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Abstract—Goal: Deep-seated tumors (DST) can be
treated using thermoseeds exposed to a radiofrequency
magnetic field for performing local interstitial hyperthermia
treatment (HT). Several research efforts were oriented to
the manufacturing of novel biocompatible magnetic nanos-
tructured thermo-seeds, called magnetic scaffolds (MagS).
Several iron-doped bioceramics or magnetic polymers in
various formulations are available. However, the crucial
evaluation of their heating potential has been carried out
with significantly different, lab specific, variable experimen-
tal conditions and protocols often ignoring the several error
sources and inaccuracies estimation. Methods: This work
comments and provides a perspective analysis of an ex-
perimental protocol for the estimation methodology of the
specific absorption rate (SAR) of MagS for DST HT. Numeri-
cal multiphysics simultions have been performed to outline
the theoretical framework. After the in silico analysis, an
experimental case is considered and tested. Results: From
the simulations, we found that large overestimation in the
SAR values can be found, due to the axial misplacement in
the radiofrequency coil, while the radial misplacement has

a lower impact on the estimated SAR value. Conclusions:

The averaging of multiple temperature records is needed
to reliably and effectively estimate the SAR of MagS for
DST HT.

Index Terms—Heating evaluation protocol, hyperthermia,
magnetic biomaterials, specific absorption rate.
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l. INTRODUCTION

ANCER is a worldwide leading cause of death [1]. Malig-
C nant deep-seated tumors (DST - Fig. 1), such as cervix,
colorectal, bladder carcinomas, brain malignancies or bone
tumors, represent a class of neoplasms with peculiar clinical fea-
tures [2], [3], [4]. The treatment of neoplasms grown in principal
body cavities (e.g., abdomen, thorax, and skull) and deep sites
is still challenging and demand for tumor- or patient-specific
interventional strategies [4], [5]. DST gold standard treatments
are surgery, radiotherapy and chemotherapy [5]. Despite the
progresses, complementary techniques, such as immunother-
apy [3], [5], have been investigated to control local recurrence
rate, increasing the survival rate or enhance the quality of life.
An emerging therapeutic strategy is the hyperthermia treatment
(HT). HT proved to synergistically and significantly enhance
the effectiveness of existing interventional strategies, such as
chemio- and radiotherapy [2], [3], [4]. HT is a thermal therapy
which aims to raise the temperature of a target tissue to 41—
45 °C for, at least, 30-60 min. This temperature range elicits
the immune system response, increases the cytotoxicity and
alters the tumor microenvironment. Furthermore, it increases the
permeability to chemotherapeutics and enhance the sensitivity
toradiation therapy [3], [4], [5], [6], [7], [8]. The therapeutic heat
can be administered to the DST through ultrasounds (US) [9],
photothermal (PT) devices [10] and electromagnetic (EM) en-
ergy. However, US and PT approaches present technological
issues, e.g., limited penetration depth, and are ineffective in
targeting DST. EM energy has the advantages of being nonin-
vasive, contacless and highly controllable. Hence, EM energy
has been adopted in clinical practice to deliver HT to DST
through apacitive electrodes (8, 13.5 or 27.12 MHz) or by
using arrays of antenna systems (433, 915 or 2450 MHz) [11].
Despite showing interesting clinical perspectives, EM-based HT
strategies require focusing techniques, optimization approaches
and complex instrumentation [3], [4], [7], [12].
Therefore, different heat administration modalities in HT
DST have been investigated. The treatment of colo-rectal
cancers with ferromagnetic implants has been previously
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Fig. 1. Graphical representation of the proposed experimental proto-
col for assessing the specific absorption rate (SAR) of biocompatible
magnetic scaffolds (MagS) to be used as implants for local, interstitial
hyperthermia treatment (HT) of deep-seated tumors (DST).

studied [13], [14], [15]. Ferromagnetic implants made of
NiCu and PdCo alloy with low Curie temperature have been
proposed [16]. In [17], the size and recurrence of liver neo-
plasms was managed with stainless steel thermoseeds, whilst
in [18] nickel-copper thermoseeds against melanoma have been
investigated. Recently, a spherical ferromagnetic composite
implant for tumor bed hyperthermia has been numerically and
experimentally characterized [19]. However, these metallic ther-
moseeds present some major drawbacks, namely the safety for
magnetic resonance imaging (MRI), the biocompatibility and
long-term stability issues. Furthermore, the heat is administered
through the eddy currents dissipation mechanism, thus requiring
relatively high working frequencies f € [1 — 100] MHz [13],
[14], [15].

