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Abstract

Multifunctional, stimuli-responsive theranostic biomaterials are gaining attention from the scientific
community for their use as versatile, complete platforms in contemporary biomedicine. By combining
magnetic nanoparticles and bioceramic, polymeric or composite biomaterials, a magnetic implants
or scaffold (MagS), which can be remotely controlled by static or dynamic magnetic fields, can
be manufactured. To date, a plethora of MagS have been developed, characterized and tested for
tissue engineering, drug delivery and for the hyperthermia treatment of tumors. In particular, bone
tumors could be treated with MagS by performing radiofrequency local and interstitial hyperthermia.
Furthermore, MagS allow to repair the healed tissue also ensuring drug delivery of magnetic carriers
of growth factors. Despite the promising potential, quantitative, engineered and application-driven
rules or models for designing MagS have not been provided yet. In this work, we focused on
the theoretical and numerical modeling of the hyperthermia treatment of bone cancers by using
magnetic scaffolds. We proposed a Cole-Cole model for describing the magnetic susceptibility spectra
and investigate the heat dissipation of MagS. A nonlinear, multiphysics electromagneto-thermal
model was developed and used to investigate the treatment planning of bone tumors with MagS.
The proposed numerical framework allows to properly setup the extrinsic treatment parameters
to perform an effective treatment in different physiopathological conditions. Furthermore, the
in silico findings highlighted that manufacturing nonlinearities and geometric aspects can be
relevant to the hyperthermic potential of MagS. Therefore, we designed and characterized polymeric
scaffolds loaded with magnetic nanocrystals by a drop-casting procedure to control the pattern.
By combining static magnetic measurements, thermogravimetric analysis and THz tomography,
advanced simulations were carried out to assess how the loading patterns of MagS can influence the
outcome of the hyperthermia treatment. The evaluation of the specific absorption rate (SAR) of
MagS is a crucial aspect. By using a commercial ferromagnetic polymer, we 3D-printed MagS with
biomimetic architecture and performed calorimetric measurements in air, de-ionized water and agar
environment, to develop a reliable and robust protocol to estimate the SAR. The possibility of
using MagS as core element of a magnetic drug delivery system was investigated by developing a
novel nonlinear, multiphysics model for account the targeting of nanocarriers of growth factor with
static magnetic fields, how to trigger the release of the biomolecule with radiofrequency heating
and accelerate the bone tissue healing. Finally, the feasibility of using microwave to non-invasively
monitor hyperthermia treatment was investigated with a simplified monodimensional model. This

thesis work can foster the development of innovative theranostic modalities using MagS.
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Chapter 1

Introduction

1.1 State of the Art

Modern biomedicine is seeking smart, stimuli-responsive biomaterials capable of performing
contemporary therapies and diagnostics [1-3]. The devices for repairing a damaged tissue or restoring
a loss functionality were initially passive, less harmful as possible biomaterials, but nowadays research
efforts in the functional materials science focus on the development of multifunctional biomaterial
platforms as ultimate goal. To this aim, a plethora of different platforms has been proposed, such as
light-responsive tissue substitutes for photothermal therapy [4] or thermo-responsive hydrogels for
drug release [5]. However, magnetic scaffolds (MagS) have gained interest as a versatile, complete

system for several biomedical applications (Fig. 1.1) [6].

Figure 1.1. Magnetic scaffolds (MagS) are multifunctional devices made of biomaterial and
magnetic particles which can be used for magnetic targeted drug delivery, diagnostics, tissue
engineering and radiofrequency hyperthermia applications.
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Magneto-responsive devices called MagS are traditional biomaterials (e.g., polymers, bioceramics
or bioglasses) combined with magnetic nanoparticles (MNPs) [4,7-17], as shown in Fig. 1.1.

MNPs are, by definition, nanostructures with a characteristic dimension <100nm [17]. At the
nanoscale, the physical properties of a nanomaterial are very different from its bulk counterpart [18],
leading to unique and interesting features. MNPs can be prepared by co-precipitation, thermal
decomposition, hydrothermal synthesis, microemulsion or microwave-assisted synthesis [19]. MNPs
can be of pure metals, metal alloys, but, mostly, metal oxides (MO) are used [17-20]. Among
MO, iron oxides (e.g., magnetite - Fe304, maghemite - Fe203) are often employed for biomedical
applications because of their biocompatibility and stability in physiological conditions [17-20]. The
magnetic properties are another key factor [21-23]. However, magnetic features depends on the
type of MNPs, on size and shape, and on the synthesis method [17-23]. MNPs are ferromagnetic
(FM) when the unpaired electron spins in particles align in a spontaneous way and a magnetization,
in absence of an externally applied magnetic field (MF), arise [17,24]. On the other hand, if in
the MNPs crystal the magnetic moments are antiparallel, in a zero MF, below the so-called Néel
temperature, ferrimagnetism can be observed [24]. However, at the nanoscale finite-size effects
and surface effects can lead to another type of magnetic response, called superparamagnetism
(SPM) [18,21-23]. As the size of the MNPs reduces, the state of lowest energy approaches a
uniform magnetization, because of the balance between magnetostatic energy and the domain wall
formation [17-24]. When the critical size (d.. ~25nm) is reached, the domain wall formation
becomes energetically unfavorable, thus leading to a magnetostatic energy which force the so-called
single-domain state. The critical size depends upon the saturation magnetization of the MNPs
(M), its dimension (r,,), the strength of the crystal anisotropy energy (K,) and the exchange
forces [24]. In this scenario, assuming single-domain MNPs to be isolated, when the particle volume
is reduced, the thermal energy (kgT, where kp is the Boltzmann’s constant and T is the system
temperature) is higher than the energy barrier of the crystal (K,V,,, where V,, is the particle
volume), allowing the MNPs magnetization to be easily reversed [21]. The transition to the SPM
state occurs for temperatures above the so-called blocking temperature (T5), while depending on
the measurements time in experiments [21]. As a result, SPM nanoparticles presents no remanence,
zero coercivity, no hysteresis and reversible magnetic properties [18]. All of the aforementioned
magnetic responses of MNPs can be effectively exploit to produce a multifunctional device for
biomedical applications [4,7-17].

In this framework, MagS are smart materials which can be triggered by an external electro-
magnetic (EM) stimuli (which can be either static or dynamics), presenting a high potential for
innovative treatments, enhanced drug delivery or alternative diagnostic approaches [4,7-17]. The
incorporation of MNPs into complex biomaterial systems lead to multifunctional devices that
can be spatio-temporally controlled by an external magnetic field. Hence, MagS can be used for
several biomedical applications, from diagnostic to the treatment of tumors, and are actively being

developed and tested for cancer theranostics (Fig. 1.1).



Chapter 1 — Introduction

The literature about magneto-responsive scaffolds is wide and several reviews have been pub-
lished [4,7-17]. These works mainly cover the fundamentals of manufacturing and characterization,
with strong focus on the applications, mostly covering bioceramics [8,13,16] and hydrogels [9],
addressing tissue engineering [10,14] and hyperthermia [4,8,13,15]. Despite these works underline
that 3D MagS requires further study and optimization [17], the material science perspective is
always the dominating point of view. Therefore, the general notions are not supported by an
engineering focus, especially from the electromagnetic, radiofrequency (RF) and microwave (MW)
engineering perspective, to quantitatively structure and drive the design, characterization and

modeling of MagS. In this chapter we will

¢ define how MagS can be manufactured,
o present the biomedical applications of MagsS,

e highlight lacks and flaws about characterization and modeling aspects,

thus reviewing and analyzing the state of the art of MagS from a new perspective.

As shown in Fig. 1.2.a, the number of publication about magnetic scaffolds grows steadily from
the first work of Kokubo and colleagues on magnetic bioglasses in 1990 [13,25], reaching almost a
hundred of works to date.

MagS can be manufactured by using chemical methods or physical routes [4,7-17]. Among
the chemical methods, magnetic precursors in ionic form (e.g., Fe?T, Fe3T) are used to carry out
sol-gel synthesis [25-27], doping [28,29], hydrothermal process [30], co-precipitation [31] or in-situ
crystallization [32]. Chemical methods are mostly fit for obtaining magnetic bioceramics or glass
ceramics [8,13,15], such as the iron-doped ferromagnetic hadrystonite [33], or the PoO5-FeyOs-
Ca0-Si04 ferromagnetic glass ceramic from [26], magnetic bredigite [34] (Fig. 1.2.b). Bioceramic-
or bioglasses-based MagS represents about a third of the analyzed works. On the other hand,
physical methods, such as blending [9], casting [35,36], freeze-drying [37-39], electrospinning [40-42],
impregnation or dip-coating [43-45] are more appropriate to load gelatin, hydrogels and polymers
with MNPs. Examples are the poly-ethylene glycole and gelatin methacrylate scaffold for patterning
cell culture by means of static magnetic fields [46], or the solvent casting MagS made of silk-elastine
protein with CoFeoO4 MNPs [35], or poly-lactic acid membranes with aligned nanofiber loaded with
Fe304 [47]. Polymer matrix are the preferred platform and half of the work focus on this biomaterial.
However, in about a tenth of the works, different materials and manufacturing approaches can be
combined to obtain a composite, with more than two phases, such as magnetic bone cements [48],
or as 3D-printed Fe3O—4-loaded mesoporous bioglasses and poly-(caprolactone) (PCL) scaffold [49],
the carbonate-apatite-chitosan- alginate scaffold with calcium aluminum ferrite (CaAlyFegO19)
MNPs [37]. Few works addresses metallic, ferromagnetic steel implants [50-52].

From this discussion, we can highlight the spread and fuzzy nature of MagS, in terms of
manufacturing methods, biomaterials, but also MNPs. From the available reviews [4,7-17] and

from our analysis, there is not a rule for selecting these elements, thus the design is driven by
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Figure 1.2.  a) Cumulative number of publications about magneto-responsive biomaterials for
biomedical applications from 1990 to 2021. b) Classification of multi-functional magnetic scaffolds
(MagS) according to the biomaterial matrix. c¢) Clustering of the analyzed MagS by biomedical
applications: Tissue Engineering (TE), Hyperthermia treatment (HT) and Drug Delivery (DD). d)
Overview of the targeted biological tissues. e) b) Variation of the scaffolds saturation magnetization,
M. in emu-g_1 and kAm_l, as a function of the radius (7, in nm) and the volume fraction (¢m,
in %) of the magnetic nanoparticles (MNPs) embedded in the scaffold. ¢) Statistics of magnetism
types: Ferro- and ferrimagnetic, Weakly Superparamagnetic, Superparamagnetic (SPM) .

the given biomedical application and a trial-and-error empirical process. However, bare, uncoated
MO MNPs are widely adopted, whilst circa two-fifths of the works under analysis made use of
coated nanoparticles. By taking a look at Fig. 1.2.e, the resulting saturation magnetization
of the available MagS (M,.) as a function of the MNPs size (r,,) and the loading fraction of
MNPs in the biomaterial (¢,,), we can noticed that the average saturation magnetization is
8.381 emu/g+6.64emu/g (29.335kA/m +23.16 kA /m). In this framework, about a third are FM
scaffolds, with nanoparticles up to 20 nm, a M. up to 40 emu/g and a maximum achievable loading
fraction of ~40%. Few works (~4.12%), when analyzing the static magnetic response of MagS,
reported a weakly-superparamagnetic, ambiguous behavior, restricted to similar scaffold saturation
magnetization and loading fractions. Half of MagS are SPM and present the wider range of Mg,
and ¢, (1.2.e). SPM MagS are preferred because of their reversible magnetic properties [4, 7-17].

After having analyzed the type of MagS, their manufacturing methods and magnetic response,
it is fundamental to analyze the biomedical applications and hence underline the potential and

value of this innovative platform for biomedicine.

As sketched by Fig. 1.3, MagS can act as a mechano-transducer device, directly at the cell
level [38,53-57], actuating pN forces [38], or increasing the expression of integrins, through the
activation of their pathway [54], and modifies the local Ca?* fluxes thus influencing adhesion,
proliferation and differentiation of cells [55]. This is why MagS can be used for magnetic guidance
of tissue repair by using static, low frequency (1-100 Hz) or pulsed EM fields [58]. The 45.36% of
MagS is mainly designed and tested for tissue engineering (TE), as summarized by Fig. 1.2.c. Most
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Figure 1.3.  Sketch of magnetic scaffold (MagS) as mechano-transducer of an external magnetic
field (MF) stimulus, local perturbation of Ca® fluxes and as activator of the integrin pathway.

(~three-quartes) of polymeric and bio-ceramic MagS developed for TE are meant to be used as
bone substitutes [38,43,45,54, 55,59], whilst cartilage [60] and other tissues are poorly considered
as target, being the topic of few works. For instance, the regeneration of sciatic nerve tissue was
tackled in [61]. A magnetic fibrin and agarose substitute of the oral mucosa have been proposed [53].
From an experimental point of view, the value and potential of MagS for TE can be assessed by in
vitro tests [36,62,63], as done by most of the works. Instead, the biocompatibility can be assessed
by animal or human in vivo tests [64—66]. Very few work performed in vivo tests. However, from
an engineering and modeling perspective, only simplified, frequency and strength independent,
monodimensional models were proposed [67]. Furthermore, by analyzing the results shown in Fig.
1.2.f, we can infer it is not possible to easily correlate MagS properties (M, ¢,,) with the TE
application.

As shown in Fig. 1.2, another application of MagS is drug delivery (DD). About a tenth of
the analyzed works investigated this potential application. MagS can be used in several ways
as platform for DD. Traditional biomaterials for DD are loaded with drugs (e.g., doxorubicin,
cisplatin) or biomolecules, which are released when the bioceramic or polymer is degraded by the
cells [68]. MagS can accelerate the release process or spatio-temporally control it. Indeed, static or
low-frequency MF can be used mechanically trigger the release from hydrogel networks, such as
experimentally demonstrated by [9,69]. On the other hand, by applying a RF (100-800 kHz) MF,
the MNPs embedded in the MagS can dissipate a huge amount of heat which can deteriorate

a sacrificial layer to free the drug or biomolecule [70], as shown in Fig. 1.4. This concept of DD
system was investigated in [33,49].

However, the appealing approach for overcoming burst release, poor spatial control and the
impossibility of re-loading with MagS was proposed in [43]. This strategy aims to combine MagS
and innovative MNPs carriers of drugs or growth factors (GFs). Indeed, for some tissues, especially
the peculiar bone, the DD is required to repair large defects [71], but a graft or implant is needed
to mechanically support the injured area [1-3]. Therefore, as summarized by Fig. 1.4, if a Mags is
implanted, a static magnetic field can be used to drive MNPs carrying drugs or GFs, target them at

the injury site (i.e., at the scaffold location) and then trigger the drug release by RF-heating [43,72].
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Figure 1.4. Magnetic scaffolds (MagS) can be used as core element for magnetically controlled

and activated innovative drug delivery systems. Static (DC) magnetic fields (MF) can be used for

the targeting. Radiofrequency (RF) MF can be used to trigger the release of drugs, such as growth
factors (GFs)

Considering the findings reported in Fig. 1.2.f, is not trivial to identify a rule for designing MagS
for DD with a fit My or ¢,, value. Despite this innovative and fully magnetic drug delivery (MDD)
strategy was proposed and preliminary tested in simplified experimental setups, there is a complete
lack of understanding of which MagS, MNPs and extrinsic field parameters would be needed to
carry out the process shown in Fig. 1.4.

Given that MagS would be implanted for TE or DD purposes, it is worth underlining that
these multifunctional platforms can also be used in combination with currently available diagnostic
modalities to monitor tissue re-growth and biomaterial degradation [73], as given in Fig. 1.1.
MagS were tested for in vivo magnetic resonance imaging (MRI) to monitor bone healing, vascular
ingrowth and assess the implant integration by quantifying the changes in the transverse relaxation
times Ty [74,75], and their safe and compatible use was assessed [76]. However, despite being
non-invasive, MRI is an expensive diagnostic modality [74-76]. In this regard, MNPs were already
considered as contrast agents to enhance the performance of microwave imaging (MWI) of breast
tumors [77-82]. However, to date, MagS were not considered yet as core element of a MWI system
for remotely monitoring tissue healing or the MDD process. Furthermore, the possibility of using
magnetic particle imaging (MPI) [83] to retrieve spatial and dynamic information about implanted
MagS has never been investigated. Therefore, there is room for investigating the feasibility of
innovative diagnostic modalities which exploit MagS.

The last, but not least, application of MagsS is their possible use as agents for performing thermal
treatment against cancers [4,7-17], as shown in Fig. 1.1. Hyperthermia treatment (HT) is a thermal
therapy used in oncology, and its aim is to rise the temperature of a target tissue in the range
41-45°C to initiate a cascade events to kill cancer cells, while enhancing the effectiveness of radio-
and chemotherapy [84-87]. The first magnetic bioglasses from [25] was conceived to be implanted
after surgery, then treat residual bone tumor cells by delivering heat through the application of
an external RF MF. The most relevant aspect of using MagS for performing HT is that, if the
residual cancer cells are killed and the local recurrence is controlled, the scaffold can be used to
promote tissue repair and restore the functionality (see Fig. 1.3). In this framework, MagS are

the more biocompatible version of thermoseeds used in colo-rectal cancers [50], or alternative to
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Figure 1.5. Sketch of the rationale for using magnetic scaffolds as biocompatible, implanted
thermoseeds for controlling local recurrence rate of bone cancers through hyperthermia treatment.

FM surgical implant inserted in a tumor bed for the delivery local HT in the sub-MHz frequency
(90 kHz) [52]. About a third of the literature works about MagS claim to have manufactured and
characterized a device for HT [25,27,33,49,66]. However, by observing the findings from Fig. 1.2.g,
a large variability in temperature a spread distribution of the temperature increases as a function
of the working frequency f and the strength of the applied field can be noticed. To these findings
it must be added that the thermometric methods, the apparatus and sample environment used
to assess the hyperthermic potential of MagS present significant differences and underestimated
uncertainty. The adoption of standardized metric is poorly applied [88]. Given that HT as a clinical
procedure as its own quality and assurance guidelines [88], as well as technical requirements, there
is need to revise the modeling of HT of tumors with MagS to provide an organized, robust and
reliable framework for performing an effective design of the magneto-responsive device and to plan
a high-quality treatment.

With the analysis of the state of the art about MagS we have identified three fundamental
biomedical applications for these multifunctional theranostic platforms for biomedicine. In particular,
i) hyperthermia, ii) magnetic drug delivery and iii) the noninvasive diagnostics or monitoring.
Furthermore, we have highlighted the lack of an engineering point of view. Therefore, in this thesis
work we will deal with the modeling, design, characterization of these biomedical applications of
MagS.

1.2 Aims

With the analysis of the state of the art, we have highlighted that the literature about MagS offers
a huge amount of fuzzy, not aggregated data, while lacking of engineering models, from and EM, RF
and MW perspective, which can support the design and use of these multifunctional biomaterials.
To fully exploit the great potential of MagS for the aforementioned biomedical applications (Fig.
1.1), it is mandatory to immediately tackle the issue of lacks of models. Therefore, this thesis work

aims at:
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o facing the problem of modeling the hyperthermia treatment of tumors with MagS, in order
to provide a framework to relate the material properties, as well as its non-linearities, with
the therapeutic outcome, while dealing with the accurate estimation of the hyperthermic

potential.

o address the challenge of developing a theoretical or numerical framework for describing the

role and potential of MagS in performing the magnetic drug delivery for tissue repair.

¢ investigate the feasibility of using MagS as a contrast agents to exploit microwave imaging
as innovative diagnostic modality to monitor the hyperthermia treatment or the implant

degradation and tissue repair.

1.3 Structure and Contents

This thesis work is organized as follows.

The biological, clinical, modeling and technical aspects of the hyperthermia treatment are
introduced in Chap. 2. The concepts for using MagS in cancer therapy are discussed, and a new
multiphysics, nonlinear numerical framework for simulating the HT with MagS is proposed.

After having understood the most relevant parameters for hyperthermia, in Chap. 3, we

designed, characterized and modeled different type of MagS. In detail, in Sect. 3.1, we studied
if and how the loading pattern of MNPs in the biomaterial could influence the outcome of the
hyperthermia treatment. To this aim, a drop-casting manufacturing process was developed, and
several physical and morphological characterization techniques have been adopted to derive useful
data for performing a thorough in silico study aimed at determining if loading inhomogeneity can
affect the effectiveness of the thermal therapy.
In Sect. 3.2, we designed biomimetic architecture for 3D-printing MagS with a commercial
magnetic filament. Since the methodologies for estimating the hyperthermic potential of MagS are
different, presenting largely variable pieces of equipment, thermometry methods and modeling, we
investigated three different experimental setups for identifying a reliable and robust protocol aimed
at standardizing the quantification of the hyperthermic ability of MagS.

The possible use of MagS as core element of innovative drug delivery systems aimed at accelerating
tissue repair is discussed in Chap. 4. A multiphysics model is developed to build a numerical
platform to study how relate the material properties with the magnetic targeting of nanocarriers of
active biomolecules, as well as with the triggering of the release by radiofrequency heating, while
assessing the effects on the biological process of tissue healing.

In Chap. 5, for the first time, a preliminary analysis is carried out to assess if microwaves can
be used as a tool for monitoring the hyperthermia treatment with MagS or to evaluate their in vivo
degradation. A simplified monodimensional propagation model is used to perform the frequency
selection and retrieve suitable properties of the matching medium to ensure an effective microwave

signal transmission.
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Finally, in Chap. 6, conclusions are provided, the contributions and main findings of this thesis

work are summarized, while the future research directions are discussed.



Chapter 2

RF Hyperthermia with Magnetic
Scaffolds

2.1 Hyperthermia Treatment: Fundamentals and Technolog-
ical Aspects

Heat can be an effective therapy against cancers [85-87,89]. Hyperthermia treatment has the
clinical goal of rising the temperature of a target tissue in the range 41-45°C, thus causing the boost
of the immune system response, the increase of cytotoxicity through pH modification, the production
of free radicals, also inducing the direct damage of DNA and hamper its repair and replication at
the cellular level, while provoking vasodilation and perfusion enhancement, hence increasing the
permeability to chemotherapeutic drugs and enhancing the radiation effectiveness [85-87,89], as
shown in Fig. 2.1.a.

In order to achieve an effective HT, high quality heating equipment, accurate thermal dosimetry
and quality assurance are mandatory [89]. Thermal therapies can be classified into local, locoregional
or whole body heating (WBH) [89]. Local heating approaches are interstitial hyperthermia [88],
nanoparticle heating, intraluminal heating and superficial heating (Fig. 2.1.b). On the other hand,
locoregional heating administration modalities include phased array systems, capacitive technique
and perfusion devices [89].

The heat in the biological tissues can be administered with different type of energies, such as
ultrasounds (US) [90]. However, US can be problematic for body regions with heterogeneous tissues,
cavities or bony interfaces, since strong refraction and reflection cause an excessive overheating [89].
In this thesis, we will focus on EM energy. EM heating strategies use a time-varying field to cause
heat dissipation by ionic conduction currents in the extracellular fluid if the working frequency is in
the kHz range, or, instead, initiate dielectric heating by molecular dipole rotation and polarization

of water molecules inside cells (if f >1MHz) [89], as shown in Fig. 2.1.c. We can further categorized
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Figure 2.1.  a) Summary of biological effects of hyperthermia. b) Pictorial representation of
different hyperthermia techniques and heat administration modalities. c¢) Heating mechanism
for Electromagnetic-based hyperthermia: capacitive, radiofrequency, microwave, IR heating). d)
Heating depth from the skin (cm) vs. tumor/target size (cm) for some hyperthermic techniques.

EM HT modalities according to f and the penetration depth. Capacitive heating (Fig. 2.1.b)) can
be realized with metal electrodes and an RF generator working at 8, 13.56 or 27.12 MHz. Typically,
a so-called water bolus bag is used to transfer the energy into the body and to apply skin cooling,
and control both surface and deep tissue temperature [89,91]. As shown in Fig. 2.1.d, capacitive
heating can treat superficial and deep-seated tumors, but excessive temperatures, or hot spots,
can occur at interfaces between tissues due to the orientation of main electric field components
or to inhomogeneous distribution of the power due to a local variation of the EM properties [84].
For small-to-large tumors (1-10 cm), radiative hyperthermia can be used. MW in the industrial,
scientific and medical bands of 433 MHz, 915 MHz and 2450 MHz are used [70,84,89]. As shown
in Fig. 2.1.b, a single antenna, an array or a phased array of antennas can be used to radiate
EM energy, and water bolus is still used as matching medium and cooling system. Radiative HT
can result in inhomogeneous power absorption and temperature distribution, leading to hot spots
at tissue interfaces. As shown in Fig. 2.1.d, the heating depth of radiative hyperthermia can be
limited. In the case of deep-seated tumors, interstitial RF or MW needle-like applicators can be
employed (Fig. 2.1.b). Also infrared (IR) heating (f >300 GHz) is used, since O-H bonds in water
strongly absorb this type of energy [4,89]. Even if applied with optical fiber guided laser, IR heating

as a limited penetration depth of ~1cm.

11
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To date, several devices and apparatus have been proposed and developed for the proposed heating
strategies, as reviewed by [70,84,89]. The HT technology depends upon the heating techniques,
is related to the required heating depth, must take into account if focusing is needed, but also
on the clinical scenario. Deep-seated tumors are difficult to be treated, without drawbacks and
side-effects, by using the aforementioned limitations [85,86,89] and for this kind of tumors MagS

can be a potential effective solution.

2.2 Issues and Limitations of Radiative Hyperthermia of

Deep-Seated Tumors

Several reports present results that shows how microwave radiative hyperthermia can effectively
treat tumors located to a depth of ~3-4cm [85,86], but the significant heating of surrounding
non-target healthy tissues cannot be avoided [52]. To achieve higher penetration depths (Fig. 2.1.d),
complex optimization strategies aimed at power steering and EM energy focusing by phases and
amplitude selection for phased array feedings must be developed and used [89,92].

Anyway, since the control of constructive and destructive interference is not total, local hot
spots and heating inhomogeneities may still occur. In this framework, the localized and selective
heating of tumors can be realized by placing heat sources (thermoseeds) inside or nearby the
tumor (Fig. 2.1.b) [50,52]. FM interstitial implants, heated with kHz-MHz MF, in the shape of
needles, rods or spheres can be used [89]. As shown in Fig. 2.1.d, deep-seated tumors can be
treated, resulting in a heating localized within 3-4 mm from the thermo-seed [88]. Interstitial HT
can be used in synergy with brachytherapy [89]. Another advantage is that interstitial HT with
thermoseeds can be performed remotely, by exposing the patient and implant to the MF (Fig. 1.5).
Indeed, recently, magnetic nanocomposite polymeric stents for treating intraluminal tumors have
been proposed [93]. With suitable alloys, the tuning of Curie temperature above the therapeutic
threshold can be achieved and a self-regulating thermoseed can be developed [17]. The interstitial
HT of deep-seated tumors with thermoseeds presents more benefits than MW HT, but it could be
preferred to magnetic fluid hyperthermia (MFH) [18,20,21,23]. Indeed, MFH has the limitations of
inhomogeneous distribution of MNPs in tissues, which calls to a dynamic adaptive adjustment of
the MF amplitude, thus presenting a complex treatment planning [17,89].

To further support the need and value of MagS as potential tools for performing interstitial
HT of bone tumors, we will briefly present the level of complexity and the possible outcome for
MW HT by commenting a recent work [94]. The MW treatment of an abdominal sarcoma, shown
in Fig. 2.2.a, is considered as case-study. The sarcoma is assumed to have a inhomogeneous
perfusion [94]. We consider a simplified layered phantom, which consists of fat, muscle and internal
organs. The circular patch antenna shown in Fig. 2.2.b is re-designed to achieve a robust and
effective performance. Therefore, the geometrical parameters of the antennas are varied, and tested

varying the thickness of fat (¢74¢) and muscle (¢,,4s) layers. An example of simulated return loss is
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Figure 2.2.  a) Surface phantom model for an abdominal rhabdomyosarcoma. The biological
tissues radiated by the patch antenna during the hyperthermic treatment are fat, muscle, tumor
mass, and an effective medium representing the abdominal internal organs. b) Geometry of the
top and bottom layer of the circular patch antenna. ¢) Simulated return loss (S11) of the antenna
varying L1 and R4. d) SAR evaluated at 434 MHz for the re-worked robust version of the patch. e)
Average temperature distribution (T4.4) within the biological tissues and T10, T50 and T90 for an
applied time-varying power and 3D continuum perfusion model. The average phantom dimensions
are used: tfqr =15 mm, tymys =10mm, ¢;0 =35 mm.

given in 2.2.c. By investigating the specific absorption rate (SAR) distribution in the phantom,
reported in Fig. 2.2.d, it is possible to notice a relevant power absorption behind the spherical
tumor. Even though the proposed design is improved with respect to its original configuration [94],
the possibility of hot spots cannot be avoided and tumors set to a maximum depth of ~3 cm can
be treated effectively, but using a controlled time-varying power, as shown by the results from Fig.
2.2.e.

