R? =
0.99798), with a slope of 5.5 + 0.1 W mg-Fe~! kA~!.

Since magnetic NPs are renowned for the ability to shorten
the transverse relaxation time T, of nearby water protons dur-
ing MRL*% the contrast ability versus concentration of the
Fe-B NPs was measured in phantoms (Figure 3E). Results con-
firmed that the Fe-B NPs provide a remarkable contrast, with a
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Figure 3. A) UV-vis spectra and image of Fe-B NPs solution before (black line) and after (red line) attraction of the particles with a permanent magnet.
B) Magnetization curve of Fe-B NPs. C) Plot of temperature versus time in a Fe—B NPs solution in water under application of a RF (260 kHz) magnetic
field (51 kA m™1). The result for pure water is also reported. D) SAR measured on the Fe-B NPs at various magnetic field intensities. E) Transverse

relaxivity versus Fe—B NPs concentration F) measured in phantoms.

transverse relaxivity r, of 82 + 4 x 10~* M Fe~! s7! in the linear
portion of the plot of 1/T, versus iron concentration. This value
is close to that of benchmark contrast agents like Endorem.)
Besides, the correlation between 1/T, and the amount of NPs
increases monotonously in the whole range of Fe concentration
tested, which is of more than two orders of magnitude (0.031 x
1073—4.0 x 1073 m). This is required to localize and quantify the
boron-containing NPs directly inside the body with noninvasive
clinical MRI.

2.5. In Vitro Biocompatibility Study

Biocompatibility of the Fe-B NPs was investigated in vitro with
cytotoxicity and uptake experiments. Cytocompatibility of Fe—
B NPs was assessed on three mouse cell lines (L929 fibrob-
lasts, 4T1 mammary carcinoma, and B16 melanoma) and hu-
man peripheral blood mononuclear cells (PBMCs). The measure
of the metabolic activity of cells (3-[4,5 dimethyl-thiazol-2lyl]-2.5
diphenyl tetrazolium bromide (MTT) assay) after 48 h of culti-
vation in presence of Fe-B NPs at 1-100 pg mL™! of concen-
tration showed no cytotoxic response (Figure 4A). These find-
ings were further confirmed by the absence of apoptosis/necrosis
(Figure 4B) and of reactive oxygen species (ROS) production (Fig-
ure 4C). Furthermore, the internalization of Fe-B NPs showed
a dose-dependent uptake by all examined cells, with the mono-
cytes/macrophages from PBMC cultures showing the highest in-
ternalization index, as expected from phagocytes, whereas B16
cells underwent to the lowest uptake of Fe—B NPs (Figure 5D,E).
These results agree with previous pieces of evidence that Fe—
B-based NPs are non-cytotoxic up to concentrations of 50-250
pg mL~!, whereas only at higher concentrations, they induced
cell death by apoptosis due to overproduction of ROS.74#7°] Other
reports also evidenced that B-containing NPs are non-cytotoxic
up to very high concentrations (40 mg mL™!).7®/ The presence
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of stabilization agents significantly influences the cytotoxicity of
NPs,!”7l including Fe oxide NPs, |7l but the amount of organic sta-
bilizers in the Fe-B NPs is such to avoid negative effects on cell
viability.”)

2.6. In Vivo Biodistribution Study

The relatively high uptake by tumor cells is a generally desirable
feature for Fe—B NPs that are designed as a potential candidate for
NCT. However, high uptake of Fe-B NPs by the cells of mononu-
clear phagocytic system in vivo also deserves attention.!”® There-
fore, further investigations related to the biodistribution of Fe—-B
NPs in vivo have been pursued. In vivo experiments were per-
formed on healthy mice models by the administration of Fe-B
NPs or benchmark Endorem iron oxides NPs, both at the same
concentration of 5 mg-Fe per kg-mouse. The biodistribution was
monitored by measuring the T,% decrease in various organs and
at different time points up to 30 days (Figure 5A,B), which is pos-
sible thanks to the MRI contrast agent ability of the particles.
In animals treated with Fe-B NPs, the signal in liver changed
to 30% after the first hour and then it slowly increased up to
60% over 30 days (Figure 5A). Instead, spleen and kidneys sig-
nals remain nearly unchanged in the first 6 h, after that they start
changing continuously over the experiment duration, up to 59%
(spleen) and 51% (kidneys). This change is responsible for the
different contrast observed in the T,-weighted images of the liver
and kidneys 30 days after particle administration (Figure 5C). Sig-
nal evolution in animals treated with Endorem is different (Fig-
ure 5B), featuring already after 1 h a drastic change of 83% (liver),
46% (spleen), and 35% (kidneys) that become 53% (liver), 58%
(spleen), and 23% (kidneys) after 30 days.

The results suggest that Fe-B NPs have longer circulation time
than Endorem that is beneficial when NPs accumulation in tu-
mors by enhanced permeation and retention is desired and to
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Figure 4. Cytocompatibility, ROS production, and uptake of Fe—B NPs. A) MTT activity showed no changes in mitochondrial activity in cultures of all
cells independently of applied NPs concentration. B) Fe—B NPs neither induce necrosis nor apoptosis of examined cells. C) Fe—B NPs did not stimulate
ROS production in comparison with positive controls (H,0, and FeSO,). Only results for the highest concentration on L929 and B16 cells (mean
fluorescence intensity) are presented in (B) and (C) as one representative out of three independent experiments. Uptake assay (50 pyg mL™" of Fe-B
NPs) shows highest internalization of Fe-B NPs by a cluster of monocytes/macrophages in PBMC cultures and lowest internalization of NPs by B16
cells (D, scale bar 50 pm). E) Uptake of Fe-B NPs was concentration-dependent. Results are presented as mean + SD of internalization index. *p < 0.05
of PBMC versus 4T1 (or vs 4T1, B16, and L929) for the same dose of Fe—B NPs. o, r < 0.05 versus 100 and 50 pg mL~", respectively, for the same cell

type (two-way ANOVA with Tukey’s multiple comparisons tests).

avoid immediate clogging of spleen and kidneys, with the risk
of relevant side effects. Importantly, the evolution over 30 days
points out a remarkable difference in the clearance pathways
of the particles that in case of the Fe-B sample is compatible
with a relevant flux through the spleen (the linear trend in the
linear-log plot of Figure 5A) and, successively, to the kidneys
(the exponential trend in the linear-log plot of Figure 5A). In
case of Endorem, the trend of T, indicates that these NPs start
abandoning the liver (signal recovery) and move to the spleen
(signal increment) but there the NPs are accumulated, because
in the same period, the signal in kidneys slightly decreased.
This suggests that Fe-B NPs undergo to sensible size reduc-
tion over time, going from liver to spleen and, finally, into kid-
neys, in a time interval in which Endorem particles remain nearly
integer.”’)
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In order to validate MRI results, iron content in liver, spleen,
and kidneys was measured by ICP-MS analysis (Table S1, Sup-
porting Information). Fe concentration in liver, spleen, and kid-
ney of Fe—B NPs-treated animals resulted, respectively, 0.3, 1.3,
and 2.7 times that of same organs from the Endorem-treated an-
imals. This confirmed that Endorem NPs accumulated more in
liver than the Fe-B NPs, which instead take the way of clearance
through kidneys.

2.7. Histological Analysis
Histological examination at 30 days was also performed (Fig-

ure 5D). Prussian blue (PB) staining of liver administrated
with Endorem showed the cytosolic deposition of blue crystals
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Figure 5. Plot of T, signal intensity decrease (%) in liver, spleen, and kidneys at different time points up to 30 days after administration of A) Fe-B NPs
or B) Endorem NPs. In (A), the contrast increases in liver already after 1 day, while in spleen and kidneys, it is larger after 30 days, in the stage of particles
clearance. In (B), a sudden signal change is measured, indicating the immediate clogging of all organs with these NPs. The signal is slowly restored
in liver and kidneys, while increasing in the spleen, indicating that these NPs are not cleared through kidneys but remain in liver and spleen after 30
days. C) T,-weighted images collected on the liver and kidneys of healthy mice before, 24 h, and 30 days after administration of Fe—B or Endorem NPs.
D) Histological analysis of liver and kidney stained with PB (magnification 10x). Black arrows indicate representative blue spots corresponding to iron

deposits.

(arrows), indicating the presence of iron in the tissue. Histologi-
cal study of liver administrated with Fe-B NPs showed iron posi-
tive spots located at the hepatic sinusoid (see arrows), an area rich
in Kupffer’s cells. PB staining of kidney tissue clearly indicated
the presence of blue spots distributed homogenously in the an-
imal treated with Fe—B NPs. On the contrary, with Endorem, no
positivity for the staining was obtained in kidneys. Finally, in or-
der to evaluate the biocompatibility of NPs, the main organs (in-
cluding liver, kidney, heart, and lung) were extracted and stained
with hematoxylin and eosin. All the organs exhibit no relevant
structural alterations with a good preservation of cellular mor-
phology, as shown in Figure S1, Supporting Information. More-
over, during the observation period, the weight of all the animals
was measured and no weight loss was observed (Figure S2, Sup-
porting Information).
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2.8. Fe-B Degradation Study

To further verify the long-term structural evolution in a
physiological environment, the Fe-B NPs were dispersed at
0.035 mg mL~! concentration in either deionized water, 20% v/v
FCS at physiological pH (7.4), or at lysosomal pH (4.7), incubated
at 37 °C and analyzed by TEM at different time points up to 60
days. This experiment confirmed that Fe-B NPs undergo a size
reduction in the physiological environment, that is not observed
in the inert aqueous solution (Figure 6A). The size reduction is
appreciable already after 1 week at both pH conditions, although
the change is more evident in the acidic lysosomal environment.
Besides, only at pH 4.7, the size reduction proceeded further,
reaching a value (12 nm) that is half that of the initial Fe-B NPs.
The size distribution and TEM images of the samples incubated
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Figure 6. A) Average size of Fe—B NPs incubated at 37 °C in pure water (black squares), FCS 20% v/v at pH 7.4 (blue circles) or pH 4.7 (red triangles).
B) Size histograms (n > 500) of Fe—B NPs before (black) and after 60 days FCS 20% v/v at pH 7.4 (blue, a representative TEM image is also shown). C)
Size histograms (n > 500) of Fe-B NPs before (black) and after 60 days FCS 20% v/v at pH 4.7 (red, a representative TEM image is also shown).

at pH 7.4 (Figure 6B) or 4.7 (Figure 6C) for 60 days both show
that a larger number of NPs with size <10 nm (i.e., below the
glomerular pore size threshold in kidneys) is present compared
to the pristine sample. Although a tail of larger NPs is still present
in the size distribution of the sample incubated at lysosomal pH,
the population of NPs smaller than 10 nm accounts for the 63%
of the total.

To evaluate the mass of Fe-B NPs that undergo dissolution
over time, ICP-MS analysis was performed on the residual frac-
tion of magnetic NPs collected by a permanent magnet 60 days
after incubation at 37 °C in 20% v/v FCS at pH 7.4 or 4.7. Fe-B
NPs mass was reduced to 44% and 19% of its initial value at pH
7.4 and 4.7, respectively, thus confirming the slow degradation of
particles in the physiological environment.

3. Conclusion

In summary, we reported on Fe-B multifunctional NPs with the
range of physical and chemical properties required to assist NCT
with personalized boron concentration imaging based on MRI,
without the need to employ empirical models and radioactive iso-
topes. The Fe-B NPs were obtained by a facile, one-step, laser-
assisted synthetic procedure and exceed by three orders of mag-
nitude the 1°B payload of clinical boron sensitizers. The possibil-
ity to obtain a 3D image of boron distribution before the neutron
irradiation is crucial for gaining in the precision of dose assess-
ment and in the prediction of therapeutic outcome, ultimately
transforming BNCT in a more personalized therapy, in which the
treatment planning can be assessed based on the actual boron
distribution of each patient. Besides, the Fe—B NPs open the pos-
sibility to implement other medical protocols relying on parti-
cles magnetism like magnetic accumulation or hyperthermia.
Fe—B NPs also show desirable biocompatibility and degradation
in the lysosomal environment that contributes to their clearance
through the liver—spleen-kidneys pathway as evidenced with in
vivo experiments. Thus, the Fe-B NPs represent a new promising
tool for future exploitation in MR- guided boron NCT at higher
levels of efficacy and tolerability and deserve further studies to
assess the therapeutic potential in vivo.

4. Experimental Section

Synthesis:  LAL was performed with 1064 nm (6 ns, 50 Hz) laser pulses
focused to 21 ) cm™2 with f= 10 cm lens on a bulk Fe(65 at%)B(35 at%)
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plate (MaTeck GmbH) dipped in a cell containing a 0.1 mg mL~' PVP
solution (40 kDa, Sigma-Aldrich) in anhydrous acetone (VWR) under Ar
atmosphere. Then, the colloid was concentrated with a Rotavapor at 30
°C, mixed 1:9 v/v with an aqueous solution of citrate buffer (pH 4.7), and
incubated overnight at 20 °C. Subsequently, the NPs were collected with a
permanent NdFeB magnet, washed multiple times with deionized water,
and redispersed in an aqueous solution of PVP 0.1 mg mL™".

Characterization: |CP-MS analysis for the determination of the B and
Fe content was carried out with an Agilent Technologies 7700x ICP-MS
(Agilent Technologies International Japan, Ltd., Tokyo, Japan) at operating
conditions and data acquisition parameters as previously described.[50]
The instrument was equipped with an octupole collision cell operating in
kinetic energy discrimination mode used for the removal of polyatomic in-
terferences and argon-based interferences. Optimal performance was at-
tained by using the collision cell in He mode. For sample digestion, 0.5 g
of solution was accurately weighted and digested with 0.8 g of HNO; 69%
at 100 °C for 2 h. The resulting solution was diluted with the same solvent
used for calibrations. Each digested solution is diluted on two concentra-
tion levels and each solution is measured thrice with the ICP-MS.

For the experiment of biodegradation monitored with ICP-MS, the Fe—B
NPs were dispersed at 0.035 mg mL™" concentration in either 20% v /v FCS
at pH 7.4 or 4.7 and incubated at 37 °C for 60 days. Then, the Fe-B NPs
were concentrated to 100 pL with a permanent NdFeB magnet (overnight
exposure) and quantified with ICP-MS. The same procedure was applied
to the initial solution to quantify the starting mass of magnetic Fe-B NPs.

UV-vis absorption spectra were recorded with a Jasco V770 spec-
trophotometer using 2 mm optical path quartz cells. DLS was performed
with a Malvern Zetasizer Nano ZS in DTS1070 cells. The size was calcu-
lated from the size histograms as the arithmetic average accompanied by
the standard deviation (SD). FTIR spectra of the powder samples deposed
on a KBr window were collected with a PerkinElmer 1720X spectrometer.

Microanalysis was performed with an ESEM model FEI Quanta 200 on
a sample of Fe-B NPs drop cast on a silicon substrate, without further
metallization.

TEM analysis was performed with a FEI Tecnai G2 12 transmission elec-
tron microscope operating at 100 kV and equipped with a TVIPS CCD cam-
era. STEM analysis was performed with a TEM Talos F200S G2. The sam-
ples for TEM analysis were prepared by evaporating NP suspensions on
a copper grid coated with an amorphous carbon holey film. For the aging
experiment, the Fe—B NPs were dispersed at 0.035 mg mL~" concentra-
tion in either deionized water, 20% v/v FCS at pH 7.4 or 20% v/v FCS at
pH 4.7 (by adding citrate buffer), and then incubated at 37 °C and ana-
lyzed at different time points (0, 1, 7, 30, and 60 days). Each time, a drop
of the solution was deposed on a copper grid coated with an amorphous
carbon film. Image] software was used to measure the geometrical size in
size distributions. Statistics considered more than n = 500 NPs for each
sample.

The neutron capture by 1°B atoms was evaluated by neutron autora-
diography, according to the procedure described by Postuma et al.[®T]
Briefly, aqueous solutions of either Fe—-B NPs or H;BO; were deposited
by serial drop-casting on CR39 films and drying at room temperature,
to obtain spots in the 8.6 x 107°—4.0 x 10* mg-B (Fe-B NPs) or
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2.9 x 1073-1.2 X 107* mg-B (H3BO;) range. The CR39 films were irra-
diated in the thermal column of the TRIGA Mark Il reactor operating at
2 kW for 30 min, with a neutron fluence of (2 + 0.1) x 10'® cm~2 for the
track counting analysis, while for qualitative imaging of the sample the
reactor was operated for 2 h at 250 kW, obtaining a neutron fluence of
(9.8 +0.5) x 10" cm™2. Quantification of the generated charged particles
was obtained by etching the CR39 films with PEW40 solution, imaging the
tracks generated by the charged particles emitted from the '°B atoms with
a LEICA M205 FA stereo microscope, and counting the number of tracks
per drop by means of the Scikit-Image blob detection algorithm.[®"] Qual-
itative images of the dried drops were obtained by etching with sodium
hydroxide the CR39s irradiated at the highest neutron fluence and collect-
ing the images with the same microscope.

DC magnetometry measurements were performed at room tempera-
ture with a Lakeshore 7404 VSM, at an oscillation frequency of 82 Hz and
amplitude of 5 mm, respectively. Airgap was set at 20 mm and the applied
field was varied between —1.8 and 1.8 T. For measurements, the Fe—B NPs
suspension was lyophilized overnight and the dried powder samples were
placed in gelatine capsules.

The heating ability of the Fe—-B NPs suspended in MQ water was calori-
metrically evaluated by exposing 400 pL of the magnetic suspension, held
in a clear glass Dewar, to RF fields of 260 kHz and field amplitudes of 11,
21,31,42,and 51 kAm~". Magnetocalorimetric experiments were carried
out using a Hiittinger (2.5/300) field generator, which consists of a reso-
nant RLC circuit holding a water-refrigerated five-turn coil of 5 cm inner
diameter. The temperature was probed during the whole treatment with
a fiber optic sensor placed at the center of the sample. The sensor was
connected to a calibrated signal conditioner (Neoptix) with an accuracy of
+0.1 °C. The experiment was interrupted before reaching 50 °C to mini-
mize solvent evaporation and prevent its destabilization. SAR parameter
was calculated for each field condition from the initial slope of the temper-

cy

ature versus time curve with the expression SAR = 77: where C is the

volumetric heat capacity of the solvent (C = 4.18 k) cm=3), and [X] = 1.2
mg-Fe mL~" is the Fe concentration in the suspension.

Cytocompatibility, ROS Production, and Uptake Studies: In vitro cyto-
toxicity and uptake studies were performed on three mouse cell lines (L929
fibroblasts, 4T1 mammary carcinoma, and B16 melanoma) that were ob-
tained from ATCC (Rockwell, MD, USA) and human PBMCs. PBMCs were
obtained from blood volunteers upon signing an informed consent and
approval of the study by the Ethical Committee of INEP, Belgrade, Ser-
bia. PBMCs were isolated by centrifugation of citrated blood over the
Hystopaque gradient. In all assays, the cells were cultured in RPMI 1640
medium, supplemented with 10% FCS (Sigma, Munich, Germany), 2 X
1073 M L-glutamine (Sigma), 100 U mL~" penicillin, 100 mg mL~" strep-
tomycin (all antibiotics from ICN, Costa Mesa, CA, USA), and 50 X 1076 m
2-mercaptoethanol (Sigma). The cells were cultured with six different con-
centrations of Fe-B NPs from 1 to 100 pg mL™" in 96-well plates (Sarst-
edt, Numbrecht, Germany), at 1 x 10* cells per well (each in triplicates),
or without NPs (negative control). The cell lines were allowed to adhere
overnight at 37 °C, before the addition of ultrasonically treated Fe—B NPs.