Given the biocompatibility and post-operative, post-treatment
aspects intrinsic of DST, ferromagnetic metal implant have been
disregarded for the search of novel thermoseeds. To overcome
such limitations, magnetic particle hyperthermia (MPH) for
performing HT at these challenging tumor sites selectively
has been proposed to treat regional and intra-tumoral regions
with minimum intervention [20], [21], [22]. However, despite
the expectations and potential of MPH, several aspects such
as administration, treatable target volume, thermometry issues,
potential toxicity and stability hinder its possible application
against DST [23], [24], [25], [26].

The developement of new devices based on magnetic particles
has been investigated. These solutions have been analyzed to
maximize the heat delivered at the surgical bed site and control
the local recurrence, while providing mechanical support to the
injured tissue and provide a scaffold healthy tissue re-growth.
So, the research focused on the development of multifunc-
tional, theranostic platforms obtained by loading or doping an
artificial tissue or a scaffold (bioceramic or polymeric) using
magnetic particles (ferri-, ferro- or superparamagnetic) [27],
[28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38].
Indeed, these magneto-responsive thermoseeds, called magnetic
scaffolds (MagS), allow to perform the HT using a magnetic
field in the kHz-range, after their implantation (Fig. 1). Then,
following HT combined with chemio- or radiotherapy, MagS
ensures a post-operative mechanical and biomimetic support for
damaged tissue repair [27], [28], [29], [301, [31], [32], [33], [34],
[35], [36], [37], [38]. The research is ongoing in this field. For in-
stance, recently, a 3D printed superparamagnetic polymeric stent
for treating tumors occurring in hollow organs was proposed and
preliminary characterized [39]. In [40] poly-caprolactone (PCL)

scaffolds have been drop-casted using iron oxide nanocrystals
to obtain MagS for bone tumor treatment.

To push the forefront towards new clinical landscapes, a more
definitive takeoff of using MagS for the DST HT is required. To
this end, it is fundamental that MagS must satisfy the minimum
quality assurance requirements of the interstitial hyperthermia
treatment [49]. To treat DST, a given MagS should be capable
of increasing the system temperature to the therapeutic level
of 41-45 °C and deposit a given amount of power per unit of
mass (W/g) in the tumor volume in response to an alternating
current (AC), radiofrequency (RF) magnetic field [11], [49].
The quantification of MagS hyperthermic potential is manda-
tory. When evaluating the hyperthermic efficiency we refer to
the ability of a system to achieve hyperthermic conditions.
So far, the heating efficiency of MagS has been reported in
terms of the temperature increase (A7) and time to reach it
(At) [28], [33], [41]. However, in HT and, especially in MPH,
the standardized and common metric of Specific Absorption
Rate (SAR) has been adopted [49]. A discussion is in order.
SAR is a measure of the energy, per unit time, absorbed by
the target volume surrounding the thermoseed. Often, for MPH,
the specific loss power (SLP) is considered. Even though these
figure of merits have the same units (W/g), the SLP quantity
describes the power achievable per gram of magnetic element in
the material and refers to the energy dissipated by the MNPs to
the system [50]. For MagS the adoption of SLP is not relevant,
whilst the SAR as figure of merit is disregarded, or SAR has
been evaluated with methodologically inappropriate means. As
shown in Fig. 1, the way to quantify the heating response of
a MagS is distinctly different from a typical MPH setup [50].
A different framework is needed. The proper setup to provide
reliable heating evaluation will be rigorously explained and
evaluated here. In the experimental estimation of the SAR sev-
eral contributions must be considered. The factors affecting the
SAR measurements are i) the AC magnetic field parameters (i.e.
amplitude and frequency), ii) the exposure system features, iii)
the thermometric aspects, but also iv) the MagS properties (e.g.,
the type of magnetic particle, their volume fraction, aggregation
degree), as well as the biomaterial geometry and architecture.
As a result, the comparison of different MagS is challenging.
Recently, in [51], the influence of the geometry of a 3D-printed
ferromagnetic MagsS (i.e., pore size, distribution, porosity) on the
HT performances have been investigated using three different
experimental setups. While finding that architectural features
of the MagS can impact on HT and heat diffusion, noticeable
differences between calorimetric measurements carried out in
air, deionized water and agar phantoms have been reported [50],
[51]. Moving form these findings and considering the approach
from [52], in [50] an accurate standardization protocol for de-
termine the heating efficiency of 3D-printed MagS has been
studied. In the current work, relying on an extensive analysis
of the literature about the characterization of MagS for HT of
DST, a thorough numerical study is carried out to identify the
factors affecting the estimation of MagS SAR. Then, using fer-
romagnetic MagS samples [51], technical and methodological
insights in the protocol proposed in [50] will be provided to drive
an advanced characterization of the hyperthermic efficiency
of MagsS.
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Il. LITERATURE REVIEW