Sarcomas are a possible example of deep-seated tumors. However, other classes of neoplasms
could severely benefit from the use of MagS as HT agents. Primary and secondary bone cancers
are a class of pathologies which can strongly benefit from HT [87,95,96]. Osteosarcomas (OS)
are highly malignant, aggressive and blastic tumors, which affects mainly young subjects (15-25
years old), and have high-recurrence (40%) and metastatic (20%) rates, while being radio-resistant
bone tumors [95,97]. An OS lesion (up to ~5cm) can originate in different body location, such
as the distal femur, the proximal tibia and the proximal humerus [97,98]. In particular, the
osteosarcoma of the methaphysis of the upper end of the humerus constitutes a 10% of all primary
tumors [99]. In any of the aforementioned body areas the tumor can settle intra-medullary or
intracortically, or peripherally [100]. The neoplastic cells produce a noticeable amount of osteoid or
bone with a high rate, in a centrifugal way around a relevant vascular network [98,99]. The cell
growth can determine a pressure which can damage and fracture surrounding healthy bone tissue,
causing impairment and pain to the patient [96-100]. Other bone tumors are cartilage-forming

(Chondrosarcomas), bone-marrow (Ewing sarcoma), and soft-tissue ones (Fibrosarcoma - FS). FS
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Figure 2.3.  Clincal management of osteosarcoma tumors.

is a malignant neoplasm arranged in a fascicular architecture of interlaced trabecular bundles, with
scarce vascularization. It tends to extend to soft tissues [100]. A 10-year survival rate equal to 28%
for this kind of neoplasm has been reported [101].

Surgical resection of bone tumors, especially OS, is the gold-standard approach A [96], and,
actually, an unavoidable clinical decision, as shown in Fig. 2.3. However, the surgery consists in
amputation or limb-sparing tumor resection, resulting in disabling outcomes [87,96]. Alternative
strategies are studied, e.g., cryotherapy or embolization, but they are still at the experimental
stage [95]. The clinical outcomes of HT as an adjuvant biophysical therapies are gaining the
interest of scientific community [102], and some phase I and II trials for locoregional hyperthermia
of bone tumors are ongoing [89]. MW HT as standalone therapy showed insufficient clinical
outcomes [103-106], while combined to other therapies, can lower the recurrence rate of more than
20%, but results in a postoperative 30% fracture rate, ascribed to bone weakening [103,104]. Besides
the specific limitations of surgery and MW-HT, both approaches require a graft or a biomaterial,
i.e., a scaffold, for post-operative management. By combining the strict anti-cancer therapeutics
and the postoperative orthopedic requirements, the technological advancements in HT delivery lead
to the innovative idea of manufacturing MagS to be used as implanted thermoseeds to perform
local, interstitial HT of bone cancers by applying an external RF field (Fig. 1.5).

To push the forefront towards new clinical landscapes, a more definitive takeoff of this nan-
otherapy against tumors is required. To this aim, it is fundamental that MagS must satisfy the
minimum quality assurance requirements of the interstitial HT [88]. In other words, a given MagS
should be capable of increasing the system temperature to the therapeutic level of 41-45°C and
deposit at least 0.5 W/g in the target volume in response to a RF MF against deep-seated tumors.
However, a suitable platform for evaluating theoretically or numerically how MagS behaves during

the HT of bone tumors is missing.
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Figure 2.4.  a) Schematic picture of the level of interaction of magnetic nanoparticles in a fluid. b)
Schematic representation of nanoparticles in a magnetic scaffold (MagS) of polymer and ceramic
matrices.

2.3 A Non-Linear Multiphysics Model for Hyperthermia
Treatment with Magnetic Scaffolds

The starting point to derive a model capable of seizing the essential features of the HT of bone
tumors with MagS must start with the understanding of how the MNPs exposed to the RF MF
dissipate power.

Theoretical works dealing with the simplified EM modeling and with the solution of bio-heat
equations [50,107-109] have been proposed. Other works that refined the coupling between the
EM and thermal models, computing the currents and field distributions, can be found in [110-113].
However, these models neglected the presence of vessels with dimensions higher than 2 mm, thus
biasing and altering the EM and thermal field patterns, as well as the predicted therapeutic
outcome [84,114]. Therefore, patient specific models for the hyperthermia ablation of bone tumors
located in the distal portion of the femur were derived from computerized tomography [115].
However, the computational burden of such an accurate geometry can be a relevant limitation when
dealing with treatment planning or optimization [84,116]. It should be pointed out that none of
the cited model dealt with the multiphysics nature of the hyperthermia treatment and applied it to
the modeling of bone tumor treatments using magnetic scaffolds, as done in [117,118].

In this chapter we aim at identifying is to develop a multiphysics numerical model for investigating
the use of magnetic scaffolds as thermoseeds for the hyperthermia treatment of residual bone cancer

cells.

2.3.1 Complex Magnetic Susceptibility

The power per volume unit (Wm™~2) dissipated by an ensemble of superparamagnetic nanoparti-

cles, under the action of a sinusoidal, time-varying external magnetic field, is given by [119]
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P, = 7r,uof|H|2x” (2.1)

where pg is the vacuum permeability in Hm™!, f is the working frequency (in Hz), H is the
magnetic field vector (in Am~!) and "’ is the imaginary part of the complex magnetic susceptibility,
defined as

x(f) = x"—ix". (2.2)

A more in-depth analysis of the complex magnetic susceptibility of magnetic scaffolds is required.
In the case of magnetic fluid hyperthermia (MFH), for mono-disperse MNPs, homogeneously
distributed in a medium with finite viscosity 7 (Pa-s), as shown in Fig. 2.4, the particles can be

assumed to be poorly interacting, thus their susceptibility spectra follows a Debye model [119]

)= 1907 (23)

where x( is the static susceptibility and w = 27 f is the angular frequency, whilst 7 is an effective
relaxation time [119], defined as

Y -
This effective time is given by the contemporary occurrence of particle and dipolar relaxation,
ascribed to two different mechanisms [120]. As first, the Brownian motion of the nanoparticles in

the viscous medium occurs, whose characteristic time () is [119]

29V,
" kT

TB (2.5)

where V}, is the hydrodynamic radius of the MNPs (in m—3), kp is the Boltzmann’s constant
(JJK~1) and T is the system temperature, in K. On the other hand, the dipolar relaxation, which
accounts for the internal remagnetization process, follows the Néel mechanism, whose characteristic
time (1) is defined as

KO/V’VYI,
TN = Toe BT (2.6)

where 7¢ is the pre-exponential factor (which ranges from 1ns to 1ps), K, is the anisotropy energy
in Jm—3, V,, is the particle volume in m?>.

It is worth noting that Eq. (2.3) is valid under the assumption of weak field, so that the Zeeman
energy of the particle interactions (uopn,H) with the heating field is linear and much less than
kpT [121]. However, for the case of magnetic scaffolds and nanocomposite magnetic thermoseeds
(Fig. 2.4), the level of particle interaction and the relaxation mechanism differ significantly from
the scenario of the MFH. As discussed in the Introduction, chemical doping of bioceramic with

magnetic ions (e.g., Fe?T, Fe3*) produces local substitution of Ca?* in hydroxyapatite, bredigite
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and hardystonite lattices [28,33,122], resulting in the in situ formation of a magnetic phase.
On the other hand, in the case of polymeric matrices, as the medium viscosity 7 increases, the
frequency response of the magnetic susceptibility modifies and the resonance vanishes, while the heat
dissipation is enhanced, as underlined by [123]. Furthermore, physical routes for embedding MNPs
in hydrogels can cause the cross-link of the gel chains with the polymeric coating, blocking and
hindering Brownian motion, as reported for a Poly-(Acrylic Acid) (PAA) hydrogel with magnetite
nanoparticles [124]. Also 3D-printed filaments loaded with MNPs showed a non-Debye behavior [93].
Magnetic printed Poly-Propylene (PP) stents with magnetite nanoparticles, for hyperthermia
treatment of bile duct tumors, present a drastically different complex susceptibility than their free
counterpart in suspension [93]. In this framework, the physical environment in biomaterials is

similar to tissues (Fig. 2.4) [121], hence the Néel relaxation is the most relevant mechanism, since

1
lim — — 0, (2.7)
nN—00 TR
resulting in
1 1
o~ ) 2.8
T TN ( )

From a physical point of view, the internal remagnetization process is dominant in highly viscous
systems, since the energy of the magnetic interaction overcomes the thermal energy, causing
aggregation [121]. The long-range interactions between particles can be relevant [125], as can be
estimated by the index 7" [125,126]

topi3

== 2.9
QWkBTT;D’n ( )

3 is the lower bond of the volume packaging and steric hindrance in the system.
Given the theoretical basis [121] and the evidences found in the literature [93,123,124,127-129],

we propose that the frequency response of the complex magnetic susceptibility of MagS can be

where 7

framed in a theoretical model which assumes that the relaxation dynamic of MNPs clusters modifies
and lead to the appearance of a distribution of anisotropy energies [125], thus resulting to a

continuum of relaxation times. In mathematical term, a Cole-Cole model can be used [130,131]

x(f) = H_(%X# (2.10)

where + is the so called broadening parameter, and describes the relaxation times distribution
[130-132]. If v — 0, Eq. (2.10) resolve in a Debye equation. On the other hand, when v — 1 the

relaxation time distribution broadens [130].

To compute Eq. (2.1), it is necessary to evaluate the initial susceptibility yo, which is defined
as [119,133]
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Figure 2.5. a) Complex magnetic susceptibility data for Resovist magnetic nanoparticles (10 nm)
immobilized in epoxy resin. b) Complex magnetic susceptibility of 2 wt.% magnetite nanoparticles
(sample 1, 11 nm) and cobalt ferrite (sample 2, 11 nm) in aqueous solution (ferrofluid, FF)
and immobilized in Poly-(Acrylic Acid) (PAA) hydrogels. ¢) Complex magnetic susceptibility of
magnetite FF before and after the immobilization in agar gel. d) Complex magnetic susceptibility of
magnetite nanoparticles, synthesized via co-precipitation in FF, then immobilized inside acrylamide
hydrogels and freeze-dried in Poly-Propylene (PP) filaments. The fitting curves are reported.

(2.11)

Xo = Smd, [coth (MmB) _ ksT

H k5T /) jumB

In Tab. 2.1 examples of literature works which have dealt with the AC magnetic response of
MNPs embedded in a biomaterial matrix are provided. We have digitized the data by using the
online tool WebPlotDigitizer [134]. The data are taken from [93,123,124,127,128] and reported in
Fig. 2.5. We investigated if the magnetic response of the MNPs in the biomaterial can be fitted
and interpreted by using Eq. (2.10).

In this thesis, we expanded our previous approach [131] and tested the Cole-Cole model with a
large experimental setup. In detail, we used a Genetic Algorithm (GA) routine to minimize the

following objective function to retrieve the vector parameters x [131]

Fors () = 3 o () — xan ()| (2.12)

q=1

where Ny is the number of frequency point, x,, and x;5 are the measured and theoretically estimated

complex magnetic susceptibility values. The initial population was set to 35000 individuals, the
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Table 2.1. Results for the Analysis of Complex Magnetic Susceptibility

Sample X0 7 (s) o Cole-Cole Error (4,, %) Debye Error (J,,
Resovist MNPs in Epoxy  2.54-10° (A/m) 1.21-107° 0.874 0.124 -8.25
Fe3;04 FF 0.765 0.01 0.411 11.0 30.98
Fe304 in PAA 0.089 147107 0.9 10.23 -30.70
CoFey04 FF 0.2174 0.002 0.411 5.34 16.14
CoFey0y4 in PAA 0.016 0.108 0.826 5.98 -17.96
Fe;04 FF 44.779 8.14-107°  0.674 2.06 17.64
Fe;04 in A 30.710 41076 0.75 -1.96 49.56
Fe;04 FF 90.011 0.025 0 7.17 35.67
Fe;04 in A 25.7469 0.01 0.89 2.0 -12.49
Fe3s04 FF 0.503 1.672 0.766 22.4 45.72
3% Fe30y4 in PP 0.131 61.188  0.916 12.15 44.55
5% Fe30,4 in PP 0.126 1-107%  0.901 -0.81 24.508
7% Fe30y4 in PP 0.083 0.012 0.845 8.79 18.44

maximum number of iterations was set to 150 [131]. The relative percentage error (d,) has been

chosen as figure of merit for evaluating the fitting quality, so that

N
_ 1S ) = x(f)
Rl 7D Dha iy 213

The error was evaluated for the Debye and Cole-Cole models for comparison. A negative d,, implies
that the theoretical susceptibility underestimate the measured value, whilst, on the other hand, a
positive d, reflects an overestimated theoretical value.

The results from the fitting are shown in Fig. 2.5, and the coefficients are reported in Tab.
2.1. By comparing the relative percentage error (J,) for the Debye and Cole-Cole models, we can
highlight that the non-resonant law can better describe the magnetic susceptibility spectra of MNPs
in biomaterials (Tab. 2.1). By comparing the fitting parameters retrieved for the MNPs in ferrofluid
with that of immobilized MNPs, it can be noticed that xo lowers, up to an order of magnitude.
Furthermore, an increase in the value of the broadening parameter can be highlighted. The case of
MNPs in the PAA hydrogel [124] is a very peculiar one. Indeed, differently from what reported for
the magnetite particles included in a PP filament [93], from Fig.s 2.5.b, it is possible to observe
that the rapid Néel relaxation of large particles is almost quenched after the incorporation, because
the particles are immobilized inside the polymer network. This is an extreme and limiting case.
However, for the data shown in Fig. 2.5.c and 2.5.d, the susceptibility spectra of [123] and [93]
presented enhanced dissipation and losses, appealing for hyperthermia. Given these findings, in the
following of this thesis work we will consider the Cole-Cole model as the theoretical framework for

describing the frequency response of MagS.
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Figure 2.6.  a) Illustration of the heating coil and the treatment setup. b) Simplified geometry
of the problem. A magnetic scaffold (MagS) of radius R=5mm is assumed to be implanted in a
semi-infinite tumor medium.

2.3.2 Theory

From an analytical and modeling point of view, the interstitial HT with MagS could be
understood and studied by relying on the theory of ferromagnetic implant heating from Stauffer et
al. [50], or re-adapting the solutions to bio-heat equation for magnetic fluid hyperthermia [109],
such as those derived in steady [107] or transient form [108]. In this section, we aim at deriving a
steady-state solution to the bio-heat transfer problem governing the HT of bone tumors with MagS,
in a simplified geometry, to highlight the most relevant parameters and properties of magnetic
scaffolds for planning the thermal therapy.

We consider the case of a cylindrical magnetic scaffold, with radius R, implanted after the
surgical excision of a bone tumor. The implant is considered surrounded by the target residual
tumor cells, which is assumed to be a semi-infinite medium, as shown in 2.6.a.

An alternate current (AC) magnetic field (H) working at a given frequency f, is supposed to be
applied to the system, thus being the cause of heat dissipation by the MNPs in the biomaterial. The
exposure system can be a solenoid, a pancake coil, with N turns, length L and excited by a sinusoidal
current 7, in which a human limb is inserted (Fig. 2.6.b) To account for the electromagnetic field
source in the problem, we can approximate our derivation by assuming the coil long enough, and by
considering that if the coil diameter d.. is much larger than the scaffold diameter 2R (i.e., d. < 2R),
then a uniform, homogeneous and constant (H = H) magnetic field in the geometry of Fig. 2.6 is
present

I

H~= N—. 2.14
. (214)

Furthermore, from an EM perspective, the MagS is typically a dielectric insulating objects, so
that o < jwege,, being o the electrical conductivity (in Sm~!), w = 27 f, whilst € and ¢, are the
dielectric permittivity of vacuum and the relative permittivity of the medium. Hence, standard

solution for conducting cylinder exposed to a plane wave could not be used in this case [50].

20



Chapter 2 — RF Hyperthermia with Magnetic Scaffolds

Under these assumption, the power dissipated by MagS can be quantified by Eq. (2.1), relying
on the Cole-Cole law (Eq. (2.10)), since the linear response theory and the Debye model do not
apply when MNPs are constricted in a highly viscous or solid matrix, since the inter-particles
interactions lead to a vanishing of the resonant response [131]. From Eq. (2.1)-(2.11), is possible to
highlight that the design parameters of magnetic scaffolds are ¢,,, My, V,,, and K,. In fact, the
amount of nanoparticles loaded in the biomaterial is an unknown function of the manufacturing
process, but it is a tunable quantity [8-10,13,15]. The dipole moment of the MNPs and the crystal
energy can be adjusted during particle synthesis, by controlling the dispersion of particle sizes and
the coating of the MNPs [19,135,136]. In order to sought a closed-form expression, we manipulate
Eq. (2.10) to explicit the imaginary part as follow [137]

1 cos (4F)
" 2cosh [(1 — ’y) In (QWfTN)] T sin (%) . (215)

1"

X

The treatment outcome can be evaluated by solving the Pennes’ Bio-Heat Equation (PBHE)

pcp% = kV2T — ppCppwn(T — Tp) + P, (2.16)
where p is the tissue density (in kgm™2), C, is the specific heat capacity (J- K 'kg™1!), k is the
thermal conductivity of the tumor. The blood perfusion (ppCp pwi(T — Tp)) is included in the
model [50,107-109]. The blood thermal properties are indicated with the subscript "b". The blood
arterial temperature is T}, equal to 37°C.

To solve Eq. (2.16) some assumption must be made. We assume the EM and thermal properties
to be constant and independent from space and temperature. Given that we aim at evaluating
the quality of HT with MagS, the characteristic time scale of the therapy is on the order of
30-60 min, thus allowing to sought a steady state solution, so that % — 0. Re-arranging Eq.
(2.16), transforming the problem in spherical coordinates, neglecting the heat contact resistance at
the interface between the two media, we can derive the temperature increase (AT) for » > R, by
imposing that for r > R, T = T, as [50,107,137]

1 P, R e V2R R)
T3k 1 [ovCpown,
1+R Pb Z,b b

A complete expression can be obtained. However, before, we have to substitute Eq. (2.15) into Eq.
2.1, to get

AT (2.17)

1 2 cos (L*)
P = gm0 X0 G (= i G ) st () (2.18)

Inserting the definition of o from Eq. (2.11), we derive the following expression
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cos (1)

cosh [(1 =) In (27 frx)] + sin (g)] - (2.19)

MmM0H> kpT

1
P, = —muo fHb,, M, th( _
27W0f ¢ [CO kT Hom o H

By inserting Eq. (2.19) into Eq. (2.17).

P5Cp 6%
7T,LL0fH ! QsmMs : RB COS (?) ef@(T*R)

AT =

oth (MmHOH) kT
kgT HmpoH

6kr cosh [(1 — ) In (27 f7n)] + sin (&)

PoCp bWh

1+ Ry =5
(2.20)
The proposed model could be used to setup suitable optimization procedures aimed at finding
the size and M of nanoparticles to achieve a given temperature increase, in a way similar to what

done for MFH in [77].

2.3.3 Multiphysics Model

A major limitation of the theoretical model and of Eq. (2.20) is that they do not take into
account the physical evidence that the heat dissipated by Néel relaxation or hysteresis losses by
the MNPs in the MagS depend on the system temperature, and, hence, during the treatment,
as the scaffolds and tissues heat, the power dissipation and the magnetization dynamic of MagS
modify [117,118,138]. Variations of few % to several % may occur for the temperature range
typical of HT [118]. An accurate treatment planning must account for these significant variations.
Furthermore, the pattern of power dissipation, due to the exposure to the RF magnetic field, in
the MagS and biological tissues is oversimplified, partially neglecting the solution of the coupled
electromagnetic problem [84]. For the simplified geometry shown in Fig. 2.6.b the absence of
non-target healthy tissue and vascular details can strongly affect the computation of the deposited
power and estimated temperature [84]. Therefore, it is mandatory to refine both the geometrical

and physical description of the HT of bone tumors with MagS.

Geometry

In Fig. 2.7, we present the minimum geometry for investigating the HT of bone tumors with
MagS. These are meaningful representations of the biological problem which would not results in
excessive computational burden [115]. We will discuss two cases which extend and improve the
analysis domain shown in Fig. 2.6.b. We begin to develop our model by assuming a very narrow
volume of tissue around the implant. A spherical MagS having radius rs. =5mm [139]. Near
the scaffold, there is a region where new bone forms to heal the surgical fracture [140]. Healing
process starts with hematoma and local ischemia (first 7 days), and ends with an inflammatory
phase (up to 14 days) [140]. For this reason, a small fracture with radius varying in the range

0.1-0.5 mm [139,140] has been considered. The tumor region is modeled as a uniform tissue spherical
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Figure 2.7. a) The case of a scaffold implanted after long bone tumor surgical treatment is

analyzed. A transverse section of bone, residual cancer tissue, fracture gap and scaffolds are

considered. b) Simplified 2D geometry for a human upper limb affected by a bone tumor, which is
surgically reduced, and treated with an implanted MagS.

area of radius r;. The bone tumor volume is assumed to be reduced after surgical intervention and
assumed to vary from 0.1 mm to 0.5 mm.

Since bone tumor can affect the methaphysis of the proximal humerus [99], a 2D surface model
of the proximal upper limb segment is considered and shown in Fig. 2.7.b. The arm is approximated
to a circle of radius 74, =5 cm [141,142]. Moving from the outside to the inside, the arm present a
layer of skin (ts =1.5mm), the fat layer (¢; = 10 mm), the muscles region (i.e. the triceps brachii, the
brachialis, the biceps [142]) with a radius ry,, of 43 mm, the humerus bone (r, =20mm [141,142]),
and, finally the bone marrow (74, =5mm). The center of the zy-coordinate system is set at the
center of the bone marrow circle. The bone tissue is divided in a cortical portion and a cancellous
part, which are 1mm and 19 mm thick, respectively. The 2D geometry shown in Fig. 2.7.b is
symmetric with respect to the x > 0 half space. The brachial vein and brachial artery are modeled
as circles with their center on the the z-axis (y = 0) [141,142]. The diameter of the brachial
vein is d, =3 mm whereas the artery diameter is d, =4mm [143]. The vein has its center in
(Pmu — dq — dy—3mm, 0) and the artery at coordinates (7, — dg, 0). These moderately-large
vessels cannot be neglected since their contribution to the heat transfer phenomena during the
HT is relevant [84,114]. In Fig. 2.7.b, a 10mm bone tumor, of radius r;, grown peripherally,
halfway between the bone marrow and the cortical portion of bone, is considered. The tumor
can be approximated to a circular shape relying on the findings from [97]. The tumor size can
vary after the surgery [66]. The portion of the tumor, fracture gap and Mag$S is the same of
Fig. 2.7.a [117]. It is assumed that after the resection of the tumor in a portion with thickness

ty =r, — (ry +rs)=0.5mm the tumor cells are still present.
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EM Problem

In general, under the quasi-stationary assumption, the goal of a model for magnetic hyperthermia
is to derive the spatial distribution of the magnetic vector, H (Am~!), and of the electric field

vector, E (Vm™1), by solving the Maxwell’s equation in the frequency domain [50,111]:

V xH=jweE+J
VXE=—jwuH

(2.21)

where J is the current density vector. The quantity €, in Fm™!, is the dielectric permittivity of
the medium, whereas p is the magnetic permeability of the material. With the fields H and E it
is possible to quantify the power deposited in the tissues and to determine the spatio-temporal
evolution of the temperature field in the systems of Fig. 2.7. The electromagnetic properties at
body temperature and at the frequency of 300 kHz is reported in Tab. 2.2.

The computation of EM fields distribution is sometimes neglected by [107,108], and homogeneous
MF are assumed [117,137]. This can lead to underestimate the power dissipated due to the conduction
current in non-target tissues (e.g., in muscle or skin) [144]. The hypothesis of uniformity and
homogeneity of the external magnetic field is a rather limiting assumption and it can be assumed as
valid only locally and for a very small volume of tissue in proximity to the scaffold [117]. Therefore,
Eq.s (2.21) must be solved assuming an external magnetic field (Hg, with working frequency f
generated by a single layer coil with radius ¢ and length L, N turns, carrying a current I, which is

approximately equivalent to a cylindrical surface current, i.e. [145]:

2 2 2
2N1 Va2 +y?
Ho(zy) = ——— a 1-6 Vet Yy _3l“ )
L \L L L
For the analysis of HT a coil available from the literature was selected [146,147]. In particular,

the coil has a diameter of 10.5 cm and is 28.5 cm length, with 50 turns [146]. The coil is

supposed to surround the arm. The current [ in the coil can be tuned to produce a magnetic

(2.22)

field suitable to perform the treatment in an effective way, i.e., tens of A to obtain thousands
of Am~! [50,103,104,146,148]. In this scenario the induced electric field is about one order of
magnitude lower than the strength of the magnetic field, i.e., around tens of Vm™!, on average [144].

The presented analysis is restricted to the transverse section of the proximal humerus (i.e., the
xy-plane, for z = 0) since the typical dimensions of magnetic scaffolds are much lower than the
single layer coil and the arm lengths (i.e., ~1cmx0.5cm against ~30 cmx 11 cm). Indeed, £0.5 cm
from the coil center the variations of the applied magnetic field along the longitudinal direction
(or z-axis) is about 0.02% of the maximum field value [145]. It is possible to infer that the power
deposited along the coil axis is almost constant, for the scaffold length. Hence, the problem of RF
heating and the study of the HT can be performed focusing on the transverse section of human

upper limbs.
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Table 2.2. Electromagnetic properties of scaffold and tissues at 300 kHz and 37°C.

Material or Tissue €& o (Sm1)
MHA 12.5 2.1.1073
Fracture gap - Inflamed 3580 0.545
Bone Tumor: OS 192 0.196
Bone Marrow 60.1 4.16-1073
Cancellous Bone 350 0.085
Cortical Bone 191 0.0214
Muscle 5300 0.407
Fat 64.1 0.043
Skin 1090 1.93-1073
Blood 4690 0.721

Non-linearities in the EM Problem

We introduce the concept that MagS would modify their intrinsic magnetic properties as the
hyperthermia treatment is carried out. It is fundamental to formalize and explicit the dependence
of the heat dissipation from the system temperature. Indeed, starting from the static susceptibility
Xo, for magnetic field with strength much lower than the thermal energy barrier, Eq. (2.11) can

approximated to an inversely dependent law from temperature [117,131], i.e.

~ NOQmemMsQ

xo(7T) =~ rnT (2.23)

Therefore, during the treatment the x” would reduce due to a hyperbolic reduction of . Fur-
thermore, with respect to Eq. (2.10), the term 7, defined in Eq. (2.6), depends upon the ratio
between the anisotropy energy of the magnetite crystal and the thermal energy. Hence, 7y is
a strong nonlinear function of the temperature. However, we must underline that, in Eq. (2.6)
the term 7p, the pre-exponential factor, is commonly supposed to vary from 1ns to 0.1 ps [19,24].
However, its value depend on the intrinsic properties of the magnetic nanoparticle embedded in the
scaffold and also on T [19]

Vi Ms(0) ] 1 Ms(T)\2 K,V kT
= EUOL o (D [T,
o) = K. Loy T\ G0 keT \" K,V
where M, (0) is the magnetization extrapolated at -273 °C (i.e. 0 K) from the Zero Field Cooled

(ZFC) and Field Cooled (FC) curves [18]. The term M (T) is the magnetization of the MNPs in the

scaffold at the desired temperature and it can be approximated by a linearly decreasing function of

(2.24)

T for the hyperthermia range of 37°C-45°C. The slope is an intrinsic property of the scaffold and
must be derived from experimental measurements. The term . is the electron gyromagnetic ratio

in s7'T~!. Finally, the dimensionless constant v; can be written as [19,24,117]:
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vy = v7.Ms(0) (2.25)

where v is a dimensionless damping constant set equal to 0.45 [117].

With the Equations (2.1), considering Eqgs. (2.6), (2.23) and (2.24), it is possible to model both
the frequency and temperature dependence of the magnetic properties of scaffolds. In this way,
the quantification of the power losses during the heat treatment as a function of temperature can
be carried out. An example of the temperature dependence of the intrinsic magnetic parameters
for the magnetic hydroxyapatite scaffold from [28] is shown in Fig. 2.8. Given these findings,
P, (fH)=P,(fHT).

To date, most of the work dealing with MagS have implicitly assumed that the MNPs in the
biomaterials are uniformly dispersed [33,49,117,118,131,149,150]. However, from the microscopic
and morphological characterizations of MagS it is possible to infer that, depending on the manu-
facturing technique, the MNPs can distribute in a inhomoegeneous way. This non-ideality, due to
manufacturing process, can add further non-linearity and affect the HT outcomes. In this chapter,
given the efforts for developing an effective platform for planning the treatment of bone tumors
with MagS, we consider, for the first time, that the MNPs in the scaffolds are not homogeneously
distributed. In detail, we assume that the MNPs profiled follows an inverse gaussian-like distribution,

or, from a mathematical point of view

¢m (1'73/) =e€ Tsc (226)

where 7. is the scaffold radius, as in Fig. 2.7.b. This modification of the model would imply that
the power dissipated by the magnetic scaffold would depends on the spatial variables, since the EM
field distribution (Eq. (2.21)) in the prosthesis and in its surrounding tissues depends on ¢,,.
Finally, the last nonlinear feature is the fact that also EM properties of tissues slightly varies
with temperature [84,138]. Therefore, to accurately evaluate the EM pattern and the power losses
due to the conduction currents in the system, the dielectric properties of the scaffolds matrix and
tissues are reported in Tab. 2.2, for the working frequency of 300 kHz and at 37°C. These values
are defined as er, and or,. The EM properties are mainly taken from [117,151]. The dielectric
properties of tissues are known to vary linearly with temperature in the hyperthermia range (from
37°C to 45°C), as reviewed by Rossman et al. [138]. Therefore the following is assumed for both

the dielectric permittivity, €, and the electric conductivity, o

‘D) _ 11 kA1)

“To (2.27)
@) _ 4 g, A7)

JTO
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Figure 2.8.  a) Static magnetic susceptibility (xo), real and imaginary part of magnetic susceptibility

according to the Cole-Cole model, plotted as a function of system temperature. The external magnetic

flux density field is set to 1mT and f=293kHz. The temperature influence on the pre-exponential

constant 7o and on the Néel relaxation time is drafted. b) Temperature dependence of healthy and
tumor tissues blood perfusion.

where the values of coefficient K. and K, are assumed to be equal to 3%-°C~! for the given
biological tissue [117,138]. With this expedient, the EM problem can account for the thermal
drift of the power losses during the hyperthermia treatment, thus allowing for a more accurate

monitoring of the thermal dose delivered to the tumor cells.