Cytotoxicity was evaluated by MTT test and apoptosis/necrosis assay.
MTT assay was used to evaluate the metabolic activity of cells in cul-
tures, as a measure of the number of live cells. After cultivation of cells
for 48 h at 37 °C, 20 uL of MTT (Sigma) solution (5 mg mL™" in PBS) was
added to each well and the plates were incubated for additional 4 h. Wells
with a MTT solution without the cells served as blank controls. The for-
mazan crystals were dissolved overnight by the addition of 150 uL of 0.01
N HCI/10% sodium dodecyl sulfate (SDS) (Merck, Darmstadt, Germany).
The next day, the optical density (OD) value was read at 570 nm (ELISA
reader, Behring I1). The results were presented as the relative metabolic
activity compared to the negative control, used as 100%. Fe-B NPs with-
out cells did not interfere with the assay. For the apoptosis/necrosis as-
say, an annexin-V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
kit (Invitrogen, Carlsbad, CA, USA) was used according to the manu-
facturer's protocol, followed by flow cytometry analysis (CyFlow Cube 6,
Partec GmbH, Munster, Germany). The cell lines were seeded in 24-well
plates (Sarstedt) (1 x 10° cells per well) and allowed to adhere at 37 °C.
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For comparison, the same procedure was applied for PBMCs. After 2 h,
cells were treated with different concentrations of Fe-B NPs or culture
medium alone (negative control) for 24 h at 37 °C. After cultivation, media
were removed and the cell lines were washed three times with PBS and
trypsinized. PBMCs were collected by a stronger pipetting. The collected
and washed cells were stained and analyzed. The assay enables identi-
fication of necrotic (annexin-V-FITC—/PI+) cells, living (annexin-V-FITC—
/PI-) cells, early apoptotic (annexin-V- FITC+/PI-) cells, and late apop-
totic/secondary necrotic (annexin-V-FITC+/Pl+) cells.

ROS production was detected by staining the cells using dihydrorho-
damine (DHR) 123 dye following the manufacturer’'s protocol (Sigma-
Aldrich, St. Louis, MO, USA). The cells were cultivated and proceeded as
for apoptosis/necrosis assay. After 12 h of cultivation, the cells were in-
cubated with 5 x 107® M DHR123 in PBS for an additional 30 min at 37
°C. Subsequently, after washing in PBS, the fluorescence intensity (fi) was
analyzed in a LSRII flow cytometer (Becton Dickinson). For comparison,
blank samples with the cells without DHR123 loading (with and without
Fe—B NPs) were used. Appropriate positive controls were cells treated with
100 x 106 m ferrous ammonium sulphate (Fe(NH,),(SOy4),) (Thermo
Fisher Scientific, Pittsburgh, PA, USA), and with 0.3% hydrogen peroxide
(H,0,) (Sigma-Aldrich). Results are presented as mean fi or percentage
of DHR123-positive cells, from three independent experiments.

For uptake experiments, the cells (5 x 10* per well) were seeded onto
13 mm glass coverslips (Sarstedt), placed in 24-well plates (Sarstedt) and
incubated in cell culture medium for 2 h at 37 °C to adhere. The cells
were then incubated with Fe-B NPs overnight at 37 °C. Coverslips were
removed from the plates, washed thoroughly in PBS, air-dried, and fixed
with methanol (Merck). Cytospins were also prepared from some cultures
by using a cytocentrifuge and fixed with methanol. After fixation and dry-
ing, coverslips and cytospins were stained with PB by immersing the speci-
mens in a solution obtained by mixing equal amounts of 4% potassium fer-
rocyanide (aqueous, Merck) and 4% hydrochloric acid (aqueous, Sigma)
for 20 min, rinsing in distilled water and counterstaining with nuclear
fast red solution (Sigma) for 4 min. Air-dried specimens were mounted
with Canada balsam (Merck) and analyzed with a light microscope (Nikon
Eclipse 5i equipped with a Nikon DXM1200C camera, Tokyo, Japan). Inter-
nalization of NPs (blue-stained intracellular granules) was checked using
a semiquantitative method as described in previous article.[*]

Magnetic Resonance Imaging: Magnetic resonance images were ac-
quired with a Bruker system operating at 7 T (Bruker BioSpin, Ettlingen,
Germany). The samples were dispersed in water by serial dilution start-
ing from a solution with Fe concentration of 4 x 1073 m. The transversal
relaxation times (r, value) were calculated from the slopes of the best fit
lines of relaxation rates (1/T,) versus iron concentration. The T, map in
phantoms was acquired using a multi-slice multi-echo sequence with the
following parameters: TR = 2000 ms, TE from 6.5 to 170.43 ms, FOV =55
X 55 mm, matrix size = 128 x 128, slice thickness = 1 mm, and number
of echoes = 25.

In vivo experiments were performed in n = 5 Balb/c male mice (6-8
weeks old, Envigo). Mice were intravenously injected with NPs at a dosage
of 5 mg-Fe kg~'. For MRI acquisitions, animals were anesthetized with a
mixture of O, and air containing 1-1.5% of isoflurane, placed in a heated
animal bed and inserted in a 7.2 cm internal diameter birdcage coil. T,-
weighted images of the mice body were acquired using a rapid acquisi-
tion with relaxation enhancement sequence with the following parame-
ters: FOV = 60 x 40 mm, MTX = 256 x 256, slice thickness = 1 mm, TE
=33 ms, and TR = 2.500 ms. The images were acquired before and 1, 6,
24,48 h, 5, 14, and 30 days after NPs injection. T, signal intensity was cal-
culated by region of interest (ROI) and normalized by the ROI defined on
the white signal produced from the fat tissue. All mice were weighed be-
fore (day 0), 14, and 30 days after the NPs injection. In vivo experiments
were carried out with the authorization of the Italian Ministry of Health
and the Committee for Research on Laboratory Animals of the University
of Verona.

Histopathology Analysis: ~ After 30 days from NPs injection, mice were
sacrificed and liver, kidneys, lung, and heart were dissected out for
histopathology and ICP-MS analysis. The organs were washed with PBS
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0.1 ™ and fixed in 10% formalin for 4 h. Tissues were embedded in paraf-
fin and cut in 5 pm thick sections with a microtome and dried at 37 °C
for 24 h. In order to evaluate the presence of Fe in the tissue, PB staining
was performed on liver and kidney: sections were incubated with PB so-
lution (5% hydrochloric acid and 5% potassium ferrocyanide) for 40 min
and counterstained with nuclear fast red (Bioptica) for 10 min. To morpho-
logically evaluate tissue damage, sections of liver, kidney, lung, and heart
were stained with hematoxylin and eosin. Sections were examined under a
light microscope (Olympus BXS1) equipped with a charge-coupled device
camera.

Finally, to assess iron content by ICP-MS analysis in organs explanted
30 days after administration of Fe~B NPs or Endorem-treated animals, the
dissections were weighted and digested with HNOj; (ten times the organ
mass) at 95 °C for 3 h.

Statistical Analysis: ~ For the biocompatibility study in vitro, the results
are presented as representative data (one or three independent experi-
ments) or as mean + SD values of three independent experiments. The
differences between the treatments/concentrations were analyzed by re-
peated measures ANOVA with Tukey’s multiple comparison test using the
GraphPad Prism software (GraphPad, La Jolla, CA, USA). All tests were
two-sided with the significance level of p < 0.05.

Statistical analysis of MRI measurements on n =5 mice was performed
using Prism software (8.1.1, GraphPad) and confirmed by a custom script
for statistical analysis realized in MATLAB (MathWorks, Natick, MA, USA).
All the data are expressed as mean + SD and the statistical test per-
formed was one-way ANOVA with multiple comparisons using Tukey—
Kramer method. When the p-value < 0.05, the differences were considered
statistically significant.
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the author.
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Colloidally stable nanoparticles-based magnetic agents endowed with very high relaxivity and specific
absorption rate are extremely desirable for efficient magnetic resonance imaging and magnetic hyper-
thermia, respectively. Here, we report a water dispersible magnetic agent consisting of zinc-doped super-
paramagnetic iron oxide nanoparticles (i.e., Zn-SPIONs) of 15 nm size with high saturation magnetization
coated with an amphiphilic polymer for effective magnetic resonance imaging and magnetic hyperther-
mia of glioblastoma cells. These biocompatible polymer-coated Zn-SPIONs had 24 nm hydrodynamic
diameter and exhibited high colloidal stability in various aqueous media, very high transverse relaxivity
of 471 mM~' s7!, and specific absorption rate up to 743.8 W g~', which perform better than most iron
oxide nanoparticles reported in the literature, including commercially available agents. Therefore, using
these polymer-coated Zn-SPIONs even at low concentrations, T,-weighted magnetic resonance imaging
and moderate magnetic hyperthermia of glioblastoma cells under clinically relevant magnetic field were
successfully implemented. In addition, the results of this in vitro study suggest the superior potential of
Zn-SPIONs as a theranostic nanosystem for brain cancer treatment, simultaneously acting as a contrast
agent for magnetic resonance imaging and a heat mediator for localized magnetic hyperthermia.
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1. Introduction

Several types of colloidal magnetic nanoparticles have been
designed and successfully developed over the past decades [1-3].
Therefore, they have attracted tremendous attention in recent
years for different biomedical applications - including bioimaging,
drug delivery, biosensing, and therapy - because of their unique
intrinsic magnetic as well as physicochemical properties [1-5].
Among them, superparamagnetic iron oxide nanoparticles
(SPIONS) in the form of magnetite or maghemite nanocrystals have
demonstrated promising performance as contrast agents for mag-
netic resonance imaging (MRI) and as heat mediators for magnetic
hyperthermia (MH) [3-6].

MRI is a non-invasive, real time medical imaging technique able
to generate images of the tissues at any depth of the body with
excellent spatial and temporal resolution [7,8]. In addition, MRI
does not require harmful agents such as radioisotopes and radia-
tions similar to X-ray [7,8]. SPIONs have been largely proposed as
negative contrast agents due to their capability to shorten the
transverse (T) relaxation time [9] and, as a result, a number of
SPIONs-based contrast agents including Resovist® and Feridex®
were clinically approved [3,6,10]. However, the low transverse
relaxivity (rp) of these contrast agents consisting of polydisperse
and poorly crystalline nanoparticles could not provide sufficient
sensitivity in clinical application [6,11]. Furthermore, the slow
body clearance of SPIONs causes several long-term side effects
[6]. Therefore, almost all the clinically approved T, contrast agents
were withdrawn or discontinued from the market [6,10].

On the other hand, MH is a promising non-invasive therapeutic
modality for cancer treatment based on the production of heat
from magnetic nanoparticles under an applied alternating mag-
netic field [4,12,13]. This strategy relies on the use of magnetic
heat mediators to increase the temperature within the tumor tis-
sue typically in the range of 41-46 °C, where cancer cells are selec-
tively killed preserving healthy tissues. Notably, the apoptosis and/
or necrosis of cancer cells occurs via several mechanisms including
protein denaturation and aggregation, impairment of DNA repair
processes as well as activation of the immune system promoted
by over-expression of heat shock proteins [4,12]. The most com-
monly investigated magnetic heat mediators are superparamag-
netic SPIONs, which convert magnetic energy to thermal energy
through Brownian-Néel relaxations and hysteresis losses [4,12].
Nowadays, SPIONs-based MH is clinically approved in Europe as
an adjuvant therapy for recurrent glioblastoma multiforme and
several clinical trials are still ongoing for other cancer types
[14,15]. However, the low magnetic properties of nanoparticles
available for preclinical and clinical studies cause poor heating effi-
ciency, that leads to a low specific absorption rate (SAR)
[4,12,14,15]. As a result, very high dosages (in the scale of mg
mL~!) of SPIONs are needed to accomplish high performances in
cancer therapy [14]. Furthermore, their low colloidal stability in
biological media promotes the nanoparticles aggregation, further
decreasing their SAR value [16].

With the aim to contribute to overcome the clinical limitations
reported both for MRI and MH, the objective of the present study
was to develop an efficient SPIONs-based theranostic nanosystem
with superior magnetic properties and improved colloidal stability
for glioblastoma cell treatment. For this purpose, among the sev-
eral strategies proposed for enhancing the SPIONs magnetism
(e.g., optimization of nanoparticles size, use of anisotropic
nanoparticles, metal ions doping, and the formation of nanoclus-
ters), we have adopted the most promising doping approach. The
controlled zinc ions substitution is highly able to enhance the mag-
netic properties of ferrite nanoparticles and subsequently
improved their performance as contrast agents and heat mediators
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[17,18]. Thus, we have employed the zinc doing in Fe;04 nanopar-
ticles to attain higher relaxivity and specific absorption rate. In this
approach, iron(lll) ions in the tetrahedral sites of inverse spinel
structure of Fe;04, were partially replaced by non-magnetic zinc
(II) ions [19,20]. In addition, the surface modification of hydropho-
bic magnetic nanoparticles is very important for their biomedical
applications [1,3,4]. To make highly water dispersible nanoparti-
cles, the polymer coating methods are more appropriate for pro-
viding long-term high colloidal stability of larger magnetic
nanoparticles in different biological environments [1,3,4]. More-
over, the exposed reactive functional groups (such as primary
amine and carboxyl) of the polymer-coated nanoparticles are sup-
portive for further conjugation of therapeutic agents and targeting
ligands [1,3,4]. Therefore, the synthesized non-spherical zinc-
doped superparamagnetic iron oxide nanoparticles (Zn-SPIONs)
were successfully coated with an amphiphilic polymer producing
water dispersible nanoparticles that exhibited high colloidal stabil-
ity in biological media. The polymer-coated Zn-SPIONs also
showed very high transverse relaxivity (r;) of 471 mM~! s~! as
well as specific absorption rate (SAR) up to 743.8 W g~ that was
more suitable for the development of an efficient theranostic
agent. Consequently, this biocompatible nanoconstruct was
designed to efficiently interact with glioblastoma cells, demon-
strating both contrast agent as well as heat mediator capabilities.

2. Experimental
2.1. Materials

Iron(IIl) acetylacetonate [Fe(acac)s], iron(Il) acetylacetonate [Fe
(acac)y], zinc chloride (ZnCl,), oleic acid, oleylamine, dioctyl ether,
poly(isobutene-alt-maleic anhydride) (MW ~ 6000 Da), dodecy-
lamine, and anhydrous tetrahydrofuran were obtained from Sigma
Aldrich. Nitric acid (67-69%) for trace metal analysis was pur-
chased from Thermo Fisher Scientific. Eagle’s minimum essential
medium (EMEM), fetal bovine serum (FBS), and trypsin-EDTA solu-
tion were obtained from Euroclone.

2.2. Synthesis of hydrophobic zinc-doped superparamagnetic iron
oxide nanoparticles (Zn-SPIONs)

Hydrophobic Zn-SPIONs were synthesized via a previously
reported high-temperature thermal decomposition method with
minor modification [21]. Briefly, Fe(acac); (1 mmol), ZnCl,
(0.2 mmol), and Fe(acac), (0.3 mmol) were placed in a 250 mL
three-neck round-bottom flask in the presence of dioctyl ether
(20 mL). The mixture was stirred under vacuum at 100 °C for
30 min. Then oleic acid (0.5 mmol) and oleylamine (0.5 mmol)
were injected at 100 °C under an inert atmosphere. The reaction
mixture was rapidly heated to 300 °C under reflux condition and
maintained at that temperature for 60 min. Next, the solution
was allowed to cool to room temperature and the Zn-SPIONs were
precipitated using ethanol and separated via centrifugation. The
Zn-SPIONs were redispersed in hexane in presence of oleic acid
and precipitated again with ethanol for further purification and
then the black-brown precipitate was collected by centrifugation.
Finally, pure Zn-SPIONs were stored in chloroform for characteri-
zation and polymer coating.

2.3. Synthesis of water dispersible polymer-coated Zn-SPIONs

Hydrophobic long alkyl chain capped Zn-SPIONs were trans-
formed to be water dispersible via a polymer coating approach
using pre-synthesized amphiphilic polymer, dodecyl grafted poly
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(isobutene-alt-maleic anhydride) [22,23]. Briefly, 5 mL chloroform
solution of Zn-SPIONs (1 mg mL™') was mixed with 100 uL of dode-
cyl grafted poly(isobutene-alt-maleic anhydride) polymer in chlo-
roform (0.5 M monomer concentration). Then the organic solvent
was completely evaporated using rotary evaporator and the solid
thin film of polymer-coated Zn-SPIONs were dispersed in Milli-Q
water (9 mL) in presence of 1 mL KOH solution (0.5 M). The
polymer-coated Zn-SPIONs were purified via washing several
times with Milli-Q water using 50 kDa centrifugal filter. Finally,
an aqueous solution of polymer-coated Zn-SPIONs was stored for
further use.

2.4. ICP analysis of Zn-SPIONs

To quantify the level of zinc and iron in as-synthesized
hydrophobic Zn-SPIONs and also to measure the concentration of
iron in polymer-coated Zn-SPIONs, Zn-SPIONs before and after
polymer coating were analyzed by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) after their complete
digestion in 2% aqueous nitric acid solution.

2.5. Magnetic measurement

Magnetization measurements of as-synthesized and polymer-
coated Zn-SPIONs were carried out by a Quantum Design MPMS
XL-5 SQUID magnetometer. Weighted amounts of each sample
were sealed in Teflon tape. Field-cooled (FC) and zero-field-
cooled (ZFC) magnetization curves were recorded in the 5-300 K
range. After cooling the sample from 300 to 5 K in zero field, the
ZFC magnetization was recorded on heating to 300 K using a mea-
suring field Hyeas = 100 Oe. Next, the FC magnetization was mea-
sured (Hmeas = 100 Oe) while cooling the sample from 300 to 5 K
under field Heo = 100 Oe. Magnetization isotherms (hysteresis
loops) were recorded between + 50 kOe and —50 kOe at 300 K.
All data were corrected for the diamagnetism of the sample holder
and scaled to the sample mass.

2.6. Relaxivity and MRI phantom studies

The value of longitudinal (T;) and transverse (T) relaxation
times of several aqueous solutions of polymer-coated Zn-SPIONs
at different molar concentrations of iron from 0.0125 mM to
0.2 mM were measured using 0.47 T Time-Domain NMR Benchtop
Systems of Minispec mq series from Bruker. The samples were ana-
lyzed using 400 uL aqueous solutions of polymer-coated Zn-SPIONs
in NMR tubes at 300 K. The value of T; and T, relaxation times were
calculated using t1_sr_mb and t2_cp_mb sequence, respectively.
Then the longitudinal relaxivity (r;) and transverse relaxivity (r2)
were obtained from the slope of the regression line of 1/T; and
1/T, in s~! against iron concentration in mM, respectively. The
T,-weighted phantom images of polymer-coated Zn-SPIONs were
recorded using 400 uL aqueous solutions of nanoparticles at differ-
ent molar concentrations of iron (from 0.0125 to 0.2 mM) in an
Eppendorf tube. For this measurement, a MSME (multi slice multi
echo) sequence with a repetition time (TR) of 4 sec and 16 echo
time (TE), ranging from 10 to 160 ms, field of view (FOV) of 2.5 x
2.5 cm, with a matrix 256 x 128 pixels, and a slice thickness of
2 mm were used.

2.7. SAR measurement

The heating efficiency of polymer-coated Zn-SPIONs in the pres-
ence of an external alternating magnetic field was evaluated via
calculation of its specific absorption rate (SAR) values at numerous
strengths and frequencies. To verify and quantify the thermal pro-
file, aqueous solutions of polymer-coated Zn-SPIONs at many
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nanoparticles weight concentration (1, 3, 5, and 7 mg mL~"') were
placed in the alternating magnetic field apparatus (Magnetherm,
nanoTherics Ltd, UK), in an induction coil and exposed to an alter-
nated magnetic field (AMF). To assess temperature variation (AT)
in the nanoparticle solution, a multichannel thermometer
equipped with optical fiber probes (FOTEMP4, Optocon AG, Ger-
many) was used. The SAR values of Zn-SPIONs were calculated
using the following formula [4].

dT\ / mg
SAR = C (a) (mfm)

Here C is the specific heat capacity of water, dT/dt is the initial
slope of the time-dependent heating curve, my is the mass of water,
and my, is the mass of Zn-SPIONs.

2.8. Cell culture

U-87 MG glioblastoma cells, (purchased from ATCC Manassas,
VA), were cultured in Eagle’s minimum essential medium (EMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, penicillin (50 U mL~') and streptomycin (50 mg mL™').
Cells were maintained at 37 °C in a humidified atmosphere con-
taining 5% CO, and sub-cultured prior to confluence using
trypsin-EDTA solution.

2.9. In vitro cytotoxicity assay

The toxicity of polymer-coated Zn-SPIONs on cancer cells was
measured by colorimetric MTS assay. In brief, U-87 MG cells were
seeded on a 96-well cell culture plate at a density of 1 x 10% cells/
well. The cells were incubated with different weight concentra-
tions of Zn-SPIONs (1, 10, 25, 50, and 100 pg mL~") for 12 and
24 h at 37 °C. Untreated cells were used as controls. After incuba-
tion, 20 pL of MTS reagent (CellTiter 96®AQueous One Solution Cell
Proliferation Assay; Promega) were added, and cells were incu-
bated for 3 h at 37 °C. Then absorbance was measured by EnSight™
multimode plate reader (Perkin Elmer, Waltham, MA, USA) setting
absorbance wavelength at 490 nm. Results were normalized with
respect to the viability of untreated cells and expressed as
means * std. dev.