Several MagS have been manufactured, such as the
hadrystonite chemically doped with Fe ions [53], or the
magnetic bioceramic for enhancing radiotherapy [54], and the
Fe30,-akermanite scaffold with self-catalytic activity [55]. In
this framework, it is fundamental to provide a reliable way
to compare these different biomaterials from the HT point of
view. Despite the adoption of shared metrics, it is mandatory
to manage and solve the measurement issues related to the
heating efficiency. These tests are strongly dependent on the
sample geometry and the measurement conditions (e.g., type of
apparatus, field homogeneity, thermometry, etc.), but also on the
estimation methodology. Indeed, the development, validity and
effectiveness of procedure for evaluating the SAR of MagsS is
a highly underestimated aspect in the literature. Here, we will
analyze the literature about MagS for the DST HT focusing on
the experimental setups and methodologies used for evaluating
their hyperthermic performances.

The calorimetric characterization of samples of poly-
metilmetacrilate (PMMA) embedding Fe;O, particles have
been carried out by recording with an infrared camera (IR)
the temperature of the saline-sample system exposed to an RF
magnetic field [42]. In [42], Kexiao et al. considered different
amount of saline volume (0.1 mL—-0.2 mL), demonstrating a
variability of £4.3°C from the maximum recorded temperature.
Furthermore, issues in the repeatability due to the MagS sample
placement inside the coil are evident (see Fig. 3, pg. 4198
from [42]). The misalignment of thermoseed implants to the
external heating device is a relevant aspect for estimating the
temperature and power losses [56]. For the P,O5-FeoO3-CaO-
Si0,, ferromagnetic glass ceramic for bone tumor HT 2 0.26 W/g
SAR value has been estimated. The linear slope method has
been used. The sample has been exposed to a 0.5 mT magnetic
field, produced by a custom coil apparatus working at 100
kHz [43]. The HT potential characterization was carried out
on a test tube, filled with deionized water. The temperature has
been recorded every 60 s for 3 min with an optical fiber (OF)
thermometer. The 2-3 mm in diameter and 0.9 g samples of
apatite wollastonite, heat-treated glass ceramic (29% CaO, 31%
SiO9, 40% Feo0s3, 3% BzO3, 3% P2O5 - wt%), synthesized
by the group of Kokubo, have been implanted in rat tibial
metaphysis and then characterized under the action of a 100 kHz,
30 mT external magnetic field produced by a C-type toroidal
core of an induction generator [44]. The heating ability of the
glass-ceramic implants has been assessed through fluoroptic
thermometers (FT), recording a maximum temperature at the
center of the thermoseed equal to 45 °C after 50 min, resulting in
an estimated SAR of 10 W/g. The temperature variation in the rat
tibia was of about +5°C in the extra-cortical regions, indicating
a large variability due to the temperature probe positioning [44].
Calorimetric measurements performed with a magnetic induc-
tion furnace on sol-gel calcium zinc iron silicon oxide samples
have been performed in [45], [57]. The measurements have been
carried out by placing 2 g of glass ceramic, with ferromagnetic
ZnFe5 Oy particles, in 20 ml deionized water in a quartz cuvette,
positioned in the coil center. The temperature rise, recorded