Bio-Heat Problem

Having discussed the EM, we must underline that, differently from [6,137], the non-specific and
undesirable dielectric losses (P,) are evaluated, then summed to P, to obtain the overall dissipated

power, Q g, which is used as a source term in the parabolic PBHE [84,92,117,152]

ar

pcpa = V(kVT) - pbc’p,bwb(T - Tb) + QEM + Qmet (228)

Symbols and terms retain their usual meaning. The thermal properties at the initial temperature
T, employed in the simulations are summarized in Tab. 2.3.

The heat capacities and thermal conductivities are taken from [117,138,151]. In a way similar

to the dielectric properties, the thermal conductivities and heat capacities of the healthy and

pathologic tissues are supposed to vary linearly with the system temperature [138], so that

MI) _ 4 koar)

6T (2.29)

= (1+ K.AT).
o ( )

The coefficients K}, and K., in %-°C~1, are, respectively, 0.5%-°C~! and 0.33%-°C~!, but for the
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Table 2.3. Thermal properties of scaffold and tissues at 37°C.

Material or Tissue p (kgm=3) &k (Wm'K™') C, (Jkg7' K1) Qumer (Wm™3)  wy (s71)
MHA 3100 1.33 700 - -
Fracture gap: Inflamed 1114 0.558 2450 5262.5 6.95-1073
OS Bone Tumor 1908 0.32 1313 57240 0.595
Bone Marrow 980 0.19 2065 450.8 4.90-10~4
Cancellous Bone 1178 0.31 2274 450.8 4.90-10*
Cortical Bone 1908 0.32 1313 147 1.63-10~4
Muscle 1090 0.49 3421 911.9 1.82:1073
Fat 911 0.21 2348 464.41 1.52-1073
Skin 1109 0.37 3391 1617 1.73-1073
Blood 1050 0.52 3617 - -

blood is -0.1%-°C~! due to the high water content.

Special attention must be paid to the tissue perfusion rate, wp, since this physical quantity is

very relevant to the effectiveness of the hyperthermia treatment [84,153]. There is a noticeable

difference in the perfusion values across healthy tissues, but also between the tumor and the normal

tissues [97,114, 154]. Moreover, the perfusion rate is not a constant and its values strongly varies

with temperature: if the temperature approaches 40-43°C it can increase in a non-linear way up to

two- or fourfold the value at 37°C. Therefore, to reproduce this behavior of biological tissues in our

model, the blood perfusion was implemented as a piecewise function of T according to the data of

Fig. 2.8.b from [154]. For the healthy tissues the variation of blood perfusion, w,(T), with respect

to the value wy at 37°C (see Tab. 2.3), can be described by the following piecewise function

wb(T

Wh,0

~—

1
1

1+ =(T
+6(

—37)

1
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T <37
37T<T <40
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46 <T <49
49 <T <52

52 < T <70

(2.30)

For the tumor tissue the relative temperature variation is rather different and can be evaluated as
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1 T < 40
2.37-40 _1
, 550
we(M) _ ) 43 < T <435 (2.31)
o 2.34-T 1
LS T 435 < T <45
g zi_q 35ST<I55
1 455 <T <170

This model was also used to test cylindrical MagS in simplified scenarios [155]. In Fig. 2.8.b the
piecewise functions are represented for temperatures ranging from 37°C to 70°C. It must be noticed
that the peaks are centered around about 45°C and to 43°C for the healthy and tumor tissues,
respectively. This is due to their significantly diverse thermo-tolerance [154,156]. Moreover, from
Fig. 2.8.b, it can be noticed that the peak value for the healthy tissues is two times higher than the
value of cancerous one. However, their perfusion at 37°C, i.e. wy, is order of magnitude different
(see Tab. 2.3). These non-linear dependence can significantly weight in the quality of the HT
simulation and it is therefore necessary to take them into due account in the in silico model [84].
Eq. (2.28) is solved considering the heat fluxes to be continuous at each tissue interface for
the geometry in Fig. 2.7.b. At the skin-air interface the natural convection and the radiation
to surrounding environment must be included in the model. Therefore, to solve Eq. (2.28), the

following Neumann boundary condition must be solved for the heat flux [84,152,157]

—n-VT = (T — Tair) (2.32)

where h is the effective heat transfer coefficient equal to 7.7 Wm™2K~! and T, is 22°C [152].
As regards the vessels, the brachial artery and vein have a diameter higher than 2 mm, which
implies that the heat balance in the muscle cannot be represented by the PBHE [114]. The presence
of these vascular elements can completely alter the temperature profile, since they act as temperature
sinks [158].Since a complete solution of the heat transfer equation in the vascular compartments
requires the computation of the non-linear Navier-Stokes equation in a 3D geometry, in this work
a simplified approach is preferred. Neglecting the mechanical changes due to the vasodilation in
response to temperature variation, the heat transfer between blood, vascular blood and the muscle

is modeled using an equivalent convective boundary condition [114, 158]

4 = (T — ). (2.33)

The effective heat transfer coefficient for the vein or artery (h;, with ¢ = a,v, depending on artery
or vein, respectively) is a function of the geometry of the vessel (diameter and length), the thermal
properties of the blood (ky, Cp ) and also on the fluidodynamic properties, i.e., the fluid viscosity
7, in Pa-s, and the density. To derive the heat transfer coefficients h; for artery (a) and vein (v) it

is useful the correlation between the Nusselt and Graetz dimensionless number found in [158]
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h;d;
ky

Remembering that the Graetz number is defined as [159, 160]

Nu =

= 4 4 0.155¢!-58109(G2) (2.34)

Gz = %Re - Pr (2.35)
i

where the Reynolds and the Prandtl numbers are [159,160]

d;v;
Re = 'Obn Y
(2.36)
Pr = LC L
ky

In Eq. (2.36) the term 9,, is the average velocity in the brachial artery or the vein, respectively.
Substituting Eq. (2.36) in Eq. (2.35) and then inverting Eq. (2.34), we get

pf)lC 7bd?)
Liky ] : (2.37)

k 1.58~log(
hi= =

K2

4+ 0.155¢

Considering that d, =4 mm, d, =3mm, I, = [, =31 cm, employing the velocity values 9, =5ms™*

and 7, =2.5ms™! [143,158,160], with the blood thermal properties given in Tab. 2.3, the effective
heat transfer coefficients are 130 Wm 2K ! and 180 Wm 2K ~! for the artery and vein, respectively.

The initial temperature was set T, =37°C for all tissues and for the scaffold.

Thermal Dose and Therapy Assessment

Special care must be devoted to the quantification of the outcome of the hyperthermia treatment.
It is known that for tumors, as for osteosarcoma cells, the critique thermal dose is 43°C for 60
min [161]. The heating of the tumor must be spatially and temporally controlled to ensure an
effective exposure. The performance of the implanted magnetic scaffolds can be assessed with the
proposed model thanks to the resolution of the coupled electromagneto-thermal model.

The multiphysics model presented therein also aims in establishing if the employment of a
non-uniform external magnetic field and the presence of MagS, for the system in Fig. 2.7.b, can
produce unwanted overheating of healthy tissues. Indeed, the skin and bone tissues must not be
damaged during the treatment. Considering that bone cells initiate the necrosis process if a dose of
47°C for 1min is delivered, and taking into due account that blisters, burns and toxicity may arise
in skin if the temperature is maintained at 43-44°C for 30 min the hyperthermia treatment should
be monitored also at these anatomical sites. Meanwhile, the thermal dose delivered to the tumor
cells should be assessed.

The thermal dose to the target tumor region of OS can be derived by calculating the cumulative
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equivalent minutes at 43°C [117,153,162]

tfinal
CEM43 = / R¥=TW gy (2.38)

to
where R is the temperature dependence of the rate of cell death, i.e. R = 0.5 for T' > 43°C, R = 0.25
for 39°C> T > 43°C and, finally, R = 0 for T' < 39°C. The C EM43 is a number comprised between
zero and infinite [117,153,162]. The higher the C EM43 in the tumor, the better the hyperthermia
treatment. This index is used to assess if magnetic scaffolds can be employed to perform adjuvant

hyperthermia therapy on residual bone tumor cells.

Simulation Details and Resolution Scheme

The EM problem is solved, in the frequency domain, for the 2D geometry of Fig. 2.7.c employing
the RF module of the commercial FEM software COMSOL Multiphysics version 5.5a (COMSOL Inc.,
Burlinghton, MA)*. Firstly, a uniform and homogeneous distribution is considered as a background
field. Then, Eq. (2.22) was implemented in the commercial software to investigate the influence of
the exposure to a non-homogeneous field. The spatial distribution of the magnetic field is computed
considering the magnetic scaffold with properties given in Tab. 2.2.

The EM physic is coupled to the Bio-Heat transfer through Eq. (2.28), which is solved in the
time domain using the Bio-Heat Transfer module from COMSOL Multiphysics v5.5 (Comsol Inc.,
Burlinghton USA). The temperature is discretized with quadratic Lagrange elements. The compu-
tation is carried out considering the temperature variation of tissues thermal properties, reported in
Tab. 2.3, and blood perfusion (i.e. Eq.s (2.29)-(2.31)). The EM and thermal field have very different
time scales, i.e. few pus for the EM field versus several thousands of us for the thermal field. This
allow to consider the computation of electric and magnetic field as a stationary problem, assuming
that the EM properties does not vary significantly for the given time step. Therefore, moving from
the initial temperature distribution at time ¢t = 0, the EM power losses can be evaluated and then
used to solve the thermal balance. The electromagnetic problem is solved in the frequency domain
using the AC/DC module. The magnetic vector potential was discretized by using quadratic finite
elements. Given the new temperature distribution at time ¢ + A¢, the Maxwell’s equations and the
deposited power can be computed again to re-evaluate the PBHE. These switching is repeated until
the final time is reached. This resolution scheme was implemented using the COMSOL built-in
Frequency-Transient solver. A direct MUMPS solver employing BDF scheme and Newton method
is used for solving the coupled problem, with a maximum of 500 iterations, a Jacobian update once
per time step and no stabilization and acceleration. The EM fields are only re-computed when
and if the electromagnetic properties of the materials have changed significantly according to the
temperature field, according to a criterion involving the relative tolerance of the time-dependent
solver, i.e. 0.1%. The solver is allowed to automatically increase the time step for the PBHE if the

EM properties of the scaffold and tissues materials are not varying in a significant way. Further

Ihttps://www.comsol.it/release/5.5
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details about the numerical resolution of coupled electromagneto-thermal problems can be found
in [118,163].

2.4 Findings and Recommendations

The proposed nonlinear multiphysics model was used to investigate the performances of MagS
against bone tumors. Firstly, we investigated, for the geometry of Fig. 2.7.a, how the geometrical
and physiological features of the bone fracture can affect the HT. In this case we assumed a
homogeneous MF. Then, we investigated if different types of bonce cancers could be treated.

When external field is homogeneous (Fig. 2.11.a), the heating is uniform and homogeneous,
radially spreading from the MagS, transferring by conduction. In this framework, the presence of
the surgical fracture gap must be included and its influence assessed. The average temperature in
the bone cavity is reported in Fig. 2.9.a. Fig. 2.9.a shows clearly that the external field required by
the HT treatment must be evaluated taking into account the fracture, and its state. Otherwise, the
required external field will be largely underestimated. In case of an ischemic fracture, the strength
of external field should be increased with respect to the inflamed state to achieve the same desired
temperature increase. Therefore, in situ hyperthermia treatment with magnetic scaffolds should be
performed during the inflammatory phase.

FS is a poorly vascularized type of bone tumor [97] therefore, it holds that p,Cy, pw (T —Tp) < Py,
as observed during numerical experiments. Hence, moderate MF strength allow to keep the
temperature above 43°C for 60 min in tumor, as reported in Fig. 2.9.b). To prevent healthy bone
to overcome the safety limit (47°C for 1 min or more [49]) the field envelope cannot be constant,
and must be properly designed. The envelope of Fig. 2.9.b has been optimized to get an effective
treatment. For PCL, a 17mT field at 293 kHz is sufficient to completely disrupt the population of
residual tumor cells of any dimension. On the other hand, MHA, which has stronger saturation
magnetization [28], requires 10mT. The OS is a very active and perfused tumor [100], therefore
stronger fields are required to achieve the therapeutic performance. A constant magnetic flux density
(see Fig. 2.9.c) applied for 85min, can effectively treat OS with MHA scaffolds. The required
external field must, however, be increased for larger tumor size. For MHA the magnetic field
strengths ranges from 20mT up to 50mT at 293kHz. For the FeHa/PCL scaffold, the frequency
was augmented to 409kHz, as in [49]. Without this frequency change, large OS could not be
successfully treated, as shown in Figures 2.9.c. It should also be noted that Fe-Ha-PCL fails in
treating OS with radius higher than 0.1 mm even using a field at 409 kHz, unless the field intensity
is significantly larger than 50 mT [49]. This finding implies that different MNPs, with a higher
volume ratio, should be embedded in the scaffold, or, instead, the extrinsic field parameter must be
tuned.

Given these results, in the following we will focus on OS, as the most critical biological target.

For the geometry of upper arm in Fig. 2.7.b, the proposed nonlinear model was tested and used to
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Figure 2.9. a) Average temperature in fracture volume vs. time and for both the inflamed and

ischemic case. The dashed black line indicates the time point at which the external RF magnetic

field is turned off. b) Average temperature increase in Fibrosarcoma (FS) region, considering an

inflamed fracture (Bp=17mT for Fe-Ha-PCL, whereas 20 mT for MHA. Exposure time is 85 min.

The optimal applied field can be modeled as a descending ramp since F'S is a low perfused tumor. c)

Average temperature increase in Osteosarcoma region. MHA scaffolds are able to keep temperature
above the therapeutic threshold.

Figure 2.10.  a) Variation of the step size during the solver iterations. b). Average values of the

electric field norm in the non-target tissues during the treatment. c¢) Time evolution of the average

temperature in the non-target tissues during the treatment. d) Spatial dependence (x-direction)

of temperature at ¢ =80 min. The effect of the MagS is local. The non-target tissues are in safe
condition at the end of the treatment.

investigate the spatio-temporal dynamics of EM fields and temperature patterns. In Fig. 2.10.a, the
changes in the step size for solving the fully, bi-directionally coupled electro-magneto thermal model
are shown. With our model, given the average tissue temperature profiles shown in Fig. 2.10.b, it
is possible to evaluate that the norm of the electric field in the tissue varies in the first 5min of
the HT. The temperature of the non-target tissues during 80 min of HT was monitored in order to
account if any potential damage or unwanted overheating could occur. The curves for the skin, fat,
muscle, bone and bone marrow layers are reported in Fig. 2.10. It can be notice that the highest
temperature values occur in bone and bone marrow, i.e. nearby the MagS, whilst in the other tissues
the temperature levels are lower and approximately equal to T,. Of course, observing the average
value of the electric field norm in tissues over time, the levels are almost constant and decrease
from the skin to the tumor, coherently to the distribution in the coil system. Furthermore, it is
worth noting that the skin layer can exchange heat with air by natural convection and irradiation,
and therefore, its temperature decreases, trying to equilibrate with the surroundings. Furthermore,
the action of the brachial artery and vein is evident, from Fig. 2.10.c. Since the dielectric losses are

much lower than the power deposited by the magnetic phase contained in the
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Figure 2.11.  a) Normalized distribution of the norm of the magnetic field (|H(x,y)/Ho|) in the
arm when a uniform external magnetic field is applied. b) Normalized distribution of the norm of
the magnetic field (|[H(x,y)/Hpo|) in the arm when a nonuniform external magnetic field is applied.
The magnetic density flux field produced by a coil with 50 turns, a length of 28.5 cm and a diameter
of 10.5cm. ¢) Normalized distribution of the norm of the magnetic field (|H(x,y)/Ho|) in the arm
when a nonuniform external magnetic field is applied. d) 2D pattern of the norm of the electric
field in the arm when a uniform external magnetic field is applied. e) 2D pattern of the norm of
the electric field in the arm when a nonuniform external magnetic field is applied. The magnetic
density flux field produced by a coil with 50 turns, a length of 28.5cm and a diameter of 10.5 cm.
f) 2D pattern of the norm of the electric field in the arm when a nonuniform external magnetic
field is applied. The profile of the MNPs in the scaffold is assumed to follow the inverse Gaussian
distribution.

prosthetic implant [164], the heating is very local, i.e. the temperature gradient is steep between the
scaffold and the healthy bone tissue, as shown in Fig. 2.10.d. As a consequence, the temperature in
the area containing the residual cells of the metastatic cancer reaches and overcome the therapeutic
value of 42°C.

By taking a deeper look at the differences in the modeling approach, we considered how the
field inhomogeneities and the possible non-uniform loading of MNPs in the MagS could affect the
HT outcome. Assuming a uniform distribution of MNPs in the MagS, the differences in the electric
and magnetic fields pattern was evaluated in the case of a uniform external magnetic field and
compared with the field produced by a single layer coil (Fig. 2.11.a and 2.11.b). In the two cases,
the field is comparable in magnitude. However, we can highlight that in Fig. 2.11, the field level is
1.25 times higher than the applied value, whilst, in Fig. 2.11.b, the normalized distribution indicate
that in the magnetic scaffold (having xo=0.38 at 37°C), and its surrounding, the field is about
seven times higher than Hg. This significant difference is of interest in the evaluation of the power
losses due to the MNPs in the scaffold, since P, is proportional to |H|?.

Moving from the Maxwell’s equations and considering the results from Fig. 2.11.d and 2.11.e, it

is possible to infer that in both cases local E field discontinuity are present, which can be associated

34



Chapter 2 — RF Hyperthermia with Magnetic Scaffolds

Figure 2.12.  a) Temperature distribution in the arm at ¢ =80 min, with a nonuniform magnetic

field (MF) of 12kAm™" and a scaffold doped with MNPs distributed non-uniformly. b) Average

temperature in the OS tumor versus time. c¢) Semi-logarithmic plot of the cumulative thermal dose,

CEMA43, delivered to the residual OS cells during the treatment. The different exposure conditions
and the various MNPs distribution possibilities are tested.

with relevant temperature increase during the HT [84,89] This is confirmed by the results shown in
Fig. 2.11.d and Fig. 2.11.e. In the case of the external uniform MF, the electric field is altered
by the presence of biological materials with high dielectric permittivity and conductivity, i.e., the
tumor, muscle and blood vessels. The contrast with the EM properties of surrounding tissues is
relevant. This finding permits to infer that the assumption of a uniformity of the source can be
misleading. Indeed, the dielectric heating in Fig. 2.11.d is restricted to the bone tumor, which is a
very favorable condition. However, the use of a more realistic distribution for the field source leads
to a noticeably different physical situation, as presented in Fig. 2.11.e. Each tissue experiences
a relevant induced current, i.e. about from 20 to 10 times the value produced in the case of Fig.
2.11.d. The external layers are the ones exposed to higher electric field levels. This is why the
temperature of skin and the muscle sites was monitored and unwanted overheating does not verify
(Fig. 2.10.b).

After having clarified the differences in the assumption of the distribution and uniformity of
the external magnetic field, the influence of the features of the magnetic scaffold on the fields
distribution was investigated. In particular, we investigated the possible non-ideal manufacturing
of the nanocomposite material and how this can influence the HT Herein, the external MF is
supposed to be non-uniform. The volume fraction of MNPs is assumed to be equal to that of
previous cases. Therefore, the only difference is the spatial distribution of MNPs. The hypothesis
that the nanoparticles are more concentrated at the edges and boundaries of the scaffold rather
than in the center lead to valuable differences with previous findings. In Fig. 2.11.c, the normalized
magnetic field has strong spatial variation in the scaffold and its surroundings. The maximum
value of the magnetic field is about three times higher than the strength of the case in Fig. 2.11.a
and 2.11.b. This means that the power deposited by the MNPs is higher locally. This feature
due to manufacturing processes such as ferrofluid impregnation or the 3D printing can be an
advantage [27,49,127,150]. In fact, the scaffold center should not be heated. The heat must be
conducted to the OS region, which is very close to the biomaterial boundaries. Less significant

differences arise in comparing Fig. 2.11.f with Fig. 2.11.e. The maximum, average, and minimum
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values are similar. However, between the bone marrow and the scaffold the E field distribution is
slightly altered.

Finally, the thermal outcome of the RF exposure was investigated. The different exposure cases
and the two cases of MNPs distribution in the scaffold are compared. As regards the temporal
evolution of the 2D temperature field, from a qualitative point of view, the differences are scarce,
and are not shown therein. Further results can be found in [117,118,164]. Therefore, the final
temperature distribution for the case of a non-ideal MagS exposed to a nonuniform RF magnetic
field is shown in Fig. 2.12.a. It can be verified that the therapeutic temperature is reached at the
tumor site, whilst the non-target tissues are in a relatively safe condition. It should be pointed out
that the magnetic field strengths are about one order of magnitude lower than those employed which
employed a uniform distribution for the applied RF magnetic field (i.e., 12kAm~?! in the nonuniform
case, versus, 72kAm~! for the uniform magnetic field configuration) [28,49,117]. From Fig. 2.12.a,
it can be further verified that the skin, fat, muscle, bone, and bone marrow are not damaged and
their temperature do not overcome a maximum value of 40°C. These findings are consistent with
the in vivo results reported by Mastumine et al. [66]. Indeed, if the average temperature values on
the 2D tissue regions are considered, the temperature does not exceed the value of 37.5°C in the
bone marrow and tends to Ty in the other tissue layers (Fig. 2.10.b). This is due to the very local
heating effect of the magnetic thermoseed. This outcome can be controlled by properly setting the
amplitude and frequency of the external magnetic field.

To study the HT using magnetic scaffolds, the average value of the temperature in the OS
region was derived. From a quantitative and qualitative point of view, the temperature evolution
at the tumor site is similar to the findings from [148] and [51,66]. To be effective, the tumor should
be heated above 43°C for at least 60 min. From Fig. 2.12.b, it is possible to observe that, to reach
the therapeutic temperatures for a uniformly loaded MagS exposed to a uniform external RF field,
the strength of MF should be six times higher. In the case of exposure to a nonuniform magnetic
field, the power per unit volume dissipated by the SPM scaffold of hydroxyapatite was evaluated.
A value of 1.20-108 W-m™3 was derived (12 kAm~!, 300 kHz). This value is 5.6 lower than the
value of 6.7-108 W-m~2 experimentally derived for the ferromagnetic PCL-aluminum scaffold of
Pelaez et al. (30kAm™!, 360 kHz) [51]. After the postprocessing of the temperature versus time
data from Fig. 2.12.b, following the CEM43 [162], it is possible to analyze the outcome of the
treatment, for the different exposure conditions and magnetic scaffold types, in a more accurate
way. The CEMA43 index is shown in Fig. 2.12.c. The CEM43 for the case of a nonuniform
magnetic field applied to a MagS with a uniform MNPs distribution is zero for all time because
the temperature is lower than 39°C, therefore, this curve is not reported. The cumulative thermal
dose is very similar in the two configurations. However, for a uniform magnetic field applied to a
magnetic prosthetic implant with nanoparticles homogeneously distributed, the thermal dose is
10% higher than the C EM43 calculated for the configuration of nonuniform magnetic field and
MNPs non-homogeneously distributed (a C EM43 of 6531.2 against 5848). The order of magnitude
of the CEM43 is comparable to the findings of other literature works [124,152]. This difference is
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related to the higher and overestimated magnetic field amplitude in the case of uniform source and
MNPs distribution. The rise of the temperature is very different in the two cases, i.e., a steeper
temperature increase in the uniform case occurs. Indeed, it is possible to infer that the external EM
fields distribution has a lower effect on the average temperature of the OS tumor after 80 min HT,
whilst the spatial distributions of MNPs can lead to a significantly different average temperature in
the target tissue. From these findings, it is possible to affirm that the rather different approach in
modeling the RF source can lead to overestimation of the field amplitude and may compromise
the treatment planning or outcome. Moreover, the different MNPs distribution is found to have
a strong influence on the way the heat is conducted to the tumor. For the same strength of the
magnetic field, the maximum temperature in the tumor is 6°C lower for the scaffold with a uniform
MNPs distribution. In this case, the treatment should be considered failed (since the thermal dose
delivered to the OS cells is zero) and Hg should be higher than 12 kAm~!. This can be imputed to
the different diffusion of heat in such a system, i.e., in other words, more time and energy are spent
to heat the scaffold rather than heating the OS residual cells. Therefore, the proposed model has
the advantage of including the manufacturing features of the hydroxyapatite magnetic scaffold and
of allowing to study the influence on the HT.

In this chapter we have challenged the problem of modeling the HT of bone tumors using MagS
exposed to a RF MF. After the complex magnetic susceptibility spectra of MagS has been modeled,
starting from theoretical considerations, we proposed a multiphysics nonlinear model which allowed

us to identify that

¢ the temperature dependence of EM and thermal properties cannot be neglected,

¢ the assumption on the external MF distribution can strongly affect the quality and value of
the simulated HT,

e the MNPs distribution in MagS can affects the selection of the field parameters and the

therapeutic outcome.
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Chapter 3

Magnetic Scaffolds: Design,
Manufacturing and

Characterization

After having discussed the state of the art of magnetic scaffolds, and having underlined that a
large variety of biomaterials, nanoparticles and manufacturing methods have been used, resulting
in a several different types and examples of multifunctional magneto-responsive devices, in this
chapter we are going to face the issues of designing, manufacturing and characterizing MagS. In
particular, in Sect. 3.1 we will address the effects of MNPs loading patterns on hyperthermia [165],
whilst in Sect. 3.2 we are dealing with the problem of characterizing the SAR of MagS, testing
biomimetic 3D-printed devices [166,167].

3.1 Drop-Casted Magnetic Scaffolds

3.1.1 Introduction

In Fig. 1.5, we presented that combining the strict anti-cancer therapeutics and the postoperative
orthopedic requirements, the technological advancements in hyperthermia delivery lead to the
innovative idea of manufacturing nanostructured magnetic biomaterials, called MagS, to be used as
implanted thermoseeds to perform local, interstitial HT of bone cancers by applying an external RF
field. Given that, in the literature, several MNPs with different response (ferri-, ferromagnetic and
superparamagnetic) are used, combined with a plethora of biopolymers or bioceramics, relying on
many different physical or chemical methods, to date, the investigation of the effects of manufacturing
on the final hyperthermia outcome has never been performed. In this chapter, as sketched by

Fig. 3.1, we propose a modified dip-coating technique for loading magnetic nanoparticles with
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Figure 3.1.  The physiochemical characterization of magnetic scaffolds aims to extract the magnetic
properties of the sample through the analysis of the saturation magnetization Msc, derive the amount

of magnetic nanoparticles with DSC-TGA measurements ¢,,, and retrieve the nanoparticles profile

inside the biomaterial, ¢(x,y,2). This information is used to simulate the hyperthermia treatment

with the magnetic scaffolds and study the influence of nanoparticles’ pattern on the quality of
treatment.

controlled spatial pattern, and then characterized with different investigation techniques the MagS
to perform numerical simulation of the hyperthermia treatment to study the influence on the

treatment outcome.

3.1.2 Related Works

Magnetic hydrogels have been obtained by blending procedure to include MO (e.g., v-Fe3Osg,
Fe304, CoFep04) MNPs within the scaffold [9], resulting in moderate saturation magnetization
(M) values for the scaffolds (ranging from 0.1 to 11 emu/g). MagS with more pronounced magnetic
properties (M. =1-20 emu/g) were obtained by sol-gel techniques, co-precipitation, hydrothermal
process or other chemical routes to obtain intrinsically magnetic hydroxyapatite [28], S-tricalcium
phosphate [8,122], modified hardystonite (CazZnSisO7) [33] or bredigite (Car;Mg(SiOy4)4) scaffolds
[34]. For bioceramic MagS, the amount of magnetic crystalline phase, the final microstructure, and
the particle’s interactions are key factors in determining the hyperthermia potential [8,13]. The
tuning and control of these parameters can be rather complex, and the process synthesis can be
relatively expensive [13].

In this context, the use of polymeric matrix for MagS was investigated. Electrospinning of
chitosan, poly(lactic acid) (PLA), polyvinyl alcohol (PVA), and silk fibroin was performed to
obtain magnetic, quasi-3D nanofibrous structures, with a M. of about 2-8 emu/g, but limited
hyperthermia and regenerative potential [60,168]. A 3D printed magnetic nanocomposite scaffold
made of poly-caprolactone (PCL) filament loaded with Fe;0, MNPs demonstrated a heating rate
of 1°C/min when exposed to a field intensity of 15mT and at a frequency of 293 kHz [150]. More
complex, biomimetic scaffold geometries can be magnetized following dip-coating or ferrofluid

impregnation procedures [43,44,72,168-170]. The easy technique consists in the physisorbtion of a
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MNPs colloidal suspension in the biomaterial surface defects and inhomogeneities by capillarity.
With these methods, a hybrid collagen-hydroxyapatite matrix can be loaded with 1-5 wt.% of
MNPs and reach 15emu/g if the procedure is repeated multiple times [43]. Similarly, silk fibroin
scaffold can be magnetized successfully by ferrofluid, showing hyperthermic potential [72]. However,
it is worth to highlight that the impregnation procedures do not guarantee a uniform dispersion of
the MNPs in the scaffold matrix, as underlined by the static magnetic measurements of [44], which
measured a 20% variation of the saturation magnetization in about 5 mm. Diphasic distribution of
maghemite MNPs in polymers was studied [169], with poor reasoning on the design and implications.