2.10. Intracellular uptake study

The qualitative and quantitative cellular uptakes of polymer-
coated Zn-SPIONs were examined using transmission electron
microscopy (TEM) and inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) analysis, respectively. For TEM analy-
sis, U-87 MG cells were grown as monolayers on glass coverslips,
treated with 10 pg mL™! of Zn-SPIONSs for 24 h at 37 °C, and then
fixed with 2.5% (v/v) glutaraldehyde and 2% (v/v) paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4) at 4 °C for 1 h, post-
fixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide
for 1 h, dehydrated with acetone and embedded as monolayers
in Epon resin [24]. Ultrathin sections were observed in a Philips
Morgagni transmission electron microscope (FEI Company Italia
Srl, Milan, Italy) equipped with a Megaview II camera for digital
image acquisition.

To determine the iron uptake in cancer cells by ICP measure-
ment, U-87 MG cells (2.5 x 10° cells/well) were seeded on a 12-
well cell culture plate. The cells were then incubated with
polymer-coated Zn-SPIONs solution at the concentration of
0.1 mM iron for 8 h at 37 °C. Next, the cells were washed with
PBS solution followed by cell detachment from the plate using
trypsin-EDTA solution and centrifuged at 200 RCF for 5 min. Then
the cells plate was suspended in 200 pL PBS and then cells were
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completely digested using 10% aqueous nitric acid solution.
Untreated cells were used as control.

2.11. In vitro magnetic resonance imaging (MRI) analysis

U-87 MG cancer cells were first seeded on a 12-well cell culture
plate at a density of 2.5 x 10° cells/well. The cells were grown for
overnight and then incubated with polymer-coated Zn-SPIONSs at a
concentration of 0.1 mM iron for 8 h at 37 °C. Alternatively,
untreated U-87 MG cells were used as a control. After incubation,
the medium containing excess nanoparticles was removed and
the cells were washed with phosphate-buffered saline (PBS) solu-
tion. Next, the cells were detached and centrifuged at 200 RCF
for 5 min. The supernatant was removed, and cells were suspended
in 200 pL PBS solution. Finally, untreated U-87 MG cells and
nanoparticles labeled U-87 MG cells were embedded into 400 pL
of 1% agarose gel. The samples were analyzed using spin echo
sequence with a repetition time (TR) of 4 sec and an echo time
(TE) of 80 ms; field of view (FOV): 2.5 x 2.5 cm, matrix:
256 x 128 pixels, slice thickness: 2 mm.

2.12. In vitro magnetic fluid hyperthermia (MFH) study

U-87 MG cell line was cultured in Eagle’s minimum essential
medium (EMEM) with 10% (v/v) fetal bovine serum (FBS), 1% (w/
v) glutamine, 0.5% (v/v) amphotericin B, 100 units/mL of peni-
cillin-streptomycin (Gibco, MA, USA), at 37 °C in a 5% CO, humid-
ified atmosphere. Cells were trypsinized when subconfluent (about
80%) and then 1 x 10* cells were seeded on glass coverslips in 24-
multiwell microplates. After 24 h, cells were incubated with
polymer-coated Zn-SPIONs (100 pg mL™') for 2 h and then placed
in the induction coil and exposed for 20 min to an AMF of 334 kHz
frequency and 17 mT field amplitude. As control, some cell samples
were placed in the induction coil without exposure to magnetic
field. Next, the U-87 MG cells were processed after either immedi-
ate treatment or 24 h of treatment to estimate the efficiency of
magnetic hyperthermia. For this purpose, cells were fixed with
4% buffered formalin solution for 15 min, rinsed with PBS and then
stained with Mayer's hematoxylin (nucleus) and eosin (cytoplasm).
In order to evaluate the effect of hyperthermia on cell death, ten
images of each sample were taken at 20X using a BX-URA2 Olym-
pus microscope (Olympus optical, GMBH, Hamburg, Germany)
equipped with a digital camera. The percentage of dead cells was
evaluated in each image, means + standard error values were cal-
culated for control and treated samples, and a statistical compar-
ison was performed (one-way Anova test).

2.13. Instrumentation

The hydrodynamic sizes and zeta potential of Zn-SPIONs were
determined by dynamic light scattering (DLS) measurements using
a Malvern Zetasizer Nano ZS instrument. Transmission electron
microscopy (TEM) image of hydrophobic Zn-SPIONs and their cor-
responding selected area electron diffraction (SAED) pattern and
energy dispersive X-ray (EDX) spectrum were performed by a JEOL
JEM-2010 microscope with an accelerating voltage of 200 kV. A
TEM image of polymer-coated Zn-SPIONs was captured by FEI
120 kV Tecnai G2 Spirit BioTWIN. The magnetic properties of as-
synthesized and polymer-coated Zn-SPIONs were measured using
Quantum Design MPMS XL-5 SQUID magnetometer. The amount
of zinc and iron in Zn-SPIONs were quantified using Optima 7000
DV inductively coupled plasma-optical emission spectroscopy
(ICP-OES) system. The relaxivities of polymer-coated Zn-SPIONs
were measured by 0.47 T Time-Domain NMR Benchtop Systems
of minispec mq series (Bruker). To-weighted phantom images of
polymer-coated Zn-SPIONs in aqueous solution and cancer cells
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were acquired by 7.0 T MRI imaging instrument (Pharmascan®,
Bruker BioSpin) with samples inserted in the radiofrequency coil
(38 mm, i.d.) inside the magnet. ParaVision 4.0 software from Bru-
ker (Billerica, MA) was used for image visualization. The hyperther-
mic property of polymer-coated Zn-SPIONs was measured and also
magnetic hyperthermia of cancer was performed using Mag-
netherm, nanoTherics Ltd, UK. U-87 MG cells were observed using
an optical Olympus microscope (BX-URA2, Olympus optical,
GMBH, Hamburg, Germany) equipped with Image ProPlus software
(Media Cybernetics, Rockville, USA). U-87 MG cells were observed
also using a Philips Morgagni transmission electron microscope
(FEI Company Italia Srl, Milan, Italy) operating at 80 kV and
equipped with a Megaview II camera (EMSIS GmbH, Muenster,
Germany) for digital image acquisition.

3. Results and discussion

Hydrophobic Zn-SPIONs capped with a mixture of oleic acid and
oleylamine were prepared via thermal decomposition of iron
acetylacetonate in the presence of zinc chloride in dioctyl ether
at elevated temperature to attain high-quality nanoparticles [21].
As determined by the analysis of transmission electron microscopy
(TEM) images, the synthesized hydrophobic Zn-SPIONs displayed a
non-spherical shape along with an average size of 15 + 2 nm
(Fig. S1a). The selected area electron diffraction (SAED) pattern of
these nanoparticles exhibited excellent crystallinity as revealed
by several strong diffraction rings, attributable to the (2 2 0),
(311),(400),(422),(511)and (4 4 0) crystal planes character-
istic of the face-centered cubic inverse spinel structure of mag-
netite (Fig. S1b) [25,26]. The successful doping of zinc ions was
confirmed by energy-dispersive X-ray (EDX) analysis (Fig. S2),
where the estimated amount of zinc was 1.54 wt% based on the
total amount of iron and zinc (Table S1). To further support this
result, the levels of zinc and iron in Zn-SPIONs were quantitatively
determined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES) (Table S1). Notably, the resulting zinc concen-
tration of 0.118 ppm corresponded to 1.99 wt%, which is close to
the approximate value calculated from EDX analysis. The chemical
formula of Zn-SPIONs calculated from ICP analysis was Zng gsFez g4~
04. Taken together, such non-spherical Zn-SPIONs with narrow size
distribution and remarkable crystallinity were expected to possess
higher magnetic properties compared with non-doped SPIONs,
boosting the competence of both MRI and MH [25,26].

Next, the hydrophobic Zn-SPIONs dispersed in chloroform were
successfully phase transferred into an aqueous medium by poly-
mer coating with the amphiphilic dodecyl-grafted poly
(isobutylene-alt-maleic anhydride) polymer [22,23]. As deter-
mined by dynamic light scattering (DLS) analysis, water dispersible
Zn-SPIONs showed a mean diameter of 24 + 1 nm, with significant
increase compared to the as-synthesized hydrophobic nanoparti-
cles (16 £ 1 nm) (Fig. 1a). Colloidal stability was first confirmed
by DLS: no significant change in hydrodynamic size of Zn-SPIONs
dispersed in aqueous solution was observed over four weeks
(Fig. S3).

The TEM image of polymer-coated Zn-SPIONs (Fig. 1b) revealed
that each individual nanoparticle was covered by the polymer shell
with no apparent aggregation. Stability of hydrophilic Zn-SPIONs
in a biocompatible environment was further validated observing
that these nanoparticles did not aggregate when dispersed in buf-
fer solutions of various pH, 1 M NaCl, and DMEM medium supple-
mented with serum, within one week (Fig. S4). Such superior
colloidal stability was also consistent with their highly negative
surface charge of -70.4 + 1.5 mV in aqueous solution as deter-
mined by zeta potential measurement, due to the presence of a
large number of free carboxyl groups on the nanoparticles surface
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Fig. 1. (a) DLS-based sizes of hydrophobic as-synthesized Zn-SPIONs in chloroform solution and hydrophilic polymer-coated Zn-SPIONs in aqueous solution. (b) TEM image of
polymer-coated Zn-SPIONs. The scale bar corresponds to 50 nm. (c, d) Field dependent magnetization curves at 300 K of as-synthesized and polymer-coated Zn-SPIONSs,

respectively.

(Fig. S5). Such excellent colloidal stability of polymer-coated Zn-
SPIONSs in a variety of biological environments is a crucial aspect
for efficient biomedical applications of advanced magnetic
nanoparticles.

Then, we investigated the magnetic properties of Zn-SPIONs by
a superconducting quantum interference device (SQUID) magne-
tometer. Magnetization curves of Zn-SPIONs before and after poly-
mer coating (Fig. 1c and 1d, respectively) exhibited
superparamagnetic behavior without magnetic hysteresis at
300 K (Fig. S6). The saturation magnetization (M) of as-
synthesized hydrophobic Zn-SPIONs was about 68 emu/g, which
is larger than the Ms of undoped SPIONSs of similar size obtained
by thermal decomposition method [27] and similar to that of pre-
viously reported zinc-doped magnetite nanoparticles [26,28]. The
enhanced magnetization observed in Zn-SPIONs is mainly attribu-
ted to their highly crystalline nature and non-spherical shape, and
predominantly to the limited replacement of iron(IIl) ions by zinc
(I1) ions in the tetrahedral sites of pure SPIONs [21,25]. In addition,
the M; value was reduced to 7.4 emu/g after polymer coating. This
is likely due to the presence of a large amount of polymer on the
surface of the nanoparticles (i.e., contribution of polymer weight
to the sample mass) [29].

The zero-field cooled (ZFC) and field-cooled (FC) magnetization
further demonstrated that both Zn-SPION types were superparam-
agnetic at room temperature (Fig. S7). For both Zn-SPIONs, the
superparamagnetic reversible regime extended down to the block-
ing temperature Tg ~ 200 K. As a measure of Tg, we used the irre-
versibility temperature, defined as the temperature where the ZFC
and FC magnetizations differ by less than 3%. Thus, such superpara-
magnetic character of polymer-coated Zn-SPIONs demonstrated
their capability to have high relaxivity and specific absorption rate,
which will make them a potential magnetic agent for both mag-
netic resonance imaging and magnetic hyperthermia.
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In order to evaluate the contrast enhancement abilities of
polymer-coated Zn-SPIONs for MRI, the longitudinal (r;) and trans-
verse () relaxivities were calculated via measuring the longitudi-
nal (T;) and transverse (T,) relaxation times of water protons as a
function of iron molar concentration with a 0.47 T NMR relaxome-
ter. The results demonstrated that our nanoformulations efficiently
reduced both T; and T, (Fig. 2a and Fig. S8) and the calculated r,
and r, values were 63.8 and 471 mM~' s~!, respectively. The r,/
r; ratio corresponded to 7.4, indicating the potential application
as a T, contrast agent [6]. Furthermore, the observed r; value is lar-
ger compared to previously reported SPION-based constrast
agents, including commercially available Resovist® [6,11,30]. This
superior performance is presumably due to the high saturation
magnetization and the unique surface chemistry of polymer-
coated Zn-SPIONs [31,32,33]. These results were further supported
by T,-weighted phantom images acquired by 7.0 T MRI instrument
(Fig. 2b): indeed, the phantom images became darker as a function
of polymer-coated Zn-SPIONs concentration in aqueous solution
and this effect was also detectable at very low iron concentrations
(e.g, 0.0125 mM). Overall, these findings suggested that these
nanoparticles could be proposed as an effective and sensitive T,
contrast agent for MRI purposes.

In order to evaluate the heating efficiency of polymer-coated
Zn-SPIONSs, the calorimetric measurements were performed at dif-
ferent nanoparticles weight concentrations (1-7 mg mL~!) using
an external alternating magnetic field. The heating profiles
reported in Fig. 3a and Fig. S9 demonstrated that the solution tem-
perature rapidly increased proportionally to the polymer-coated
Zn-SPIONs concentration. Additionally, even at low concentrations
(1 mg mL™"), our Zn-SPIONs exhibited the capability to increase
the solution temperature by 4-7 °C within 120 s exposure, which
is sufficient for MH. Furthermore, the essential temperature (41-
46 °C) for moderate hyperthermia was easily achieved using highly



P. Das et al./Journal of Colloid and Interface Science 579 (2020) 186-194 191

a) 100
y=471.04x +2.8499
80 R2=0.9984
2 60
E 40
20
0 + T T T T
0 0.05 0.1 0.15 0.2
b) Iron concentration (mM)

0 0.0125 0.025 0.05 0.1 0.2

Iron concentration (mM)

Fig. 2. (a) The analysis of T, relaxation rate (1/T5) of aqueous solutions of polymer-
coated Zn-SPIONs with different concentrations of iron from 0.0125 to 0.2 mM
using 0.47 T NMR relaxometer for the measurement of transverse relaxivity (r2). (b)
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Fig. 3. (a) Time-dependent temperature curves of polymer-coated Zn-SPIONs at
different nanoparticles concentrations in water in presence of an external
alternating magnetic field with magnetic field strength (H) of 20 mT and frequency
(f) of 522 kHz. (b) The calculated specific absorption rate (SAR) of polymer-coated
Zn-SPIONs as a function of the applied magnetic field.

concentrated Zn-SPIONSs solutions (e.g., 7 mg mL™!) in a very short
time (few seconds), depending on the nanoparticle concentration
and magnetic field strength (H) and frequency (f) (Fig. S10). Such
an excellent hyperthermic effect was observed as a result of the
superior superparamagnetic property of the highly colloidal stable
non-spherical Zn-SPIONs coated with an amphiphilic polymer
(24.21].

Besides nanoparticle concentrations, the heating capacity was
demonstrated to be dependent on the properties of the magnetic
field, such as its strength and frequency (Fig. S10). Then the heating
efficiency of polymer-coated Zn-SPIONs was quantitatively evalu-
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ated by its specific absorption rate (SAR). Since strength and fre-
quency of the applied magnetic field have an impact on the
heating performance, different SAR values were calculated: nota-
bly, polymer-coated Zn-SPIONs displayed 141.8, 285.8 and
743.8 W g~ SAR values when exposed to an external magnetic
field (H.f) of 2.2 x 10% 4.5 x 10° and 8.3 x 10° Am~' s™', respec-
tively (Fig. 3b). This enhancement could be attributed to the addi-
tional heating contribution from hysteresis losses along with the
main heating via Néel and Brownian relaxations, as expected for
superparamagnetic nanoparticles [20]. In addition, these SAR val-
ues were higher than the ones previously reported for most SPIONs
[4,34,35], suggesting that our non-spherical Zn-SPIONs with
improved heating efficiency may lower the dosage required for
MH purposes.

To check the feasibility of polymer-coated Zn-SPIONs for MRI
and moderate MH applications in glioblastoma, the cytotoxicity
and the cellular internalization were assessed in human U-87 MG
glioblastoma cell line. First, the toxic effect of polymer-coated Zn-
SPIONSs on cell viability was monitored by the highly sensitive col-
orimetric MTS assay. The cell viability was determined at 12 and
24 h upon incubation with different nanoparticles concentrations
(1-100 pg mL~!). The results (Fig. 4) demonstrated that after
12 h, this water dispersible Zn-SPIONs did not affect the cell viabil-
ity in any of the tested concentrations, while at 24 h, a 30% in vitro
cytotoxicity was observed only at the highest concentration.
Therefore, we concluded that polymer-coated Zn-SPIONs were safe
within the concentration range tested useful for MRI and MH stud-
ies in glioblastoma cancer cells.

Once established the nanoparticles biocompatibility, an ultra-
structural analysis by TEM was performed to monitor the internal-
ization and intracellular localization of polymer-coated Zn-SPIONs.
After 24 h of incubation, the nanoparticles were found in cell sur-
face invaginations as well as in endosomes and secondary lyso-
somes, suggesting an uptake via endocytic pathways (Fig. 5a).
The cellular uptake was also quantitatively confirmed by ICP mea-
surements of cell lysates: in particular, the intracellular iron level
of the cells incubated with the nanoparticles was 2.3 times higher
than that of untreated sample (Fig. S11).

Next, the ability of polymer-coated Zn-SPIONs to produce a neg-
ative contrast in vitro was demonstrated by imaging U-87 MG cells
after 8 h incubation. As shown in Fig. 5b, the MRI signal detected in
cancer cells treated with Zn-SPIONs at a low iron concentration
(0.1 mM) was significantly different from that in the control sam-
ple. In addition, an in vitro MH was performed to evaluate the effi-
ciency of these Zn-SPIONs as heat mediators. The images
highlighted a more pronounced cell death effect when the cells
incubated with polymer-coated Zn-SPIONs were subjected to an

BN 12h @B 24h

Cell viability (%)
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)
=

1 10 25 50 100
Concentration (ug mL")
Fig. 4. Cell viability of U-87 MG cancer cells after treatment with polymer-coated

Zn-SPIONSs at concentrations of 1-100 ug mL~" for 12 and 24 h using standard MTS
colorimetric assay.
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control

sample

Fig. 5. (a) Transmission electron micrographs of U-87 MG cells incubated for 24 h with polymer-coated Zn-SPIONs. i) Two nanoparticles are adhering to the cell surface
(arrow). ii) A nanoparticle occurs into a cell surface invagination (arrow), while two nanoparticles are enclosed in a small endosome (arrowhead). iii) A large vacuole (thick
arrow), probably a secondary lysosome, contains many nanoparticles. (b) T>-weighted magnetic resonance images of untreated U-87 MG cells (control) and U-87 MG cells
treated with polymer-coated Zn-SPIONs (sample) after 8 h incubation at a concentration of 0.1 mM of iron.
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hyperthermia and observed immediately (i.e., t = 0) (ii) or after 24 h (i.e., t = 24) (iii) from the treatment. Arrows show dead cells. (b) Quantitative evaluation of dead cells in
samples shown in (a). Samples (a, ii) and (a, iii) show a significantly higher values in comparison to sample (a, i) (P less than 0.001 for both).

alternating magnetic field below the biological safe level of 5 x 10°
Am~! s~ as shown in Fig. 6a (ii and iii) in comparison with the
unexposed sample as represented in Fig. 6a (i). Fig. 6b demon-
strates that the percentage of dead cells was significantly higher
in samples submitted to nanoparticles treatment and subsequent
hyperthermia in comparison to the samples undergoing nanoparti-
cles internalisation without hyperthermic treatment.

Taken together, the efficient cellular internalization as well as
the maintenance of heating and contrast enhancement capabilities
demonstrated the suitability of Zn-SPIONs for theranostic pur-
poses. Furthermore, the improved magnetic properties of these
biocompatible polymer-coated Zn-SPIONs are expected to substan-
tially lower the dosage required for the identification and treat-
ment of glioblastoma and thus their side-effects. Therefore, in
comparison to other previously reported doped iron oxide
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nanoparticles utilized for MRI and MH applications, our polymer-
coated Zn-SPIONs should be an efficient theranostic agent for can-
cer diagnosis and treatment (Table S2). In addition, the efficiency
and selectivity of these unique nanoparticles can be further
improved by exploiting exposed carboxyl groups to decorate the
nanoparticles surface with several biomolecules (such as peptides
and antibodies).