with a thermocouple (TC - 0.1 °C resolution), starting from
24 °C, ranged from a 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 [45]. The 3D-printed, superparamagnetic
PCL scaffolds embedding mesoporous bioactive glass (MBG)
and magnetite nanoparticles (Fe3O,4) have been manufactured
and characterized as tissue substitutes, drug delivery systems
and hyperthermia agents [46]. The magnetic MBG-PCL, when
exposed to a409 kHz and 18 mT magnetic field (DM 100 System
- nB nanoScale Biomagnetics, Spain) increased the temperature
of 1 ml of water up to 60 °C, starting from 20 °C, for 8 min -
15 min of exposure [46]. The temperature has been recorded
with an optical fiber, but the details about its placement and the
effect on the measurement has not been evaluated. The intrinsic
magnetic hydroxyapatite (HA) obtained by chemical doping
could increase the temperature of distilled water of 40 °Cin 60s,
under the action of a 15 mT and 293 kHz magnetic field [41].
The magnetite loaded PCL scaffold from [41], under the same
treatment parameter, reached only a 10 °C increase, after 3 min.
SAR values ranging from 5 to 30 W/g have been obtained for the
weakly supeparamagnetic tri-calcium phosphate (8-Caz(POy)2)
co-substituted with Fe3T-Co?* ions thermo-seeds 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 TC) [47]. More recently, the calorimetric response
of injectable graphite-modified Fe3O4-calcium phosphate bone
cement scaffolds (9 mm x 4 mm blocks) from the work of Zhang
et al. has been tested under the action of a 340 kHz, 10 mT
magnetic field. SAR values of 18.7-30.2 W/g have been obtained
from the temperature increase after 200 s, acquired by means of
an infrared thermometer [48].

Nowadays, noticeable research efforts are spent for defining
standardized protocols for characterizing the hyperthermic po-
tential of magnetic ferrofluid for MPH [26], [52], [58], raising
issues about inter-laboratory variations (~30% variation on the
estimated SAR) and unveiling the various sources of uncertain-
ties. This type of analysis and reasoning has not been carried
out and applied to the experimental protocols for measuring the
SAR of MagS. Indeed, by carefully looking at Table I, noticeable
differences can be noticed in the characterization of MagS for
HT. Very different working frequencies and field amplitudes
have been used, as well as diverse thermometric approaches have
been adopted. Also, the preferred media is deionized water, even
though non-negligible convective contribution may influence the
heat diffusion at the MagS interface [50], [51], [52]. Further-
more, it is worth stressing that, in the cited works, the external
magnetic field is not turned off to investigate the effective heating
and the thermal contribution of the background media (e.g.,
air, water, phantom or tissue) has not been taken into account
properly [52]. Furthermore, SAR is not derived in most cases
(Table I). Under these fuzzy experimental conditions, the effect
of the variability of the experimental setups, combined with the
neglection of uncertainty sources, is evident and results in SAR
values in the range 0.2-30 W/g. This scenario is concerning and
deserves a critical and engineering approach. With respect to the
estimation of the SAR in the case of MPH, for MagsS the situation
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TABLE |

STATE-OF-THE-ART ANALYSIS OF CALORIMETRIC CHARACTERIZATION OF MAGNETIC SCAFFOLDS
Biomaterial Magnetic Phase  f (kHz) [Bo| (mT) AT (°C) Tp (°C) Ar (min) Thermometry Medium SAR Ref.
PP Fez04 270 3.7 16 - 15 IR Bile duct - [39]
HA Fe, 03, FezOy4 293 15 35 25 0.5 OF Deionized water [41]
Gelatin Fe304 293 15 17.5 - 1 OF Deionized water [41]
PCL Fe304 293 10 - - 5 OF Deionized water [41]
PMMA Fe;0y4 - - 70 25 3 IR Saline - [42]
P,05-Ca0-SiO; Fe, 03 100 0.5 16 15 16 OF Deionized water 0.2 [43]
Ca0-Si0,-Bz03-P,05 Fe,03 100 30 15 32 50 FT Rat Tibia 10 [44]
Ca-SiOy ZnFe;04 100 50 27-39 20 3 TC Deionized water 6.5-9 [45]
MBG-PCL Fe;0y4 409 18 60-40 20 8-15 OF Deionized water 1.4-4.7 [46]
Caz(POy4), Fe 03, Fe304 335 13.5 12-22.5 26 40 TC Deionized water - [47]
Caz(POy4)2 Fe304 340 10 - - ~3 IR Air 18.7-30.2  [48]

FT = Fluoroptic Thermometer, IR = IR camera, OF = Optical Fiber, TC = Thermocouple.

is at an early stage and must be tackled immediately in order to
set the limits, regulations and validity criteria for quantifying
the hyperthermic potential of these innovative medicine tools
for the HT of DTS.

lll. NUMERICAL STUDY

Given the lacks and flaws highlighted in reviewing the liter-
ature, in this work, we will perform numerical simulations and
experiments to investigate the source of errors, the factors of
influence and the most relevant aspects in the characterization
of the hyperthermic potential of MagS for HT of DTS.