Overall, state-of-the-art analysis [43,44,72,168-170] highlight that the influence of how the
loading pattern could affect the MagS performance was underestimated, or, as previously discussed,
investigated only from a numerical point of view, without the support of experimental data [118].
As a matter of fact, the tunability and controllability of the production process have never been
investigated in relation to the functional properties and final applications. Since MagS can be
interpreted as a novel, more bio-compatible version of steel thermoseeds used for the treatment
of deep-seated tumors [8,13,50,66], they are constrained to the high-quality assurance criteria of
interstitial hyperthermia [88]. It is therefore mandatory to investigate, from an engineering point of
view, how and if different loading patterns could hamper the HT of bone tumors.

In this chapter we aim to investigate if and how the magnetization degree and loading pattern
of magnetic scaffolds can influence the outcome of the HT of bone tumors. To this aim, the design
and production of magnetic scaffolds was achieved by controlled deposition of ferrite magnetic
nanocrystals (MNCs) on commercial PCL scaffolds featuring a 90°-shifted highly porous mesh. The
manufactured magnetic scaffolds are characterized in terms of static magnetic response. The amount
of magnetic phase and thermal stability are assessed through differential scanning calorimetry and
thermogravimetric analysis. The morphological investigation is carried out by electron microscopy
and the spatial distribution of the MNCs in the scaffold volume is retrieved by THz tomography.
By combining the magnetic properties and the loading patterns, we performed numerical nonlinear
and multiphysics simulations to investigate the influence of the spatial distribution of MNPs in the

scaffold on the quality of the hyperthermia treatment of bone tumors.

3.1.3 Magnetic Scaffolds Preparation

3.1.3.1 Magnetic Nanoparticles Synthesis and Characterization

The preparation of iron oxide magnetic nanocrystals samples (MNC1 and MNC2) was performed
through a modified partial oxidation route protocol [171]. Briefly, iron (II) sulfate (FeSO4-7H20)
was let react under Ny atmosphere at 90°C with potassium nitrate (KNOg3) and potassium hydroxide
(KOH, all from Sigma Aldrich) in water. MNCs were isolated from the reaction mixture by magnetic
separation, washed and re-dispersed in water.

Samples features were investigated by transmission electron microscopy and X-ray diffraction
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(XRD). XRD patterns were recorded using Cu-Ka radiation on a Panalytical Empyrean diffrac-
tometer equipped with a graphite monochromator on the diffracted beam and an X’Celerator linear
detector. The results are reported in [165] and in Fig. 3.6 in the following.

Transmission electron microscopy (TEM) images were recorded on a Hitachi H-7000 instrument
running at 125kV and on a Jeol JEM 1400 Plus operating at 120kV. Samples for TEM observation
were deposited on a C-coated copper grid. These analysis were carried at CeSAR (Centro Servizi

Ricerca d’Ateneo)! core facility of the University of Cagliari.

3.1.3.2 Scaffolds Architecture and Drop-Casting Loading

In this study, the polymeric scaffolds produced by 3D Biotek (3D Biotek LLC, NJ, USA) were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Ge). These standard PCL disks have a 5
mm diameter and are 1.6 mm in height. The set of 3D-Insert is constituted by a 90°-interlaced fiber
architecture, with a fiber diameter of 300 um, spaced by 300 um, resulting in a nominal porosity of
about 80%. A representative image of the bare, unloaded PCL scaffold is reported as MO in Fig.
3.2.

In order to produce the MagS, the water-based dispersion of the MNCs was first sonicated and
then a drop was deposited on the PCL scaffolds, as depicted in Fig. 3.2.a. NdFeB permanent
magnet (Webcraft GmbH, DEU, S-20-20-N, diameter 10 mm, height 20 mm, 20 mm, 4.5kg of
attraction force, ~1T at the surface) was located at the bottom of the PCL scaffold in order to
promote the MNCs uptake. Finally, the scaffold was dried in a furnace at 40°C, under static air.

For the production of magnetic scaffolds M1 to M6, sample MNC1 was used, and ten magnet-
guided depositions followed by drying was performed to achieve a different loading of nanoparticles.
Polymer modification through the incorporation of MNCs is an easy manufacturing approach,
which allow to obtain desired patterns, also homogeneous distributions. Scaffolds labeled as Strip,
PCL FeOx 14-16 were prepared by deposition of sample MNC2. In this case, before the deposition
process, a water-repellent tape with the desired pattern was applied to one side of the original
PCL scaffold. The tape limits MNC deposition in the selected area, leading to non-homogeneous
distribution of MNCs in the scaffolds, as shown in Fig. 3.2.b. Then, the tape was removed, and the
scaffold was dried at 40°C. The resulting MagS samples are shown in Fig. 3.2.c.

3.1.4 Methods for Magnetic Scaffolds Characterization

3.1.4.1 Static Magnetic Measurements

Static magnetic characterizations were carried out using a super-conducting quantum interference
device (SQUID) from Quantum Design (MPMS XL EverCool), available at the Italian Institute

of Technology (IIT). Magnetic scaffolds have been loaded inside the instrumentation with a

1https ://wuw.unica.it/unica/page/it/centro_servizi_di_ateneo_per_la_ricerca_cesar_it_1
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Figure 3.2. a) Magnetic scaffolds fabrication: magnetic nanocrystals (MNCs), dispersed in water,

are dripped onto the PCL scaffolds and the deposition is carried out under the driving force of the

external magnet. b) i. Examples of arrangements of waterproof adhesive tape as masks for patterning

the MNCs in the biomaterial. ii. Example of the sample preparation during the drop-casting. c).

Optical images of the PCL scaffolds loaded with magnetic nanocrystals as obtained by the proposed

modified drop-casting process. The manufacturing method is controlled to result in a wide variety
of magnetic nanoparticles distribution, and patterns in the biomaterial.

perpendicular orientation with respect to the applied magnetic field. All magnetization curves were
acquired exploiting high sensitivity Reciprocating Sample Option (RSO), applying fields between -7
and 7 Tesla at a constant temperature of 310 K (37°C), in order to replicate the susceptibility of
the particles at physiological temperatures.

The measured magnetization curves (M, in emu) were fitted to the following equation [131]

,umB - ]CBT
kBT ,umB

M(B) = ¢, M, [coth (3.1)

where %m is the average amount of MNCs loaded in the biomaterial matrix, M is the saturation
magnetization of the single nanoparticle, p,, is the nanoparticle longitudinal magnetic moment
and B is the applied external, longitudinal magnetic flux density (in T), kg is the Boltzmann’s
constant and T is the system temperature (in K). The fitting is performed using Matlab 2021a
(The MathWorks Inc., MA, USA) considering as unknown the term ¢~3m.

The response of the manufactured magnetic scaffolds was also evaluated measuring the minimum
distance of attraction in presence of a static magnetic field generated by the same permanent NdFeB

magnet used during the drop-casting procedure, as done in [172].

3.1.4.2 Morphological Characterization and Microstructure Observation

The presence, clustering, and distribution of the MNPs in the polymeric matrix, as well as the
scaffold internal morphology were verified with Scanning Electron Microscopy (SEM) imaging. The
JEOL JSM-7500FA (JEOL, Jap) microscope from Electron Microscopy Facility at IIT (Genoa, IT)
was employed to assess the spatial distribution of the MNCs in the produced magnetic scaffolds
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samples. The SEM images were analyzed using the open-source software Image Processing and
Analysis in Java (ImageJ, NIH Gov.). The distributions of the pore size, the radii of the magnetic

nanoparticles and the presence of clusters in the scaffolds were assessed.

3.1.4.3 Differential Scanning Calorimetry and Thermogravimetric Analysis

The simultaneous Differential Scanning Calorimeter (DSC)-Thermogravimetric (TGA) analyzer
SDT Q600 (TA, New Castle, DE) was used to determine the MNCs loading in a selected scaffold
[168,172,173]. A 40 ul alumina pan was used as a sample holder. The initial temperature was 20°C.
The protocol consists of a heating ramp with a slope of 20°C-min~"! up to the final temperature of
1000°C, under N2 sample purge flow at a flow rate of 100 mL/min.

The temperature values at different mass percentages (T10% T50% T90%) are considered. The

first and second derivatives of the weight vs. temperature were investigated.

3.1.4.4 THz Tomography

Nowadays, several approaches are considered for characterizing the pore size, distribution
and architecture of biomaterials [174,175], as well as drug loading capabilities or functional
properties [176,177]. Among these, THz imaging is of interest because it allows for sample
characterization without compromising its integrity. Furthermore, the free-space wavelength (\) in
the THz regime ranges from 0.3 mm to 30 ym, thus ensuring enough space resolution to investigate
and retrieve peculiar biomaterial features, in a cheaper and faster way than using other approaches,
such as, for instance, magnetic resonance imaging apparatus [176]. Herein, THz time of flight
(TOF) imaging technique [178] has been exploited to estimate the spatial distribution of MNPs in
the PCL scaffolds.

THz TOF imaging, also known as THz pulsed imaging (TPI), has the unique property of
providing a 3D “map” of the object by exploiting data collected in reflection mode [178].

In brief, the object is probed by a pulse signal and the reflected waveform is collected as a
time-dependent function in a certain observation time window. The reflected pulses and their
temporal delay reveal the internal structure of the sample (if the object is nonmetallic). It is,
indeed, worth pointing out that the TOF, i.e. the time ¢t that the waveform employs to propagate
from the emitter to an electromagnetic discontinuity and to go back to the receiver, is related to

the distance d between THz probes and the detected discontinuities as

ToF 2.9, (3.2)
v

being v the electromagnetic wave propagation velocity into the object.

THz data have been collected by means of the Zomega THz FiCO system [179,180] available
at the Institute for Electromagnetic Sensing of the Environment - National Research Council of
Italy (IREA-CNR). The system is equipped with ad hoc designed imaging module (see Fig. 3.3.a)
and collects data in normal reflection mode in 40 GHz up to 3 THz frequency range. Fig. 3.3
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Figure 3.3.  a) Imaging module of the Zomega FiCO System available at the IREA-CNR at Naples.
. Data Measured by the FiCO system: a) Acquisition of THz data along a line a-a’ b) Single point
measurement.

describes the measurement process of the FiCO system. The system provides 3D data (2D in space
+ 1D in time) collected using an automatic planar scan, moving along = and y directions (see
Fig. 3.3.a), within a 100 ps observation time window. At each measurement point, the air-object
interface as well as all the electromagnetic discontinuities inside the object generate reflections,
which are recorded as a time-dependent waveform. Fig. 3.3.b shows an example of a single-point
measurement.

THz data have been gathered on a 10 mm x 10 mm wide scan area, which is discretized by square
pixels, 0.12mm in side length, for all the samples analyzed (see Fig. 3.2.c). The samples have been
placed on a support to have a unique spatial reference.

THz data have been processed by means of the procedure detailed in Appendix, which provides

two main outputs:

o The Magnetization Index (I,,), which encodes the amount of MNPs present in the sample
under test. The I, is calculated from the 2D binarized magnetization map (Fig. 3.4.h in
Appendix) as the ratio between the number of pixels containing MNPs (yellow pixels marked
with 1 in Fig. 3.4.h) and the total number of pixels discretizing the scanning area and

intercepting the sample.

o The 2D MNPs distribution map (Fig. 3.4.i)) which shows the parts of the sample under test
where MNPs are mostly concentrated and allows to appraise the potential of the manufactured
magnetic scaffolds for the hyperthermia treatment of bone tumors. This map is obtained by
multiplying pixel by pixel the binary magnetization map times (Fig. 3.4.h) and the map of
the filtered THz signal amplitude (Fig. 3.4.b).

More details about the THz methodology can be found in [165].
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Figure 3.4.  Multi Steps procedure used to extract 2D magnetic nanoparticles (MNPs) distribution
map. Example of the developed THz data processing applied to the sample PCL15: a) raw THz
data in false color. b) THz data after band pass and singular value decomposition filters. c¢) 2D
map of the propagation time distribution (in picoseconds) in a magnetic scaffold (PCL-FeOx15).
d) propagation time for the reference blank scaffold. e) time delay difference. f) sample loaded
homogeneously with MNCs. g) threshold mask. h) 2D magnetization map.

Figure 3.5. Simplified geometry of a human upper limb used for the evaluating the in silico influence
of MNPs inhomogeneous loading in MagS on the hyperthermia treatment of bone tumors.

3.1.4.5 1In Silico Tests of Hyperthermia Treatment with Magnetic Scaffolds

The aim of this chapter is to investigate if and how the loading patterns of magnetic scaffolds
could affect the hyperthermia treatment of residual bone tumor cells, shown in Fig. 1.5. We
characterized the physiochemical properties of MagS implemented through the drop-casting and
derived essential information for performing extensive and accurate in silico experiments of the
hyperthermia treatment of bone tumor.

In this framework, the multiphysics and numerical model described in Chap. 2.3 was used
[118,165]. As depicted in Fig. 3.5, a MagS, with a radius of 5 mm, is assumed to be implanted after
the surgical resection of an osteosarcoma tumor, which leaves a margin of residual cells 0.5 mm thick,
grown between the marrow and the cortical region of a human upper limb. The system geometry,
shown in Fig. 3.5, is a layered surface phantom consisting of a skin layer with thickness ¢5 of 1.5 mm,

a fat and a muscle layer having thicknesses t; =10mm and ¢,, =3 mm, respectively. The bone
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humerus, with radius ry,, + t, =20 mm and the bone marrow (BM), having radius 74, = 10 mm,
are taken as the center of the coordinates system. The brachial artery and vein were considered
in the geometry to account for the heat transfer. The system is assumed to be exposed to the
magnetic field generated from a solenoid working at a given frequency f. The electromagnetic
properties of the tissues are taken from [118]. The PBHE is solved assuming as initial distribution
the steady-state temperature distribution resulting in the equilibrium of a 37°C for all tissues and
an air temperature of 25°C. Heat exchange by convection is assumed at the skin-air interface, given
a convective heat transfer coefficient of 7.7 Wm 2K ~!. At the muscle-vessel boundaries an effective
convection mechanism is assumed [118].

Previous literature works [72,117,118], considered the amount of MNPs in the biomaterial to
be a constant, approximately equal to the volume-averaged contents, which can be derived from
the static magnetic measurements or DSC-TGA analysis. However, this assumption leads to a
misleading estimation of the hyperthermia treatment parameters.

The power dissipated by the MagS (Eq. (2.1)) depends linearly on the particle volume and
quadratically from the saturation magnetization of the MNCs, but it also depends linearly on the
volume fraction. It is worth noting that the wavelength () of the RF field (~ few meters) applied
for performing the interstitial HT is much higher than the size of the implant and the size of the
scaffolds and MNPs (i.e., l.;, € A, where [, is a characteristic length equal to sub-mm features).
Given the sub-wavelength variation, the EM problem can be approximated to a quasi-static regime
and, from the thermal point of view, a variability in the loading patter can lead to significant
differences in terms of final tumor temperature and treatment quality. Therefore, for the case
of MagS manufactured with the proposed dip-coating procedure, and shown in Fig. 3.2, the
power dissipated by the MagS (Eq. (2.1)) requires a different definition. In particular, to evaluate
the frequency response of the MagS according to the Cole-Cole model (Eq. (2.10)), the initial
susceptibility (xo) must be considered to be space-dependent, given that the fraction of MNPs in

the biomaterial is an unknown function of space, i.e.

bm = ¢(z,y). (3.3)

Therefore, other than the frequency and temperature dependence, given that P, = P, (x,y), the
HT of bone tumors becomes a more complex problem.

The loading pattern ¢(z,y), which depends on the processing conditions, is obtained from
THz tomography (see Fig. 3.4). We used the post-processed THz images to derive a closed-form
equation for each of the ten scaffolds shown in Fig. 3.2.c. To this aim, the MNPs distributions

were translated and fitted to a finite series of radial basis functions (RBF)

2

n=8
—b; z—20,:)2+(y—yo0,i)>
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where a; is the maximum amplitude of the basis function, b; is the variance-related parameter and
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Table 3.1. Coefficients of the RBFs for the MNPs distribution of the ten MagS.

Min. Max.
a; 0 1
b; 0.001 20
Z0,i -7 7
Y0,i -7 7

xo,; and yo; are the centers of the i-th basis function, within the scaffold domain in the geometry
from Fig. 3.5. The values of the coefficients for the eight RBF are found by minimizing, in a least
square sense, the difference between Eq. 3.4 and THz post-processed data by using the “Isqcurvefit”
function from Matlab 2021 (The MathWorks Inc., MA USA). The range for the coefficients of the
RBFs are reported in Tab. 3.1.

3.1.5 Findings and Recommendations

3.1.5.1 Characterization

The XRD patterns are quite similar for the two MNCs samples and are consistent with the
formation of nanocrystalline iron oxide with a spinel structure which can be ascribed to the
formation of magnetite Fe3O4) and/or maghemite (y-Fe3O3). The XRD peak broadening suggests
that MNC1 features larger average crystalline domains as compared to MNC2. In particular, the
average size of crystalline domains (< d >XRD) as assessed through the Scherrer equation [181]
based on profile fitting by Panalytical Highscore software and corrected by instrumental broadening
using a lab reference, turned out to be 58 nm and 32 nm for MNC1 and MNC2, respectively.

TEM analysis supports the nanocrystalline nature of the two samples, indicating the occurrence
of nanocrystals with cubic and cubo-octahedral morphology (see Figure 3.6), together with some
elongated nanocrystals which appear in MNC1, likely associated with goethite. The average size of
the nanocrystals is consistent with XRD data; in addition, TEM indicates that MNC1 shows a
broader size distribution as compared to MNC2.

The static magnetic response of the magnetic scaffolds manufactured with the proposed drop-
casting technique was investigated. The saturation magnetization values for the used MNCs, at room
temperature, are expected to be superparamagnetic and in the range from 70-80 Am?kg~?!, based on
investigation of similar samples [171]. The static magnetic response of the MagS manufactured by
the drop-casting procedure is presented in Fig. 3.7.a. All the scaffolds present a superparamagnetic
behavior, with negligible coercive forces. The MagS with the higher saturation magnetization are
the sample M6 and PCL FeOx16 (see Fig. 3.2.c), as can be observed by Fig. 3.7.a (~8.8 and 7
emu/g). This strong magnetic characteristic is due to the 12.1% of MNCs loaded in it. From Tab.
3.2, despite these two exceptions, it is possible to notice that samples loaded with similar MNCs
populations present a coherent distribution of saturation magnetization and loading values (i.e.,

M1-M5 scaffolds, loaded with MNC1 particles, present very similar saturation magnetization and
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Figure 3.6. a) XRD patterns and b) corresponding representative TEM mages of the iron oxide
MNCs samples (MNC1, MNC2) used to produce PCL-based magnetic scaffolds.

loading values). From the findings reported in Fig. 3.7.a and Tab. 3.2, it is possible to notice that
the drop-casted method for manufacturing MagS results in average saturation magnetization of
about 3.062+2.664 emu/g, for an average loading of about 2.42%. The static magnetic measurements
are confirmed by the attraction distances shown in Fig. 3.7.b. Indeed, for the M6 and PCL FeOx16,
the measured minimum attraction distance of 2.5-3.0 cm £ 0.2 cm.

The results of TGA characterization for the bare (M0) and MNCs-loaded scaffold (M5) are
reported in Fig. 11. The TGA curve of the bare PCL scaffold (M0) shows a single relevant
weight loss which takes place at around 400°C. The thermal behavior of the polymeric matrix is
coherent to the analysis from [172,173]. This main mechanism of weight loss is also observed in the
MNCs-loaded (M5) scaffold. On the other hand, as no mass variations due to the PCL substrate
are expected above this temperature, the weight at 600°C was used to assess the MNCs overall
loading in the substrate (¢, ), which in the case of the M5 scaffold turned out to be ~1.89 wt.%,
for an approximate weight of 0.036 mg of magnetite.

The value of MNCs loaded in the scaffold found by DSC-TGA is very similar to the values
obtained by the fitting procedure, resulting in a difference below 1% (Tab. 3.2).

The MNCs distributions for the ten MagS are reported in Fig. 3.8. From the processing of the
high-THz signals and scans, the refractive index (n) and the magnetization index (I,,,) were derived
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Figure 3.7.  a) Scaffold magnetization as a function of an external static magnetic field for the
ten scaffolds (M1-M6, PCL FeOX 14 - PCL FeOx 16) and the reference, unloaded PCL disk (MO).
b) Minimum attraction distance (cm) from the NdFeB magnet. ¢) Example of the relative weight
(W%), and its first derivative, versus temperature for the sample M5. The temperatures at 90%,
50% and 10% of the initial weight are highlighted. The residual magnetite mass is evaluated at
600°C. d) Refractive index (n) and magnetization index (I,,) as a function of the average loaded

volume fraction of magnetic nanocrystals (¢ ) and of the saturation magnetization of the magnetic
scaffolds (in emu/g). The unloaded PCL, reference scaffold M0 and the sample M6 are shown.

Table 3.2. Fitting and THz results.
Sample M. (emu/g) ¢ (%) R? d(mm) n I,

MO 0.001 0 - 1.30 1.73 0
M1 1.467 1.99 0.98 1.28 1.80 0.46
M2 1.01 1.36 0.99 1.27 1.75 0.30
M3 2.67 3.66 0.98 1.76 1.75 0.50
M4 1.92 2.63 0.96 1.50 1.74 0.14
M5 1.40 1.90 0.99 1.36 1.81 0.46
M6 8.86 12.01  0.92 1.20 1.84 0.66
PCL FeOx 14 2.61 2.01 0.96 1.26 1.82  0.80
PCL FeOx 15 1.96 2.38 0.98 1.21 1.81 0.49
PCL FeOx 16 1.66 2.02 0.96 1.30 1.79 0.45

and reported in Tab. 3.2.

3.1.5.2 Simulations Results

The samples manufactured by the drop-casting procedure were characterized by SQUID magne-
tometry to obtain the scaffold saturation magnetization (Mj.), the maximum amount of MNPs in
the sample (&m) and the loading pattern of the biomaterial (¢(z,y)). As depicted in Fig. 3.1, these

information were used to simulate the hyperthermia treatment of bone tumors using the different
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Figure 3.8. The 2D MNPs distribution maps for the magnetic scaffolds manufactured with
drop-casting method and the fittings results, with residuals (R2), are reported.

MagS samples. By using the profiles derived from THz scans, we performed extensive and accurate
in silico experiments of the hyperthermia treatment of bone tumors.

Given the fitting parameters from Tab. 3.2, the magnetic power losses (P, Eq. (2.1)) for MagS
have been estimated. In the simulations of the hyperthermia treatment of bone tumors we set the
magnetic field to an amplitude of 30mT and a working frequency of 300kHz [28,117,118,150].
MagS loaded with MNC2 exhibit a higher hyperthermia potential. Indeed, P,, is about one order
of magnitude higher than those of MNC1-loaded scaffolds (due to the smaller size of the MNC2
nanoparticles (32nm vs. 58 nm) [135], as shown in Fig. 3.9.

Multiphysics, non-linear simulations were used to investigate how the spatial distribution could
also influence the power deposited power, and are shown in Fig. 14. The SAR distribution was
assessed to evaluate if the deposited power could harm any non-target tissue (Fig. 3.10.a). For
all MagS samples, the simulated SAR levels are elevated in the muscle and in the scaffold volume.
By investigating the 2D temperature pattern, at ¢ =80 min, for the sample PCL FeOx 16 (Fig.
3.10.b), a hot region can be identified in the implanted thermoseed volume and in the tumor
region, whilst in non-target tissues temperature a more in-depth analysis is required. Therefore,
the maximum temperature in the skin, fat, muscle, bone and bone marrow tissues was considered
and the average £ standard deviation, computed across all MagS samples, was reported in Fig.
3.10.c. From the analysis of the time evolution of the average temperature in the Osteosarcoma
tumor region (Fig. 3.10.d), the scaffolds M3, M5 and M6, but also PCL FeOx14-16 can reach and
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Figure 3.9. a) Power per volume unit (P, Wm™?) dissipated by a drop-casted MagS with 8% of

MNCI1, for different magnetic field strength and working frequencies. b) Power per volume unit (P,

Wm™?) dissipated by a drop-casted MagS with 8% of MNC2 for different magnetic field strength

and working. ¢) Power per volume unit (P, Wm_3) dissipated by drop-casted scaffolds made with

MNC1 and MNC2 for average and maximum values of the volume fraction, evaluated as a function
of temperature, at H =30 mT and f =300 kHz.

withstand the therapeutic temperature range, whilst the features of M1, M2 do not enable effective
treatment. Under the simulated treatment conditions, the samples M4 and STRIP are very close to
the threshold value and a slight adjustment to the extrinsic field parameters would result in an
enhanced dissipation. The very different therapeutic outcome could be understood by observing
that temperature patterns, at the final time of 80 min, along the z- and y-directions varies for all
the magnetic scaffolds differs, depending on the loading pattern, in terms of peak height symmetry
and broadness, as shown in Fig. 3.10.e and Fig. 3.10.1.

3.1.5.3 Discussion

The results presented in Tab. I and Figs. 10-14 elucidate that the loading patterns of magnetic
scaffolds can affect the potential therapeutic capability of these multifunctional devices against
bone cancers, regardless the features of the MNCs.

A first explanation can be ascribed to the fact that the different spatial loading can impact
the static magnetic properties of the sample, as shown in Fig. 10 and Tab. I. The drop-casting
method developed for obtaining different loading pattern of magnetic scaffolds, can result in rather

different distributions of the MNCs in the samples and, therefore, clusters can form, which may
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Figure 3.10.  a) Simulated bi-dimensional distribution of the Specific Absorption Rate (SAR), in
W /kg, at t =80 min for the PCL FeOX 16 magnetic scaffold. b) Simulated 2D distribution of the
temperature, in °C, at ¢ =80 min for the sample PCL FeOX 16. ¢) Maximum temperature, in °C, in
the healthy tissues (skin, fat, muscle, bone and bone marrow) during the hyperthermia treatment.
The temperature is presented as the average & standard deviation computed for all samples. d) T50
vs. time for the drop-casted magnetic scaffolds. The shaded area represents the therapeutic range.
e) Temperature profile along the z-coordinate (y = 0), at ¢ =80 min, for all the magnetic scaffolds.
e) Temperature profile along the y-coordinate, passing through the scaffold, at ¢ =80 min, for all
the magnetic scaffolds.

influence negatively the final magnetic properties after the loading procedure. In this framework, the
possibility of non-linear magnetic effects due to the loading may arise [13,43,44,168]. From the SEM
images reported in Fig. 3.11 it can be noticed that the MNCs are mostly distributed on the surface of
PCL fibers, but the iron presence can be tracked also within the low magnetization samples M2 and
M4. As confirmed by Fig. 3.11, the magnetization procedure causes some regions where the MNCs
are concentrated and presenting large (~23 um), irregular aggregates, which determines an increase
in the particle-particle interaction level. The manufactured MagS presents appealing magnetic
features, concerning the available literature counterparts. Indeed, the attraction distances shown in
Fig. 3.7.b are comparable to those reported in [182] for cylindrical PGA scaffolds of 0.9-1.5 cm in
diameter, with 2-8% loading of commercial 20 nm magnetite particles (having M, ranging from
2.5 to 8emu/g). The magnetization of our drop-casted Mag$S results in larger attraction distances,
higher than the values of 0.4-0.8 cm reported in [172] for PCL scaffolds embedding 5% and 10% of
10 nm magnetite nanoparticles. These magnetic features make our drop-casted MagS appealing for
bone tissue engineering, but especially for bone tumor hyperthermia.

Given the promising comparison with other magnetic scaffolds synthesized and characterized
for bone tumor hyperthermia [8,13,28,122,150], we evaluated the hyperthermic potential of the

drop-casted magnetic scaffolds in silico, for the geometry in Fig. 3.5. The extrinsic, treatment
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Figure 3.11.  Inside view of the polymeric scaffold and of the magnetic nanocrystals. A fiber-like
structure is observed with presence of MNCs clusters, mostly present on the surface of the fiber.