4. Conclusions

In summary, we successfully prepared highly crystalline and
non-spherical Zn-SPIONs with an average core diameter of 15 nm
and narrow size distribution via high-temperature thermal decom-
position method. These hydrophobic Zn-SPIONs were then coated
with an amphiphilic polymer to make highly colloidal stable water
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dispersible nanoparticles. The superparamagnetic character of
these polymer-coated Zn-SPIONs of 24 nm average hydrodynamic
size was further investigated: in particular, a high T, relaxivity of
471 mM~' s~ and a SAR value up to 743.8 W g~! demonstrated
the superior physical properties of Zn-SPIONs in comparison to
most previously reported SPIONs [4,6,34,36] and thus the potential
of these nanoparticles as an efficient MRI contrast agent and heat-
ing mediator in MH. This contrast enhancer was able to generate
darker T,-weighted images of glioblastoma U-87 MG cells even
at low iron concentration, supporting their potential to improve
the sensitivity of MRI analysis in future in vivo application. In addi-
tion, the produced heat from Zn-SPIONs-labeled U-87 MG cells effi-
ciently killed cancer cells when exposed to an alternating magnetic
field in the biological safe range. In conclusion, this nanosystem
could be proposed as a valid tool for cancer theranostics, especially
for glioblastoma. The coating polymer confers the additional
advantage of allowing straightforward functionalization with tar-
geting ligands and drug conjugation, which could allow combina-
tion therapy. Future directions will explore the impact of the
bioconjugation with active targeting ligands on the nanoparticle
performance.
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Abstract: Porous silicon (pSi) microparticles obtained by porosification of crystalline silicon wafers
have unique optical properties that, together with biodegradability, biocompatibility and absence
of immunogenicity, are fundamental characteristics to candidate them as tracers in optical imaging
techniques and as drug carriers. In this work, we focus on the possibility to track down the pSi
microparticles also by MRI (magnetic resonance imaging), thus realizing a comprehensive tool for
theranostic applications, i.e., the combination of therapy and diagnostics. We have developed and
tested an easy, quick and low-cost protocol to infiltrate the COOH-functionalized pSi microparticles
pores (tens of nanometers about) with magnetic nanospheres (SPIONs—Super Paramagnetic Iron
Oxide Nanoparticles, about 5-7 nm) and allow an electrostatic interaction. The structural properties
and the elemental composition were investigated by electron microscopy techniques coupled to
elemental analysis to demonstrate the effective attachment of the SPIONs along the pores’ surface
of the pSi microparticles. The magnetic properties were investigated under an external magnetic
field to determine the relaxivity properties of the material and resulting in an alteration of the
relaxivity of water due to the SPIONSs presence, clearly demonstrating the effectiveness of the easy
functionalization protocol proposed.

Keywords: porous silicon microparticles; Super Paramagnetic Iron Oxide Nanoparticles (SPIONSs);
electron microscopy; MRI; theranostics

1. Introduction

Porous silicon (pSi) is a sponge-like material photoluminescent at room temperature. [1] Its
distinctive properties make this material a promising tool for theranostics, i.e., the union of therapy
and diagnostics. [2] In fact, it is biocompatible: [3] it degrades into silicic acids that kidneys are able
to secrete, and it is neither toxic for the cells nor activator of the immune system. It could be exploited
as bioimaging tracer in-vitro and in-vivo, due to its photoluminescence, [4,5] as carrier for drug
loading and release, due to its porosity with large surface to volume ratio, [6,7] or as PTT
(photothermal therapy) [8] or PDT (photodynamic therapy) [9] agent. Porous silicon is produced
from crystalline silicon by a cheap and simple fabrication process, i.e., electrochemical etching in acid
solution, resulting in pSi microparticles with photoluminescence (PL) in the orange-red portion of
the visible spectrum [10,11] due to the quantum confinement effect. [12] The electrochemical etching
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produces pores on the silicon wafer surface, whose dimensions are adjustable with the etching
parameters: in our optimized procedure, the pores are around 20-30 nm. [13] A hydrosilylation
procedure (leading to a surface terminated with carboxyl-groups, which are negatively charged at
pH > 4) is sufficient to stabilize the pSi microparticles for years in ethanol. [13] To homogenize the
microparticles dimension and to reduce and manage their average size, we recently established a
simple post-synthesis procedure, based on ultrasounds, without affecting the optical properties. [14]

One of the main concerns about the acceptance of this material in theranostics was the fast PL
quenching in biological media. To overcome this issue, the pSi microparticles surface has been coated
either with organic polymer (e.g., PEG or chitosan) by covalent attachment [15] or with inorganic
atomic layer deposition (ALD) of TiO2 resulting in a shell with tunable thickness. [16] This allows the
stabilization of the material and of its optical properties for several months. The functionalized
microparticles were shown to be effective carriers of model drugs. [15]

The aim of the present work is to investigate the possibility of adding magnetic properties to the
pSi microparticles to be traced by MRI (magnetic resonance imaging). MRI is a versatile and
informative diagnostic technique, since the contrast in MRI is multifactorial, depending not only on
proton density but also on T1 and Tz relaxation rates and flow. [17] Nanoparticles (NPs) with magnetic
properties are widely used to further increase this contrast and therefore improve the biomedical
diagnosis. [18,19] For magnetic NPs exploitation in theranostics, the magnetic remanence should
vanish once the external magnetic field is switched off: that is one of the main reasons because, among
all the magnetic NPs employed in MRI, SPIONs (SuperParamagnetic Iron Oxide Nanoparticles) are
the most promising. [20,21] In fact, they are able to substantially modify the relaxation time of the
interacting water molecules and are therefore used as contrast agents. [22,23] In particular, they
belong to the class of negative contrast agents, meaning that they affect preferentially the transversal
relaxation time T2 and consequently darken the MR image thus increasing the contrast between
tissues. Furthermore, SPIONs biocompatibility [17] and the toxicity testing in animals [24] supports
their use in biomedical applications.

Within this paper, we explored the possibility to fill the pores and decorate the pSi microparticles
porous surface by magnetite (FesOs) nanoparticles with a dimension of few nm, with the goal of easily
infiltrating the porous structure and favoring electrostatic attachment at the pSi surface.

Few studies were previously reported about SPIONSs infiltrated within the pores of porous
silicon [25] or mesoporous silica nanoparticles. [26] In the former, the pSi microparticles were placed
in an aqueous solution of magnetic NPs, which were infused inside the porous structure and
embedded by a thermal oxidation/dehydration procedure, which is anyway long and requires special
ovens. The magnetic pSi microparticles are drug loaded and delivered under the guidance of a
magnetic field. In the latter, the magnetite NPs were anchored on the mesoporous silica nanoparticles
by a boronate esters linker, to produce a pH-responsive tool for targeted delivery to low pH tissues.

The structural and magnetic results of this experimental work clearly show that, by means of an
easy (just chemical mixing in a simple bucket), fast (only few minutes) and cheap (very inexpensive
reagents: less than 80 euro-cents per mg) chemical protocol, based on the use of cyclohexane diamine
(a small molecule that bears two positively charged groups) without the need of any oxidation steps,
it is possible to get luminescent pSi microparticles infiltrated with SPIONs, which could be loaded in
large quantity and electrostatically attached to the surface of the functionalized pSi pores. The
absence of covalent binding enables a possible separation of the magnetic nanoparticles from the
porous matrix for further MRI applications. Moreover, contrary to other procedures, it avoids the
embedding of the SPIONs within a coating layer on the Si surface, thus opening the possibility of
further molecular targeting. The use of the porous silicon matrix as a carrier for the SPIONs prevent
the need of polymer’s shielding, [27] in perspective of in-vivo tests, and protect them from being
cleaved in the circulation. In addition to that, in our approach, the photoluminescence of the
functionalized pSi infiltrate with SPIONs is completely maintained.

2. Materials and Methods
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Porous silicon samples have been fabricated according to the procedure already assessed in our
laboratory, [13] which is briefly summarized in the following.

2.1. pSi Fabrication and Carboxyl Functionalization

The porosification of boron-doped p-type Si wafers (<100> oriented, 10-20 Q-cm resistivity,
University wafers, Boston, MA, USA) was obtained by electrochemical etching at constant current
(80 mA-cm™) in ethanol: HF (16%) solution in a PTFE cell for 15 minutes. The pSi layer was removed
from the wafer, dispersed in toluene and was fragmented into microparticles by 20 min sonication in
a thermal bath. At the end of this procedure, microparticles with pore size about 20-30 nm, bearing
Si-H groups on the surface are produced. [28] Light-driven hydrosilylation by acrylic acid in toluene
at 50 °C under mild stirring (two hours) has been performed to introduce COOH groups at the porous
surface. The obtained solution was washed (10 min centrifugation and removal of the supernatant)
several times in ethanol and stored in this solvent. After this step, the microparticles bear COOH
groups on the external surface and inside the pores, as previously proved by titled angle XPS. [29]
However, some oxidation occurs and some SiOx groups are present as shown by FTIR spectra. [28]

SPIONs (Super Paramagnetic Iron Oxide —FesOs—Nanoparticles) were purchased from Sigma-
Aldrich, St. Louis, MO, USA (concentration: 5 mg-mL-! in water, magnetization > 25 emu-g at 4500
Oe, average particle size: 5-7 nm) and diluted in PBS to perform the experiments. We chose
phosphate-buffered saline (PBS, pH 7.4) as a solvent in perspective of in-vitro tests. For the SPIONs
functionalization (see in the following), the (+)-trans-1,2-Diaminocyclohexane (8.3 M) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Samples Characterization

The structural and magnetic properties of the samples were studied by DLS (Dynamic Light
Scattering), S/TEM (Scanning/Transmission Electron Microscopy) coupled to EDS (Energy Dispersive
X-ray Spectroscopy) and MRI (Magnetic Resonance Imaging) measurements.

The surface charge (C-potential) of SPIONs and their size distribution, before and after diamine
addition, was determined by Zetasizer Nano-SZ (Malvern) instrument, by dynamic light scattering
(DLS) with a 633 nm laser beam. The measurements were performed at 25 °C after the dispersion of
the SPIONSs in PBS, pH 7.4, and 5 min of sonication in a thermal bath.

TEM (Transmission electron microscopy) analysis was performed with an S/TEM ThermoFisher
Talos F200S operating at 200 kV. The microscope is equipped with an integrated EDS (Energy
Dispersive X-rays Spectroscopy) system with two windowless silicon drift detectors (SDD). The
samples were observed in both TEM and STEM mode in order to investigate the SPIONs average size
and the possible interaction between the magnetic nanoparticles and the pSi microparticles.
Moreover, the STEM mode allows evaluating the actual elemental distribution in the sample
collecting EDS maps. To support the samples during the observation, a 50 mL drop of this solution
(in PBS and then water) was deposited on TEM copper support grids covered by a holey amorphous
carbon film.

The magnetic properties were investigated by using a Pharmascan system operating at 7 T
(Bruker, Germany). The longitudinal, T1, and transversal, Tz, relaxation times were measured by
acquiring an MSME (multi-spin multi-echo) pulse sequence. It consists of a 90° excitation RF pulse,
followed by repeated 180° refocusing pulses, separated by a constant interval or echo-time. The
signals coming from each point of the images were mediated to obtain the relaxation curve decays,
that were fitted with an exponential decay function to obtain the T1 and T2 values. Afterwards, the
longitudinal and transversal relaxivities r1 and 12 were determined by varying the sample
concentration. The values obtained for the pSi-SPIONs sample were compared to the relaxivity of
SPIONss and that of pSi-COOH microparticles alone.

2.3. SPIONSs Infiltration within the pSi-COOH Microparticles
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The key step of the sample preparation was the decoration of pSi-COOH microparticles with the
purchased iron oxide nanoparticles (SPIONs). We infiltrated them into the pores and covered the pSi
surface with the NPs by electrostatic interaction. Since both the materials are negatively charged, we
functionalized the SPIONs surface with a molecule bearing positively charged groups to favor the
attachment of the nanoparticles onto the porous surface of the microparticles. The scheme of the
sample preparation is reported in Figure S1, in the ESI.

We chose a diamine ((+)-trans-1,2-Diaminocyclohexane) to functionalize the iron oxide
nanoparticles to let them become positively charged. The diamine was protonated by the addition of
HCl to let the terminal amino group (NHz) become positive (NHs*). Then, the cyclohexane diamine
was added to the magnetic nanospheres (0.2 mg-mL-) in PBS and the NPs dimension and surface
charge were adjusted by varying the diamine concentration from 0.3 M to 2 M. Thus, the diamine-
functionalized SPIONs were incubated with 0.6 mgmL" pSi-COOH microparticles. SPIONs
decorated pSi microparticles (labelled as pSi-SPIONs microparticles) were re-dispersed in water: the
sample was centrifuged, the surnatant was removed and then refilled with fresh water several times.
This step was also important to assess if the nanoparticles were or not attached to the pSi
microparticles.

3. Results and Discussion

3.1. SPIONs Characterization and Functionalization

The structural properties of magnetite nanoparticles (SPIONs) were analyzed by TEM and DLS
techniques to obtain the real average size and the size distribution. Figure 1a shows a characteristic
TEM image of the SPIONs in water and Figure 1b the comparison between the size distributions
obtained by TEM and DLS techniques.
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Figure 1. (a) TEM image and (b) size distribution of SPIONs dispersed in water obtained by TEM and
DLS.

The SPIONSs particles showed in the TEM image (Figure 1) feature spherical shape and narrow
distribution of dimension highly less than 10 nm in diameter. A high-resolution image of a single
particle is reported in the ESI (Figure S2a) with the diffraction pattern relative to the agglomerate of
Figure 1a, which demonstrates that the nanoparticles are composed of magnetite. [30] An evaluation
of their dimension was carried out using Image] software and processing a fair number of TEM
images. The result of this analysis leads to an average value of (6 + 2) nm (see the histogram in Figure
1b) which is consistent with the nominal value of the purchased NPs and confirm the narrow size
distribution. The average SPIONs size was also investigated by DLS, with an average value of (7 + 3)
nm which is consistent with the TEM result, although slightly overestimated because the DLS
measurement is performed in liquid and gives an estimation of the hydrodynamic diameter. [31]

Then, the surface charge (i.e., C-potential value) was determined by DLS measurement and the
surface charge distribution of the purchased SPIONs was found to be very broad and peaked at about
—25-30 mV (see Figure S3a in ESI), in contrast with the declared neutral charge of the purchased
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magnetic nanospheres. Since the pSi microparticles are negatively charged too, they would repulse
the SPIONs. Hence, we studied and validated a simple chemical procedure to make them positive: a
functionalization with cyclohexane diamine molecules as described in detail in the experimental
section. We investigated the effect of different cyclohexane diamine concentration on the (-potential
value (see Figure S3 in ESI) and on the average size distribution (Figure 2) of the functionalized
SPIONs (namely sample SPIONs_A, SPIONs_B and SPIONs_C) as the cyclohexane diamine is 0.3 M,
1M and 2 M, respectively.

35
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Figure 2. Size distribution obtained by DLS technique of diluted SPIONs and after the
functionalization with increasing cyclohexane diamine concentration. Each distribution is the average
of three measurements.

After the addition of the protonated cyclohexane diamine to SPIONSs, we realized that the size
distribution (orange dashed line of Figure 2) was surprisingly centered at about 100 nm. This is due
to the agglomeration of the SPIONs because of an almost equal amount of both positive and negative
charged SPIONS. In fact, a broad and peaked charge distribution has been found (see Figure S3 in the
ESI) suggesting that only a partial functionalization was achieved for such a concentration of
cyclohexane diamine.

To avoid the agglomeration and to increase the amount of positively charged SPIONs, we
increased the ratio between protonated cyclohexane diamines and SPIONSs, first by a factor three
(sample SPIONs_B) and we obtained a size distribution with two populations (see blue dotted line
in Figure 2): one peak is still centered at about 100 nm and it is related to the agglomerated particles,
the other peak is at about 20 nm and it is related to the positively charged SPIONs. Thus, we further
increase the ratio of cyclohexane diamine to SPIONs up to 10 mmol/mg (see green line in Figure 2)
thus decreasing the average size distribution up to (18 +3) nm.

These results are in line with the {—potential results that clearly show that SPIONs_C has a
positive surface charge (see panel (c) of Figure S3 in the ESI).

With these experimental findings, we set up a protocol to get positively charged SPIONs to the
pSi-COOH microparticles, whose morphology and porosity have been carefully characterized in
previously published works. [14,28] The resulting sample (namely pSi-SPIONs microparticles) was
dispersed in PBS.

3.2. pSi-SPIONs Structural Properties

To verify that functionalized SPIONs were effectively infiltrated onto the pSi microparticles, we
performed TEM analysis: the results are reported in Figure 3.
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Figure 3. TEM images of a pSi microparticle after SPIONS infiltration at: (a) 100 nm scale and (b) 20
nm scale; (c) the SAED (selected area electron diffraction) pattern indexed as magnetite (PDF card 82—
1533).

Figure 3a shows a pSi microparticle, with its porous structure and a size of about 400 nm, whose
surface is covered by SPIONs (dark dots in the picture), clearly on the porous structure. Their
presence is even more evident in the magnified image (panel b) and evidenced by the diffraction
pattern generated from the SPIONs (panel c). The ring pattern is consistent with the SPIONs
dimensions and indicates a random orientation of the FesOs nanocrystal. It is worth noting that the
diffraction pattern of Si crystallites, produced from electrochemical etching, is hardly detectable, due
to their random orientation and their very small dimension, with a large amount of voids. [32]

The presence of the SPIONs onto the pSi microparticles was also confirmed by EDS elemental
analysis (see Figure S4 in the ESI) performed on the microparticle showed in panel (a) of Figure 3,
indeed, the EDS spectrum exhibit the peaks relative to the characteristic elements of SPIONs and pSi
microparticles.

The TEM observations were repeated after the re-dispersion in water and a comparison between
the two solvents, PBS and water, is reported in Figure 4.

Figure 4. TEM images of a pSi microparticle after SPIONs decoration at 50 nm scale in: (a) PBS; (b)
water.

Here we can observe no substantial difference between the pSi-SPIONs microparticles in PBS
(Figure 4a) or water (Figure 4b). The morphology is not modified by the re-dispersion, but the PBS
buffer gives more contrast to the image and, consequently, the SPIONs are more visible.

The surnatant obtained from the washing to re-disperse the sample in water was collected and
probed by TEM and no SPIONs have been observed at all similarly to DLS investigation of the
surnatant. This suggests that almost the totality of the functionalized SPIONs is infiltrated and
electrostatically attached to the porous surface meaning even after several centrifugations and
washing cycles (see Figure 5a). Besides the structural and morphological analysis, we also performed
the EDS characterization of the supernatant without observing any peaks related to neither FesOs nor
porous silicon (see Figure 5b).
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Figure 5. TEM image of the supernatant removed after centrifugation (panel a) and its EDS spectrum

(panel b).

The sample was observed also in STEM mode, in which a focalized electron beam is scanned on
the sample surface allowing to combine morphological investigation with EDS mapping. It is a
powerful technique to investigate the actual elemental distribution inside the material with high
spatial resolution. The results of STEM analysis are reported in Figure 6e and Figure 7.

Si

50 nm 50 nm

Figure 6. STEM (BF) images of: (a) a pSi microparticle after SPIONs decoration at 50 nm scale;
elemental mapping of: (b) Si; (c) Fe; (d) O.
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Figure 7. STEM images of: (a) a non-porous pSi microparticle after SPTIONs decoration at 50 nm scale;
elemental mapping of: (b) Si; (c) Fe; (d) O.

Figure 6 shows the comparison between STEM Bright Field (BF) image (panel a) and elemental
maps of Si (panel b), Fe (panel c) and O (panel d). This is very convenient to understand if the SPIONs
are on the porous surface: we observed a quite perfect overlap between the distribution of Si (panel
b), Fe (panel c) and O atoms (panel d).

On the other hand, we performed STEM maps on a fragment of non-porous silicon, see the
portion of the triangle at the bottom of Figure 7a: it shows a flat surface and homogeneous intensity.
The small piece of crystalline silicon is characterized by a more compact structure (see the Si “yellow
dots” in panel b with respect to those of Figure 6b) and its border is covered by a SiOz layer, i.e., the
cyan line clearly visible in panel (d).

As it can be observed, in this case, the SPIONs do not attach onto silicon, due to the absence of
porosity and proper surface functionalization due to previous surface oxidation. In fact, the positions
of Fe atoms (panel c) and Si atoms (panel b) are not superimposable, meaning that the binding
between nonporous silicon and SPIONs was not possible. In this case, a cloud of SPIONs (Fe and O
atoms) are accumulated at the right top of the images, not at the non-porous Si surface.