A. Numerical Model

The finite element method (FEM) commercial software Com-
sol Multiphysics v5.5 (Comsol Inc., Burlinghton, MA USA)
has been used to simulate the experimental setup proposed
in [50], [51] for the SAR measurements and analyze it in detail
(Fig. 1). The geometry for the simulation is shown in Fig. 2. A
homogeneous cylindrical scaffold having magnetic permeability
1, dielectric permittivity ¢, and elecrtical conductivity ¢ has
been considered. In this work we will consider a homogeneous
geometry, even though MagS architectures are porous structures
that can present complex geometry and variable tortuosity. The
cylinder has diameter d,y, = 2 c¢cm and height h,y =2 cm.
The thermoseed is placed in an agar phantom (h.y =4 cm,
dqg = 2.5 cm), as shown in Fig. 2.

The induction heating coil is a single layer coil having N = 8
turns. The coil is excited with a sinusoidal current (/.,..), work-
ing at f = 400 kHz, which is turn on at t = 0, and turned-off at
specific time Z,¢¢.

The calorimetric measurements is governed by the Ampere’s
law, in the time-harmonic fields formulation, so that

VxH=J )
E = —jwA )
J =0E + jwD + J, 3)
VxA=B 4)

where A is the magnetic vector potential, H is the magnetic
vector (Am ~1), E is the electric field vector (Vm™!), whilst &
is the electrical conductivity (in S- m~1), J is the current density

de

(c)

Fig.2. (a) System geometry for the numerical simulations of the differ-
ent experimental setup for the calorimetric characterization of magnetic
scaffolds (MagS). The heating system has conductors mad of copper,
whilst the light grey cylinder represent the agarose matrix and the dark
grey cylinder is the MagS. (b) Representation of the possible misplace-
ment of the scaffold in the agar phantom. (c) Screenshot of the system
geometry in Comsol Multiphysics v5.5 (Comsol Inc., Burlinghton, MA
USA).
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(A - m~2). The term D = ¢y¢,.E is the electric displacement
field (C - m~2), being €y the vacuum dielectric permittivity. In
(1)—(4), J ¢ is the external current density (A - m~?2). The AC/DC
module, in particular the Magnetic Field interface, has been used
to solve (1)—(4). Once the magnetic field distribution has been
computed, we evaluated the field homogeneity (£) in the MagS
volume by calculating

e=2 5)

SH

where mp and sy are the mean value and the standard deviation
of the magnetic field in the MagS sample volume.

The key aspect during SAR mesurements is the heat dissipa-
tion of MagS. Depending on their magnetic features different
mechanisms hold. A clarification is in order. In MagS, the em-
bedded magnetic particles are the main elements responsible for
the heat dissipation. Magnetic particles are known to dissipate
heat via different independent mechanisms, i.e. eddy currents,
hysteresis loss, Brownian relaxation and Ne€l relaxation. The
eddy currents thermal energy conversion can be neglected [52].
On the other hand, hysteresis losses are due to the shift of
magnetic domain walls in multi-domain materials and occurs
in magnetic particles with a diameter higher than 200 nm. For
smaller particles, if the magnetic anisotropy of the particle is
higher than the viscous resistance of the surrounding medium,
then the particle can rotate and generate heat due to the shear with
the carrier fluid. However, for the case of Mag$S, the magnetic
particles are embeded in a solid or very viscous matrix, and
hence the Brownian relaxation process would be negligible
or completely blocked, as already studied in [59]. Finally, for
smaller magnetic particles (~15 nm), is the Neél mechanism
that can be relevant. In this case, the heating is achieved by
the dissipation due to the rearrangement during the rotation of
the particle magnetic moment against its energy barrier [21].
From Table I, several MagS present ferromagnetic response.
Therefore, in this work, we will focus on a ferromagnetic MagS.
The exposure of a ferromagnetic scaffold to a time-varying
magnetic field determines a dissipated power (P, in Wm™?)
to be computed as