Figure 3.12.  SEM images of the PCL polymeric scaffolds M2 (a) and M4 (b): i. Cross section of
the biomaterial fiber. Bi-dimensional maps of the ii. carbon (C), iii. oxygen (O) and iv. iron (Fe)
signal from the EDS analysis.

parameters of 30 mT and 300 kHz are a reasonable trade-off between heat administration, healthy
tissue safety [85,149], while being in accordance with other literature studies [118,122,150]. The
fact the MNCs in the scaffold are not homogeneously distributed, as shown in Fig. 3.8, can affect
the final heating performances against the residual Osteosarcoma cells, as shown in the 2D SAR
and temperature patterns in Fig. 3.10.a and 3.10.b. The average and peak (~12 and 30 W/g,
respectively) SAR values in the MagS are comparable to that reported in the literature [13,122].
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As additional figures of merit, we consider the spatial variation of the temperature along the x-
and y-axis and the T50, defined as the iso-temperature that cover at least 50% of the tumor
volume, and allows to predict standard hyperthermia treatment quality [84,88,92,183]. From Fig.
3.10.d, it is possible to notice that M1, M2 and STRIP samples would not be capable of reaching
the therapeutic range, despite their saturation magnetization and average loading fraction (Tab.
3.2) were promising and comparable to the other samples. However, by considering the MNCs
distributions retrieved from THz scans (Fig. 3.8), part of the scaffold volume is not occupied
by the MNCs, as supported by the computed magnetization index. By investigating the spatial
distribution of the temperature inside the MagS, shown in Fig. 3.10.e and 3.10.f, we can support
this assumption by underlining that the temperature gradients for these samples are too narrow
and, in an anisotropic fashion, the heat diffusion to the surrounding target residual cancerous cells
is not homogeneous. Therefore, during the HT with M1, M2 and STRIP sample, the healthy tissues
does not experience overheating (Fig. 3.10.c). Furthermore, by observing Fig. 3.10.d, it is possible
to infer that the set of MagS drop-casted with MNCI1 particles in a relatively more homogeneous
way (Fig. 3.8), i.e., M3, M5 and M6 are promising candidates for performing the hyperthermia
treatment of bone tumors. Indeed, after 80 min of treatment, these thermoseeds could reach T50
values of 42+11.8°C, 40.941.5°C and 43+1.75°C, respectively. This is a noticeable result, since a
reduced hyperthermia potential was expected. However, taking into account the spatial influence
of the MNCs distribution, shown in Fig. 3.10.e and 3.10.f, the broader spatial arrangement can
ensure a significant therapeutic hyperthermia treatment. On the other hand, the samples PCL
FeOx 15 and 16, which presented an annular distribution of magnetic particles with high power
losses, are also a valuable solution for administering the heat to the residual Osteosarcoma cells.
Indeed, together with the huge void volume in the biomaterial and the observed low magnetization
index (Tab. 3.2) the differences in MNCs with different features and the temperature gradients
which are kept steep lowering the distance from the target should be taken into account (Fig.
3.10.e, Fig. 3.10.f). It must be noticed that bone and bone marrow can experience a maximum
temperature increase of about 37.5£1.3°C, for about 30 min, on average. Bone and bone marrow
are in safe conditions, since these tissue damages if exposed to higher thermal doses, i.e. 47°C for 1
min [184,185]. Furthermore, the heat stimulus delivered to healthy bone cells in the range of Fig.
3.10.c is known to be a positive stimulus for accelerating osteogenesis [186,187]. Therefore, from our
numerical simulations, the HT with MagS could be effective in enhancing the effectiveness of radio-
and/or chemotherapy while initiating new bone formation, thus opening new clinical scenarios for
using magnetic scaffolds in orthopedic oncology.

In conclusion, in this chapter, we dealt with the investigation of the effects of the MNPs
loading patterns on the HT potential of MagS against bone tumors. In particular, we developed a
drop-casting method that allowed us to provide a set of different spatial arrangements of MNPs in a
PCL matrix. Then, static magnetic, thermogravimetric and THz tomography characterization was
carried out, combining the information in a unique multiphysics, non-linear model to investigate,

in silico, the influence of the loading pattern on the quality of the hyperthermia treatment. From
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our analysis, we found that together with the intrinsic properties of the magnetic particles, their
spatial arrangement in the biomaterial could be sought to perform an effective treatment. It should
be pointed out, however, that the heating of the target volume can present a large deviation of
the temperature distribution, i.e. an average standard deviation of £1.50C around the therapeutic
threshold values (Fig. 3.9.d).

Overall, our investigation can provide valuable feedback and state that the manufacturing of
homogeneously loaded magnetic scaffolds is advisable, although, the strategy of loading the outer
edges of the scaffold can perform effectively. From our numerical study, to plan hyperthermia
treatment with magnetic scaffolds, the loading and spatial distribution of MNCs must be controlled
and reconstructed [120,188,189]. In this work, we have demonstrated that this crucial information
can be extracted using THz tomography. However, despite the numerical investigation, the variability
of deposited power and resulting temperature patterns, due to the inhomogeneous distribution of
nano-heaters inside the biomaterial, demands for an experimental extensive, rigorous and specific
investigation of the magnetic scaffolds SAR, aimed at providing a standardized framework for
quantifying the therapeutic potential of these innovative devices [190]. The proposed approaches
and our findings could be relevant to material scientists, bioengineers and clinicians who aim to
manufacture, characterize, and use magnetic scaffolds as multi-functional tools against, but not

limited to, bone tumors.
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3.2 TPMS Scaffolds

3.2.1 Introduction

Magnetic tissue scaffolds are a promising powerful tool for performing interstitial tumor hy-
perthermia against the residual bone cancer cells, after surgical intervention. The design of the
implant architecture is crucial for several biomedical requirements. The biomaterial matrix of MagS
has been designed for satisfying the TE requirements of the tissue to repair [4,7-17], however, to
date, the influence of implant topology on the hyperthermia treatment outcome has never been
assessed. In this section, the aim is to investigate how and if the scaffold architecture can affect
the hyperthermic potential of the magnetic scaffolds. In this section, a simple methodology for
designing biomimetic scaffolds using triply periodic minimal surfaces (TPMS) is presented. A set of
geometries is 3D printed by fused deposition modeling, using a commercial poly-lactic acid filament
filled with magnetite particles, never tested for biomedical applications. To the complex morphology
and spatial arrangement of the MagS, as pointed out bu the results from our numerical experiments,
the distribution of MNPs in the biomaterial can greatly vary. We already discussed this point in
the Chap. 1 (Fig. 1.2.g) and showed that the temperature increase, exposure parameters (i.e., field
strength and working frequency) and apparatus used for testing of MagS hyperthermic potential
are not standardized, as it is the methodology and figure of merits for quantifying their fitness to
the quality assurance guidelines [88]. In this regard, the problem of developing a reliable estimation
of the heating potential of MagS should be tackled immediately. In particular, the lessons learned
from the standardization and reproducibility issues in MFH could be applied to the realm of
MagS [190,191]. With a set of different experimental setup, supported with numerical simulations,
in this section, thanks to the fruitful collaboration with the Aristotle University of Thessaloniki, we
will face the problem of identifying a suitable protocol for reliably estimating the specific absorption
rate (SAR) of MagS.

3.2.2 Related Works

MagS are currently under investigation as a complete tool for orthopedic oncology given their
osteogenic features, the tissue engineering potential and the possibility to be used as local heaters
for the HT of bone cancers. Despite the plethora of available MagS [4,7-17], the research efforts
were mainly oriented towards the investigation of the material synthesis issues [36], such as in the
case of PVDF embedding CoFe;Q, scaffolds with woven interconnected structure developed using
the solvent casting method [192], or toward the proof-of-concept of heating capability when exposed
to a RF magnetic field, such as the case of the 90°-fiber mesh 3D printed poly-caprolactone (PCL)
scaffold loaded with magnetic hydroxyapatite particles [150]. As a matter of fact, in the open
literature, it is difficult to find a study about MagS which combine the orthopedic requirements
while carrying out a through and extensive characterization of the hyperthermic potential, while

accounting for the influence of the geometrical features.
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In clinical practice, the implanted biomaterials is required to have a porous (70-90%) interconnected
structure, with biomimetic properties, i.e., it should replicate the bone tissue architecture in order to
favor implant integration as much as possible [5,31]. Natural bone has complex and irregular pores
with surface morphology and size distribution [193]. To mimic this features, the state-of-the-art
scaffolds are designed and manufactured relying on mesh-fiber geometries, squared cells, or, with
enhanced biomimetic features, using implicit surface, such as Triply Periodic Minimal Surfaces
(TPMS) [193]. Indeed, the use of implicit surfaces bone scaffolds has the advantages of providing
large and complex topological structures [193]. Furthermore, TPMS-based scaffolds demonstrated
increase permeability to body fluids and nutrients (1078 m? vs. an average of about 10~ m?) [194].
The mechanical properties of TPMS architecture resulted in an effective elastic modulus higher
than the standard counterparts (e.g., fiber mesh) [195], for lower porosity values, while ensuring a
better stress distribution [196,197]. All these features made the TPMS architecture very appealing
for developing bone scaffolds [195-197].

In this framework, given the forecasted application of using TPMS MagS as devices for performing
HT of bone tumors, it is mandatory to assess the influence of the geometry on the local heating
administration.

Another relevant literature gap, is the spread, different and non standardized methodology for
testing the heating potential of MagS. To push the forefront towards new clinical landscapes, a more
definitive takeoff of this nanotherapy against tumors is required. Therefore, it is fundamental that
MagS must satisfy the minimum quality assurance requirements of the interstitial hyperthermia
treatment [88]. In other words, a given MagS should be capable of increasing the system temperature
to the therapeutic level of 41-45°C and deposit at least 0.5 W/g in the implant volume in response
to an AC RF MF against deep-seated tumors [25,66,89]. We are going to demonstrate that in
the literature the methodology is largely variable, with a spread variety of experimental setup and
conditions, in which different thermometric methods are used without accounting for uncertainty.
For instance, the calorimetric characterization of samples of Poly-MetilMetAcrilate (PMMA)
embedding Fe3O,4 particles was carried out by recording with an infrared camera the temperature
of the saline-sample system (with variable volume from 0.1 mL-0.2 mL), exposed to a magnetic
field [198]. A variability of +4.3°C from the maximum recorder temperature. In [198], issues in the
repeatability due to sample placement inside the coil are evident. The misalignment of thermoseed
implants to the external heating device is a relevant aspect in temperature and power losses
estimation [190,191,199]. For the P5O5-Fey03-Ca0-SiO4 ferromagnetic glass ceramic system for
bone tumor hyperthermia a 0.263 W /g value was estimated by using the linear slope method [200],
at 100 kHz, under the action of a 0.5 mT magnetic field, produced by a custom coil apparatus [26].
The hyperthermia potential characterization was carried out on in a test tube, filled with deionized
water, recording the temperature every 60 s for 3 min with a fiber thermometer. The 2-3 mm in
diameter and 0.9 g samples of apatite wollastonite, heat-treated glass ceramic (29% CaO, 31% SiO2,
40% Feq03, 3% BzO3 and 3% P205 (wt%)) synthesized by the group of Kokubo were implanted

in rat tibial metaphysis and then characterized under the action of a 100 kHz, 30 mT external
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magnetic field produced by a C-type toroidal core of an induction generator [25]. The heating
ability of the glass-ceramic implants was assessed through fluoroptic thermometers, which recorder
a maximum temperature at the center of the thermo-seed equal to 45°C in 50 min, resulting in an
estimated SAR of 10 W/g. The temperature variability in the rat tibia was of about £5°C in the
extra-cortical regions, indicating a large variability due to the temperature probe positioning [25].
Calorimetric measurements with a magnetic induction furnace of sol-gel Calcium Zinc Iron Silicon
Oxide (CZIS) samples were performed [201,202]. The measurements were carried out by placing 2 g
of glass ceramic, with ferromagnetic ZnFe,Oy4 particles, in 20 ml deionized water in a quartz cuvette,
positioned in the center of the coil. The maximum temperature rise, recorded with a thermocouple
(having resolution of 0.1°C), starting from 24°C, was of minimum 29°C to a maximum of 39°C in 3
min under the action of a 50 mT magnetic field working at 100 kHz. The estimated SAR, varies
in the range 5-9 W per gram of sample [202]. The 3D-printed, superparamagnetic PCL scaffolds
embedding MBG and magnetite nanoparticles where manufactured and characterized as tissue
substitutes, drug delivery systems and hyperthermia agents [49]. The magnetic MBG-PCL, when
exposed to a 409 kHz and 18 mT magnetic field (DM100 System - nB nanoScale Biomagnetics,
Spain) demonstrated capable of increasing the temperature of 1 ml of water up to 60°C, starting
from 20°C, for 8 min-15 min of exposure [49]. The temperature was recorded with an optical fiber,
but the details about its placement and the influence on the measurement was not reported. It
is worth stressing that the external field was not turned off to investigate the effective heating
and the contribution of the background media was not considered. Under these experimental
conditions, the derived SAR varied from 1.4 to 4.7 W/g. The effect of the variability of experimental
setup, combined with the neglection of uncertainty sources, is evident by the reported 5-30 W/g
SAR values, obtained for the weakly superparamagnetic tri-calcium phosphate (5-Caz(POy4)s2)
co-substituted with Fe3T-Co?*2 ions thermoseeds exposed to a 335 kHz and 13.5 mT magnetic
field, in 1 mL of distilled water, for 40 min (AT of 12-22.5°C, starting from 26°C, measured with a
copper thermocouple) [122]. More recently, the calorimetric response of injectable graphite-modified
Fe304-calcium phosphate bone cement scaffolds (blocks of 9 mm x 4 mm) of Zhang et al. was tested
under the action of a 340 kHz, 10 mT magnetic field, SAR values of 18.75-30.20 W /g were obtained
from the temperature increase after 200 s, acquired by means of an infrared thermometer [203,204].

From this discussion, a dedicated, extensive and thorough experimental and numerical analysis

aimed at elucidating how to perform the SAR estimation of Mag$S is required.

3.2.3 Scaffold Architecture

TPMS is a surface embedded on R3 which is minimal, i.e., present a medium curvature equal
to zero, and it is periodic on the three directions z, y and z. Typically, TMPS can be modelled
by using the Enneper-Weiestrass parametric representation [205-207]. Mathematically speaking,
the surface is constructed by composing patches computed with integrals in the complex domain.

Among the different approaches for generating the TPMS coordinates, the parameterization of
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Table 3.3.  Surface and associated function

Surface Function (F)
P cos(X) + cos(Y) + cos(Z) =k
D cos(X) cos(Y) cos(Z) — sin(X) sin(Y) sin(Z) = Cy
G sin(X) cos(Y) 4 sin(Z) cos(X) + sin(Y') cos(Z) = Cy
WP 2[cos(X) cos(Y) + cos(Y) cos(Z) + cos(Z) cos(X)] — [cos(2X) + cos(2Y) + cos(22)] = Cp
L 0.5[sin(2X) cos(Y) sin(Z) + sin(2Y") cos(Z) sin(X) + sin(27) cos(X) sin(Y)]
—0.5[cos(2X) cos(2Y) + cos(2Y) cos(2Z) + cos(2Z) cos(2X)] 4+ 0.15 = Cy

these kind of surfaces in the complex domain is not a straightforward and suitable approach for the
computational representation [208]. Indeed, in the Euclidean space, the TMPS can be approximated
by an implicit function, i.e. as a level surface (isosurface) of a function F' : R?* — R, which is a
combination of sinus and cosine. The most famous and useful functions for generating TMPS for
biomedical applications are reported in Tab. 3.3, where X = w,z, Y = wyy and Z = w,z, being

Wy, Wy and w, are the spatial periods and Cy is a constant.

TPMS possess two important mathematical properties: minimality and periodicity. For a
computationally efficient Computer Aided Design (CAD) it is of relevance to discuss them. A
pivotal results is the minimality of TPMS. In order to verify this feature the mean curvature for

surfaces in implicit form can be used [209]

V(F)H(F)V(F)T — |V(F)|Trace(H)
IV(F)[?

Ky = (3.5)
where V(F) is the gradient, H(F') is the Hessian matrix and Trace(H) is the trace of H(F') of
the arbitrary function F' from Tab. 3.3. Minimality ensures very good mechanical properties and
a stiffness suitable for orthopedic applications, while minimizing the amount material used for
the scaffold manufacturing (e.g., in 3D printing or sintering). The other relevant mathematical
property is periodicity. Indeed, since TMPS are level surfaces of harmonic functions, they inherit
their periodicity in a given domain. The periodicity simplifies noticeably the computation and the
repetition of a unit cell to develop a solid from TPMS, allowing to extend it indefinitely in space.

However, to date if and how minimality and periodicity can affect functional performances, such
as heating and SAR has been poorly investigated.

Since the surgical resection of bone tumors leave a gap, which must be filled with the scaffold, it
is necessary to provide the implant in a suitable shape, in order to simplify and adapt the scaffold
to the surgically treated bone boundaries. In previous studies it was shown that it is possible to
design a solid from TPMS within a shape of arbitrary boundaries starting from the deformation
of a parallelepiped [193,210]. From a mathematical point of view, this implies that a continuous
function f; from the defected bone boundaries to the parallelepiped exists. Supposing that the
defect shape can be approximated to a cylinder, which is fit to long bones, the transformation law

is f; : R® — R3 and can be expressed as
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(0,0,2) 22 4+9y2=0

(z,y,2) —
& zmax{|z|,[y|} ymax{|z[y|} 24,2
( S T e ,z) r° 4y  #£0

(3.6)

An example of the transformation using Eq. (3.6) is shown in Fig. 3.13. The transformation is
necessary since usually the computational domain is [zg,21] X [y0,91] X [20,21]. Eq. (3.6) can be
applied directly to a TPMS, as shown in Fig. 3.13. The output is a surface, not a solid. Therefore,
it is necessary to create a volume. In other words, an unclosed implicit surface can be closed only if
one or more intersecting surfaces can be found, which is the utmost issue for the structuring of a
curved surface in three-dimensional space.

By using the software Matlab 2019b (The MathWorks Inc., Boston USA), the “T'PMS Scaffold”
application was developed for deriving TPMS scaffolds [211]. Given a TPMS surface with law F
from Tab. 3.3, it is possible to generate a solid volume by creating two offset surfaces, an inner and
an outer one, which must be linked and closed to form the final solid, porous biomimetic architecture
for bone tumor treatment. The proposed graphic user interface (GUI) allows to choose among the
TPMS from Tab. 3.3, compute the two offset surfaces by using the "isosurface” function and derive
the final solid in ".stl" format [212]. To respect the minimality and speed up the computation,
instead of working on each mesh polygons, we select two constants C; > Cy and a height 0 < h < 1.
The inner surface is F(z,y,z) = Cq, whilst F(x,y,z) = C; is the external one, as shown in Fig.
3.13.c. In order to derive the solid, the surface junction between them at the height h is the set of
points which satisfies the inequality Cy < F(z,y,2z) < C;. The set of surface boundary points is
triangulated [193] and the convex hull is found for the inner and outer surface, then, the redundant,
intersecting and non-manifolds triangles are removed and the closing surfaces are found, as shown
in Fig. 3.13.c. Thus, the solid TPMS-based scaffold with a cylindrical bone-fit shape is obtained,
as shown in Fig. 3.13.d.

3.2.4 Materials and Methods

3.2.4.1 Magnetic Iron PLA

The commercial magnetic-polymer composite filament Magnetic Iron PLA purchased from
Proto-Pasta was used to print the magnetic thermoseeds samples. The filament consists of a
nominal 40 wt.% of iron microparticles (~40 pm in size) loaded in a polylactic acid (PLA) polymer
matrix (NatureWork’s 4043D Ingeo Biopolymer) [213-215].

3.2.4.2 Fused Deposition Modeling

The sample geometry was checked using Rhinoceros v7 (McNeel, Canada) modeling software,
then the IdeaMaker software was used to derive the stereolithography (STL) files and the g-code
for printing them with the Raise3D Pro2 Plus 3-D printer. The extrusion temperature was set to
210°C for the 0.45 mm nozzle, with a 100% infill density and a 50 mm-s~! printing speed. The
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Figure 3.13.  Description of the steps for deriving scaffolds based on solid triply periodic minimal
surfaces (TPMS) architecture: a) Transformation of the parallelepiped frame into cylinder: the two
objects have the same height while the parallelepiped base, a square with side 1, is transformed
into a circle with 1/2 radius. b) Transformation applied to a P-surface in [~1,1]* x [0,1]. ¢) i. The
inner and the external G-Surface plotted in [0,1]? x [0,1/2]. ii. Closure surfaces and borders of the
sections (green curves). d) Example of the developed GUI: final solid scaffold based on a D-surfaces.

Table 3.4. Resume of TPMS MagS Properties
Sample Geometry Avg. Pore Size (um) Ferromagnetic (Y/N) Weight (g)

S1 90°-SF? 0.35 N 2
Sif 90°-SF 0.35 Y 3.7
S2, S3 G surf. 0.3 N 0.85
S2F, S3F G surf. 0.3 Y 1.42
S4, S5 L surf. 0.32 N 2.18
S4F, S5F L surf. 0.32 Y 3.2

bed temperature was set to 45°C. As a reference geometry, we printed a standard 90°-shifted
mesh scaffold (S1, S1F). We printed two G-surface (S2, S3, S2F, S3F) and two L-surface (54, S5,
S4F, S5F) scaffolds, having size 1.8 cm x 1.8 cm X 2.5 cm, using non-magnetic and iron-filed PLA.
A summary of their geometrical features is provided in Tab. 3.4. The samples are shown in Fig.

3.15.a.
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Figure 3.14. a) Experimental apparatus for the thermal measurements. b) Details of the

reference and sample pans. ¢) Schematic description of the heat fluxed and signal recorder during

measurements. d) Workflow for measuring the specific heat capacity according to the ASTME1269-11
standard.

3.2.4.3 Static Magnetic Measurements

Magnetic hysteresis loops of the magnetic filament were recorded at 300 K using an Oxford
Instruments 1.2H/CF/HT Vibrating Sample Magnetometer (VSM), for magnetic field strengths

ranging from -1 to 1 T. These measurements were performed at Aristotle University of Thessaloniki.

3.2.4.4 Thermogravimetric Analysis and Specific Heat Measurement

The simultaneous Differential Scanning Calorimeter (DSC)-Thermogravimetric (TGA) analyzer
Q600M (TA, New Castle, DE) was used to quantify the thermal stability and the content of
magnetic phase in the filament after thermal degradation [168,172,173,213,216]. A 40 ul alumina
pan was used as a sample holder. The same type of alumina pan is employed as reference material
during the differential measurement. The initial temperature was 20°C. The protocol consists of a
heating ramp with a slope of 20°C-min~! up to the final temperature of 1000°C. The temperature
values at different mass percentage (T20%, T50%, T90%) are considered. The first derivative of the
weight vs. temperature was investigated for the thermal degradation analysis. From the DSC-TGA
analysis, the content of the magnetic phase dispersed in the polymeric matrix is analyzed and
used as information to complement the estimation of dissipated power during the hyperthermia
treatment.

In order to simulate and gain insights into the heat transfer phenomena occurring during the HT
of bone tumors, performed using the commercial magnetic filament under analysis, we characterized
the filament in terms of its specific heat (C}). Indeed, the thermal conductivity of the Proto-Pasta
filament was measured in [213] and a value of ~0.47 W-m~*K~! was reported. In this framework,
we adopted the measurement methods from the ASTME1269-11 standard [217], as done in [218].
A summary of the procedure is given in Fig. 3.14. In detail, we performed a blank run and

recorded the mass (W, in g) and heat (Qp, in W-g). Then a reference run with alumina standard
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was performed, acquiring the W,y and Q. signals. The specific heat of alumina (Cj ,cs) is
known [217]. This step is necessary for the baseline removal. Finally, a run with the magnetic
sample, placed in good contact with the pan, was carried out by heating the sample from 15°C to
70°C. All measurements were performed using a heating rate of 10°C/min. The specific heat of the
sample (Cp s, in J.g7' K1) is found as [217,218]

Qs QO ref

Chp.s
P77€f Qref - QO s

(3.7)

3.2.5 The Proposed Protocol for the Specific Absorption Rate Measure-

ment

3.2.5.1 Experimental Setup

As discussed in the introduction, several works dealt with the experimental characterization
of the hyperthermic potential of magnetic scaffolds for bone tissue engineering [150]. However,
taking a look into the methodologies, conditions and setup used for the calorimetric measurements
of these kind of solid samples embedding magnetic particles, it is possible to underline that the
good practices, recommendations and standardization developed for MNPs characterization were
neglected or scarcely adopted [190,191,219]. However, MagS, being implantable medical devices to
be used as heat source in the interstitial hyperthermia treatment of bone tumors, must follow the
recently released requirements for quality assurance in interstitial hyperthermia [88]. Therefore,

more robust, accurate and in depth characterization is required.

Figure 3.15.  a) i. Optical image of the Fe-PLA Proto-Pasta magnetic scaffolds with TPMS
architecture. ii. In-air or free space setup: experimental induction heating apparatus and sample
placement. b) i. Sample placed in a becker filled with distilled water, outside the induction heating
coil. ii. Sample placed in distilled water inside the induction heating coil. ¢) Top-view of the agar
phantom-scaffold systems. ii. Side view of the agar phantom-scaffold systems. iii. Dimensions of
the agar phantom. iv. Details of the measurements site inside the sample and in the agar phantom .
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All samples from Fig. 3.15.a were placed in the middle of an 8-turn coil. Instead of applying a
radiofrequency magnetic field and deriving the specific absorption rate (SAR) from the initial-slope
method, we followed the strategy from [190,220], in order to reduce the uncertainties due to
measuring conditions and experimental setup. Therefore, the envelope of the external magnetic field
is turned-off at a given time in order to allow the thermal recovery of the system, thus permitting
to subtract the contribution of the environment [190,220]. Coil cooling water temperature was kept
stable at 18.9°C during whole experimental procedure. Three different experimental setup were
considered. First, the 3D printed TPMS scaffold was exposed to the induction heating system in
air. An infrared (IR) camera (FLIR i3, FLIR Systems, USA) was used to acquire images, from
which the average sample temperature is derived.

Then, the magnetic scaffold was placed in distilled water, as shown in Fig. 3.15.b. Approximately
5mL of distilled water was used as the solution medium. The field amplitude was increased to
30mT and the working frequency was 400 kHz. Five symmetrical holes were opened to place the
optical fiber for temperature recording (Fig. 3.15.b).

Finally, the printed magnetic scaffolds were placed in an agarose (10 mg-ml~—!) phantom system,
as shown in Fig. 3.15.c. The phantom agar is supposed to better mimic the biological environment

[190]. Pure agar and the sample S4 were used as references.

3.2.5.2 Numerical Model

Given the extensive characterization of TPMS magnetic scaffolds, we developed a numerical
framework for simulating the multiphysics phenomena related to the calorimetric measurements.
In this framework, we aim to corroborate the experimental findings and refine the problem of
modeling these functional biomaterials, thus paving the way for coping with the issue of planning
the treatment with these innovative devices [88,117,118,166,167]. To this aim, a simplified geometry

was assumed.

Figure 3.16.  a) Sketch of the proposed experimental protocol for assessing the specific absorption

rate (SAR) of biocompatible magnetic scaffolds to be used as implants for local, interstitial

hyperthermia treatment of deep-seated cancers. b) System geometry for the numerical simulations

of the different experimental setup for the calorimetric characterization of magnetic scaffolds. The

heating system has conductors mad of copper, whilst the light grey cylinder represent the surrounding

medium (i.e., air, water or agar) and the dark grey cylinder is the 3D-printed magnetic Fe-PLA
scaffold.
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Table 3.5. Material Properties

Material & fr o Sm™ Y k(Wm 2K 1) C, Jkg 'K 1) p (kgm™7) Ref.
Air 11 0 - - - [94]
Agar 70 1 0.2 0.48 4000 100 [221,222]
Copper - 1 5107 - - - [94]
PLA 25 1 10-¢ 0.29 1.800 900 [223]
Fe-PLA 3 8  10°° 0.47 ~1.200 2745 [213-215]
Distilled Water 76 1  510°° 0.57 42 1050 [94]

The finite element method (FEM) commercial software Comsol Multiphysics v5.5 (Comsol Inc.,
Burlinghton, MA USA) was used to simulate the experimental setup for the specific absorption
rate measurements, in the case of a homogeneous cylindrical scaffold made with the Proto-Pasta
magnetic PLA (Fig. 3.16.a). The geometry for the simulations is shown in Fig. 3.16.b. A
homogeneous cylindrical scaffold, made with the Fe-PLA, with magnetic permittivity p, and
dielectric permittivity €,, was considered. The properties are reported in Tab. 3.5. The cylinder has
diameter ds. =2 cm and height hs. =2cm. The induction heating coil is excited with a sinusoidal
current (I.,.), working at a frequency f, which is turn on at ¢ = 0 and turned-off at t,rs. The
Ampere’s law, in the time-harmonic field formulation, govern the electromagneto-thermal problem,

i.e.

VxH=1J (3.8)
E = —jwA (3.9)
J=0E + jwD +J, (3.10)
VA =B (3.11)

where A is the magnetic vector potential, H is the magnetic vector (A-m~!), E is the electric field
vector (Vm™1!), whilst & is the electrical conductivity (in S-m~!), J is the current density (A-m~2).
The time-dependence from e/** was omitted in Eq. (3.11). The term D = €ge,.E is the electric
displacement field (C-m~2). In Eq. (3.11), J. is the external current density. The electromagnetic
problem was solved making use of the AC/DC module, with the aid of the Magnetic Field interface,
working in the frequency domain, under the assumption of a quasi-static process [220]. The
solution of the Maxwell’s’ equation through the vector potential formulation allows to compute
the magnetic field produced by the 8-turn copper coil (diameter d. =2.54 cm, height h, =4.3 cm,
coil wire diameter dsc=0.53 cm) inside the sample and the background media, which can be air,
or water or agar (see Fig. 3.16.b). The power dissipated by the ferromagnetic scaffolds (P,,) is
evaluated as

Pm = fAhyst (312)
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where Apyq is the hysteresis loop area, derived from static magnetic measurements, and scaled by
the specific density of the sample. Eq. (3.12) is proportional to the mass of the Fe-PLA sample.
The term P, is higher than the power dissipated due to the eddy currents in the ferromagnetic
and in the agar material (P, = %0|E\2). However, the heating in the phantom cannot be neglected,
being relevant to the measured temperature and the estimated SAR.

The total electromagnetic power (Pgy = P. + Pp,,) dissipated by the ferromagnetic scaffold is
used as source term for a generalized unsteady Fourier’s equation [190], from which the spatial and

temporal dynamics of the temperature field inside the sample are computed. In mathematical terms

pC’p% =V -(kVT)—u-VT + Pgy (3.13)
where p is the material density (kg-m™3), C,, is the specific heat capacity (J-kg7'K~1), whilst & is
the thermal conductivity (W-m~2K~!). The physical properties of the samples are reported in Tab.
3.5. The Heat Transfer in Solid module was used to solve Eq. (3.13).

In the general heat transfer balance Eq. (3.13), u is the convective velocity field vector
(m-s™1). The form and nature of this term depends upon the experimental conditions. Therefore, a
clarification is in order. To replicate in silico the thermographic measurements performed in air
(Fig. 3.15.a), and in the case of the in-agar setup (Fig. 3.15.c), the external boundaries of the

sample or agar can exchange heat by convection with the surrounding air (7, =20°C), i.e.