3.3. pSi-SPIONs Magnetic Properties

After having proved the effectiveness of the functionalization protocol and of the infiltration
procedure, we looked at the magnetic properties of the “new” system. As first evidence, Figure 8
shows the proof that magnetic properties were added to the pSi microparticles by SPIONs decoration:
the SPIONs decorated pSi microparticles are attracted by a magnet, differently from pSi-COOH
microparticles.

pSi-COOH pSi-SPIONs

Figure 8. Evidence of the pSi-SPIONs microparticles, highlighted by an arrow, magnetic properties,
differently from pSi-COOH microparticles, not attracted by the magnet.

It is worth reminding here that the diagnostic application of pSi microparticles infiltrate with
SPIONs in MRI relies on their capability to affect the water relaxation times. The relaxivities of pSi
microparticles decorated with SPIONs were therefore investigated by MRI technique. Both
longitudinal (spin-lattice) relaxivity r1 and transversal (spin-spin) relaxivity r. were determined. [33]
The relaxivity is obtained by measuring the relaxation time of the sample at different NPs
concentration and then extrapolated via linear fit by using the formula: 1/Ti=1/T io+1i - .

First the longitudinal and transversal relaxivity of SPIONs in water were measured. The
relaxation rates (1/Ti) as a function of the iron concentration are shown in Figure 9a. Values of about
5.5 and 1.1 (mmol)'s™ are obtained for r2 and r1, respectively. These values are compatible with the
literature and, as expected, the value of longitudinal relaxivity is substantially lower than that of
transversal relaxivity [34]: r2/11=5. In fact, SPIONSs are usually employed as negative contrast agents
and act primarily on Tz relaxation time.

In a second stage, we measured the relaxation efficacy of pSi-SPIONs and pSi microparticles in
water (panel b); in this case, the relaxation rates have been reported as a function of the pSi
concentration expressed in mg-mL-!and therefore the obtained relaxivities are expressed in (mL-mg-1)
s71. Concerning the pSi microparticles (Figure 9b), we did not observe, within the experimental error,
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any variation of T1 and T2 as a function of the microparticles concentration. Nevertheless, a slight
difference was found with respect to the relaxation times of pure water (T1 = 3100 ms, T2 = 600 ms),
due to the interaction of water with the pSi-COOH microparticles. When pSi-SPIONs microparticles
(Figure 9b) were added to water, transversal relaxivity was altered, while the effect on longitudinal
relaxivity was negligible since T1 was found almost not to be concentration-dependent. The observed
alteration in transversal relaxation deserves further investigations and paves the way for diagnostic
applications of pSi-SPIONs in MRI.
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Figure 9. Relaxivity determination: (a) 1/T1 and 1/T2 relaxation rates of SPIONs as a function of the
iron concentration; (b) 1/T2 relaxation rate of pSi-SPIONs and pSi-COOH microparticles as a function
of the microparticles concentration.

4. Conclusions

In this paper, we demonstrated the possibility to combine magnetic properties to the well-
known properties of functionalized pSi microparticles, by infiltrating and decorating the pores with
iron oxide nanoparticles (SPIONs). Thanks to an easy and fast chemical protocol based on the
functionalization with cyclohexane diamine molecules, positively charged SPIONSs are obtained, in a
very short time and with a little cost. Furthermore, this new protocol enables a possible separation of
the magnetic nanoparticles for further MRI applications and, contrary to other procedures, it avoids
the embedding of the SPIONs within a coating layer on the Si surface. They can easily enter the pores
(about 20 nm in size) because of their small dimension (about 6 nm) and attach to the functionalized
porous silicon surface by electrostatic interactions. By TEM and STEM images analysis, we proved
the magnetic nanospheres to be attached to the pSi surface. On the other hand, no attachment was
observed in the case of non-porous functionalized surfaces (i.e., the small crystalline silicon portion).
As first evidence of magnetic properties, we verified that the pSi microparticles decorated with
SPION:Ss are effectively attracted by a magnet and that variations in the transversal relaxivity were
observed, in comparison with “naked” pSi microparticles. Further studies will be carried out to
optimize the relaxivity of the material by using other SPIONs and to quantitatively compare the
relaxivity of pSi-SPIONs with that of other nanomaterials.

These encouraging new results pave the way to the exploitation of functionalized pSi
microparticles infiltrated with magnetic nanospheres in the wide field of theranostics.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl: Figure S1:
Functionalized porous Si microparticles infiltration scheme; Figure S2: HR-TEM image and diffraction pattern
of a SPION nanoparticle; Figure S3: (-potential distribution of functionalized SPIONSs; Figure S4: EDS spectrum
of pSi-SPIONs microparticles
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Abstract: Magnetococcus marinus magnetosome-associated protein MamC, expressed as recombinant,
has been proven to mediate the formation of novel biomimetic magnetic nanoparticles (BMNPs)
that are successful drug nanocarriers for targeted chemotherapy and hyperthermia agents. These
BMNPs present several advantages over inorganic magnetic nanoparticles, such as larger sizes that
allow the former to have larger magnetic moment per particle, and an isoelectric point at acidic pH
values, which allows both the stable functionalization of BMNPs at physiological pH value and the
molecule release at acidic (tumor) environments, simply based on electrostatic interactions. However,
difficulties for BMNPs cell internalization still hold back the efficiency of these nanoparticles as
drug nanocarriers and hyperthermia agents. In the present study we explore the enhanced BMNPs
internalization following upon their encapsulation by poly (lactic-co-glycolic) acid (PLGA), a Food
and Drug Administration (FDA) approved molecule. Internalization is further optimized by the
functionalization of the nanoformulation with the cell-penetrating TAT peptide (TATp). Our results
evidence that cells treated with the nanoformulation [TAT-PLGA(BMNPs)] show up to 80% more
iron internalized (after 72 h) compared to that of cells treated with BMNPs (40%), without any
significant decrease in cell viability. This nanoformulation showing optimal internalization is further
characterized. In particular, the present manuscript demonstrates that neither its magnetic properties
nor its performance as a hyperthermia agent are significantly altered due to the encapsulation.
In vitro experiments demonstrate that, following upon the application of an alternating magnetic
field on U87MG cells treated with BMNPs and TAT-PLGA(BMNPs), the cytotoxic effect of BMNPs
was not affected by the TAT-PLGA enveloping. Based on that, difficulties shown in previous studies
related to poor cell uptake of BMNPs can be overcome by the novel nanoassembly described here.

Keywords: biomimetic magnetic nanoparticles; poly (lactic-co-glycolic) acid; PLGA; penetrating TAT
peptide; nanoparticles; magnetic hyperthermia; cellular uptake
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1. Introduction

Directed chemotherapy has emerged as a promising alternative to systematic treat-
ments, allowing the selective delivery of the therapeutic agent to the target, thus reducing
undesirable secondary effects. In some cases, the directed chemotherapy also allows the lo-
calized in situ combination of several therapeutic treatments [1]. In this scenario, choosing
an optimal carrier becomes crucial. Within the broad range of nanocarriers so far studied,
magnetic nanoparticles have become attractive candidates. On one hand, their nano scale
size makes them display a larger surface area that allows them to carry relatively large
amounts of the relevant molecule. On the other hand, their magnetic properties allow an
external guidance and/or concentration at the target site plus the combination of therapies,
such as targeted drug delivery and magnetic hyperthermia [2-5].

Although there is a wide range of magnetic nanoparticles already available on the
market, they are generally produced by methods that present some drawbacks, mainly
associated to the use of high temperatures, organic solvents, poor solubility in water
and relatively small size (generally around 10-20 nm) [6]. Moreover, for a number of
applications, including clinics, such a small size of the nanoparticles becomes a problem
because it may result in a small magnetic moment per particle [7] that compromises their
optimal response to an external magnetic field used for guidance/concentration or to
induce magnetic hyperthermia. For clinical applications the magnetic nanoparticles should
be superparamagnetic, that is, they should behave as non-magnetic in the absence of
an external magnetic field (to avoid undesired nanoparticle aggregation prompted by
magnetic dipole interactions), but, once a magnetic field is applied, they should respond as
efficiently as possible to allow the guidance/concentration at the target [8]. Such a magnetic
response depends on the magnetic moment per particle, which is strongly related to the
size of superparamagnetic crystalline stoichiometric magnetite nanoparticles (MNPs) [7].
Therefore, in the context of the existing synthetic magnetic nanoparticles, an increase in their
size above 20 nm (but keeping it below ~120 nm) [7] would represent a great advantage for
most applications, especially related to drug delivery and magnetic hyperthermia [9].

While obtaining larger synthetic magnetic nanoparticles by using eco-friendly proto-
cols is challenging, many of these drawbacks affecting synthetic magnetic nanoparticles
are overcome in biomimetic ones (BMNPs). These are produced by taking inspiration
from nature, that is, by using magnetosome membrane associated proteins, expressed as
recombinant, to in vitro control the nucleation and growth process of magnetic nanopar-
ticles synthesized from aqueous solutions. Moreover, the production of those BMNPs is
eco-friendly and cost-effective [10]. MamC-mediated BMNPs have raised special interest,
as they have shown in vitro to be effective drug nanocarriers and magnetic hyperthermia
agents, both uncoated and coated by liposomes [4,5,11-13]. These BMNPs are larger than
most commercial SPION and/or other biomimetic magnetites. The increased size makes
them to be single magnetic domain and to have larger magnetic moment per particle than
other synthetic magnetic nanoparticles or even biomimetic (Mms6-mediated) magnetic
nanoparticles [10]. Moreover, BMNPs contain up to 4.5 wt% of MamC, giving them novel
surface properties and providing functional groups for further functionalization [14]. In
particular, it is noticeable the change in the isoelectric point (iep) of BMNPs (pH 4.4)
compared to that of the inorganic magnetic nanoparticles (pH ~7.0), which allows the
electrostatic bonding between the BMNPs and the relevant molecule at physiological pH
values, and the spontaneous release of such a molecule at acidic pH values [14]. This is
particularly interesting in the context of cancer, as it is well known the acidic environment
related to tumors.

Additionally, these BMNPs have proven to be effective hyperthermia agents under
the application of an alternate magnetic field (AMF) [4,5,12,14]. Temperature variations
could interfere with basal metabolisms and homeostasis processes. In fact, Park et al. [15]
reported that the increase of 1-2 °C from physiological temperature represents a mild heat
shock for the cells, while higher temperatures lead to severe heat shock due to changes
in the viscosity of membrane lipids and the transduction of a signal that induce cell heat
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shock responses. Cancer cells are especially sensitive to these temperature increases [16].
However, an important challenge in therapy is to combine heating effect on tumor cells
avoiding damages on the surrounding healthy cells. In fact, temperatures within the
range 4246 °C result in an extremely selective thermal ablation of tumor. This effect is
due to heat generation by magnetic energy dissipation from the single-domain particles
caused by internal Néel fluctuations of the nanoparticle magnetic moment and external
Brownian fluctuations following the application of an AMF [17]. Therefore, the use of
magnetic nanoparticles able to be directed to the target and, once there, to locally increase
the temperature is a promising alternative to treat cancer, being the optimum results when
magnetic hyperthermia is combined with directed chemotherapy by using the magnetic
nanoparticles as nanocarriers [5].

Nevertheless, to maximize the effects of the directed chemotherapy and/or magnetic
hyperthermia, it is important to facilitate the cellular uptake of the BMNPs [4,5]. While
placing a magnet at the target site has been shown to facilitate internalization [3,5], other
strategies need to be developed to further optimize BMNPs cellular uptake. Encapsulation
of BMNPs becomes an attractive candidate to improve, not only internalization, but also
biocompatibility and to prevent aggregation and oxidation. Liposomes have been used
to encapsulate BMNPs and such encapsulation has been proven to be effective for drug
delivery [3] and to combine directed chemotherapy and magnetic hyperthermia [13].
However, such an encapsulation may not be stable when BMNPs are functionalized with
drugs whose target are cell membranes, since they may disrupt the liposomes by similar
mechanisms to those that disrupt/alter cell membranes. Therefore, another encapsulation
strategy needs to be developed.

In this context, different natural or synthetic polymers have been used for the encap-
sulation of magnetic nanoparticles, such as polyethylene glycol (PEG), [18] dextran, [19]
zwitterionic linear polyamidoamine, [20] hexadecantiol [21] or carbon nanomaterials [22]
and cationic peptides [23,24]. However, the use of FDA-approved molecules for encapsu-
lation, such as poly (lactic-co-glycolic) acid, commonly known as PLGA, is becoming a
priority [25]. PLGA is a copolymer of the ester family, widely used to prepare nano and
microparticles [26,27], when biocompatibility and biodegradability are required, such as
in clinics and, specifically, for drug delivery [28,29]. PLGA has been approved for human
therapies by the FDA and the European Medicines Agency (EMA) [29-31]. The biocompat-
ibility of this copolymer for human cells is the result of its spontaneous hydrolysis, which
leads to the release of lactic and glycolic acid monomers that can be easily metabolized by
cells through the Krebs cycle.

Interestingly, encapsulations of nanoparticles that display different properties can
be obtained by changing the ratio between the lactic and the glycolic acid used during
the PLGA polymerization process, which allows a great versatility of the nanoformula-
tions [32]. Moreover, due to the presence of carboxyl groups, PLGA copolymers allow
further functionalization, for instance with signaling molecules that allows the target recog-
nition and/or the internalization of the nanoformulation. Some examples are the sequence
arginine-glycine-aspartate (RGD) used to recognize tumoral cells expressing integrin ot 33
on their surface [33], the apolipoprotein E modified peptide (pep-apoE), and the peptide
of lipocalin-type prostaglandin-d-synthase (L-PGDS) that allow PLGA nanoparticles to
cross the blood-brain barrier (BBB) [34] or the phage peptide Pep-1, which show great
affinity for the interleukin 13 receptor a2 (a glioblastoma multiforme-associated plasma
membrane receptor) [35]. In this scenario, TAT peptide (TATp) has been the first cationic
peptide characterized as cell-penetrating peptides (CPPs) and it has been used for cancer
therapy applications due to its low cytotoxicity and high tumor-penetrating ability [36,37].
Moreover, TATp-modified nanoparticles have been demonstrated to be able to cross the
BBB and translocate in the nucleus of neurons in vitro and in vivo [38-40]. TATp is derived
from the transcriptional activator protein TAT encoded by human immunodeficiency virus
type 1 (HIV-1) exhibiting a positive charge in its transduction domain (RKKRRQRRR) that
confers the property of rapid translocation through the plasma membrane [41]. TATp, as
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well as other cationic CPPs, have been widely used to deliver different cargoes, including
nanoparticles into cells in vitro and in vivo [42-45].

Although this is the first study to attempt PLGA encapsulation of BMNPs, that of
MNPs has already been explored by a number of authors [35,46,47]. The purpose of
these studies was to produce nanocomposite that could be used as drug nanocarriers and
hyperthermia agents and/or for theranostic purposes. Nevertheless, since BMNPs show
differences in terms of size, magnetic properties, stability and surface properties compared
to that of MNPs, as detailed above, PLGA encapsulation of BMNPs is not straightforward,
and new protocols need to be set to be able to produce this novel nanocomposite.

In the context of improving PLGA(BMNPs) nanocomposites by decoration with TAT
peptides, this strategy has already been used in PLGA(MNPs) nanocomposites, but there
are no studies on TAT-PLGA(BMNPs). The existing studies of TAT-PLGA(MNPs) have
proven efficient to bring hesperidin, naringin, and glutathione through the BBB, so effective
local doses can be reached in mice brain cells bEnd.3 [48]. Developing protocols to produce
novel TAT-PLGA(BMNPs) is important, since it may result in an improved efficiency of
drug delivery therapies based on magnetic nanoparticles, due to the better performance, in
this context, of BMNPs compared to MNPs.

However, one of the drawbacks of the encapsulation of magnetic nanoparticles is
the potential shielding of the magnetic core, thus potentially compromising both the
magnetic guidance of the nanoformulation as well as the ability of inducing magnetic
hyperthermia. In the present study, a new nanoformulation (PLGA enveloping BMNPs) has
been formulated and characterized to avoid significant shielding of the magnetic properties
of the BMNPs and the ability to induce magnetic hyperthermia. How this nanoformulation
increase the BMNPs cell uptake and the cytocompatibility of the nanoformulation is
also investigated. The nanoformulation was further functionalized with TAT peptide to
optimize cell uptake without decreasing the magnetic hyperthermia efficiency.

2. Materials and Methods
2.1. Materials

PLGA (poly[DL-lactide-co-glycolide],50:50 lactide-glycolide ratio, molecular weight
7,000-17,000, PDI 2.3, CAS 26780-50-7), ethanol (>99% purity, CAS 64-17-5), PVA (poly[vinyl
alcohol], molecular weight 30,000-70,000, and degree of alcoholysis 87-90%, CAS 9002-
89-5), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, CAS 25952-53-8), NHS (N-
hydroxysuccinimide, 98% purity, CAS 6066-82-6), glycine (>99% purity, CAS 56-40-6),
acetone (>99% purity, 1.00013.) were purchased from Merck KGaA (Darmstadt, Germany).
TAT peptide (Transactivator of Transcription of human immunodeficiency virus (GRKKR-
RORRRPQ)) was purchased from CRIBI-Biotechnology Centre, University of Padua (Padua,
Italy). Foetal bovine serum (FBS), L-glutamine, penicillin and streptomycin were obtained
from Biowest (Nuaillé, France). Cell Proliferation Reagent WST-1 was acquired from Roche
Diagnostic (Mannheim, Germany). Escherichia coli TOP10 and the plasmid pTrcHis-TOPO
were purchased from Life Technologies: Invitrogen, Grand Island, NY, USA. Isopropyl-
1-thio-p-D-galactopyranoside (IPTG), Na,CO3, NaHCO3, Fe(ClOy),, FeClz, K4Fe(CN)g,
urea and HEPES were purchased from Sigma-Aldrich. Glutaraldehyde, Paraformaldehyde,
OsOy4 and Epon resin were purchased from Electron Microscopy Sciences, Hatfield, PA,
USA. The U87MG cell line was purchased by ATCC Manassas, VA, USA. Eagle’s minimum
essential medium (EMEM) and Dulbecco’s modified Eagle’s medium were purchased from
Sigma-Aldrich. Amphotericin b (AmpB) and trypsin were purchased from Gibco, Life
Technologies Inc., Grand Island, NY, USA.

2.2. Biomimetic Magnetic Nanoparticles Synthesis

The BMNPs used in this study were also used in a previous one [14]. Since an
extensive characterization of these particles was done in this work, only basic mineral
characterization is included in the present manuscript, as powder X-ray diffraction (XRD)
analyses, transmission electron microscopy (TEM) and hysteresis cycle at 5K and 300K. As
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shaker (Ika KS 260 Control—2000 rpm) at 20 °C overnight under nitrogen atmosphere
to evaporate the organic phase. The preparation was pelleted using a magnet and the
pellet was washed three times with sterile filtered PBS solution pH 7.4. The final pellet was
re-suspended in 1 mL of sterile PBS buffer and stored at 4 °C.

To functionalize the PLGA surface of the nanoparticles with the TAT peptide, 5 mg
of the previously prepared NPs were re-suspended in 1 mL of 50 mM MES, pH 5.8 and
subsequently activated with 0.1 M EDC and 0.7 M NHS for 1 h a 20 °C; subsequently the
NPs were recovered with a magnet and washed three times with PBS. A total of 250 ug of
TAT peptide was added to the suspension and incubated overnight at 20 °C under shaking.
The reaction was stopped adding glycine (20 mg/mL) and leaving the reaction at room
temperature for 1 h; NPs were subsequently washed twice with PBS and the final pellet
was re-suspended in 1 mL of sterile PBS buffer and stored at 4 °C.

2.5. Dynamic Light Scattering and Zeta Potential

Size and (-potential of the empty PLGA and the nanoformulations were estimated
by dynamic light scattering (DLS) (Nano Zeta Sizer ZS, ZEN3600, Malvern Instruments,
Malvern, Worcestershire, UK). For the size measurements, each sample was re-suspended
in PBS to a final concentration between 0.1 and 1 mg/mL, being used as a stock suspension.
Aliquots from this stock were withdrawn, resuspended in 10 mM NaClO, and the pH
was adjusted to 7.5 using 0.1M NaOH for (-potential measurements. All samples were
measured in triplicate with the sample cell temperature fixed at 25 °C. Data were collected
and analyzed by the ZetaSizer 7.10 software (Malvern, Worcestershire, UK).