P, = fAhyst (6)

where Ay, is the hysteresis loop area of the Mag$S, scaled
by the specific density of the sample. Therefore, the BH curve,
derived from static magnetic measurements, has been inserted in
Comsol, interpolated linearly and used in the simulations [51].
Equation (6) is proportional to the mass of MagS sample. A
remark is in order. For some of MagS reported in Table I, su-
perparamagnetic nanoparticles have been used to functionalize
the biomaterial and create a thermoseed. The proposed model
can be applied to these systems by simply modifying (6) and
substituing a suitable model for the power dissipation, as done
in [60].

In this work, we will focus on a ferromagnetic polymeric
scaffold, which will be considered as a case study. For this kind
of Mags, the term P, is higher than the power dissipated due to
the eddy currents in the ferromagnetic and in the agar material
(P. = 10|E|?). However, the dielectric heating in the phantom
cannot be neglected, being relevant to the measured temperature

TABLE I
MATERIAL PROPERTIES
Material €, c k C, p Ref.
(Sm™H) Wm?khH Jdg'K)  (gem )

Air 1 0 B B B [60]
Agar 70 0.2 0.48 42 1 [62], [63]

Copper 5-107 - - - [60]

PLA 25 106 0.29 1.8 0.9 [64]
PP 3 105 0.47 12 2.7 [65]-[67]

and the estimated SAR. Therefore, to investigate the heat transfer
phenomena during the characterization of the heating efficiency
of MagsS, the following transient heat transfer equation has been
solved
oT
pCP at
where p is the material density (kg - m~3), C,, is the specific
heat capacity (J - kg~'K ~1), and k is the thermal conductivity
(W- m2K ~1). In (7), the term u - VT is the heat flux due to
convection, for which u is a velocity (in m - s~1). This term
can be approximated through suitable boundary condition for
air-solid interfaces, but cannot be neglected for heat transfer
phenomena occuring in some fluids, such as water [50], [51],
[52]. Therefore, in this work, to study also the different ex-
perimental setup and measurement environment found in the
literature (Table I), we simulated the cases of MagS tested in
air and in distilled water. More details about the simulations are
given in the Supplementary Material (Supp. Mat.). The physical
properties of the samples are reported in Table II. Equation (7)
is solved assuming continuity of temperature and heat flux. At
the agar-air interface the heat exchange is ruled by convection,
so that

=V (kVT)—u-VT +P.+ P, (7

VT = ho(T - Ty) (8)

where n is the normal vector and T,, = 19 °C. The value of the
heat transfer coefficient (h,) reported in [51] has been used. The
system was considered to be in thermal equilibrium at ¢ = 0 and
a homogenous initial temperature distribution 7, V x, y, z has
been assumed. The Heat Transfer in Solid interface has been
used.

The simulated temperature field is used to compute the SAR
as [50], [51], [52]

AT
At
where C), is the specific heat is that of the agarose phantom, as
taken from [61], [62], [63]. The term % is the initial slope of
the heating curve.

The MagS was assumed to be placed in the middle of the
coil (rg = {# = 0,y = 0, z = 0}, depoloyed at half of the coil
height, i.e., h¢/2), initially. Then, we numerically investigated
how the scaffold positioning in the induction heating system
could affect the maximum temperature and the estimated SAR.
In this framework, we considered two scenarios. We moved the
MagsS along the z-axis of the system up to 2 cm from its initial
position, while leaving unchanged its radial position. Then, we
simulated the possibility that the scaffold position varies in the
xy-plane by varying the sample center coordinates ranging from
—3 mm to 3 mm with a 1 mm step.

SAR = C, )
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B. In-Silico Findings

In this work we numerically investigated the experimental
setups used for measuring the SAR of MagS. As reported in
Table I the sample can be placed in different environments and
media. Under these conditions, adequate thermometric methods
should be implemented. However, some limitations, source of
errors and potential shrotcomings exists and must be considered.
We simulated the cases of MagS placed in-air and in-distilled
water for measuring their SAR, as described in the Supp. Mat.