0 VT = hip (T — T), (3.14)

being n the normal vector, exiting the surface. The heat transfer coefficient (hg-) is derived from
the cooling phase of the experimental heating curves. As a result, the heat transfer problem for the
free space and in-agar experimental setups (Fig. 3.15.a and 3.15.c) was modeled as an unsteady

conduction problem, thus implying that

u=0 Vaz,y,2 (3.15)

Instead, for MagS placed in distilled water, as shown in Fig. 3.15.b, the heat transfer problem
was assumed to be non-linear by taking into account the convective motion due to the temperature

gradients in the system (u # 0). Therefore, the Navier-Stokes’ equation was solved [224,225]

% +p(u-Viu=V-[-PI+n(Vu+ (Vu)?) - ;n(v -w)I=0 (3.16)
p% +V(pu) =0 (3.17)

where 7 is the dynamic viscosity (equal to 1cP for water) and I is the identity matrix. Eq.(3.17) is

subject to the following open boundary condition at the water-air interface
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—n-u=0, (3.18)

and a no-slip condition at the inner surfaces of the larger cylinder shown in Fig. 3.16.b, so that

u=0. (3.19)

The Laminar Flow interface was used to implement Eq. (3.17). Eq. (3.17) is solved coupled to
the Eq. (3.13).

For the last setup (Fig. 3.15.c), the simulated temperature field is used to compute the SAR
as [190]

SAR =22 ¢, AT

w0 P AL (3.20)

where w, and wsc are the weight of the agar and of the MagS, whilst the specific heat is that of

the agarose phantom. The term % is the initial slope of the heating curve.

3.2.6 Findings and Recommendations

From the magnetization versus magnetic flux density curve shown in Fig. 3.17.a, it is possible to
notice that the magnetic filament presents a relatively small coercive force of ~12.5mT, with a small
loop, similar to soft ferromagnets, and a saturation magnetization (M) of about 126 Am—2kg=1. M,
indicates the amount of iron to PLA in filament, considering that bulk iron’s M, is 220 Am~—2kg~!.
This finding is also in perfect agreement with the magnetic response data of the filament and of
3D printed items with 1-2 layers, a 100% infill density reported by [214]. The amount of magnetic
phase and the distribution along the fiber were assessed by DSC-TGA and microscopy. Indeed,
from Fig. 3.17.b, it is possible to notice a 50% primary loss at a temperature of about 303°C which
corresponds to the thermal degradation of the PLA matrix [172,173], as confirmed by the analysis
of the first derivative of the sample weight with respect to the temperature. The residual mass
at 600°C is about 45.67% of the initial weight, which correspond to the amount of non-organic
crystalline phase of the iron in the filament, observed also in SEM images (Fig. 3.17.d-3.17.f).

In Fig. 3.17.c the specific heat of the magnetic polymer is shown. In the temperature range
typical of the HT of bone tumors with magnetic scaffolds [118], the composite material is capable
of storing an energy per amount of mass and temperature of about 1.24 Jg='K~!, on average,
which is approximately the value estimable assuming a linear, volumetric mixing between magnetite
and PLA (~4.8% difference). In this work the quadratic temperature dependence of the physical
properties, given a variation of -0.6%-°C™!, is neglected in the simulations to solve a linear problem
and hence lower the computational burden.

The temperature versus time curves acquired by IR thermography for the five magnetic scaffolds
(and their nonmagnetic counterparts), in air, exposed to a 15mT magnetic field, working at 400 kHz,

are reported in Fig. 3.18.a. The bare PLA samples do not heat up, given the low conductivity
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Figure 3.17.  a) Magnetization (Am™?kg™") of the Iron-PLA Proto-Pasta filament, before printing,

as a function of the external applied magnetic flux density field (T). The residual magnetic flux density

is about 12.5mT and the saturation magnetization is ~126 Am~?kg~'. b) Thermogravimetric

analysis (TGA) of the Fe-PLA Proto-Pasta filament, in the range 20°C-1000°C. The normalized

weight (%) and the first derivative over temperature are presented. c) Specific heat (Jg~*C™!) of

Fe-PLA Proto-Pasta filament in the temperature range 30-60°C. d)-f) Scanning Electron Microscope
(SEM) images of the Iron-PLA Proto-Pasta fibers at different magnifications.

(see Tab. 3.5), but tend to equilibrate their temperature with air. Furthermore, it is possible to
notice that the maximum temperature is about 56.54+1.5°C and it is reached in about 55+5s, for
S3F, S4F and S5F samples. Between the standard 90-°-shifted mesh magnetic scaffold (S1F) and
the TPMS architectures differences in the peak temperatures and in the cooling rate with the
surrounding medium can be observed in Fig. 3.18.a. Furthermore, the simulated time evolution of
the average temperatures for a homogeneous cylindrical magnetic scaffolds is very similar to that of
scaffolds S1F, as shown in Fig. 3.18.a. The discrepancy between the numerical simulations and
the temperature profiles of TPMS MagS is probably due to the geometric features and the sample
porosity.

From the findings of Fig. 3.18.a, the Proto-Pasta ferromagnetic filament looks very promising
for magnetic hyperthermia application. However, this experimental configuration is not very
representative of the in vitro or in vivo-like thermal and electromagnetic environment experienced
during the interstitial hyperthermia treatment (Fig. 3.16). Therefore, we placed the magnetic
scaffolds samples inside 5mL of distilled water, (Fig. 3.15.b) in a glass container, and recorder
the temperature by placing an optical fiber at the top surface of the material opening the five
holes shown in Fig. 3.15.b. With respect to the in-air setup, the field amplitude was increased to
30mT in order to reach the same temperatures. The measured temperature profiles are reported
in Fig. 3.18.b. The reference architecture S1F can heat up the water to 564+2°C. The simulated
temperature profile for the non-linear heat transfer of the homogeneous ferromagnetic cylinder
exposed to the RF magnetic field are very similar to that of S1F sample, as shown Fig. 3.18.b.

From the modified law of cooling, and taking into account the response of the environment, we can
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notice that the L-surface scaffold (S4F) can reach the maximum temperature of 59°C in ~200 s,
whilst the gyroid architecture (S2F) could raise the temperature to 45°C. The heating and cooling
rate are faster for S2F and S1F, if compared to S1F and the simulated homogeneous case. The
fact that the TPMS architecture experience a different heat transfer regime is also epitomized by
the comparison of the temperature pattern of SF4 sample placed just outside the coil (see Fig.
3.15.b). Even though the convective motion of water is considered, the numerical simulations fails
in reproducing the experimental results.

From Fig. 3.18.b, all ferromagnetic scaffold samples succeeded to surpass the hyperthermia
temperature limit within 10 min or earlier. However, from this calorimetric measurements, we can
infer that the heating efficiency varies due to material quantity. Indeed, by weighting the samples
we could better explain the heating behavior, since S1F, S2F and S4F weight 3.7¢, 1.4g and 3.2 g,
respectively (Tab. 3.4). Furthermore, additional uncertainty about the temperature values may
arise from the temperature probe placement. Therefore, it is worth noting that the SAR values can
be estimated after standardizing the experiment. Hence, given these findings in this setup, we must
underline the selection of the most promising architecture requires additional study.

To the aim of refining the experimental condition for assessing the hyperthermic potential of
ferromagnetic TPMS scaffolds, we used agarose gel as a medium to mimic the electromagnetic and
heat transfer environment of biological tissues. As shown in Fig. 3.15, for lowering the influence
of the probe placement on the measured temperature, five different optical fibers positions were
selected in order to provide more reliable temperature and SAR results. The measured temperatures
in the five locations inside the sample and the agar phantoms, for each ferromagnetic scaffold, are

reported in Fig. 3.19. A large variability of the peak temperature in the sample is noticed:

Figure 3.18. a) Temperature profiles, derived from the thermographic images, for PLA and

Fe-PLA TPMS scaffolds placed in the coil in air, and compared to the simulation results. b)

Temperature profiles of S1F, S2F and S4F scaffolds in distilled water, exposed to a 30 mT magnetic

field, working at 380 kHz. Also the thermal response of the water environment is reported. The
non-magnetic polymeric equivalent is always tested for comparison.
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Figure 3.19.  Temperature profiles in agar for a) S1F scaffold (90°-mesh), b) S2F scaffold (Gyroid)

and c) S4F scaffold (L-surface), and comparison with the multiphysics simulations (dashed lines),

for an external field of Bo =30mT and f=365kHz. d) Estimated specific absorption rate (SAR)
values in the sample, compared to simulations, and in the phantom (Outside).

for the S1F, an average temperature of 61.5+3°C, for S2F 55+4°C and for S4F 64.6+7°C. The
highest temperature were recorded in the center of the samples for S1F and S2F, but not for S4F,
which presented a relevant homogeneity in terms of heating. The numerical simulations, on the
other hand, overestimate the temperature in the sample center, while the simulated profiles for all
the samples are fit with the measurements in W and E location points (Fig. 3.15.a-3.15.c). By
carefully analyzing Fig. 3.15, it can be noticed that at about 5 mm away from the thermo-seed
surface, the temperature decay, and the thermal gradient, can be relevant. Indeed, S1F showed a
5.5°C decrease, whilst S2F a ~24°C reduction and S4F a ~14.6°C lowering. In this framework,
given the different temperature rises, during the evaluation of the hyperthermic potential of these
ferromagnetic TPMS scaffolds, an averaging procedure must be taken into account in future studies.

With the recorder temperature profiles, according to Eq. (3.20), we evaluated the specific

absorption rate per mass unit of agar. The results are reported in Fig. 3.15.d. It is possible to
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noticed that the SAR of the scaffold estimated by averaging the five measurements inside the sample
ranges from 0.8 W-g=! to 1.3 W-g~! (Fig. 3.15.d). These SAR values are enough for ensuring an
effective hyperthermia treatment, according to [88]. On the other hand, when measuring outside
the scaffold volume (point O in Fig. 3.15.c), the SAR levels ranges from 0.173.15.d to 0.883.15.d.
The SAR estimated from the numerical simulation tends to overestimate the measured value, but,
considering the large temperature variation in the sample volume, the in silico findings overlap with
the measured values, resulting in a maximum difference of ~0.5 W-g~! from the experimental levels.
The SAR findings given in Fig. 3.15.d indicates that the different scaffold architecture can slightly
affect the average hyperthermic potential. These results further demonstrate that the estimation of
the SAR of MagS requires further numerical and more accurate experimental analysis.

In this chapter we dealt with the investigation of the influence of material characteristics,
experimental parameters and estimation methodology on the specific absorption rate of magnetic
scaffolds for the hyperthermia treatment of deep-seated tumors. In particular, we specified an
experimental procedure to perform accurate measurement of heating efficiency of 3D printed
magnetic scaffolds. To unravel this unexplored research field, the proposed experimental protocol
prescribes that the hyperthermic potential of MagS should be evaluated in agar phantoms and

averaging multiple sampling point.
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Chapter 4

Drug Delivery and Tissue
Engineering with Magnetic
Scaffolds

4.1 Introduction

We have introduced previously that in the case of deep-seated bone tumors, surgical resection
is almost unavoidable. Subsequently, a graft or implant is needed. However, to avoid the local
recurrence, HT with MagS can be performed. If the HT with MagS is effectively planned and
performed, then, the post-operative management and post-treatment must deal with the repair
and regeneration of the healthy bone tissue (see Fig. 1.5). To this aim, the scaffold architecture is
relevant, and TPMS-based strategy can be used [166,193]. However, other than geometrical and
mechanical aspects, additional features and design variables can be optimized to boost the tissue
response.

Tissue engineering (TE) is the field of science whose aim is to develop tools and devices able
to favor or selectively elicit the physiological process of tissue repair and regeneration [1,2,226].
For bone tissue, these devices are called scaffolds and are polymeric or ceramic objects to be
implanted [1,2,226,227]. Their first function is structural: they must withstand the injured tissue
during its healing [1,2,226,227]. However, scaffolds should be designed to establish conditions
to favor the mesenchymal stem cells (MSCs) migration, adhesion, and differentiation [68,226].
Given that bone tissue presents peculiar requirements, such as matching of mechanical properties,
large nutrient supply, early vascularization, the way bone scaffolds are designed is drastically
changing, and the passive, structural mechanics paradigms is integrated in a multifunctional,
biomimetic contest [1,2,226,227]. Many research efforts have been spent ot turn bone scaffolds

into functional objects capable of minimizing tissue rejection and inflammatory response [227].
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Faster integration and bone repair was studied by delivering specific physical stimuli transduced
by the biomaterials [1,2,226,227] by using scaffolds with nanostructured topography [228], or
implanting devices capable of releasing ionic species (e.g., Ca?*, Ag*, Cut) or growth factors
(GFs) [229]. Hence the scaffold itself may constitutes a local drug delivery system. However,
traditional drug-loaded scaffolds are associated with i) burst release, ii) scarce spatial control and
iii) impossibility of reloading. [68].

These limitations of drug-loaded scaffolds have led to the investigation of the bone scaffold
functionalized with magnetic MNPs to obtain a remotely controlled functional device [43, 57,
230-232]. MagS, as nanocomposite magnetic material, present strong saturation magnetization
(2.5-100 kAm~1!), and, if implanted in the injured bone, can be exploited as an in situ magnet
able to control and enhance the magnetic drug delivery (MDD) of growth factors to the defect
site [43,57,231,232]. However, despite the promising character of MagS as core element of an
innovative, smart drug delivery system, only few preliminary proof-of-concept experiments have
been performed, with scarce or none attention to the modeling. Previous works which dealt with
the numerical study of MagS as a part of a MDD simply solved a linear magnetostatic problem and
inferred the attraction probability of MNPs or magnetized cells estimating a threshold based on
the analysis of magnetic field gradients [57,72,233]. The forces and concentration patterns, as well
as cellular or tissue-related aspects have been underestimated or completely neglected. To fully
exploit the potential of MagS as versatile, complete biomedical device, it is mandatory to provide a
strong physical and engineering framework for their design and use.

However, the experimental and technological scenario for using MagS as MDD tools is far more
complex. Indeed, most of the technologically available MDD systems can be triggered by thermal
release [234-236]. Recently, Monsalve et al. manufactured a poly(ethylene glycol)-coated iron oxide
nanoparticles with Transforming Growth Factor-3 (TGF-3), which is released in its active form
through an external RF MF (58 mT, 359 kHz) [235]. The heating favors the thermal degradation of
the sulfo-SMCC complex and frees the bioactive molecule [235]. Similarly, the group of Meikle et al.
used thermoresponsive poly(epsilon-lysine) dendrons to tether Vascular Endothelial Growth Factor
(VEGF) to magnetite MNPs [236]. Under the action of a 30 mT magnetic field, working at 293 kHz,
this latter MDD system was heated from 20°C to 45°C in deionized water, for 300s. The 18%
of loaded VEGF was released [236]. The choice of these GFs for the bio-conjugation is strategic
for bone tissue engineering [227,229]. VEGF and TGF-§ are used since they can recruit MSCs
osteoprogenitor cells, regulate inflammatory pathways, form new blood vessels [227,229]. However,
the timing, dose and distribution affects GFs activity. Therefore, the therapeutic window should
be carefully chosen to obtain high level of bone formation. Despite these magnetic nano-systems
for drug delivery have been manufactured and preliminary tested, there is lack of computational
models capable of dealing with the system design, treatment planning and the investigation of
biological effects.

In this chapter, we deal, for the first time, with the mathematical modeling of the combined use

of magnetic scaffolds and MNPs carrying GFs to favor bone regeneration process [237]. We aim
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Figure 4.1.  Magnetic scaffolds (MagS) are biomaterial functionalized with magnetic nanoparticles
(MNPs). They can be implanted to enhance bone healing. During normal healing, the proteins adsorb
on the biomaterial, recalling the platelets, which release growth factors (GFs). The mesenchymal stem
cells (MSCs) are attracted by GFs, then migrate, adhere to the MagS, proliferate and differentiate
in osteoblasts (OBs). During this process, MNPs carrying GFs can be injected intravenously and
attracted to the scaffold surface using a static magnetic field (DC MF). Then a radiofrequency (RF)
field is applied to heat the system up to 42°C and release the GFs, which has the effect of fastening
and enhancing the bone repair process.

to model the administration and drug transport of the MDD system to the MagS in a way controlled
by an external static magnetic field, as presented in Fig. 4.1. The magnetic drug carriers are
intravenously injected and attracted to the MNPs-loaded implant by using a static magnetic field.
The drug is released after heating the system to 42°C. The GF is then free to exert its specific
biological action. The release of the GFs via RF-heating is investigated considering the multiphysics
aspects involved in the process. Finally, the biological effect of the GFs is studied to evaluate if
the proposed delivery strategy can favor the bone healing process and hence be of interest for

regenerative medicine.
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Figure 4.2. 2D axial-symmetric analysis domain representing an implanted scaffold, in gray black

(rs =5.5mm), surrounded by a fracture gap, depicted in red, (ry =2mm) and the host bone, shown
in yellow grey (rp =10mm).
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4.2 The Proposed Mathematical Framework

The case of a scaffold implanted in a long bone after surgery is considered. A transverse
section of bone (ry =17.5mm, domain {23) with a 2mm fracture gap (r;, domain {25) and scaffold
(r¢=5.5mm, domain (2;) is considered, as shown in Fig. 4.2. Assuming a spherical scaffold
geometry or considering the cross-section of a cylindrical implant, the problem is reduced to a 2D

axial-symmetric formulation [237].

4.2.1 The Non-Linear Magnetostatic Problem

In presence of a static, uniform and homogeneous magnetic field (Bg), applied on the z-direction
of the system presented in Fig. 4.2, the magnetic nanoparticles dispersed in the scaffold give rise to

a uniform magnetization vector (M) according to the following non-linear law [43,72,131]

M(B,$,T) = M,¢L (’;’ZTB> (4.1)

where kp is the Boltzmann’s constant, T is the system temperature, M; is the saturation mag-
netization of the single nanoparticle in the MagS (in Am~!). The resulting scaffold saturation
magnetization is indicated as Mq;. The function L(z) = coth(z) — L is the Langevin function [131].
The magnetic moment of the MNP is fi,,, (in JT™1), whilst ¢ is the average volumetric fraction of
MNPs in the biomaterial matrix. For each scaffold the MNPs are assumed to be monodisperse in
size and to be homogeneously distributed in the prosthetic implant [117,131].

Considering that MagS magnetic response is non-linear, the computation of the resulting spatial
distribution of the magnetic field must be sought in a magnetostatic problem framework. To this

aims, we use the scalar magnetic potential ¢, to solve [126]

VxH=0

4.2
H=—Vipn. (42)

We considered a ferrofluid impregnated hydroxyapatite-collagen scaffold (Impregnated HA)
[43], an implant made of hydroxyapatite chemically doped with iron ions (MHA) [28] and a 3D
printed poly-caprolactone (PCL) scaffold loaded with intrinsic magnetic hydroxyapatite (FeHA-
PCL) [127,150]. The features of the scaffolds considered in this work are reported in Tab. 4.1.
Depending on MNPs characteristics and the manufacturing process, the saturation magnetization
varies from low (2.5kAm™1!) to very high values (100 kAm~1!) [9-16,43,238]. It is very crucial to
investigate how the material parameters can influence the proposed magnetically targeted drug
delivery strategy sketched in Fig. 4.1.

In presence of the static external magnetic fields, strong field gradients arise between the scaffold
and the surrounding diamagnetic tissues (creating a force field in the domain {25 and §23). Therefore,

the magnetic carriers in the system will experience an attractive force toward the scaffold. Previous
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Table 4.1. Properties and characteristics of magnetic scaffolds.

Unit Impregnated HA MHA FeHa-PCL

M, kAm™! 414.45 310.8 336.7
T'm nm 50 10 14
o % 12.5-25 1.6 9.18

Mo kAm™! 2.6-100.36 0.94 6.15

works assumed that magnetic field gradients higher than 1.3 Tm ™! can determine a magnetic force
sufficient to attract MNPs to the scaffold [43,57,72,233]. However, this is a limited view of the
problem.

In this chapter, relying on a continuum-based approach, we refined the computational modeling
of the magnetic attraction of MNPs to the scaffold by explicitly addressing the problem of the
coupling between magnetostatic and mass transport phenomena. To this aim, the magnetic force
(Fm, in N) exerted on the MNPs can be computed as [133]

(Ms,msVins)*

Fm=
6kpT

V|B|? (4.3)

where M ,,, is the saturation of the magnetic carrier to attract, whilst V,, is the volume of the
MNPs core. The properties for the nanocarriers of GFs from [235] and [236] are reported in Tab.
4.2

To effectively target the MNPs to the MagS (Fig. 4.1), it is necessary to maximize Eq. (4.3).
In this framework, we can already infer that it is possible to act of on the magnetic field gradient
to enhance Fy,. This can be done tuning the strength of the external magnetic field (Bg) or on
the MagS properties, such as MNPs loading, or the intrinsic magnetic properties of the carriers.
Indeed, MDD can be fostered by designing and manufacture magnetic carriers of growth factor
with high saturation magnetization. However, recalling biocompatibility issues and haemodynamic
problems, the volume of the MNPs to attract should be controlled [133]. From a material science
point of view, the contemporary satisfaction of these criteria is a non-trivial task.

Under the action of the magnetic force (Eq. (4.3)), the drug shuttles are set in motion with a
velocity v, (in ms™!), defined as [237]

B 617rm—d

(4.4)

Vm

where 7,,_4 is the hydrodynamic radius of the MNPs plus the tethered GF molecule, and 7 is the
viscosity of the extracellular matrix (ECM), in Pa-s. A value of 450 Pa-s was used to mimic the
drag that the MNPs would experience in the fibrin matrix [239].

The Comsol AC/DC module is used for solving the non-linear magnetostatic problem. The
magnetic potential is discretized with quadratic elements. A steady, direct MUItifrontal Massively

Parallel Sparse direct Solver (MUMPS) solver, with Newton method, is used. The maximum
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Table 4.2. Features of the magnetic drug carriers.

VEGF+MNPs [236] TGF-3+MNPs [235]  Units

Mg, 60 80 emu-g !
Vins 1413.70 4188.88 nm3
Trm—d 16.685 53.0 nm
D,, 0.1 0.315 mm?d !
krel 0.82 12 h~!
C,Omnj 40 6.73 mg-ml~!
Cer 0.194 40 pg-ml~?
Bo 30 58 mT
f 293 350 kHz
SAR 13.911 186.0 W.g~!

number of iteration was set to 250, the initial damping was equal to 1 and the minimum damping

factor to 10~%.

4.2.2 Tissue-scale Modeling of Mass Transport and Attraction of Mag-

netic Nanoparticles

Given the knowledge of the magnetic field, force and the velocity, we face the problem of
describing the attraction of the magnetic carriers to the MagS, i.e., the coupling to the mass
transport at the tissue-scale. The goal is to derive a framework which can predict the spatial
distribution of the MNPs to attract.

For the process shown in Fig. 4.1, the population of MNPs is subject to the magnetic force
due to the scaffold presence and is drifted to the implant, against the action of a random dispersal
flux [240]. To investigate the pattern of C,, in the injured area, a diffusion-advection equation
holds [131,160,240]

80"”
ot

where D,,, is the diffusion coefficient of the nano-scale drug delivery system (in m?s~!). The

= DmVQCm —Vm - VO — kCpy (45)

influence of the scaffold on the MNPs administration in the bone cavity (domain {25 in Fig. 4.2)
is accounted by the term vy, (Eq. (4.4)). The degradation term k.C,, accounts for the capture,
inactivation and elimination of the MNPs from the endoplasmatic reticulum [241]. In this chapter,
given the size of the MNPs from Tab. 4.2, k. was set to 4.85-1077d~! [241].

To solve Eq. (4.5), for simulate the magnetic drug delivery process from Fig. 4.1, it is necessary
to constrain the concentration to a fixed value at the interface between bone and fracture (between
domain {25 and {25 in Fig. 4.2). We assume here, differently from [72,131], that the magnetic
carriers are intravenously injected [240]. The concentration of MNPs at the host bone boundary ({23

7
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Table 4.3. Parameters for describing the intravenous injection of MNPs

Param. Value Unit

Dy 25 mm?d~!
s 0.018 mm ™!
Ve 0.1 cm-s™!
l. 25 pm
Te 0.1 pm
m 3 cP
tm 0.5 pm

in Fig. 4.2) is assumed to depend on particles characteristics and from the local microvasculature

tissue properties, so that [160, 240]

Lps(l — 9)(Pe - Pz)

ePenm -1

Cnlbone = Cron,i (4.6)

where C?, ; is the concentration of the injects MNPs in mg-ml~'. In Eq. (4.6), L, is the hydraulic

m,i

conductivity of the vascular network in bone tissue, i.e. [160]

e
b SptaB ®7)

where v is the porosity of the capillaries, whilst r. is the average radius of the capillaries, in pum,
eta is the blood viscosity, and t,, is the thickness of capillaries membranes (in gm). The symbol s
is the surface area of the
capillaries per volumetric unit of tissue, as reported in Tab. 4.3.

In Eq. (4.6), 6 indicates the sieving coeflicient, which depend on the ratio between the size of

the carrier and the capillary pores (v = 7y, /7¢)

0=(1-v)?2-(1-v)? [1 - §y2 - 0.1364 (4.8)

The sieving coefficient is almost total (~99%) for both the MNPs [235,236].

The terms P, and P; are the Sterling’s and interstitial pressure, with average values of 25 mmHg
and -3 mmHg, respectively [160]. Finally, Pe,,, is the Peclet number of the micro-vascular system
[160], defined as

Vele

Pe,,, = 4.9
Do (4.9)

where [, is the average capillary length (in mum) and v, is the average bloodstream velocity (in
cm-s~1). These parameters are related to the microvasculature and blood flow properties, and their
values are reported in Tab. 4.3. It should be noticed that the diffusion coefficient of MNPs in blood
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(D, p) is calculated considering blood viscosity, and it is therefore different from the value that the
magnetic carriers experiences in the ECM during the attraction to the magnetic scaffold. Given
this difference, The Peclet number magnitude is relatively high, since the average velocity of blood
in capillaries (v.) is moderate but the nanoparticles are very small-size object and are subject to
high drift in the blood vessels [133]. This causes the velocity of filtration (L,(P. — P;)) in Eq. (4.6)
to be on the order of 0.5 mm-s~'.

For the system geometry in Fig. 4.2, in order to respect symmetry, two Neumann zero-flux
boundary conditions were applied to the r- and z-axes. To solve Eq. (4.5), the concentration of

MNPs is assumed to be zero at the initial time, so that

Cp(r,z,t =0) =0, (4.10)

whilst zero flux boundary condition is considered at the scaffold surface (at the boundary of {21 in
Fig. 4.2, so that

-n-VC, =0 (4.11)

The attraction of the nano-carriers from Tab. 4.2, is assessed for the three scaffolds from Tab.
4.1 under different magnetic field strengths. From this analysis, the most effective MagS is selected.

The Transport of Dilute Species interface from Comsol 5.5 is used to solve the mass transport
problem (Eq.s (4.5)-(4.11) using the solution of Eq. (4.3)). The concentration is discretized with
quadratic elements. The built-in consistent stabilization method working with approximate residual
was used. A transient, direct parallel direct solver (PARDISO), with row pre-ordering, in a second-
order backward differentiation (BDF) and Newton scheme was used. The maximum number of

iteration was set to 100. whilst the initial damping was 0.9 and the Anderson acceleration was used.

4.2.3 Drug Release via RF-Heating

As depicted in Fig. 4.1, after the injection and the following attraction of the magnetic
carriers to the scaffold, the static magnetic field is turned off and a time-varying magnetic field is
applied [234-236] to heat the magnetic carriers and reach an average macroscopic temperature of
42°C, to destroy the linkers and freeing the biomolecules. The AC magnetic field does not exert
significant forces or torques on the MNPs, which retains their final distribution for the RF-heating
step. We assume therein that the release temperature does not alter the GFs activity, on the basis
of what reported in [235,236]. Furthermore, the time required to reach 42°C is considered so low
that the biological system is not damaged from any thermal effect.

The RF-heating was carefully modeled solving the PBHE (2.28) in the analysis domain (21 — 25)
of Fig. 4.2. The problem was assumed to be non-linear and fully coupled, as in the multiphysics
framework previously developed [117,118]. A uniform and homogeneous magnetic field distribution

is considered as background field. The spatial distribution of the magnetic field is computed
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considering the the candidates MagS in Tab. 4.1.

Differently from the interstitial hyperthermia treatment of bone tumors [117,118,131], the
exposure time is not of tens of minutes, but of the order of few to tens of seconds [234-236], because
the threshold temperature of 42°C must be reached locally and in the proximity of the implant.
Furthermore, an additional heat source is present. Besides the heat per volume unit dissipated by
the magnetic scaffolds (Qs. = Py, from Eq. (2.1)) and the heat dissipated by the induced currents
in the tissues (Q:), the thermal contribution of the power dissipated by the magnetic carriers (@)
must be included. The heat dissipated by the concentration of injected MNPs can be estimated
as [200]

m = SAR - Cp,(1,2). (4.12)

In Eq. (4.12), the MNPs distribution is recovered from the solution of Eq. (4.5), at the final
time, i.e. at the end of the targeting phase. Therefore, Q,, = Q. (r,2) is a function space. The
SAR of the MNPs reported in Tab. 4.2 was retrieved by the initial slope method [200] from the
experimental data of [235,236]. In this framework, the total electromagnetic power per unit volume

deposited during the heating is

QeM = P + Q1 + Q. (4.13)

The PBHE for the system shown in Fig. 4.2 is solved assuming open boundary at the outer

bone interface (£23)

—n-VT =0, (4.14)

and imposing an initial temperature of 37°C for all tissues, so that

T(r,z,t =0)=0, (4.15)

The thermal insulation condition is applied for symmetry along the r- and z-axis.