2.6. Atomic Force Microscopy

The empty PLGA and nanoformulations were prepared for the Atomic Force Mi-
croscopy (AFM) experiments with a final concentration of 5 mg/mL. 20 uL drops of each
suspension were deposited on 20 mm diameter mica discs sprayed with argon to avoid
excess conglomeration of the NPs and the excess solvent was allowed to evaporate at room
temperature. A NT-MDT Solver Pro microscope (Moscow, Russia), with single crystal
silicon-antimony doped probe and a gold-coated tip (NSG-01 from NT-MDT) was used
to collect images. The microscope was calibrated by a calibration grating (TGQ1 from
NT-MDT) in order to reduce nonlinearity and hysteresis in the measurements. Scanning
was performed in intermittent mode, with a frequency of 3 to 1 Hz. and the resolution of all
the images acquired was 15 nm. The images were processed with the program Gwyddion
and a statistical analysis over on the diameters of 30 different nanoparticles of each type
was conducted to compare results to DLS data.

2.7. Hysteresis Cycle at 5 and 300 K and Magnetic Hyperthermia

Magnetization measurements were carried out by using a quantum design super-
conducting quantum interference device 5T magnetic properties measurement system
(MPMS-XL SQUID magnetometer, Quantum Design, San Diego, CA, USA). Hysteresis
cycles were run at 5 and 300 K.

Magnetic hyperthermia was evaluated by using a Nanotherics MagneTherm system
(Warrington, UK). The alternate magnetic field apparatus is characterized by a water-cooled
solenoid constituted by 17 turns and yields a magnetic field intensity of 23.133 kA/m
(/29 mT) associated with a multichannel thermometer equipped with optical fiber probes
(FOTEMP4, Optocon AG, Dresden, Germany) used to assess temperature variation within
the sample every 10.0 s. The nanoparticles [BMNPs, PLGA(BMNPs) and TAT-PLGA(BMNPs)]
were resuspended in 1 mL water solvent with a Fe concentration of 0.5 mg/mL. Ther-
mograms were acquired through a time window of 20 min that was chosen considering
human application of the MFH and the characteristics of nanoparticles adopted. In order
to maintain the samples under adiabatic conditions during the whole procedure, we set up
a homemade device constituted by a thermostated closed box in which we fluxed the air
stream at 37 °C.

154



Nanomaterials 2021, 11, 766

50f 16

stated in the work above mentioned, the BMNPs used in the present study contain up to
5 wt% of MamC, show an isoelectric point of 4.4 and specific surface area of 90 m?/g.

A summary of how BMNPs were synthesized is here provided. MamC expression
and purification were performed as previously described by Valverde-Tercedor et al. [10].
E. coli TOP10 was transformed with the plasmid pTrcHis-TOPO used as a vector of the
MamC protein-coding gene (Mmcl_2265) coupled to a hexahistidine tag coding sequence
at its 5 terminus. These cells were grown at 37 °C and MamC overproduction was induced
by adding IPTG. Once expressed, the purification of the protein was carried out under
denaturing conditions by fast protein liquid chromatography (FPLC, GE Healthcare) by
using immobilized metal affinity chromatography (IMAC, GE Healthcare, Chicago, IL,
USA). Lastly, dialysis was performed for a gradual removal of urea, which allowed MamC
to refold progressively and the purity was evaluated by SDS-PAGE electrophoresis.

The synthesis of BMNPs was carried out at 25 °C and 1 atm total pressure from
oxygen-free solutions (protocol described in Perez-Gonzalez et al. 2010 [49] and Valverde-
Tercedor et al. 2015 [10]) containing 3.5 mM NayCOj3, 3.5 mM NaHCOj3, 2.78 mM Fe(ClOy),,
5.56 mM FeCls,and 10 ug/mL recombinant MamC, at a pH value of 9. All experiments
were done under anaerobic conditions inside an anaerobic Coy chamber (96% N, /4% Hp,
Coy Laboratory Products, Grass Lake, MI, USA). Samples were incubated for 30 days and
then the solids were magnetically concentrated, washed three times with deoxygenated
Milli-Q water, and stored in HEPES buffer (pH 7.4) inside the Coy Chamber at 25 °C.
Samples were autoclaved before their use.

Powder X-ray diffraction analysis was carried out with an Xpert Pro X-ray diffrac-
tometer (PANalytical) using the Cu K« radiation, 20 to 60° in 26 (0.01° /step; 3 s per step).
Precipitates were identified by XPowderX software v. 2021 (Granada, Spain) [35]. TEM
analyses of the BMNPs were performed with a STEM Philips Model CM20 microscope,
after embedding in Embed 812 resin and ultrathin sections (50-70 nm) preparation with a
Reichert Ultracut S microtome (Leica Microsystems GmbH, Wetzlar, Germany). Crystal
size was measured on 1000 nanoparticles per experiment using ImageJ 1.47.

2.3. PLGA Empty Nanoparticles Synthesis

The protocol used for the production of both the empty and BMNPs-embedded
PLGA nanoparticles is based on the single emulsion-evaporation method [29,50] and all
operations have been carried under sterile conditions The preparation of the empty NPs
was the following: 10 mg of the PLGA copolymer were dissolved in 1 mL of organic
solution (85% acetone and 15% ethanol). To better allow the homogenization of solvent
and polymer, the preparation was sonicated for 30 s (power 8 RMS for 10 s with rest
5s/cycle), and subsequently dripped in to 10 mL of a solution of PVA 1% in milliQ water,
previously filtered with a 0.2 uM filter, maintaining a constant intensity of sonication at
room temperature. The reaction mixture was stirred (2000 rpm) overnight at 20 °C, to
evaporate the organic solvent. The preparation was pelleted at 11,000 g at 4 °C for 10
(Eppendorf Centrifuge 5804R) and the pellet was washed three times with sterile filtered
PBS solution pH 7.4. The final pellet was re-suspended in 1 mL of sterile PBS buffer and
stored at 4 °C.

2.4. PLGA Encapsulation of BMNPs and TAT Peptide Functionalization

The encapsulation protocol for the BMNPs is based on the single emulsion-evaporation
one used to prepare the empty PLGA NPs above described (Figure S1). To prevent the
oxidation of the magnetic particles, all buffers and aqueous solutions were degassed
under vacuum.

A total of 10 mg of the PLGA copolymer were dissolved in 1 mL of organic solution
(85% acetone and 15% ethanol), together with the magnetic nanoparticles, to obtain a
concentration of 0.5 mg/mL of BMNPs in the final reaction volume. The mixture was
dripped in 10 mL of sterile PVA (1%) in a sonication bath, keeping the sonication intensity
constant. The suspension was then left under sonication for 5" and then kept on a flat
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The heat dissipation value depends on the frequency and amplitude of the applied
AMF by means of two parameters, specific absorption rate (SAR) and intrinsic loss power
(ILP). In particular, the transformation of magnetic energy into thermal energy mediated by
magnetic nanoparticles in presence of an external AMF is quantified from the value of SAR.
The SAR value of nanoparticles in solution is calculated by using the following equation:

sar = 4T Cv ,
dt mre

where Cy is the specific heat capacity of the solvent per g, % is the temperature variation
in time and m, is the mass of iron per g in the compound [51,52].

ILP was defined to evaluate the magnetothermal performance of a given suspen-
sion in order to perform a comparison between different materials without the eventual
interference of the setup or the specific device used. ILP was calculated using the follow-
ing equation:

SAR
fBz

For the magnetic hyperthermia characterization of the three samples, all the available
frequencies (ranging from 111 to 970 kHz) of the Magnetherm device were tested. Finally,
SAR and ILP were evaluated on the 111 kHz frequency, the most performant among all the
possible setups and the closest to clinical applications.

ILP =

2.8. Transmission Electron Microscopy Analysis

The U87MG cell line was cultured in EMEM with 10% (v/v) FBS, 1% (w/v) L-
glutamine, 0.5% (v/v) AmpB, 100 units/mL of penicillin streptomycin (P/S), at 37 °C
in a 5% CO, humidified atmosphere. Cells were trypsinized when subconfluent (about
80%) and seeded on glass coverslips in 24-multiwell microplates. Cells were treated with
50 pg/mL of BMNPs, PLGA(BMNPs) and TAT-PLGA(BMNPs) for 24 h at 37 °C. In order
to visualize the uptake mechanisms, cells were processed for TEM as monolayers [53]:
they were fixed with 2.5% (v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 0.1 M
phosphate buffer, pH 7.4, at 4 °C for 1 h, post-fixed with 1% OsO4 and 1.5% K4Fe(CN)g
in HyO for 1 h, dehydrated with acetone and embedded in Epon resin. Ultrathin sections
were observed in a Philips Morgagni transmission electron microscope (FEI Company Italia
Srl, Milan, Italy) operating at 80 kV and equipped with a Megaview II camera for digital
image acquisition.

2.9. Quantitative Analysis of Nanoparticle Internalization

U87MG cells (300,000 cells per well) were seeded in 12-well plates. Then, cells were
treated with BMNPs, PLGA(BMNPs) or TAT-PLGA(BMNPs) at 300 ug/mL. After 48 and
72 h of incubation, cells were washed with PBS, trypsinized, transferred to 2 mL tubes and
centrifuged at 1000 rpm during 5 min. Then, 37% HCl/10% H,O, was used to dissolve
the cell pellets, and incubated at room temperature for 20 min. Subsequently 1 mL of 1%
potassium thiocyanate in Milli-Q water was added and the absorbance at 490 nm was
measured. A standard curve was used to obtain the endogenous iron of the cells.

2.10. Cell Proliferation Assay

The U87MG cell line was cultured in EMEM with 10% (v/v) FBS, 1% (w/v) Gln, 0.5%
(v/v) AmpB, 100 units/mL of PS, at 37 °C in a 5% CO, humidified atmosphere. Cells were
trypsinized when subconfluent (about 80%) and seeded on 96-well plate for cell viability
evaluation. U87MG cells were seeded (10,000 cells per well) in a 96-well plate and grown
for 24 h in a humidified incubator at 37 °C with 5% CO,. Then, the medium was replaced
with fresh medium containing different amounts of the BMNPs, PLGA, PLGA-TAT and
nanoassemblies. A modified tetrazolium-based cytotoxic assay [54], the WST-1 assay was
used to evaluate the cytotoxicity of the samples after 48 and 72 h. Once the time of treatment
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was reached, the media was replaced with 100 uL of WST solution (10%). The plate was
incubated at 37 °C for 30 min and then was shaken for 10 min. Finally, the absorbance
was read at a wavelength of 480 nm using a microplate reader (HTX Microplate Reader
BioTek Instruments, Winooski, VT, USA). A one-way ANOVA was done with post hoc
comparisons by Bonferroni test. p < 0.05 is considered statistically significant.

2.11. In Vitro Cytotoxicity of the Nanoformulation

Hyperthermia assay were performed as previously reported in [3]. Briefly, US7MG
cells were seeded on 96-well plates and treated with BMNPs and the nanoassembly TAT-
PLGA(BMNPs), both at a concentration of 300 pg/mL. After 48 h of incubation, cells were
exposed to alternating magnetic field (frequency = 110 kHz, H = 30 kA/m) during 2 h.
Finally, the viability was assessed by WST colorimetric assay, as described above. Three
replicates were run to ensure reproducibility.

3. Results and Discussion
3.1. Synthesis and Characterization of Biomimetic Magnetic Nanoparticles (BMNPs) and the
Nanoformulations of PLGA (BMNPs) and TAT-PLGA(BMNPs)

According to powder XRD analysis (Figure 52), MamC-mediated BMNPs were com-
posed of >95% magnetite. TEM images revealed nanoparticles displaying well-developed
crystal faces with rhombic, rectangular, and square two-dimensional morphologies (Figure
S3A). Particle size distribution was 36 £ 12 nm (Figure S3B).

In order to obtain both the empty PLGA and BMNP-embedded PLGA [PLGA(BMNPS)]
nanoformulations, the single emulsion-evaporation method [29,50] (Figure S1) was used.
The first dimensional characterization was performed by DLS, and AFM was used to
further characterize their surface (Figure S4) and dimensional properties (Table S1). Empty
PLGA nanoformulations exhibit an average size close to 183 nm, both by DLS and
AFM measurements, a polydispersity index (PDI) of 0.054 £ 0.007 and a (-potential of
—3.4 + 2.1 mV (at pH =7.5). These nanoformulations can be easily re-suspended despite
the low superficial charge and remain in suspension enough time to perform the cell
experiments without significant aggregation.

PLGA nanoparticle-embedding BMNPs (PLGA(BMNPs)) exhibit larger dimensions:
DLS value for the non-functionalized ones is close to 222 nm, with a PDI of 0.191 + 0.013; the
diameter is confirmed by AFM analysis (218 nm). Instead, TAT functionalized PLGA(BMNDPs)
(namely TAT-PLGA(BMNPs)) are even larger with a size close to 238 nm (PDI 0.194 +
0.019) and an AFM-size of 220 nm. The lower size measured in all cases by AFM compared
to that from DLS measurements is related to the techniques used: DLS measures the hydro-
dynamic radius, instead AFM samples have been dehydrated during the preparation to the
experiment. Measurements of the (-potential of PLGA(BMNPs) and TAT-PLGA(BMNPs)
atpH 7.5 are —15.0 & 9.3 and —12.6 & 5.1 mV, respectively, which is consistent with the
better colloidal stability observed in the nanoformulations compared to that of the empty
PLGA. The increase of the negative (-potential for PLGA(BMNPs), if compared to empty
PLGA nanoparticles, can be attributed to the further contribution of carboxylic groups,
made by the increased number of PLGA monomers participating in the nanoassemblies.
This contribution is partially neutralized in the TAT-PLGA(BMNPs) by their involvement
into the covalent reaction with the TAT peptide, as it is evident from the decreased negative
value. All the nanoparticles analyzed by AFM exhibit a spherical shape.

3.2. Magnetic Saturation and Magnetic Hyperthermia of the Nanoformulations

The hysteresis cycles at 5 and 300 K (Figure 1) show the ferromagnetic behavior at 5 K
and the superparamagnetic behavior at 300 K [7]. At 5K, the samples present a remnant
magnetization in the absence of an external magnetic field while at 300 K, the samples
showed zero magnetic coercivity. This characteristic is important, since at temperatures
higher than 300 K, this sample will behave as paramagnetic (non-magnetic) in the absence of
an external magnetic field, thus preventing aggregation [7,10]. However, when an external
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magnetic field is applied, the sample will respond efficiently, allowing magnetic guidance
and/or concentration at the target site. Magnetization saturation (Ms) measurements show
that the embedding of BMNPs within PLGA does not shield the magnetism of the former
due to the non-magnetic coating, since the Ms for both BMNPs and TAT-PLGA(BMNPs) at
300 Kis ~56 emu/g.

A 75 B 75
50- ] 50- 4
) 251 1 5 251
=] =
E 0 E (]
= -251 T = -257 o eses®®
eeett .+ TAT-PLGA(BMNPs) 5 K
-50- p _50. = TAT-PLGA(BMNPs) 300 K|
«+ BMNPs 5 K
= 7‘: — BMNPs 300 K
40 -20 0 20 40 0.5 0.0 0.5
H(kOe) H(kOe)

Figure 1. Hysteresis cycles of TAT-PLGA(BMNPs) and BMNPs. (A) Magnetization cycles of TAT-PLGA(BMNPs) and
bare BMNPs at 5 and 300 K, showing the ferromagnetic and the superparamagnetic behavior. (B) Magnifications of the

low-field region.

Magnetic hyperthermia data show that BMNPs, PLGA(BMNPs) and TAT-PLGA(BMNPs)
are able to transform magnetic energy into thermal energy in presence of external AMF.
Measurements of the temperature rise over time were achieved with a frequency ranging
from 111 to 970 kHz were tested (Figure 2). Faster temperature rises occurred at 111 kHz.
The hyperthermic efficiency is quantified by the value of SAR and ILP (Table S2). The SAR
and ILP values extrapolated are comparable with them reported in literature and used in
clinical trials [55].

3.3. Enhanced Cellular Uptake of the Nanoformulations versus BMNPs

Ultrastructural analysis showed that BMNPs and the nanoformulations PLGA(BMNPs)
and TAT-PLGA(BMNPs) enter inside the cells by endocytosis and phagocytosis, in the case
of large clusters (Figure 3A,B). Once in the cytoplasm, all the BMNPs and nanoformulations
are enclosed in a cytoplasmic vacuole (Figure 3D). As expected, TAT-PLGA(BMNPs) enter
the cells in larger amounts in comparison to PLGA(BMNPs). This enhanced uptake is sup-
ported by data acquired by a quantitative analysis of nanoparticle internalization. Previous
studies have shown that BMNPs are internalized via endocytosis when they are incubated
with cells [4]. Cell internalization in the present experiments was indirectly determined by
measuring the intracellular iron of the different nanoformulations [BMNPs, PLGA(BMNPs)
and TAT-PLGA(BMNPs)]. As it can be seen in Figure 4, statistically significant differences
were observed in iron internalized when comparing BMNPs to both PLGA(BMNPs) and
TAT-PLGA(BMNPs). After 48 h, an internalization of 50% of PLGA(BMNPs) and 65% of
TAT-PLGA(BMNPs) compared to 40% of BMNPs was observed. After 72 h, there is an
increment in iron internalization for PLGA(BMNPs) (67%) and TAT-PLGA(BMNPs) (84%)
nanoassemblies. In all cases, the internalization of TAT-PLGA(BMNPs) was always greater,
up to 80% more iron internalized, demonstrating the ability of that moiety to ease or induce
the internalization of the nanoformulation in the cells. In fact, TAT peptide is known as
a cell-penetrating peptide and has been used to overcome the lipophilic barrier of the
cellular membranes and deliver large molecules and even small particles inside the cell for
biological actions [38-40].
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3.4. Cytocompatibility of PLGA(BMNPs)

As shown in Figure 5A, PLGA, TAT-PLGA, BMNPs, PLGA (BMNPs) and TAT-
PLGA(BMNPs) did not exert significant toxicity on cells after 48 h, demonstrating the
high cytocompatibility of the samples. In fact, no sample showed significant cell via-
bility reduction compared to control at all doses tested. These results are in agreement
with previous studies that have demonstrated the cytocompatibility of nanoassemblies

comprising BMNPs [4,12].

On the contrary, after 72 h (Figure 5B), the highest doses of PLGA(BMNPs) and TAT-
PLGA(BMNPs) showed a low decrease in cell viability, >60% and >70%, respectively. This
increase in cell death rate could be explained by the fact that PLGA and TAT-PLGA would
promote the BMNPs internalization, compared to BMNPs control, increasing the toxicity

on cells as consequence of high iron concentrations [12].

BMNP PLGA
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— 334 kHz
— 473 kHz
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Time (s) Time (s)
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Figure 2. Magnetic hyperthermia data of BMNPs, PLGA(BMNPs) and TAT-PLGA(BMNPs). Hyperthermia efficiency of
BMNPs, PLGA-BMNPs and TAT-PLGA-BMNPs on different frequencies (upper part of the figure) and comparison between
the different nanoformulation efficiency on the 111 kHz frequency, evaluated using a Nanotherics MagneTherm system.
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Figure 3. Transmission electron micrographs of cells treated for 24 h with TAT-PLGA-BMNPs (A-D) and the untreated
(control) cell (E). (A) Clusters of NPs occur both at the surface (arrow) and inside (open arrow) the cell. (B) High magnification
of the NPs at the cell surface (arrow in A): Note the cell protrusion indicating a phagocytic process. (C) High magnification
of nanoparticles enclosed in a cytoplasmic vacuole (open arrow in A). (D) The internalized nanoparticles are stored inside
large vacuoles. Bars = 1000 nm (A,D,E), 500 nm (B,C).
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Figure 4. Quantitative analyses of BMINPs internalization in U87MG. Experiments were conducted twice in triplicates.
Statistical differences between the treatments were considered significant when p values were p < 0.05 (*), p < 0.001 (***).