For the in-air case, which is the easier setup to implementi in a
laboratory, the sample is placed in an induction coil and exposed
to the magnetic field. The temperature can be recorded using an
IR camera. As a matter of fact, only surface temperature (75) is
acquired and can be post-processed to derive the SAR. By com-
paring the average surface temperature and the average volume
temperature of a homogeneous cylindrical MagS exposed to a
30mT and 400 kHz, a ~ 10°C difference in the peak temperature
exists (see Suppl. Mat.). Therefore, the SAR values which could
be derived for the in-air experimental setup cannot be considered
to be reliable. Hence, the results and the method reported in [48]
cannot be used and applied. Furthermore, MagS are designed
to present an architecture with a high interconncted porosity
(~ 50-80%). The temperature patterns and the heat diffusion
in the pores contributes to the heating in the surroundings [51].
Hence, for the in-air setup and IR thermometry, the role of the
MagsS porosity on the heat transfer could not be fully elucidated
and properly accounted in the SAR estimation.

Asregards the methodologies and the findings from [43], [45],
[46], [47], in which the MagS are placed in saline or deionized
water, adiscussion is in order. During the RF heating of the MagS
placed in water, the presence and action of convective motion
due to the temperature gradients and local variation of the fluid
physical properties must be considered, Indeed, neglecting the
aspects related to sample deployement and the issues linked
to the temperature probe placement, by numerically studying
the average-temperature of the MagsS in presece of natural con-
vection lead to ~4 °C difference in the peak tempeature, while
affecting the cooling rate (see Supp. Mat.). The non-linear effects
of this natural convection on the heating and cooling dynamics
cause this measurement setup to be difficult to implement, since
the control of its conditions is not trivial. In this framework,
the use of different temperature recording strategies (e.g., OF or
TC- Table I) further stress the need of a standardized setup in
the measurements MagS SAR.

Moving from these findings and considerations, in [50], [51]
it has been proposed to place the MagS in an agarose phantom,
expose the sample to the RF magnetic field for heating it and
then derive the SAR. Indeed, an agarose matrix can mimic
the cellular environment, while providing a flexible option for
calorimetric measurements [50]. Despite solving some potential
critical aspects and shortcomings of the in-air and in-water
setups, the in-agar SAR tests have not been deeply investigated
in [50], [51]. Indeed, methodological details such as sample
placement and the homogeneity of the magnetic field have never
been considered.

As regards the numerical study of the MagS sample misplace-
ment, in this study we considered two situations. A potential

source of error in the SAR values can be related to the place-
ment of the sample along the coil axis. We simualted some RF
heating experiments for which the Mags is placed is deployed in
different z positions. The findings are reported in Fig. 3. From
Fig. 3(a), it can be noticed that as the sample is moved away
from the initial position z = 0, the magnetic flux density values
and the field homogeneity ¢ lower (Fig. 3(b)). Coherently, the
strength and the uniformity of the magnetic field over the sample
is lower, therefore the temperature distribution inside the agar
phantom and the MagS lowers too (Fig. 3(c)), and asymmetries
in the heating pattern arise. The average temperature in the MagS
cylinder for the different cases of sample placement is shown
in Fig. 3(d). The most remarkable features that depends on the
axial distance from the coil center (2) is the peak temperature. In
Fig. 3(e) it can be seen that, with respect to the sample placed in
the center of the coil, more than 10 °C of difference in the peak
temperature can be recorded. As a matter of fact, considering
(9), the different peak temperature would impact on the term
AT. Therefore, considering the ratio between the SAR at z = 0
and the other cases, since the AT decreases, the estimated SAR
would be higher. Even though these findings may appear trivial,
considering the methodology and results reported in [42], these
results demonstrate that the sample placement is a key factor
for an accurate estimation of the SAR. The best condition for
evaluating the heating efficiency of the MagS is to expose them
to a magnetic field as homogeneous as possible.

The previous simulations and in silico findings were derived
considering a MagS placed perfectly centered in the coil (zg =
0, ,yo = 0). However, it is likely that during the phantom prepa-
ration and the MagS incorporation, the sample can be placed
incorrectly and could shift from the center. The homogeneity
of the field would be slightly affected (in the measure of few
% - see Supp. Mat.), but relevant effects on the estimated SAR
could arise. Therefore, we simualated the SAR test for a MagS
with initial position is moved away from the center in the range
x € [—3,3] mm and y € [—3, 3] mm. The findings are given in
Fig. 4. Considering the simulated volume-averaged temperature
curves, slight differences in the peak temperature can be noticed,
as shown in Fig. 4(a). In particular, a maximum difference of 1 °C
has been found (see Supp. Mat.). However, less than 1 °C of
difference in the AT results in a large SAR variation (Fig. 4(b)).
In terms of percentage variation, considering the initial position
x,y, z = Qasreference (see Fig. 2), the SAR can be overestimate
up to the 8%. Of course, given these findings, a combination of
axial and radidal displacemtne can be key factors in the drastic
misestimation of the SAR.