The electromagnetic problem is solved in the frequency domain by employing the Comsol
AC/DC module. The magnetic vector potential was discretized by using quadratic finite elements.
The electromagnetic problem is bi-directionally coupled to the bioheat transfer problem, which
is solved in the time domain using the Bioheat Transfer module. The temperature is discretized
with quadratic Lagrange elements. A direct MUMPS solver employing BDF scheme and Newton
method is used for solving the coupled problem, with a maximum of 500 iterations, a Jacobian

update once per time step and no stabilization and acceleration.
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4.3 Bone Repair Process: Physiology and Mathematical
Modeling

This chapter aimed at modeling and investigating how MagS, after their implantation, could be
used as the core of a MDD system for MNPs functionalized with biomolecules. To this aim, it is
crucial to include the bone healing process, summarized in Fig. 4.1, in our model [242-246]. Then,
this model must be modified to account for new contribution the drug delivery guided by magnetic

attraction and triggered by RF-heating.

4.3.1 Physiological Process & Biomathematics Model

In this chapter, the bone healing process (Fig. 4.1) is described by relying on the model of
Moreo et al. [244-246]. This model is capable of seizing the essential features of the healing
process, and, furthermore, it was already analyzed in the literature in terms of sensitivity, stability,
existence of the solution and a priori error estimate [244-246]. Anyway, the set of nine non-linear
reaction-diffusion coupled equations proposed for the early stages of bone healing from [244-246]
are slightly modified and re-adapted to be used for simulating the effects of the MDD strategy
shown in Fig. 4.1. Considering a moderate mechanical stimulation, a continuum-based approach is
used to describe the spatio-temporal dynamics of the main biological elements depicted in Fig. 4.1.

In presence of a biomaterial, the bone healing process beings after a surgical or accidental fracture,
with blood vessel injury [229,242,243]. The bone cavity is immediately filled with blood [243].
Plasma, platelets and proteins invade the injured area. As depicted in Fig. 4.1, firstly proteins
(e.g., plasmin, albumin) adsorb onto biomaterial surface (in few ps) [243]. In this regard, proteins
(p, in pug-mm=2) adhesion onto the rough biomaterial surface (pg = 0.5 ug-mm=2) is assumed to be
a steady-state process [244-246], so that

D,V —yp =0 (4.16)

where D, is protein diffusion coefficient and 7, is the linear decay rate. The value of both D, and

vp are chosen to get a characteristic diffusion length of about 0.1 mm, i.e.

I, = | =2 (4.17)

Subsequently the coagulation process begins with platelets (c, cells-ml~!) activation, migration
to the biomaterial and the following release of several GFs, such as VEGF or TGF-£ [229]. The

platelets density dynamic obeys the following random dispersal motion and taxis

% =V .[D.Ve— H.Vp] — Acc (4.18)

where H, is a chemotaxis coefficient and A, is a linear decay rate (see Tab. 4.4).
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As platelets start diffusing and moving down protein chemotactic gradient, they release an
angiogenic GFs, whose concentration is s1(r,z,t) (see Fig. 4.1). This molecule is able to recruit
osteo-progenitor cells, exactly as VEGF or TGF-f [227,229,235,236]. Since the proposed magnetic
drug delivery strategy, shown in Fig. 4.1, aims to introduce more GFs and boost the cellular
response it is fundamental to model the dynamics of the s; density. In physiological, normal
conditions (i.e., in absence of drug delivery), the mass balance equation for the biomolecule s;
is [244,245]

%1 (D, Vs + ( b e b) — Ay (4.19)

ot Ber+p  Bea+s1

where the kinetic terms in parentheses represent GFs secretion by platelets (p) and model their
degree of activation. The linear decay rate, A, , accounts for the low bio-availability of GFs in vivo.

During the release of the angiogenic growth factor by platelets, the fibrin network assemblies
in an ischemic environment [227,229]. Then hematoma forms, locally necrosis takes place and
the inflammatory phase establishes [244]. Around 2-10 days, while MSCs migrate from the host
bone following the chemotactic gradient of GFs, the angiogenesis process starts to build new
vessels [227]. At about 14 days, the osteoprogenitor cells differentiate in osteoblasts (OBs, b) and
initiate to deposit the mineral bone matrix [243]. The main biological actors of bone healing, MSCs,
migrate from the host bone towards biomaterial surface along gradients of both the angiogenic,
i.e., s1, and the osteogenic GFs, i.e., s3. The cell migration direct by chemical stimuli is called
chemotaxis [160]. The influence of the GF s; is twofold, since it also favors the differentiation of
MSCs into the osteoblastic phenotype. In mathematical terms the patterns of osteogenic cells,

m(r,z,t) (in cellsml~™!), can be obtained by the following equation [244,245]

om _ o

5 D,,Vm — m(B,,,Vs1 + Bp,)

+
A S1 Qm S2 m
Qe + + m-|1—— 4.20
( " B+ 51 6m+32> ( N) (4.20)
AmbS1
——+4, |m
<ﬁmb+81 m)

where the parameters are listed and explained in Tab. 4.4.

A clarification about the coefficients which describes the chemical stimulus mediated by GFs
which can regulate cellular migration is in order. With respect to the model of Moreo et al. [244-246],
the taxis coefficients B,,,, and B,,, are assumed herein to be not constant, but limited to a maximum
velocity value [247,248], i.e
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By, = 2B
L+ ms (4.21)

B _ O.ZBT!LQ()

me — S,

1+ 77282

1 1

where o is equal to 0.05, 77 was found to be 0.033ml-ng™", o9 and 72 are 0.01 and 0.050 ml-ng™",
respectively. In this way, the chemotaxis coefficients are written in the form of a density-dependent
sensitivity model and an upper bound for the chemotaxis velocity exists, thus avoiding solution
blow-up and instability issues when the concentration of the chemical agent is elevated [247,248].
This modification allows maintaining a meaningful and physical representation of cells concentration
in the analysis domain.

As regards the osteogenic growth factor ss (e.g., the bone morphogenetic protein) the analytical

balance regulates its spatio-temporal distribution

052
ot

Qm252 Qp2Ss
=V - (D, b — A, sa. 4.22
V - (Ds,Vsa) + <5m2+52 +ﬂb2+52 ) ,82 (4.22)

The availability of both growth factors causes the MSCs to differentiate into osteoblasts, which
then produce the new bone in the fracture gap [243]. The dynamics of osteoblasts (b, in cells-ml~!)

obeys the following equation

@_ AmpS1
ot B 6mb + 51

After the differentiation, the creation of new and non-mature bone starts with the degradation

m — Apb.labeleqdob (4.23)

of the temporary extracellular fibrin assembly produced by the platelets (see Fig. 4.1). Therefore,
the fraction of fibrin matrix (vs) can be investigated by solving the following equation [244-246]

vy Uy, S2

ot - _va + S2

Then the periostium can undergo bone formation and intramembraneous ossifications, which

bug(1 — vy). (4.24)

determine woven bone production and the callus presence [227,229,243]. In mathematical terms

OV Q. 8o
_— = = 1 — Uw) — w 1 - . 4'2
% B +S2b7ff( Vo) — WVuw (1 — 1) (4.25)

Finally, bone remodeling process works to form the mature lamellar bone [243], whose spatial
and temporal distribution can be computed by solving
v
EI = Wvw (1 = v). (4.26)
In brief, the implant of the MagS initiates a cascade of biological events: protein adsorption (Eq.
(4.16)) [227,229,243], which determines platelets migration (Eq. (4.18)) [244], leading to the release

83



Chapter 4 — Drug Delivery and Tissue Engineering with Magnetic Scaffolds

of angiogenic (Eq. (4.19)) and osteogenic (Eq. (4.22)) growth factors (i.e., VEGF or TGF-3) [229].
As a result, the stem cells are recruited by the GFs signaling (Eq. (4.20)), then migrate to the
scaffold, where they proliferate and differentiate into osteoblast (Eq. (?7?)), which, finally, secrete
the bone matrix.

With the model (Egs. (4.16)-(4.26)), solved on domain {25 in Fig. 4.2) is possible to evaluate
the distribution of osteoblasts and then the production of lamellar bone (v;). The external and
additional contribution of the MDD acts directly on Eq. (4.19) and indirectly on osteoblasts.

Zero flux condition applies to all boundaries (host bone, implant surface and symmetry axes in
Fig. 4.2 in the manuscript) for p, ¢, s1, s2, m, b, vy, Vy, V;.

A time-dependent Dirichlet boundary condition applies for the osteogenic cells at the host bone

surface, so that

mo O<t<14

4.27
0 t>14 ( )

m(r,z,t)| o, = {

In fact, as derived from physiology, the cell density value is set to mg=2-10° cells-ml~! for the first
14 days. This non-linearity is implemented defining a smoothed step function, continuous in its
second derivative, and applying it to host bone boundary. As regards the initial conditions, at t = 0
the platelets are assumed to have an initial concentration of ¢y =2.5-108 cells-ml~!, whereas m and
b have a starting concentration of 103 cells-ml~!. Regarding the growth factors, both s; and s, are
assumed to be poorly concentrated at the initial time, hence their initial value is set to 1ng-ml~".

The bone healing process shown in Fig. 4.1 was simulated for a period of 365 days, with a 1 day
step, in presence of the magnetic scaffolds and in absence of external field and drug stimulation.
This set the reference situation and acts as a suitable ground truth. The Comsol Mathematics
interface is used to solve Eqgs. (4.16)-(4.26). The protein density are discretized using Lagrange
quadratic elements and Eq. (4.16) is solved by using a steady MUMPS solver with Newton method
(initial damping factor equal to 1, minimum damping factor equal to 10~%), with 25 maximum
iterations. The other variables are discretized with Lagrange quadratic elements, but the other
equations are solved with a transient, direct MUMPS solver using the BDF scheme (with maximum
order of 5) and using the built-in nonlinear Newton method, with minimal Jacobian update, without
stabilization and acceleration.

Given the model complexity, the several physics involved and the large number of model variables,
which have a strong mutual interdependence, it is worth to explain the relationship between the
aforementioned physical quantities. In Fig. 4.3, the resolution workflow for the bio-mathematics
problem is outlined. The protein mass balance is first solved. Then, the spatial distribution of
p is employed to evaluate the platelets dynamic, while solving for the growth factors s; and s,
together with the MSCs (m) and the osteoblasts (b). Then, in sequence, vy is computed, then v,
and, finally v;.
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Figure 4.3.  Resolution scheme and relationships between the different variables and physics of

magnetic drug targeting with magnetic scaffolds for bone tissue engineering. The biomathematics

problem of bone repair constitutes the reference frame. Three different drug delivery strategies are

compared. The direct injection of growth factor (Rin;), the release of biomolecules from loaded

scaffolds (Rsc) and the magnetic drug delivery (Rys1). The latter approach consist in two steps: i)

a magnetic targeting with static fields, which requires the solution of nonlinear magnetostatic and
mass transport problems, and ii) a RF heating phase.

4.3.2 Bone Healing Outcomes

Currently available MagS demonstrated the capability to increase MSCs adhesion, proliferation
and differentiation thanks to a rough surface microtopography [9,10,12,15]. The bone integration
was experimentally observed in absence of any type of drug delivery strategy. However, herein
we hypothesize that the bone-healing process can be further enhanced with magnetically targeted
drug delivery of MNPs carriers of GFs. Therefore, we consider the physiological osteogenesis in

presence of a biomaterial as the reference situation. We aim to evaluate, for the first time, if the
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Table 4.4. Parameters for the Bone Healing Simulations for VEGF and TGF-3

Param. Value Unit
Do 0.5 pg-mm2
D, 0.001 mm?day !
Vp 0.01 day~1
D, 1.36-1072 mm?day !
A. 0.06 pg-mm2
H, 0.33 mm*(day-ug=?t)
Dy, 1.3 mm?2day !
B 0.2, 0.66 mm?day~!(ng-ml—1!)
B, 0.167 mm?day~!(ng-ml™1)
Qmgs O 0.25 dauy’1
N 106 cells-ml~?
A, 2:1073 day 1
Qb 0.5 day~!
B »Bmb 10 ng-ml—!
A, 6.67-10~3 day~!
Dy, 0.3, 0.85 mm?day !
Dy, 0.1 mm?day~?
As, 10 day~!
Qe 6.67-107° ng-ml~!-day!(cells/ml)~*
Qo 10-° ng-ml~t-day—!(cells/ml)~*
sy 6.67-107° ng-ml~!-day~!(cells/ml)~*
o2 251075 ng-ml~!-day~!(cells/ml)~!
Ber 0.1 pg-ml~!
Be2s Bmays Bb2 10 ng-ml !
Qp 1077 day ! (cells/ml)~?
Buw 10 ng-ml~!
Vb 20 a.u.

combination of MagS and magnetic drug delivery can alter and favor the osteogenesis. To this
aim, under physiological conditions, the homogeneity () of the lamellar bone fraction (v;) in the
fracture gap is considered as biological outcome. This quantity is evaluated as the Fano factor [249]
of vy, i.e. the ratio of the mean value of lamellar bone density (v;mean) to its standard deviation

(vr,stq)- In mathematical terms, the homogeneity is computed, for t =365d, as

é. _ Ul,mean . (428)
Vi, std
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If the mean value of the mature bone fraction is high and its standard deviation is low, the resulting
bone is of high quality and the damage can be considered as repaired [243,244]. Furthermore, Eq.
(4.28) as figure of merit to evaluate the quality of bone healing was never considered previously
[244-246].

The homogeneity of bone determines the mechanical properties. Hence, the Young modulus (E,

in GPa) of new bone is evaluated as a function of lamellar bone [67]

E(v) =8.83-10°(1 —v;)% —2.99 - 105(1 — v1)® 4+ 3.99 - 10°(1 — v;)*
6 3 5 2 5 4 (4.29)
—2.64-10°(1 — v;)® +9.08-10°(1 — v;)? — 1.68 - 10°(1 — v;) + 2.37 - 10™.

4.3.3 Effects of Magnetic Drug Delivery

In the case of VEGF or TGF-§ release from the MNPs attracted to the scaffold site, MSCs
distribution and their differentiation rate into OBs augments due to an increase in s; concentration.
To model the further availability of s; due to the RF-heating release, the following generation term

Riyn,s, is proposed

C’O T—T
Rpp.s, = krelicOGF Che 27 TI(t/Ty) (4.30)
m,ing

Eq. (4.30) must be added to the r.h.s. of Eq. (4.19). In Eq. (4.30) the function II is a rectangular
unit window of duration 7y. This function permits to simulate the injection of the MDD system
and the GFs release for any given time of the healing process (1, 14, 28, 60 day) shown in Fig. 4.1.
T, is 1 day and C2 . is the dose of GF linked to the nanoparticle surface in gg-ml~'. The amount
of biomolecule tethered to the MNPs is assumed to be a constant for each carrier, e.g., 0.194 ug of
VEGF per mg of nanoparticle [236], as reported in Tab. 4.2. The MNPs concentration (Cp,) is
the solution of Eq. (4.5) at the final time. As explained by Fig. 4.1, the GFs are bound to the
MNPs using proteic or aminoacidic linkers which degrade if heated at the threshold temperature
Ty, =42°C for some minutes [235,236]. The term v is equal to 0.3°C, to account for the narrow
release temperature range observed experimentally in [235,236].

As summarized by Fig. 4.3, the effects of magnetic drug delivery on the bone healing is accounted
by solving the nonlinear magnetostatic problem, then the mass transport equation, and hence the
solution to the RF-heating step is computed, so that it is possible to use Eq. (4.30) as new term to

solve the biological problem in non-physiological conditions.

4.3.4 Comparison with Traditional Drug Delivery Strategies

The combined use of MagS and MDD is numerically validated against the traditional and
established drug delivery methodologies of intravenous injection (IV) and release from a loaded
scaffold (ScR), sketched in Fig. 4.4.
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Figure 4.4.  Traditional drug delivery approaches: intravenous injection (IV) and release from
scaffold (ScR).

The direct injection of VEGF or TGF-£ is simulated by solving the bone haling process problem
by constraining Eq. (4.19) the following time-dependent Dirichlet boundary condition for s; on the

boundary between domains {25 and {23

Lys(1—0)(P, — P,)

Rinj = Cr ePems1 Bi(t), (4.31)
where
0 0<t<1
0.4 1<t<h
0.5 5<t<10
Fi(t)=4 06  10<t<15 (4.32)

0.7 15 <t <20
0.8 21 <t <28
0 t> 28

The release profile of the IV case (F}(t)) was derived from the experimental results found in [250,251],
and given in Fig. 4.5. It should be noted that the release is quite high after 1 day (i.e. about
the 40% of the loaded GF) and then is maximum after 28 days, implying that the release is not
sustained and incomplete. The microvascular parameters for the first of Eq. (4.31) are evaluated
for the VEGF or the TGF-g.

The proposed MDD strategy was compared to the physiological case and to the IV drug delivery,
but also to the GFs release from the scaffold (Fig. 4.5). A drug-loaded implant with similar chemical
and physical features was retrieved in the literature [252-254]. The following time-dependent BC
for s; is imposed on the scaffold boundary (domain {27 in Fig. 4.2) to simulate the concentration

profiles derived from the experimental findings from [252-254]

Rye = Cope™ " Fee  Fy(t), (4.33)

where
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Figure 4.5.  Release profiles of intravenous injection (IV) and release from scaffold (ScR) of growth
factors (GFs).

0.7 0<t<l1
Fy(t) =4 0.28 1<t<16 (4.34)
0 16 < ¢ < 365

The concentration of GFs released from the scaffold is assumed to exponentially decrease with
the distance, being ineffective after distance ks. =0.1 mm, and with the cumulative release trend
from [252-254], which is shown in Fig. 4.5.

As summarized by Fig. 4.3, Eq. (4.31) and (4.33) has a direct influence on Eq. (4.19). In
this framework, the homogeneity of lamellar bone density for the cases of the novel MDD are
compared to normal osteogenesis and to the direct injection and the direct release from the scaffold

are compared through the bone homogeneity parameter and elastic modulus.

4.4 Findings and Recommendations

The three different type of MagS reported in Tab. 4.1 are tested as potential candidates for the
magnetic drug delivery strategy for bone healing shown in Fig. 4.1. The three magnetic scaffolds
were analyzed in silico for strengths of the external static magnetic flux density field Bg ranging
from 0.1 T to 1T. Moreover, the attraction of the magnetic carriers [235,236] is investigated.

From the analysis of Fig. 4.7.a, the magnetic field distribution in the entire analysis domain
(£2y — £23) in Fig. 4.2) resembles the pattern of a uniformly magnetized sphere [43,131]. It can
be noticed that, the higher the saturation magnetization of the MagS, the higher the maximum
amplitude of the magnetic field on the scaffold surface and hence, the magnetic field gradient in
the system. By solving Eq. (4.3), the resulting magnetic force magnitude in the fracture gap is
shown in Fig. 4.6.a and Fig. 4.7.a. The average intensity of the magnetic force Fy, in the bone and
fracture gap is significantly different across the magnetic scaffolds. The higher the magnetization of
the scaffold, the stronger the force. Indeed, the ferrofluid impregnated scaffold is the best MagS to
be used as attraction platform for MDD. This finding poses an interesting challenge to material

science, i.e., the search for a manufacturing method for deriving scaffolds loaded with a high amount
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of nanoparticles or synthesizing a magnetic material with high saturation magnetization.

From the physical properties of the MNPs (Tab. 4.2), the nanoparticles carrying the TGF-3
are bigger and experience a two orders of magnitude higher magnetic force, i.e., hundreds of pN
compared to tens of pN for the MNPs plus VEGF (Fig. 4.6.a).

In the viscous fibrin matrix, the velocity impressed to the magnetic carriers is maximum at a
magnetic flux density of 1T and in the case of impregnated HA, as shown in Fig. 4.6.a and 4.6.b.
Hence, for the modeling of MNPs administration and attraction, the applied magnetic field was
Bo=1T.

The solutions of Eq. (4.5) is presented in Fig. 4.7.b, which shows that the MNPs concentration
in the bone cavity follows the force distribution of Fig. 4.7.a. Therefore, MagS allows to drive the
drug transport by the external magnetic field and distributes it according to a controlled gradient.
Indeed, along the equator of the system (r,0), it is possible to notice a small depletion region where
the magnetic force is minimum. The results for the MDD system with TGF-8 are qualitatively
similar and are not shown. The time of attraction is very similar to that experimentally observed
in [255,256], for similar exposure conditions (i.e., Bo and MNPs size).

According to Fig. 4.1 and Fig. 4.3, after the attraction, the static field is turned off and the RF
magnetic field is applied to the system. After calculating C,, it is possible to evaluate the spatio-
temporal evolution of @,,. Therefore, the overall dissipated power Pgj; can be estimated (see Fig.
4.6.d) and the temperature pattern can be computed using our innovative multiphysics nonlinear
approach. From Fig. 4.6.d, it can be noticed that the three MagS considered in this chapter
present a different heat dissipation dynamic due to the very different type of MNPs embedded
in them and due to the volume fraction of the magnetic phase. Also, we can highlight that the
impregnated scaffold has a deposited power which is slightly lower than the other scaffolds. Even
though the Impregnated HA scaffolds has a higher content of ferromagnetic MNPs, the MHA and
Fe-PCL scaffolds contains superparamagnetic nanoparticles which were synthesized to maximize
the hyperthermia effect [28,43,150]. This step is crucial, since an accurate planning of the time
required to reach the release temperature for the GFs would fasten the treatment, while avoiding
tissues overheating. With a homogeneous and radial temperature pattern, as shown in Fig. 4.7.c,
the value of Ti, can be reached within 0.2 mm from the scaffold surface after 2-5s, depending on
the MDD system. This allows to release the growth factor nearby the biomaterial, as presented in

Fig. 4.7.c.d, and possibly accelerates the contact osteogenesis.

Having implemented the system of equations for simulating the process in Fig. 4.1, the analysis
is devoted to find suitable values of the dose of the GFs and the proper time of delivery. For an
initial dose of 40 ng-ml~!, the MDD release of growth factors is simulated for different stages of
the healing process. From Fig. 4.8.a, it can be noticed that there is scarce difference (below 1%)
between the administration of MDD at day 1 or 14 day, since the highest bone fraction are obtained.
On the other hand, feed the GFs after 14 days, results in a lower fraction of newly formed bone.
Therefore, relying on the physiology of bone healing process, best time to perform the treatment is

within the first 14 days, during the early stage of bone healing (see Fig. 4.7), since the density of
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Figure 4.6.  a) Force exerted from the MagS in Tab. 4.1 on the two MDD systems. b) Velocity

(m-s™!) on the MNPs+VEGF. ¢) Velocity (m-s™!) for MNPs4+VEGF. d) Dissipated power during

the RF-heating step (Qsc for the MagS in Tab. 4.1, @, for the MDD under study, and Q@ for
biological tissues).

Figure 4.7. 2D distribution of the magnitude of magnetic force (Fm) in the fracture gap and

bone. The external magnetic flux density is 0.5T, the magnetic scaffold is the MHA and the MNPs

carrying VEGF are considered. b) Concentration profile (C,) of MNPs+VEGF in the gap, (t =24h,

Bo =1T). ¢) Temperature distribution (7'(r,z,t), in °C) in the gap after 5s for Impregnated HA,

MNPs+VEGF exposed to a 30mT and 293 kHz magnetic field. d) Pattern of the GF released
(Rm,s;) in the gap from the magnetic drug delivery system.

MSCs is still high and the differentiation into osteoblastic phenotype is occurring. Hence, simulating
an intravenous injection of MNPs at 13 days, different doses of GFs are tested to evaluate the
treatment effectiveness. Concentrations of VEGF and TGF-3 from 0.194 pgg-ml~! to 5 ug-ml~! are
considered. On average, the higher the dose, the higher the final amount of lamellar bone produced
in the cavity, as shown in Fig. 4.8.b. Similar findings holds for the VEGF. The maximum difference
with the physiological case is more than 5%. The findings from Fig. 4.8.b allows us to infer that
the proposed mathematical model can be useful for computing the dose and time of administration
of GFs through magnetic drug delivery.

The distribution of v; is rather homogeneous when comparing the MagS+MDD case with the
normal healing as in Fig. 4.9.a and Fig. 4.9.b. From Fig. 4.9.c., it can be noticed that the
intravenous injection allows to reach high value of bone density in the cavity, but there is a thin
layer annulus of ~0.1 mm which present very low value of lamellar bone fraction, in accordance
with the experimental findings from [250,251]. This drawback can be attributed to the burst release
of the GF [234]. On the other hand, the drug release from the scaffold ensures the apposition of
bone layers from the biomaterial surface. However, far from the implant, as shown in Fig. 4.9.d,

due to the limited spatial influence of the drug release, the new bone density is lower, resulting in
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Figure 4.8.  a) Resulting bone fraction for different administration times. b) Time evolution of
the lamellar bone fraction in the fracture gap for different doses of TGF-3.

Figure 4.9. a) Pattern of the lamellar bone fraction (vl) at ¢t =365d in the normal healing case.

b) The spatial distribution of v; at ¢t =365d following the magnetic drug delivery treatment using

TGF-f. ¢) The spatial distribution of v; at t =365 d when the growth factors are administered by

intravenous injection. d) The spatial distribution of v; at t =365d when the growth factors are
released from the scaffold surface.

poor mechanical properties (see Tab. VII), as found in [250,251]. The combined use of magnetic
scaffolds and MDD allows to overcome overcoming these limitations.

Results from Tab.4.5 stress that the treatment using MDD and MagS allows the best bone
homogeneity and the highest quality of mechanical properties. The MDD with TGF-# is the most
effective since tends to E,,q, =18 GPa [257]. In terms of £, the direct injection of GFs is comparable
to the drug release from the scaffold, but the direct injection ensures better mechanical stability of

the newly formed bone.

Table 4.5. Comparison of different methods of drug delivery of TGF-g8 and VEGF.

Vimean  Vistd § E (GPa)
Normal healing 0.931  0.0446  20.88 15.95
MagS+TGF-3 0.944 0.0012 787.25 16.78
MagS+VEGF 0.943  0.0058 162.68 16.68

Direct TGF-£ injection  0.903 0.162 5.55 13.70
Direct VEGF injection 0.901 0.163 5.550 13.78
TGF-f from scaffold 0.816 0.154  5.301 11.04
VEGF from scaffold 0.835 0.150  5.561 11.45

With the developed numerical model and the in silico experiments we demonstrated that the
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combined use of magnetic scaffolds and magnetic drug delivery systems for bone repair can be
effective. The feasibility of the methodology should be validated in vitro and in vivo. The proposed
model may also help in setup validation experiments, under controlled condition. Furthermore, the
multiphysics non-linear framework could be used to plan this innovative treatment modality with
great advantages for regenerative medicine and post-operative management of bone cancers, even
after the control of local recurrence by interstitial hyperthermia. Our mathematical framework
could be used as tool for investigating new type of magnetic carriers and magnetic scaffolds to
enhance this therapeutic process, since, from an electromagnetic engineering perspective, it could

help in bridging the gap between nanotechnology and biomedicine.
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Chapter 5

Diagnostics and Monitoring

5.1 Introduction

MagS are multifunctional platforms suitable for TE, DD and HT. These magneto-responsive
therapeutic materials can act also as diagnostic and monitoring tools, as shown in Fig. 1.1. Given
the presence of the MNPs, MRI was investigated as diagnostic tool to probe the state of the
biomaterial degradation and tissue growth [73-75]. The re-growth of the tissues occurs at expenses
of the biomaterials, but also the MNPs are degraded by cells and the iron content of MagS decays
~ox et/ Taes  being Taeg the characteristic degradation time (~14-30 days), modifying both the
typical MRI parameters of spin-lattice (71) and transverse (T3) relaxation times [74]. Recently,
magnetic HA MagS were tested as theranostic tool for the in vivo regeneration [75]. The T» values
decreases as the MNPs content in the biomaterial increases, and large contrast with body tissues can
be achieved (~ £20ms). Iron bioresorbable stents were tested in 1 T-3 T systems to evaluate the
safety by estimating the displacement forces and torques, as well as the RF-heating [76]. Artifacts
and heating can be controlled [76]. Despite these promising findings, due to their recent nature,
the use of MRI as non-invasive thermometric method to monitor the temperature during the HT
of bone tumors was not proposed. However, MRI is currently considered the key technology to
increase the quality of HT, as epitomized by an intense recent research activity in the field of
MW radiative hyperthermia [258-260]. Even though some pre-clinical studies are available, the
problem of data processing comes with the cost and discomfort of MRI [73-76,258-260]. In this
framework, alternative, innovative technologies, such as MPI [83] or MWT can be used to setup
real-time, cost-effective monitoring approaches of TE, DD and HT with MagS. Microwave as a
diagnostic and sensing tool are appealing and interesting, since they use safe, non-ionizing radiations,
while requiring low-cost components, and working in the frequency range of several wide-spread
apparatuses, but also offering the unique opportunity to highlight additional details about the part
of interest of the human body [261,262]. Anyway, to date, the possibility of exploiting MagS as part
of a MWI system has never been investigated. MNPs, in ferrofluid, were proposed as contrast agents
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to enhance the MWI detection of breast tumors [77-82]. Feasibility studies, dedicated forward and
inverse modeling, but also sensitivity analysis, as well as design of suitable systems, must be carried
out to deal with magnetic materials and MWTI [77-82]. Given the methods and findings from [77-82]
it would be possible to setup and develop preliminary study for investigating the feasibility of using
MWT as tool for monitoring the MagS during TE, DD or HT applications. We consider pivotal the
HT application, as first. Since the investigation of MWTI as thermometric system for hyperthermia,
performed with antennas [263] or MNPs [264], is an ongoing field of science [265-267], and given

that the problem is complex, we propose a preliminary feasibility analysis.