3.5. Cytotoxicity of PLGA(BMNPs)

Results show that, under the conditions studied, both BMNPs and the nanoassembly
reduced cell viability by ~30%, being such a reduction statistically significant when com-
pared with that of the untreated cells (Figure 6). Variations in the cytotoxic effect within the
two treatment were negligible. This result demonstrates that the enveloping of the BMNPs
nanoparticles in PLGA, while greatly improving BMNPs uptake by cells, does not interfere
with their cytotoxic effect following upon application of an alternating magnetic field.
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Figure 5. Cell proliferation assay of US7MG. U87MG cells were treated with the different samples af-
ter 48 (A) and 72 (B) hours. Statistical differences between the treatments were considered significant
when p values were p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Figure 6. Cytotoxicity on U87MG of the nanoassembly combined with the application of an alter-
nating magnetic field (AMF). US7MG cells were treated with BMNPs and TAT-PLGA(BMNPs) and
exposed to an alternating magnetic field for 2 h. Statistical differences between the treatments were
considered significant when p values were p < 0.05 (*).
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4. Conclusions

The embedding of biomimetic magnetic nanoparticles in PLGA functionalized with TAT
peptide enhances the BMNPs cellular uptake with no modification of the BMNPs’ magnetic
properties and/or their in vitro performance as hyperthermia agents, paving the way to the
use of these nanocarriers in combined antitumoral therapy. This is the first study where a
novel technology to produce PLGA-embedding BMNPs has been developed. Moreover, this
technology opens the possibility of using PLGA(BMNPs) nanoformulations in different cell
types by simply changing the specific targeting moiety bound to the nanoformulation surface.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-4
991/11/3/766/s1, Table S1. Size (nm) and Z-potential (mV) of PLGA nanoassemblies, empty or
embedding BMNPs. Table S2. SAR and ILP values evaluated on the 111 kHz frequency. Figure
S1. Representation of the PLGA(BMNPs) synthesis. Figure S2. X-ray powder diffractogram for
BMNPs. Figure S3. Characterization of biomimetic magnetic nanoparticles. Figure S4. Atomic force
microscopy observation of PLGA(BMNPs) and PLGA NPs.
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1. Introduction

Bimetallic nanoparticles (NPs) are appreciated for the range of
original and synergistic properties compared to single element
analogues, as well as for providing fundamental information on
how different elements of the periodic table grow and arrange at
the nanoscale, in each specific conditions [1-2]. Structural motifs
in nonequilibrium noble metal alloy clusters offer new ways for
controlling atomic arrangement into complex shapes and struc-
tures [3]. Iron-gold core-shell nanoparticles were studied as model
systems for element segregation and thermodynamics of nanoal-
loys during the out-of-equilibrium synthesis of nanoparticles by
laser ablation in liquid [4]. Au-Pd NPs are studied as a green tech-
nology for water remediation by simultaneous photocatalytic oxi-
dation of phenol and reduction of hexavalent chromium [5].
Bimetallic copper-silver nanoparticles have been studied as model
systems for the mechanism of antimicrobial killing [6]. Polymer
coated Au-Pd nanoparticles have bimodal cancer therapy activity
by combining radiosensitization and photothermal therapy [7],
while Au-Ag NPs enabled dual-modal imaging by X-ray computed
tomography (CT) and dual-energy mammography |[8].

In the field of contrast agents for magnetic resonance imaging
(MRI), several multicomponent NPs have been proposed as con-
trast agents (CA) with appealing properties [9]. Ag-Gd nanoparti-
cles were developed for multimodal imaging and pH-responsive
doxorubicin release [10]. MRI, CT and luminescent imaging was
possible with the same Eu(Ill)-doped core-shell NPs [11]. Au-Fe
nanoalloys showed a range of composition-dependent properties
such as trimodal imaging ability (MRI, CT and Raman) at low iron
content (~11 at%) [12], or bimodal MRI/CT contrast ability and a 4-
D behaviour with spontaneous degradation in vivo at higher iron
content (>30 at%) [13]. Nickel [14] or gadolinium [15] doped fer-
rites can be designed to obtain superior properties for simultane-
ous use in magnetic resonance imaging and magnetic fluid
hyperthermia. MRI-guided photodynamic therapy was demon-
strated with manganese ferrite NPs loaded with organic photosen-
sitizers [16].

Compared to molecular CA based on Gd(III) chelates, nanomet-
ric CA have also other advantages due to the longer circulation
time, instead of immediate renal clogging, thus with a facilitated
accumulation in the imaged lesions or tumors by the enhanced
permeation and retention effect [9,17]. By avoiding massive and
quick renal accumulation, allergic reactions up to anaphylactic
shock, renal toxicity and specific reactions such as the nephrogenic
systemic fibrosis induced by Gd(Ill) chelates are prevented.
Besides, the total dose of CA can be much lower, with the advan-
tages of higher drug tolerability, shorter administration time and
lower risk of accumulation of metals in the brain, as observed again
with Gd(III) chelates [9,17-18]. In fact, it is important to reduce the
problems of the transmetallation of Gd(IIl) complexes since cal-
cium, zinc or iron ions can displace Gd from chelates increasing
its toxicity by accumulation in the tissues [19].

Nonetheless, the biopersistence of nanomaterials in living
organisms is a major issue [ 18], even when dealing with NPs of bio-
compatible elements such as the chemically inert noble metals or
elements with a well-defined role in human metabolism like iron
[20-23]. This is the dilemma of nanomedicine: [13] dose and
biodistribution are optimal in a size range that is not compatible
with the clearance of nanomaterials, hence the ideal nano-
medicines should evolve their size over time [13,24]. For this rea-
son, there is a growing interest in the development of biodegrad-
able nanomedicines with organic [25-26], inorganic [13,27-28]
or hybrid [29-31] composition.

Other frequent issues of the nano-medicines are the surface
functionalization with the desired biomolecules, not easy when
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coating agents are indispensable for the synthesis of NPs, and the
need to avoid expensive, multistep and not-scalable synthetic pro-
cedures often sought for accessing to multielement nanostructures
[9,17-18].

Here we describe silver-iron nanoparticles coated with poly-
ethylene glycol (PEG), that exhibit a transverse relaxivity (r) > 3
times that of the most common clinical benchmark based on iron
oxide (Feridex/Endorem), in addition to excellent colloidal stability
and biocompatibility in vivo. Importantly, the Ag-Fe nanoparticles
show biodegradation over a few months in the physiological envi-
ronment at lysosomal pH. The in vivo biodistribution in mice evi-
denced the massive clearance from liver over 30 days, a period
after which the benchmark iron oxide CA persisted without rele-
vant changes.

The Ag-Fe NPs are obtained by a one-step synthetic approach
based on laser ablation in liquid (LAL). LAL relies on a relatively
simple and self-standing set-up, that can be controlled also remo-
tely with a PC or a smartphone [32-33]. This method proved to be
versatile and successful for the preparation of a library of single
and multi-element colloidal nanoparticles, also with metastable
phases [12,34-35]. The procedure is usually low-cost and environ-
mentally friendly [33,36-38]. Another advantage of Ag-Fe
nanoparticles obtained by LAL is that they can be surface function-
alized with the desired biomolecules very easily [39-40].

Therefore, the Ag-Fe NPs offer positive prospects for the crucial
problem of nanomaterials removal from the living organism, while
offering at the same time efficient contrast, easy synthesis and
straightforward surface functionalization. This further demon-
strates that bimetallic nanocrystals provide useful and innovative
behaviours of great interest for nanotechnological applications.

2. Experimental methods
2.1. Synthesis

Ag-Fe NPs were obtained by LAL, using 1064 nm (6 ns, 50 Hz)
pulses of a Nd-YAG laser focused with an f 100 mm lens up to a flu-
ence of 20 J/cm? on a bimetallic target composed of 25 at% Ag and
75 at% Fe (from Mateck GmbH) and placed at the bottom of a cell
containing pure ethanol (HPLC grade, from Sigma-Aldrich). The
ablated target area was set to 5 mm x 5 mm in 300 s, by mounting
the cell on a motorized XY scanning stage (Standa) managed with a
2-axis stepper and a DC motor controller.

The so-obtained Fe-Ag NPs colloid was concentrated with a
rotavapor at 30 °C, then mixed 1:1 v/v with an aqueous solution
containing ethylenediaminetetraacetic acid disodium salt dihy-
drate (disodium EDTA, Sigma-Aldrich, 3 mg/mL) and 0.1 mg/mL
of thiolated polyethylene glycol (PEG-SH, 6000 Da, Sigma-
Aldrich) or 0.1 mg/mL of bovine serum albumin (BSA, Sigma-
Aldrich). The mixture was kept for 60 min at 30 °C, then washed
with distilled water using dialysis concentration membranes (Sar-
torius, 10 kDa) until redispersion in distilled water. Then, the Ag-Fe
NPs were centrifuged at 40 rcf for 1 hin 1.5 mL tubes to discard the
heavy sediment, and at 700 rcf for 1 h to collect the heavy fraction
while discarding the supernatant. The sediment of the 700 rcf cen-
trifugation run was redispersed in distilled water and identified as
the PEG-Fe-Ag NPs (or BSA-Fe-Ag NPs) sample.

2.2. Characterization

UV-visible spectra were recorded with a JASCO V770 spec-
trophotometer using quartz cells with a 2 mm optical path. Fourier
transformed infrared (FTIR) spectroscopy was performed with a
Perkin Elmer 1720X FTIR spectrophotometer, depositing the dried
samples on a KBr window. Dynamic light scattering (DLS) was per-
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formed with a Malvern Zetasizer Nano ZS in DTS1070 cells. Trans-
mission electron microscopy (TEM) analysis was performed with a
FEI Tecnai G2 12 transmission electron microscope operating at
100 kV and equipped with a TVIPS CCD camera. The samples for
TEM analysis were prepared by evaporating NP suspensions on a
copper grid coated with an amorphous carbon holey film. For the
ageing experiment, the PEG-Ag-Fe NPs were dispersed at
0.05 mg/mL concentration in 20% v/v foetal calf serum (FCS,
Sigma-Aldrich) at pH 4.5 (by adding acetate buffer), then incubated
at 37 °C and analyzed at different time points (0, 30, 60 and
90 days). Each time, a drop of the solution was deposed on a copper
grid coated with an amorphous carbon film. Image] software was
used to measure the geometrical (Feret) size distributions. Statis-
tics considered more than n = 500 NPs for each sample. The aver-
age Feret size and standard deviation were obtained from these
statistics. Energy dispersive X-ray (EDX) microanalysis was per-
formed with an environmental scanning electron microscope
model FEI Quanta 200 on a sample of PEG-Ag-Fe NPs drop cast
on a glassy carbon substrate, without further metallization. EDX
analysis on isolated Ag-Fe NPs was performed by drop casting a
diluted colloid on a crystalline Si substrate.

Inductively coupled plasma-assisted mass spectroscopy (ICP-
MS) measurements were performed with ICP-MS Agilent 7700x
(Agilent Technologies), equipped with an octupole collision cell
operating in kinetic energy discrimination mode for the removal
of polyatomic interferences and argon-based interferences. Stan-
dard Ag and Fe solutions for the instrumental calibration, were
purchased from Multistandard [V-ICPMS-71A  (Inorganic-
Ventures). For sample digestion, the solutions were accurately
weighed and digested with 14 vol% of HNO3 69% at 100 °C for
2 h. The resulting solution was diluted with the same solvent used
for calibrations.

Carbon and hydrogen content was measured in lyophilized Ag-
Fe NPs with an Organic Elemental Analyzer FLASH 2000 Thermo
Scientific.

X-ray diffraction (XRD) analysis was performed with a Panalyt-
ical XPert 3 Powder diffractometer equipped with a Cu tube (40 kV,
40 mA), a BBHD mirror, a spinner and a PlXcel detector. The sam-
ples were deposed on Si zero-background substrates by drop-
casting and drying at room temperature. Crystalline phase identi-
fication was executed with the Panalytical High Score Plus 4 soft-
ware and Panalytical ICSD, PDF2 and COD databases.

X-ray photoelectron spectroscopy (XPS) analysis was performed
at room temperature using normal emission geometry with a mod-
ified VG ESCALAB MKII (Vacuum generators, Hastings, England)
equipped with a Mg anode X-ray source (K, radiation at
1253.6 eV), a sputter gun, and a hemispherical electrostatic ana-
lyzer with a five-channel detector. The sample was obtained by
dropwise deposition of a Ag-Fe NPs dispersion on a Cu sample
holder and drying at room temperature.

2.3. Citotoxicity

RAW264.7 and 4 T1 cells, supplied by ATCC (American Type
Culture Collection, Manassas, VA, US) were seeded one day before
the experiment in a 96 well plate. The day after cells were treated
with PEG-Ag-Fe NPs or BSA-Ag-Fe NPs at various dilution (5.4, 10.8,
21.6, 32.3, 43.1, 53.9 mg/ml of total mass of metal Ag + Fe) for 24 h.
The maximum concentration of NPs corresponds to a Fe concentra-
tion comparable to the peak serum concentration of Fe in Endorem
in the conventional human dosage. At the end of the experiment,
cell viability was detected following the XTT assay instruction. Cell
viability was calculated analyzing the ratio between the absor-
bance of treated samples and mock treated samples.
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2.4. MRI analysis

Magnetic resonance images were acquired with a Bruker sys-
tem operating at 7 T (Bruker Biospin, Ettlingen, Germany). The
samples were dispersed in water by serial dilution starting from
a solution with Fe concentration of 0.44 mM. The transversal relax-
ation times (r, value) was calculated from the slopes of the best fit
lines of relaxation rates (1/T,) versus iron concentration. The T,
map in phantoms were acquired using a Multi Slice Multi Echo
(MSME) sequence with the following parameters: TR = 2000 ms,
TE from 6.5 to 170.43 ms, FOV = 55 x 55 mm, matrix size = 128
x 128, slice thickness = 1 mm, number of echoes = 25.

In vivo experiments were performed with Balb/c male mice (6-
8 weeks old, Envigo). Mice were intravenously injected with PEG-
Ag-Fe or Endorem (Guerbet) NPs at a dosage of 5 mg_Fe/kg. For
MRI acquisitions, animals were anaesthetized with a mixture of
0, and air containing 1-1.5% of isoflurane, placed in a heated ani-
mal bed and inserted in a 7.2 cm internal diameter bird-cage coil.
T,-weighted images of the mice body were acquired using a Rapid
Acquisition with Relaxation Enhancement (RARE) sequence with
the following parameters: FOV = 60 x 40 mm, MTX = 256 x 256,
slice thickness = 1 mm, TE = 19 ms and TR = 2.500 ms. The images
were acquired before (t = 0) and 1, 6, 24, 48 h, 5, 14 and 30 days
after NPs injection. T, signal intensity was calculated by Region
of Interest (ROI) and normalized by the ROI defined on the white
signal produced from the fat tissue. Before each MRI acquisition,
an automatic calibration procedure was applied to prevent the sat-
uration of digitizer. Thanks to this calibration, the tomograph sets
the receiver gain on the maximum of the signal avoiding the satu-
ration of the digitizer. T, map images were acquired using a multi
slice multi echo (MSME) sequence with following parameters:
TR = 3000 ms; TE = from 6.8 to 68 ms; FOV = 40 x 35 mm;
MTX = 128 x 128; slice thickness = 1 mm; n-slice = 20). In vivo
experiments were carried out with the authorization of the Italian
Ministry of Health and the Committee for Research on Laboratory
Animals of the University of Verona.

2.5. Histopathology analysis

After 30 days from NPs injection, mice were sacrificed and
organs dissected out for histopathology analysis. The organs were
washed with phosphate-buffered saline (PBS) 0.1 M and fixed in
10% formalin for 4 h. Tissues were embedded in paraffin and cut
in 5 um thick sections with a microtome and dried at 37 °C for
24 h. To evaluate the presence of Fe in the tissue, prussian blue
(PB) staining (Iron staining) was performed on liver and kidney:
sections were incubated with PB solution (5% hydrochloric acid
and 5% potassium ferrocyanide) for 40 min and counterstained
with nuclear fast red (Bio-Optica) for 10 min. To morphologically
evaluate tissue damage, sections of liver and kidney were also
stained with Hematoxylin-Eosin (HE, Bio-Optica). Sections were
examined under a light microscope (Olympus BXS1) equipped with
a charge-coupled device camera and, subsequently, analysed also
with the ESEM after removal of the top cover glass by dipping in
xylene for 2 h.

3. Results and discussion.

Ag-Fe NPs were obtained by LAL in ethanol, starting from a
bimetallic Ag-Fe target irradiated with 1064 nm (6 ns) laser pulses
at a fluence of 20 mJ/cm? (Fig. 1A, left) following a previously
established procedure [39-40]. These experimental conditions
avoid the complete oxidation of iron or the segregation of the
two components [39-40], despite the thermodynamic phase dia-
gram of the Ag-Fe alloy does not contemplate miscibility beyond



V. Amendola, A. Guadagnini, S. Agnoli et al.

(A) LAL Laser pulses

(1064 nm, 6 ns)

] =

1h@30°C

Ethanol

Mo |
0% g O}
L“L
o

(5]

%

&
Y-

& o9 EDTA 0.4 mM in
“_ o EtOH:Water 1:1
700rcf-1h
Ag-Fe
bulk target

(D) (E)

0.14.
012 PEG-Ag-Fe NPs

0.1
0.08

0.06

Absorbance (a.u.)

0.04

1000 1500

Wavenumber (cm)

2000

0
200

Journal of Colloid and Interface Science 596 (2021) 332-341

(©)

20| in H,0 Ain 20 % v/v FCS

/t

in 20 % v/v FCS
t=24h

Final
PEG-Ag-Fe
NPs.

(in H,0)

=

N
S

3

After LAL
 (in EtOH)

Relative frequency (%)

I
So

in 20 % v/v FCS
t=7days

3

400

600 800
Wavelength (nm)

1000 1200

10 100 1000
Hydrodynamic size (nm)

(F)

9E+2

——PEG-Ag-Fe NPs
——AgF.CC.

Aglo +LB
B8E+2

TE+2 Element Atomic %
oE2 Ag  87%3
Fe 13+3

S5E+2

Intensity (a.u.)

4E+2

Counts (a.u.)

3E+2
2E+2

1E+2 Fe Ko

3354455556657 75 " y v

kev Pos. [°26]

Fig. 1. (A) Sketch of the synthesis procedure: Ag-Fe NPs are produced by LAL, dialysed with water after 1 h in EDTA/PEG solution and centrifuged to collect the heavy fraction,
that is redispersed in distilled water. (B) UV-vis spectra of final PEG-Ag-Fe NPs in water (black line) and of Ag-Fe NPs as obtained from LAL in pure ethanol (grey line). The
spectrum of the solution after migration of the PEG-Ag-Fe NPs in proximity of a permanent NdFeB magnet (shown in the inset) is also reported (red line). (C) Hydrodynamic
size distribution measured by DLS on PEG-Ag-Fe NPs dispersed in water (grey line) or after 1 h (black line), 24 h (blue line) and 7 days (wine-red line) in 20% v/v FCS. (D) FTIR
spectra of PEG-Ag-Fe NPs (black line) and a reference PEG powder (grey line). (E) Representative TEM image of PEG-Ag-Fe NPs. (F) EDX analysis of PEG-Ag-Fe NPs. (G) Powder
XRD pattern of PEG-Ag-Fe NPs (black) and expected reflections of the Ag F.C.C. structure (grey). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

traces of one element in the other [41]. Nonetheless, some iron by-
products form during LAL, even in ethanol that is a less oxidising
environment compared to other solvents like water. The iron com-
pounds present as synthesis by-products are effectively removed
by a purification procedure consisting in the addition of a 1:1 v/v
disodium EDTA aqueous solution (0.8 mM) and mixing for 1 h at
30 °C. Simultaneously, the desired thiolated compounds can be
added to the solution, in order to bind particles surface by a
metal-sulphur chemical bond with the Ag atoms, that are free from
any other chemical capping agent. In this case, thiolated PEG
(6000 Da) was used as an effective and biocompatible stabilizer
for the NPs. Thus, the colloidally stable Ag-Fe NPs are cleaned from
the other undesired or colloidally unstable compounds by dialysis
(10 kDa cut off) and transferred in distilled water. Since the size
and composition of the Ag-Fe NPs cannot be controlled by acting
on LAL parameters such as the laser power, a last cleaning step
consisting in centrifugation of the colloid at 70 rcf for 1 h, to
remove the sediment, and at 700 rcf for 1 h to collect the heavy
fraction (Fig. 1A, right) is performed, to remove very large and
ultra-small NPs. The final PEG-Ag-Fe NPs sample is analysed by
UV-visible spectroscopy (Fig. 1B). The absorption spectrum (black
line in Fig. 1B) is indicative of Ag nanostructures, because of the
intense peak at 408 nm due to the surface plasmon resonance
(SPR) [39-40,42]. Compared to the absorption spectrum of the col-
loid just obtained after LAL (grey line in Fig. 1B), the PEG-Ag-Fe NPs
have a much sharper SPR band, that is an indication of effective
dispersion and de-aggregation of the particles after the treatment
with EDTA/PEG and the purification procedure. The bimetallic
composition of the Ag-Fe NPs is easily verified by observing their
magnetophoretic accumulation in proximity of a permanent NdFeB
magnet, that is complete after 3 days (see red line and insets of
Fig. 1B). The process required several days because of the efficacy
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of PEG coating for particles colloidal stability, that is renowned
even at very high nanomaterials concentration [43-45]. This was
further assessed by DLS (Fig. 1C), where similar average hydrody-
namic sizes of 60 + 19 nm and 65 + 23 nm are measured in, respec-
tively, pure water and in a solution of FCS 20% v/v. The
hydrodynamic size range is equivalent to that of Endorem iron
oxide NPs (50 - 190 nm), that can be considered as the benchmark
of nanoparticulate contrast agents [46-47]. Importantly for the
effective biodistribution of nanoparticles in vivo, the hydrodynamic
size of the PEG-Ag-Fe NPs did not undergo significant changes after
24 h (58 + 20 nm) and 7 days (62 + 21 nm) of incubation at 37 °C in
the same 20% v/v FCS solution (respectively, blue and wine-red
lines in Fig. 1C). Indeed, serum proteins may contribute to stabilize
the NPs and it was evidenced that PEG-SH can be released from
NPs at 37 °C and in physiological environment [48], therefore we
repeated the DLS analysis on PEG-Ag-Fe NPs incubated 1/1 v/v with
PBS (pH 7.4) or acetate buffer (pH 4.5, same as in cell lysosomes).
The results (Figure S1 in S.I.) show that the colloidal stability per-
sisted without changes in PBS also after 6 days. Even in acetate buf-
fer the colloidal stability persisted, although smaller nanoparticles
appeared after 24 h, that is promising for a desirable NPs degrada-
tion in lysosomes as discussed later.

The coating of Ag-Fe NPs with PEG was verified also by FTIR
spectroscopy (Fig. 1D), where the vibrational fingerprint of the
polyethylene glycol backbone, such as the intense C—O—C stretch-
ing at 1100 cm™! and the vibrational progression in the 800-
1500 cm~! range, are clearly identified in the NPs like in the pure
PEG reference. According to organic elemental analysis, the PEG
mass fraction in the PEG-Ag-Fe NPs is 27 + 1 w%. Using the average
Feret size measured by TEM (20 + 14 nm, Fig. 1E), it can be esti-
mated a density of ca. 1 PEG chain per nm? of nanoparticle surface.
Although the organic PEG shell is not detected by electron micro-
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scopy without appropriate staining, TEM indicates that the metal
cores in the PEG-Ag-Fe NPs have a spherical shape (Fig. 1E). The
average size is compatible with the DLS result considering that
the 6000 Da PEG shell is expected to increase the hydrodynamic
size of the metal core of several tens of nm (~40 nm according to
ref. [49-50]. EDX spectroscopy clearly shows the Ag L, and L ser-
ies at 2.98 - 3.15 keV and the Fe K, peak at 6.40 keV in the PEG-Ag-
Fe NPs (Fig. 1F), with a quantitative composition of 87 at% of Ag
and 13 at% of Fe. The simultaneous presence of the Ag L series
and the Fe K peak was verified also in isolated Ag-Fe NPs (Figure S2
in S.I.), in agreement with single particle analysis previously
reported [39-40]. The elemental composition was confirmed with
higher accuracy by ICP-MS, that also measured 87 at% of Ag and 13
at% of Fe.

It has been previously assessed that the Ag-Fe NPs obtained by
LAL in ethanol have a face-centred cubic (F.C.C.) structure with
same cell parameter as in pure Ag, due to the high mixing enthalpy
of the two elements and consequent segregation of the minority
constituent into defective and disordered domains [39-40,51]. This
is confirmed by the powder XRD pattern reported in Fig. 1G, that
features the same reflections of F.C.C. Ag.

The ability of the PEG-Ag-Fe NPs to shorten the transverse
relaxation time (T,) of nearby water protons during MRI was mea-
sured in phantoms obtained by serial dilution of a solution with
0.44 mM concentration in Fe atoms (the magnetic centers). The
results (Fig. 2A) evidenced a remarkable CA ability, with a trans-
verse relaxivity r, of 316 + 13 mM(Fe) s~ in the linear portion
of the plot of 1/T, versus iron concentration. This value is > 3 times
that of the benchmark clinical CA based on dextran-coated iron
oxides (Endorem/Feridex) [12,52-53]. The inverse of the relaxation
time grows monotonously in the whole range of concentrations
tested in the experiment, which is of more than two orders of mag-
nitude (0.0034 - 0.44 mM(Fe)). This is qualitatively appreciable
also from the T,-weighted cross-sectional images of phantoms
reported in Fig. 2B.

Given the promising MRI CA features in terms of relaxivity and
colloidal stability, a preliminary test of PEG-Ag-Fe NPs biocompat-
ibility was performed in vitro. Cell viability was evaluated with XTT
assay by incubating for 24 h the PEG-Ag-Fe NPs at a variable con-
centration up to 53.9 mg/mL of total metal mass with mouse mam-
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mary tumor cells (4 T1, Fig. 2C) and monocyte/macrophage like
mouse cells (RAW264.7, Fig. 2D). The two cell types were selected
in order to have different uptake and NPs dissolution abilities. In all
cases, no changes in cell viability were detected. Also, BSA-coated
Ag-Fe NPs (BSA-Ag-Fe NPs) were tested, since nanoparticles in liv-
ing organisms may undergo to coating with serum proteins over
time (i.e. protein corona), that may significantly change their inter-
action with cells compared to the stealth PEG coating [52,54-55].

The observed biocompatibility was expected from the LAL syn-
thetic protocol [13,34,38] which starts from pure metal targets in
pure ethanol and prosecute through basic purification steps to
obtain nanostructures in the absence of undesired or toxic chemi-
cals. On the other hand, it has been reported that biocompatibility
of Ag-based NPs is obtained by slowing down the release of Ag*
ions to the environment [8,10,56], according to the most general
pharmaceutical principle “the dose makes the poison” [22,57]. This
can be achieved by a dense surface coating with a biocompatible
organic shell [10,56] and by mixing Ag with other metals like Au
[8], Cu [6] or a “sacrificial” transition metal [58]. Thus, the cyto-
compatibility results reported in Fig. 2C,D points to the effective-
ness of the PEG coating and the composition of the Ag-Fe NPs in
avoiding the quick release of toxic ions in the physiological envi-
ronment. The possible sacrificial redox role of Fe in the Ag-Fe
NPs was assessed by XPS analysis (Fig. 2E,F). The photoemission
line of Ag (3ds, peak, Fig. 2E) is centered at a binding energy
(BE) of 368 eV, which is the typical Ag(0) value expected for plas-
monic Ag. The Fe photoemission spectrum, reported in Fig. 2F, is
constituted by several components with a complex multiplet
structure, well fitted with Fe(Ill) oxides and hydroxides (709-
714 eV) and a minoritary component at values of metal Fe
(707 eV). According to previous XPS analysis reported in literature
for these Ag-Fe NPs [39], the metal component is ascribable to iron
inside the particles, while the Fe(Ill) component dominates the sur-
face, as expected in the aqueous environment. Thus, XPS confirms
that Fe undergoes to oxidation while Ag in the Ag-Fe NPs is still in
the metallic state.

Since the oxidation of Ag is expected in the aqueous solution,
especially in conditions mimicking in vivo biological environments
[59], we performed ICP-MS analysis of Ag and Fe released from the
PEG-Ag-Fe NPs (0.051 mg/mL of total metal mass) incubated at
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Fig. 2. (A) Transverse relaxivity (r, = 1/T) versus Fe concentration from PEG-Ag-Fe NPs. (B) T,-weighted images of PEG-Ag-Fe NPs phantoms. (C-D) Cell viability of 4 T1 (C)
and RAW264.7 (D) cells incubated for 24 h with PEG-Ag-Fe NPs or BSA-Ag-Fe NPs at concentrations ranging from 5.4 to 53.9 ug/mL of total metal mass. (E) XPS Ag 3d peak. (F)
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of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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37 °Cin 1/1 v/v PBS (pH 7.4) and acetate buffer (AB, pH 4.5) for
6 days. In this experiment, the NPs were collected by centrifuga-
tion for 20’ at 10,000 rcf, while the supernatant was collected
and analysed with ICP-MS. In the PBS solution, there is no clear evi-
dence of the release of Ag, while Fe content increases with time, in
the order of 0.1 w% (Figure S3 in S.I.). In AB, after 6 days the release
of Ag and Fe are in the order of, respectively, 0.2 and 0.1 w% of the
NPs mass, thus confirming that iron dissolution takes place at least
simultaneously to Ag and that the release of silver is slow, in agree-
ment with the cell viability experiments.

Then, the biodistribution and MRI CA ability were investigated
in vivo in healthy mice, at different time-points up to 30 days.
PEG-Ag-Fe NPs were administered at a concentration of 5 mg
(Fe)/kg(mouse), after dispersion in PBS. T,-weighted contrast (i.e.
the change in the T, signal) increased in liver 1 h after NPs admin-
istration (top of Fig. 3A) but is not appreciable in the images col-
lected after 30 days. Conversely, the contrast in kidneys slowly
increased, as indicated by the images collected after 14 and 30 days
(bottom of Fig. 3A). This suggests that the NPs fluxed from the liver
to the kidneys, where they can take the clearance pathway of
urines. A more precise indication on NPs biodistribution is shown
in the plot of T, signal change (measured as the T, signal intensity
decrease in %) in liver, spleen and kidneys (Fig. 3B). The plot con-
firms that the T, signal change is maximum in liver at 1 h after
injection of NPs (26 + 2%), and continuously changed until almost
complete recovery after 30 days (2 + 1%). The trend in spleen and
kidneys is opposite, with a negligible change 1 h after NPs injection
(respectively, 2 + 1% and 0%), followed by a continuous T, signal
intensity decrease up to, respectively, 26 + 4% and 22 * 6%. Notice-
ably, the signal changes earlier in the spleen than in kidneys, with a
difference of a few days. This trend was confirmed also by quanti-
tative T, map measurements (see Figure S4 in S.L.). Finally, the T,
signal intensity decrease (%) in muscle (a tissue rich in blood ves-
sels which reflects the presence of contrast agents in the blood-
stream) was also reported in Fig. 3B (grey triangles). The T,
signal intensity in the muscle decreased by 22% 1 h after Ag-Fe
NPs injection but returned to its background level ca. 100 h after
administration of the NPs. This trend is in agreement with the T,
signal dynamics observed in the other organs, pointing to the opti-

(A) PEG-Ag-Fe NPs

Kidneys
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mal biodistribution of the Ag-Fe NPs, that are not accumulated
immediately in liver, spleen or kidneys.

To better understand the in vivo results of PEG-Ag-Fe NPs, the
biodistribution of a benchmark CA like the dextran-coated iron oxi-
des (Endorem) NPs was also measured in the same conditions (i.e.
healthy mice with a dose of 5 mg(Fe)/kg(mouse)). In this case, the
plot of T, signal intensity decrease (%) has a different evolution in
time (Fig. 3C and Figure S5 in S.I.), because the signal changes
abruptly 1 h after administration in all three organs considered
(liver, spleen and kidneys). Subsequently, the T, signal intensity
decrease (%) underwent a much slower change over the 30 days
of the experiment. In particular, the percentage of signal intensity
decrease in liver, spleen and kidneys at 30 days (respectively,
45 + 5%, 54 + 4% and 27 + 2%) are similar to those after 1 h (respec-
tively, 77 + 4%, 40 + 2% and 42 + 6%). The T, signal intensity
decrease (%) in muscle resulted of only 5% 1 h after Endorem injec-
tion and remained almost constant over 30 days, further confirm-
ing the long-term accumulation of Endorem iron oxide NPs in the
other organs.

Overall, the in vivo MRI results suggest that PEG-Ag-Fe NPs have
longer circulation time than Endorem, with low accumulation in
liver and absence of high accumulation in spleen and kidneys in
the first days after administration. This feature of the PEG-Ag-Fe
NPs is useful for biodegradation, that is slower when NPs aggregate
and massively accumulate in cells, as recently reported for iron
oxides [60]. According to the plot in Fig. 3B, on a timescale of days
to weeks, the Ag-Fe NPs takes the way of renal clearance through
the spleen, where macrophages bring the payload of bodies phago-
cyted, to complete the dissolution at acidic pH inside their lyso-
somes and release the waste in the kidneys through the
circulatory system [61]. This process allowed the massive clear-
ance of nanoparticles from liver and suggests that Ag-Fe NPs
underwent size reduction over time. Conversely, the results for
Endorem are indicative of accumulation in liver and spleen with
a limited dissolution of the iron oxide nanoparticles into small
fragments, corresponding to a limited clearance through urines.

The histological examination of the liver and kidneys (Fig. 4)
added further information to the outcomes of MRI biodistribution
measurements. Prussian blue staining (iron staining) was used to
detect the presence of iron in the tissue by deposition of blue crys-
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Fig. 3. (A) To.-weighted images of liver (top) and kidneys (bottom) of mice treated with PEG-Ag-Fe NPs at different timepoints. (B) Plot of T, signal change, expressed as signal
intensity decrease (%), in liver, spleen, kidneys and muscle at different time points up to 30 days after administration of PEG-Ag-Fe NPs. (C) T, signal change, expressed as
signal intensity decrease (%) in liver, spleen, kidneys and muscle of mice treated with iron oxide NPs (Endorem).
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Fig. 4. (A) Histological analysis of liver and kidney from animals treated with PEG-Ag-Fe NPs (30 days after administration). HE (magnification 10x) and iron staining
(magnification 4x and 10x) are reported. Black arrows indicate representative blue spots corresponding to iron deposits in the tissues treated with the iron staining. (B)
Histological analysis of iron-stained liver and kidney from animals treated with iron oxide (Endorem) NPs (30 days after administration, magnification 4x). (C) ESEM images
(left) and EDS analysis on selected NPs (right) of liver and kidney tissues of mice treated with Ag-Fe NPs. (D) ESEM images (left) and EDS analysis on selected NPs (right) of
liver and kidney tissues of mice treated with Endorem iron oxide NPs. White arrows indicate some NPs. The tissues are the same used for histological analysis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tals. In the liver 30 days after PEG-Ag-Fe NPs injection, homoge-
neously distributed blue spots with limited extension are found
(top of Fig. 4A). The blue deposits indicative of iron are detected
on a much larger area and density in the kidney (bottom of
Fig. 4A, prevalently in the cortical region), in agreement with the
relaxivity measured in vivo 30 days after NPs administration.

The detection of some iron deposits in the liver (top of Fig. 4A),
despite the almost complete recovery of T, signal (Fig. 3B) is com-
patible with the storage of a fraction of iron coming from the
degradation of the PEG-Ag-Fe NPs in ferritin (a protein abundant
in the liver) and its remineralization into insoluble iron oxides,
as reported in other cases of loss of magnetic signal after the disso-
lution of iron oxide NPs [62]. Biodegradation and clearance is an
important positive feature for the PEG-Ag-Fe NPs, because NPs
accumulation in the liver is associated to three main drawbacks
that are: the formation of gaps between tightly packed cells, result-
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ing permeable to toxins or metastasizing cells; Kupfer cells activa-
tion and release of pro-inflammatory signals; loss of cell functions
such as xenobiotic detoxification; induction of fibrosis on the long
term [22].

From the histology of animals treated with the benchmark iron
oxide NPs (Endorem), iron can be massively detected in liver (top
of Fig. 4B), whereas low spot density is observed in kidneys (bot-
tom of Fig. 4B). In association with the large T, signal still observed
in liver after 1 month (Fig. 3C), these results suggest that the iron
oxide NPs have not yet started a process of massive degradation
and clearance through urines.

The histological analysis also provides the evidence of PEG-Ag-
Fe NPs biocompatibility after a relatively long time of 30 days
in vivo. No relevant structural alterations and a good preservation
of cellular morphology were observed with HE staining of the liver
and kidneys (Fig. 4A). The central vein and surrounding hepato-
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cytes in liver show normal hepatic architecture as well as kidney
sections show a normal parenchymal structure in both medulla
and cortex region. Moreover, during the in vivo MRI observation
period, the weight of the animals was measured, and no weight
loss was observed.

To obtain additional information on the localization and com-
position of the NPs in vivo, environmental scanning electron micro-
scopy (ESEM) images and EDS analysis were performed on liver
and kidney samples of the histological analysis. In animals treated
with the Ag-Fe NPs, NPs are detected prevalently in kidneys and,
with much lower density, in liver (white arrows in Fig. 4C). Note-
worthy, no Ag peaks were detected in the EDS spectra collected
in all the NPs analysed in kidney or liver, whereas the iron signals
were always present (right of Fig. 4C). This is clearly compatible
with biodegradation of the Ag-Fe NPs after 30 days, followed by
release and clearance of Ag with urines, given the higher abun-
dance of residual iron NPs in kidneys. As stated above, accumula-
tion of iron in ferritin and even its remineralization in insoluble
iron oxide nanocrystals has been observed several times in cells
treated with iron NPs [62]. ESEM analysis of liver and kidneys of
animals treated with Endorem confirmed the extended localization
of NPs in the liver (top of Fig. 4D), as well as the iron-based com-
position (left of Fig. 4D), while no NPs were detected in kidney
(bottom of Fig. 4D). Overall, the ESEM analysis fully confirmed
the results of in vivo MRI and of histological analysis, with the addi-
tional information that Ag has been cleared from the organs
already after 30 days, leaving only some nanometric iron NPs.

To further assess the long-term size and structural evolution in
a biological environment, the PEG-Ag-Fe NPs were dispersed in
20% v[v FCS at lysosomal pH (4.5) at a final concentration of
0.05 mg/mL, incubated at 37 °C and the size distribution measured
by TEM after 30, 60 and 90 days (Fig. 5). The results after 30 days
already show the morphological evidence of NPs corrosion
(Fig. 5A), such as nano-crescents, nano-donuts and hollow nano-
spheres accompanying volume contraction and particles fragmen-
tation [13,63-65]. This is reflected by a fractional increase below
20 nm in the size histogram (Fig. 5B), although the average size
and standard deviation (19 + 16 nm) are comparable to the initial
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values (20 + 14 nm, Fig. 5C). The trend becomes more pronounced
after 60 days, especially for what concerns the almost complete
disappearance of the largest particles (>50 nm) and consequent
reduction of average size (11 + 9 nm). NPs size reduction is com-
plete after 90 days (2 + 1 nm). NPs in this size range are easily
excreted through kidneys because smaller than the average
glomerular pore size, which is of the order of 5-10 nm [66-67].
It is reasonable to hypothesize that NPs degradation can be faster
in vivo for the higher complexity of the chemical and biological
environment, especially due to the action of cells belonging to
the mononuclear phagocytic system [61].

4. Conclusions

In summary, we showed another example of how bimetallic
nanoparticles allow new, unexpected and synergistic properties
compared to the monometallic equivalents. In fact, we demon-
strated that silver-iron nanoparticles coated with polyethylene
glycol are efficient and biodegradable MRI contrast agents. These
NPs exhibit a transverse relaxivity r, of 316 + 13 mM's™", that is
3 times that of the most common clinical benchmark based on iron
oxide NPs. The PEG coating ensured excellent colloidal stability
and biocompatibility in vivo. These bimetallic Ag-Fe nanoparticles
were obtained in one-step by a low-cost LAL synthesis that allows
total flexibility and easy functionalization of particles surface with
the desired biomolecules. Importantly, TEM analysis showed that
Ag-Fe NPs undergo size reduction over a few months in the phys-
iological environment at lysosomal pH (4.5). In vivo biodistribution
studies further evidenced that PEG-Ag-Fe NPs leave the liver over
30 days, while taking the way of renal clearance. In the same per-
iod, the benchmark iron oxide contrast agent showed high bioper-
sistence in the liver. The biodegradation behaviour of Ag-Fe NPs is
crucial in the frame of nanomaterials removal from the living
organism. Hence, these Ag-Fe NPs offer positive prospects for the
problems of biopersistence, contrast efficiency, difficulties of syn-
thesis and surface functionalization usually encountered in
nanoparticulate contrast agents.
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Fig. 5. Representative TEM images (A), size histograms (B) and average size and standard deviation (C) at different time-points (0, 30, 60 and 90 days) of PEG-Ag-Fe NPs

incubated at 37 °C and pH 4.5 with FCS 20% v/v.
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