5.2 Related Works

Monitoring the temperature distribution inside tissue treated with hyperthermia is the pivotal
aspect of this innovative thermal therapy [84,88]. Active MWT has been proposed as a promising
non-invasive approach for monitoring the tissue temperature, during hyperthermia [267] and
ablation [268]. The inverse problem and reconstruction algorithms presents similar features. As
first, the definition of a reference configuration and contrast must be provided [265-267]. Most of
the work assume the beginning of the treatment as the reference configuration, so that the contrast
in dielectric properties is due to the variation with temperature. However, the solution of a MWI
problem is not trivial, since the inverse problem is an ill-posed one [261,262]. In this framework,
several approaches can be proposed. For a qualitative imaging, the delay-and-sum (DAS) algorithm
can be used [265,267]. The DAS approach is fast and allows to setup empirical threshold to detect
event or anomalous distribution. To perform quantitative imaging, and extract the permittivity and
conductivity maps, the distorted born iterative method [266], the contrast source inversion [268] or
solution in L-p Banach space can be used [261]. However, for MWI with magnetic materials, such as
MNPs or MagsS, the inverse problem requires a different definition. As outlined in [77-82], so that
the scattered field recovered at the measurement points can be related to an impinging magnetic
field and to a magnetic contrast. In the case of HT with MagS, the magnetic and dielectric contrast
can vary during the therapy. This further complicate the MWI problem. A possible solution, which
is now gathering relevant attention by the EM community, is to use machine learning (ML) to solve
the reconstruction problem [262]. In this framework, there is need of recovering all the primary
data about the geometry, the material properties and possible operative conditions due to the HT
scenario.

The usual methodology for setting up a MWI study is to investigate the problem in a simplified
geometry and propagation scenario, in order to determine if and which type of matching medium
would be require to avoid significant reflections of the impinging MW signal, as well as to determine
a suitable range of operative frequencies [268,269]. These information are fundamental for the
design of antennas, but also for the setup of validation experiments and the manufacturing of tissue
phantoms [218]. In this chapter, we will follow an approach similar to that of [268,269], so that
the essential information about the physiology, the treatment physics and the material properties
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are recovered and used to preliminary study the feasibility of using MW as noninvasive tool for

monitoring the hyperthermia treatment.

5.3 Feasibility Study Using a Simplified Forward Problem

5.3.1 Geometry

Bone tumors can affect several body sites, mainly limbs, such as legs and arms [97,98,100].
In this framework, we envisaged herein, an imaging system, composed of transmitting (TX) and
receiving (RX) antennas deployed around a cylindrical structure, which extend indefinitely along the
z-direction, as shown in Fig. 5.1.a. However, working directly on cylindrical geometry can complicate
the analysis, thus hampering the fundamental understanding of the role of material properties and
of the HT dynamics on the propagation. Therefore, we further simplify the anatomical problem by
relying on the 2D surface phantom model proposed in [118] (see Fig. 2.7.b) and investigate a planar
case. We neglect the presence of blood vessels and focus on the white straight line depicted in Fig.
5.1.a. Therefore, the geometry can be simplified and assumed to be a planar, multilayered structure
composed of N = 8 layers, as presented in Fig. 5.1.b. The layers of biological tissues are skin, fat,
muscle, bone, a generic bone tumor (e.g., FS and OS) and the fracture gap. Two semi-infinite media
are considered, i.e., a matching medium, having an unknown relative permittivity €,, € [€0,80],
and the MagS. The matching medium is assumed to be lossless, given that this contribution is
negligible [261,269]. The thicknesses and physical sizes of the tissue layers are derived from [118]
and reported in Tab. 5.1.

Figure 5.1.  a) Envisioned system and schematic description of the simplified imaging problem.

b) Mono-dimensional layered model for a transverse magnetic (TM), linearly polarized plane wave

impinging on a multilayer structure composed of skin, fat, muscle, tumor and fracture tissue and a
MagS, assumed as semi-infinite medium.
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Table 5.1. Parameters of the simplified geometry for the propagation problem.

Thickness (mm) Var. Name

Skin 1.5 ds

Fat 10 dy
Muscle 45 dm
Bone 2 dp
Tumor 0.5 dy
Fracture gap 0.3 ds,

5.3.2 Monodimensional Propagation Model for Multi-Layered Lossy

Structures

The system is assumed to be homogeneous and indefinite in the xy-plane. A planar, linearly
polarized, time-harmonic transverse-magnetic (TM) wave is impinging on the system shown in Fig.
5.1.b, traveling along the z-direction. The media are characterized by a complex permittivity ¢;, an
electrical conductivity o; (S/m) and permeability u;, for ¢ = 1,2,... ,N. All tissues are assumed
to be non-magnetic, so that u; = po, for i =1,2,...,N — 1. A dedicated discussion on material
properties and contrast will follow.

The system shown in Fig. 5.1.b is analyzed by using the wave-amplitude transmission matrix
(WATM) method [268-271]. By knowing the amplitude of the propagating and reflected electric

field, along the z-axis, EO(CQ at the first layer, the multilayered structure can be fully described by

(V)
B

= [Mi][Th][Me][T3]...[TN 1] [M N 1] (5.1)

The matrix M; account for the EM wave in the i-th medium as a function of the MW signal in the

1 + 1-th medium, so that

2Z;
M, = M 1 Zi+Zit1 (5 2)
Y Zi+ 7 2Z; '
7 1+1 ZitZit1 1

where the wave impedance of the i-th medium (Z;) is

Zi= 1 (5.3)

€;

The propagation in the i-th layer is described by the transmission matrix T;, defined as

k}ldi O
2 .

being the wavenumber k; defined as
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ki = \/1its. (5.5)

By relying on the fact that the electric field is continuous at the interface between the i-th
and the 7 4+ 1-th layers, and considering that the field amplitude can be computed considering the

forward and backward propagating waves, it is possible to write the following system

1 N
m| = (5.6)
E,” v 6 0
From Eq. (5.6), the total reflection (p;) and transmission 7; can be found as
o= (5.7)
and
1
Tt = Z (58)
Therefore, the reflection (R) and transmission (7') can be found as
R=|p? (5.9)
The generic reflection response I'; = g: must satisfy the recursion [270]
Fahs o T
I; = 77y YO (5.10)
1 + Zi+Z'i+1 Fi+1€ i Qi

With Eq. (5.10) is possible to evaluate the reflection of the i-th layer.

The WATM method have been implemented in Matlab 2021a (The MathWorks Inc., Boston
USA). The reflection and transmission is studied for f € [0.1,10] GHz in order to find properties
of the matching medium EM which ensure an effective signal transmission, while determining the
operative bandwidth to use MWI as tool for monitoring the MagS biomedical applications.

Once the matching medium properties and the working frequencies are selected, in order to
study if MWI can be used to monitor the HT of bone tumors with MagS, we followed the approach
summarized in Fig. 5.2. In particular, we solved the PBHE with our nonlinear, multiphysics model
for extracting the thermal distributions in the MagS and biological tissues. Then, we evaluated the
average temperature in the media shown in Fig. 5.1.b. We used the simulated results (i.e., Fig.
2.8.b, 3.10.c and 3.10.d) to compute, for each time step of the simulated HT, the variation of the
scaffolds and tissue properties (according to Eq. (2.29)). In this way, we solved the propagation
problem for each time step and evaluated if substantial differences in the propagation exists. In
mathematical terms, we computed a I'(¢,T) and investigated the transmission difference with

respect to the initial time ¢ = 0 and uniform temperature distribution (7' = T}, V), which is
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Figure 5.2.  Proposed approach for study, in silico, the feasibility of using microwave imaging for
monitoring the hyperthermia treatment of bone tumors using magnetic scaffolds.

assumed as reference configuration for the imaging problem, i.e.
A= TP =[1 = |[P(t = 0,T3)[*] = [1 = |T(,T) ). (5.11)

5.3.3 Materials Properties

The properties of the skin, fat and muscle tissues, shown in Fig. 5.1, at T = T}, =37°C, are
taken from [151], and given in Fig. 5.3. The properties of the fracture gap are assumed to be equal
to the effective properties of blood and tissue, in a volume-weighted homogenization scheme, as
demonstrated by [272]. The fracture gap is assumed to be in the inflamed state [117,118] and its
EM properties are reported in Fig. 5.3.

As regards the bone tumor, the EM properties in the kHz range reported in [117,118] cannot
be used for analyzing the MW problem. In the literature there is lack of ex vivo or in vivo
characterization of the dielectric permittivity of bone tumors [273-275]. Anyway, the data reported
in [273], even if measured for mouse tumor, offers different staging and are limited to 10 GHz. The
data have been digitized [134] and fitted, using the Matlab fitting tool, to the following expressions

C2
14+ fea

(f,Th) = c5 + —2 3 (12)
o f, =c —_—
t b 5 1+

e(f,Ty) = c1 +

fer

c8

Figure 5.3.  a) Relative dielectric permittivity €, of the tissues for the layered phantom. b)
Electrical conductivity o (S/m) of the tissues for the layered phantom.

The variation of the dielectric properties of biological tissues is assumed to be linear [117,118,138].
On the other hand, is more complicated to find data for the characterization of MagS at MW. It
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Figure 5.4. a) Complex dielectric permittivity, in both the real (¢') and imaginary (¢”) of the

magneto-dielectric scaffolds. b) Complex magnetic permeability, in both the real (i) and imaginary

(") of the magneto-dielectric scaffolds. ¢) Coefficient for the variation of the magnetic properties

as a function of temperature. The dependence from the Curie temperature of the materials is
highlighted.

is true that a complete characterization of similar composite MW-absorbing materials can be found,
and, in principle, some of them could be used to our purpose. However, the biocompatibility, and
hence the feasibility of using these materials as MagS must be considered. Therefore, we selected
three different composite ferromagnetic biomaterials characterized at MW. In particular, among
the magneto-dielectrics selected in this chapter, the NiFe-PE (Nig1Fe;9 poly-ethylene), with a 40%
loading of pm-sized spherical inclusions, was considered [276]. The 30% Fe-PLA, manufactured
with a two-step mixture process, from [277] was selected. Finally, the Fe-PLA from Proto-Pasta,
recently characterized by a dedicated broadband method [215], which have been tested for HT in
this thesis work (see Sect. 3.2), was also considered. The comparison of the properties of the three
magneto-dielectrics is given in Fig. 5.4.

The definition of the variation of the properties of magneto-dielectrics reported in Fig. 5.4 is
more complicated. A characterization of these materials as a function of the temperature have
not been carried out yet. However, we assume in this chapter that the dielectric properties of
the scaffolds remains almost constant and to not vary during the treatment. On the other hand,
the magnetic properties are assumed to be variable during the RF HT. We hypothesize that the

temperature increase in the scaffold is far from the Curie-Weiss temperature of the material, so that

To>T (5.13)

Therefore, the material retains its natural ferromagnetism and the magnetic phase does not
change [24]. This is a reasonable assumption since magnetite, iron, nickel and their alloys presents T
of several hundreds of °C. Indeed, for pm-sized iron T = 700°C, whilst for NiFe permalloy particles
Te ~500°C [24]. In this framework, relying on the classical mean-field theory of ferromagnets, the
magnetization of the material is assumed to decreases as temperature increases (M. x %) [24],
whilst the magnetic susceptibility, and hence the permeability (1 = 1+ x), follows the following
relationship [24]
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CC’LU

T)~14+ —F7—.

(5.14)

where C,, is the material specific Curie constant, which can be found in [24]. Under the assumption
of Eq. (5.13), we can linearize Eq. (5.14) after finding the coefficient of variation by taking the
ratio of u(T') and p(Typ), i.e.

Cew
wuT) _1+mtg T —To|+ Ceu|T —Te| _ |T T
wT) 1+ ‘Tbc_“%cl Ty —Te|+ Cel Ty = Tc| Ty —Tc’

(5.15)

to get

T -1T¢|

T ~___ Z
M) =

(1) (5.16)

The coefficient, for different values of T is shown in Fig. 5.4.c. It can be noticed that, in the range
of temperature typical of hyperthermia (41-45°C), the variation of the MagS properties is relatively
narrow (~2.5%). However, as shown in Fig. 2.10.d and Fig. 2.12.a, the scaffold temperature can
reach higher temperatures. Therefore, the complex magnetic permittivity can reduce of about 5%

of the initial value.

5.4 Findings and Recommendations

In order to evaluate the feasibility of using MWTI as tool for monitoring the HT of bone tumors
using MagS, we performed a simplified analysis based on a monodimensional propagation model for
the geometry shown in Fig. 5.1.b. We investigated the transmission coefficient over the frequency
range 0.1-10 GHz by varying the dielectric properties of the matching medium. Furthermore, we
considered three different magneto-dielectric candidates as MagS. For the initial time ¢ = 0, and
a homogeneous temperature distribution in tissues (T' = T3), the results are shown in Fig. 5.5.
Given the contrast between the biological tissues (Fig. 5.3) and the MW response of the MagS (Fig.
5.4), the transmission coefficient are not identical for all of the investigated cases. In particular,
for the NiFe-PE scaffold, from Fig. 5.5.a, high level of transmission are achieved if a matching
medium with €,,,, € [20,80] is used, for f € [2,5] GHz. Different conclusions can be sought for the
two iron-filled PLA scaffolds. The dispersion of IP30 and PP magneto-dielectrics are not identical,
as can be verified from Fig. 5.4.a and 5.4.b. Therefore, slight differences in the transmission maps
can be observed in Fig. 5.5.b and 5.5.c. For these materials, a region where the transmission
coefficient is around 0.8 can be found around 2.45 GHz for IP30 and the PP scaffolds and €,,,,, ~ 20.
Other maxima in the transmission can be achieved for €,,,, > 40 and f > 4 GHz. The maxima
are reported in Tab. 5.2. Given these findings, the ISM frequencies of 434 and 915 MHz, 2.45 and
5.8 GHz could be tested. From our results, we can choose €,,,, ~ 40 for all the scaffolds.

The propagation for the proposed simplified model (Fig. 5.1.b) could be used to study if
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Figure 5.5.  a) Transmission coefficient as a function of frequency (f) and the properties of the
matching medium (€mm) for the NiFe-PE scaffold. b) Transmission coefficient as a function of
frequency (f) and the properties of the matching medium (€mm ) for the IP30 Fe-PLA. ¢) Transmission
coefficient as a function of frequency (f) and the properties of the matching medium (€mm) for the
Proto-Pasta MagS. The transmission is evaluated a the matching medium-skin interface.

Table 5.2. Comparison of different methods of drug delivery of TGF-8 and VEGF.
Material €, [ (GHz)

IP30 58.455 5.2
NiFe-PE 10 4.6
PP 66.833 7.25

differences in the transmitted/reflected MW signal during HT arise. By setting €, ~ 40, we
evaluated the transmission coefficient during a simulated HT. The findings are reported in Fig.
5.6.a-5.6.c. We can notice that few frequency spots offer a significant variation in the transmission
during the treatment time. The IP30 and PP MagS exhibit a similar response.

Given that any MWTI inverse problem would be carried out in a differential scenario, we
investigated if significant differences in the transmission coefficient during the thermal therapy
of bone tumors with MagS arise. The evaluation of the figure of merit defined by Eq. (5.11) is
shown in 5.6.d-5.6.f. For the three magneto-dielectric scaffolds large variations (at least ~20-30 dB)
occurs in some non-ISM bands, such as around 4-5 GHz. However, the permalloy material, exhibit
significant changes in the MWT signal levels at lower frequencies (f < 2 GHz). The two PLA-based
implant show similar features, but the differences in the magnitude is large, since the PP material
has a wider dynamic range. With these information, we can investigate better what is occurring at
specific frequencies during the treatment time, and, also, try to correlate our simplified propagation
analysis with the HT simulations.

In Fig. 5.7, we report the relative changes in the transmission coeflicient, at the first interfaces,
over the treatment time, with superimposed the average tumor temperature derived from the
simulations. At the lowest frequency of 434 MHz (Fig. 5.7.a), as the average tumor temperature
increases, the transmission coefficient increases of about 15dB for the IP30 and PP scaffold, and of
more than 30dB for the NiFePe material. As the external RF field is turned off and the biological

system cools down, the transmission coefficient almost recovers its initial value, with an almost
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Figure 5.6.  Transmission coefficient at the matching medium-skin interface, for €., = 40, as a

function of treatment time and frequency, for the a) NiFe-PE magneto dielectric implant, b) IP30

magnetic scaffold and ¢) PP magnetic PLA. Difference, in dB, between the transmission coefficient

evaluated at the initial time ¢ = 0 and during the treatment for the a) NiFe-PE magneto dielectric
implant, b) IP30 magnetic scaffold and c) PP magnetic PLA.

negligible lag (~1min). In Fig. 5.7.a, we highlighted the therapeutic range of HT (41-45°C). Given
the variations, we can hypothesize that an empirical threshold can be established to identify the
changes in the target temperature. On the other hand, at 915 MHz differences in the materials
appears. It is remarkable that for the case of a NiFe-PE scaffold, abrupt changes (>25dB) at the
peak temperature occurs (5.7.b). On the other hand, the curves for the IP30 and PP materials
exhibit a ~10dB decrease as the HT is terminated. As the working frequency increases and
f = 2.45 GHz, the dynamic range of the difference in the transmission coefficient reduces, as can be
noticed in Fig. 5.7.c. The differences between the three MagS candidates is narrower and at the
initial time (¢ = 0) the conditions are almost identical. As the MagS and the tumor are heated, a
~7-10dB increase can be noticed (Fig. 5.7.c). At ¢t = 80 min, the PP scaffold exhibit a reduction
in the differential transmission coefficient, whilst in the case of IP30 magneto-dielectric implant
the figure of merit increases (+2dB). The NiFe-PE retains an intermediate behavior. For the
highest ISM frequency of f = 5.8 GHz, similar considerations holds and the differences between the
materials is lower, as shown in Fig. 5.7.c. The differences in the findings in Fig. 5.7.a-b from that
given in Fig. 5.7.c-d can be due to the increased frequency and, then, to the reduced penetration
depth, which results in a lower mark of the EM properties change due to the MagS heating.

We investigated the possibility of using microwave as a tool for monitoring the HT of bone
tumors using MagS. We developed a simplified monodimensional propagation model for a layered
planar geometry (5.1.b). We identified suitable matching medium properties and the possible

working frequencies. By simulating the HT with our nonlinear and multiphysics model, we assumed
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Figure 5.7.  Difference in the transmission coefficient evaluated at the first time and during the
simulated hyperthermia treatment a) as a function of treatment time (in dB), and b) as a function
of tumor temperature (in dB).

temperature/time-dependent EM properties and evaluated in silico the dynamic response of the
MW signal transmission during the HT with three different ferromagnetic scaffolds. We have found
that a lossless matching medium with €,,,, = 40 ensure suitable transmission for all the tested
magneto-dielectric implants. In this framework, we analyzed the transmission coefficients as a
function of the treatment time and over frequencies. The changes in the transmission from the
initial time were evaluated for the major ISM bands of 434, 915 MHz and 2.45, 5.8 GHz. Our
study identified the levels of signal changes, highlighting that these variation could be ascribed and
correlated to the variation of the MagS or tumor temperature.

Given the promising results for our simplified case, the proposed analysis would be extended to
a 2D or 3D cylindrical geometry to assess if similar variations in the propagation occurs. Then,
with all the information of the forward propagation problem, the design of a simplified system could
be performed and numerically tested, as first. By relying on the works on MNPs and MWT [77-82],
an inverse problem could be setup. In particular, considering differential scattering data matrix

(AS) for p and ¢ antennas, it is possible to define the scattering element As,, ; as [77-82]

Aspy= [ GEV () A, 1) (5.17)
2

mm

where the electric-magnetic Greens’ function for the problem in hand (Fig. 5.1.a) is GPM and
accounts for the E field radiated by a magnetic elementary source, located in the position r,
and measured at the location r,. The magnetic contrast in the systems is Ax(r), whilst H,
is the magnetic field induced in the tissues at site r, [77-82]. The solution of Eq. (5.17) can
provide relevant information about the MagS properties and their evolution during the HT of
bone tumors. However, the information about the dielectric contrast, which is also helpful for
deriving information about the dynamics of tumor temperature, calls for suitable setting of the
scattering problem [77-82]. Anyway, the non-linear, ill-posed problem (5.17) can be solved relying
on qualitative [267], quantitative [261] or machine learning-based [262] methods. With these tools,
the planning of experiments and validation tests could be devised and performed, thus paving the

route for innovative and effective modalities in the hyperthermia treatment of tumors using MagS.
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Conclusions

In this thesis we investigated the modeling, design and characterization of magnetic scaffolds for
biomedical applications at radiofrequency. To this aim, in Chap. 1, we critically reviewed the state
of the art about magnetic implants to be used for tissue engineering, drug delivery and hyperthermia
of bone tumors. We identified that an engineering point of view is missing to drive quantitatively
the design of these materials or properly use them for the aforementioned applications.

Given that a relevant and appealing application of MagS is their potential use as thermoseed
for bone cancer treatment, in Chap. 2 we propose a nonlinear, multiphysics model to investigate
and plan the hyperthermia treatment with these innovative multifunctional biomaterials.

Having studied how to link the MagS properties with an effective therapeutic outcome, in

Chap. 3 we designed, manufactured, characterized and model two sets of MagS. In Sect. 3.1 we
investigated experimentally and in silico how the loading pattern of the magnetic nanoparticles in
the biomaterial could affect and impact the HT. Our findings highlight that the inhomogeneous
loading calls for a more in-depth analysis.
In Sect. 3.2 we designed biomimetic ferromagnetic scaffolds with both hyperthermic and regenerative
potential. Furthermore, we investigated how to reliably estimate the SAR of MagS by performing
extensive experiments and supporting them with multiphysics simulations. A novel protocol is
proposed.

Since MagS can also be the core element of innovative drug delivery system remotely controlled
by static or dynamic magnetic field, in Chap. 4, we dealt with the modeling of an innovative MDD
strategy for bone repair. To this end, a multiphysics model was developed to describe the static
attraction of magnetic carriers, the RF-heating triggering of growth factor release and, also, the
biological effects. We found that MagS can drive an effective and faster bone regeneration. The
numerical framework could be used to setup experiments for validation and test.

Finally, in Chap. 5, we studied the feasibility of using microwave to monitor the hyperthermia
treatment of bone tumors with MagS. In particular, we developed a simplified propagation model

and coupled it to the HT models in order to identify matching medium properties and working
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frequencies suitable to ensure significant transmission, for three different ferromagnetic scaffold,
and studied the dynamic variation of the MW signal during the thermal therapy. Our preliminary

findings are promising and allow to setup more refined analysis.

6.1 Contributions Summary
The research under this thesis resulted in the following contributions:

e In Chap. 1, as novel, extensive and critical analysis of the state-of-the-art about magnetic
scaffolds was performed and the lack of quantitative rationales for designing and using these

multifunctional biomaterials for tissue engineering, drug delivery and hyperthermia was found.

e MagS can be a powerful tool for treating bone tumors with interstitial hyperthermia, and
therefore, in Chap. 2, we challenged the modeling of this innovative therapy and its treatment

planning. In particular:

The complex magnetic susceptibility of MagS was better understood, by proposing a

Cole-Cole model which was validated against literature data.

An analytical, closed-form solution to the bio-heat transfer problem related to the HT of
bone tumors with MagS in a spherical geometry was found, so that the intrinsic material and

extrinsic field parameters can be related to the temperature increase in the bone tumor.

Given that during the HT the physical properties of MagS and biological tissues varies
with the system temperature, we proposed a nonlinear, multiphysics model to solve a coupled

electromagneto-thermal set of equations and investigate the HT in silico on 2D geometries.

Our numerical experiments highlighted that magnetic field inhomogeneities and a non-
uniform loading of the magnetic nanoparticles in the biomaterial can lead to the selection of

different treatment parameters or the misleading estimation of the therapeutic outcome.

e In Chap. 3, we made us of the gained knowledge about MagS to design, characterize and test
two different kind of MagS.

In Sect. 3.1, we developed a drop-casting procedure to control the loading pattern of
MNPs in MagS.

We used different morphological and physical characterization methods to retrieve MagS
intrinsic properties, which were used to investigate numerically how the MNPs distribution
impacts the HT outcome, finding that homogeneous loading and annular patterns can be

effective for treating bone cancers with interstitial RF heating.

In Sect. 3.2, we designed biomimetic scaffolds based on TPMS, with regenerative
potential, then 3D printed them with a commercial ferromagnetic PLA filament, and tested

their hyperthermic potential both experimentally and in silico.
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To deal with the reliable estimation of the SAR of MagS, several experimental setups
and thermometric methods were adopted, leading to the proposal of a protocol for averaging

the measured temperatures and quantifying the hyperthermic potential in a robust way.

e In Chap. 4, we developed a multiphysics model to evaluate, for the first time, the use of

MagS as core element of an innovative magnetic drug delivery system.

e The feasibility of using microwave as noninvasive, nondestructive tool to remotely monitor
the hyperthermia treatment of bone tumors using magnetic scaffolds was investigated, for the

first time, in Chapter 5.

6.2 Take-Home Messages

o Superparamagnetic scaffolds with high saturation magnetization are appealing for tissue

engineering, drug delivery and hyperthermia applications.

e Ferromagnetic scaffolds can be used for HT and to active devices for a microwave-based

monitoring of the thermal therapy.

« Simplified modeling of the HT of bone tumors with MagS can lead to overestimation of
the extrinsic treatment parameter. Therefore, magnetic field inhomogeneities and materials

non-linearities must be included in the design of MagS and in the treatment planning.

o Ferromagnetic scaffolds with TPMS architecture can be effective for performing hyperthermia
treatment (300 < f < 450kHz).

e The SAR of MagS vary in the biomaterial volume, due to the loading pattern and temperature
sampling, thus calling for a precise thermometric method for performing a calorimetric

measurement of the hyperthermic potential.

e The uncertainty and variability in the SAR measurements can be reduced by following our

protocol of averaging the temperature curves recovered at different scaffold locations.
e MagS can be used as core element of magnetic drug delivery strategy.

¢ Magnetic nano-carriers of growth factors could be attracted to high saturation MagS under

the action of moderate-to-high static magnetic field.

e The spatial distribution of the MNPs can be controlled by the shape and magnetization of
MagS.

e The RF-heating for triggering the release of the GFs has to be carefully controlled in terms of

exposure parameters.
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o Compared to traditional drug delivery strategy, the MDD with MagS results in a more

homogeneous new bone formation.

e The use of MWI for monitoring the HT of bone tumors performed with MagS could be

feasible.

e The average temperature variations of the EM properties of biological tissues and MagS
during the HT results in significant changes in the MW signal transmission, thus allowing to

correlate the outcome of the thermal therapy with the signal propagation.

6.3 Future Research Directions

This thesis focused on the modeling, design and characterization of magnetic scaffolds for
biomedical applications. Despite the contributions are several and significant, there still are

interesting and relevant challenges that demands for investigation:

¢ Biocompatibility. Given that the ultimate application of magnetic scaffolds is their implan-
tation to be used as thermoseeds for bone tumors, as core elements for magnetically targeted
drug delivery and as active device for microwave monitoring strategies, it is mandatory, for
the multifunctional systems manufactured in this thesis, to experimentally determine their in
vitro and in vivo the biocompatibility [8-10,12,13,15].

¢ Micromagnetic Modeling. We have highlighted that in the literature about MagS there
is lack of works which dealt with the modeling and with the fundamental understanding of
the magnetic response, as well as the treatment planning. In this regards, micromagnetic
simulations have never been applied to magnetic bioceramic or polymer loaded with MNPs.
Recently, it was demonstrated that optimal size of permalloy nanodisk and the AC field
parameters to achieve therapeutic SAR could be find multi-scale simulations, relying on
micromagnetics and electromagneto-thermal models [278]. This same approach could be

adapted and extended to the design of MagS.

e Microwave Theranostics. The use of MW as a tool for monitoring the HT is feasible, as
highlighted in Chap. 5, but the extension to 2D and 3D, the development of inverse problem,
the design of suitable systems, as well as experimental tests has to be performed. Furthermore,
the use of MWTI as alternative tool for assessing the implant integration in the post-HT phase

could be studied with the developed framework.

¢ Magnetic Particle Imaging. MPI is an new, noninvasive and tomographic imaging
technique which make use of static and dynamic magnetic fields to exploit SPM MNPs as
tracers, as the only source of signals in tissues [83]. The use of MPI as diagnostic means to

monitor MFH is currently under study [279]. In this framework, MagS could be monitored
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during HT and during tissue repair with commercial MPI scans to track temperature changes

or assess the biomaterial degradation.

¢ NIR Photo-Thermal Therapy of Bone Tumors. Recently, the treatment of bone diseases
and bone tissue regeneration through NIR light-responsive scaffolds was reviewed [280]. In
this field, the utmost relevant challenge is to design and manufacture a light-responsive
scaffold capable of minimal invasiveness and high selectivity. Carbon-based nanomaterials,
metals, metal oxides and sulfides, MXenes or organic nanostructures have been incorporated
in biomaterials [280]. However, there is room for studying different nano-systems, biomaterials,
manufacturing approaches or modeling. In this framework, recently, we investigated how to
engineer the depletion layer in Sn:InyO5/Iny O3 core-shell nanocrystals to achieve controlled
energetic band profiles, electronic and optical properties [281]. Future work can deal with the
engineered design of metal oxide nanocrystals, to be embedded in biomimetic TPMS scaffolds,
with properties tuned and optimized to perform an effective photothermal treatment of bone

cancers.
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