The findings of our numerical simulations highlight that the
sample placement is crucial and must be carefully considered be-
fore applying the proposed methodology to estimate the SAR of
MagS. The numerical study is preliminary and the experimental
part cannot be disregarded.

IV. EXPERIMENTAL SETUP
A. Magnetic Scaffold: Architecture and 3D-Printing

The scaffold samples considered in this study are made
of PolyLactic Acid (PLA) filament loaded with iron particles
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(Proto-Pasta, USA - PP herein), with a 40 wt.% content of
microparticles having an average size of ~40 pm. The scaffold
architecture was created using Rhinoceros 7 (Mc Neel, Canada)
modeling software, then the ideaMaker (Raise 3D Technologies,
Inc., USA) was used to derive the stereolithography (STL) files
and the g-code for printing them by using the Raise3D Pro2 Plus
3-D FDM (Fused Deposition Modeling) 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 bed
temperature was kept at 45 °C.

B. Static Magnetic Measurements

The static magnetic properties of the ferromagnetic MagS
have been characterized toto. In particular, the magnetic hys-
teresis loops of the iron-PLA have been acquired using an Ox-
ford Instruments 1.2H/CF/HT Vibrating Sample Magnetometer
(VSM), at the system temperature of 300 K and by varying the
magnetic field strengths in the range [—1,1] T.

The findings are reported in Fig. 6 and have been used to fed
the numerical simulations.

C. Magnetic Hyperthermia Characterization

This work aims to specify the experimental steps on accurate
measurement of heating efficiency of 3D printed MagS. To
unravel this unexplored research field, an experimental protocol
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Fig. 5. Preparation of (a) 3D printed magnetic scaffold (MagS) sample

for magnetic hyperthermia experiment. (b) 3 symmetrical holes are
opened to place the temperature probe-optical fiber in (c) three positions
within the MagS and one background measurement. Control samples in
agarose gel from (d) top and (e) side view. Heating evaluation experi-
mental setup with (f) control and (g) MagS samples placed at the center
of the induction heating coil with optical fiber (green).

is depicted in Fig. 2. For 3D-printed MagS (Fig. 2(a)), con-
ventional heating evaluation experimental approaches used on
MNPs for MPH are not applicable. For this reason, a different
methodological approach must be pursued. For MagS, three
holes are opened from the top to the scaffold center, as shown
with the red dots in Fig. 2(b). MagS are then placed in an
agarose matrix to form a fluid surrounding mimicking the tissue
environment and allowing the temperature probe (i.e., an optical
fiber colored as green in Fig. 2(c), (), (g)) to record the heat
diffusion in four different positions (T - Top, L - Left, C -
Center, and R - Right). The test gels have been prepared by
mixing homogeneously, under magnetic stirring, the scaffolds
with distilled water (50 ml in agarose concentration of 4 g -
ml 1), atroom temperature. The concentrations of gelling agents
was 5.0 wt%. Similar samples of 3D printed PLA scaffolds and
only agarose matrix (Fig. 2(e)) are the non-magnetic reference
samples in this experimental procedure (Fig. 2(g)).

Heating efficiency under magnetic hyperthermia conditions
is evaluated through calorimetric measurements using the Easy-
heat AC field induction heating system, provided by Ambrell,
operating at the power of 2.4 kW and at a frequency of 400 kHz.
The |H| x f product is 9.5-10° Am ~* s~! [68]. The applied
magnetic flux density field intensity is 30 mT. The sample is
deployed centered in the 8-turn induction heating coil with
optical fibre placed in the corresponding positions (Fig. 5(f)
and (g)). The magnetic field strength inside the coil has been
measured by using a small coil probe having diameter of 7.3 mm,
2.5 turns, 3 cm of height. The coil has been placed inside the
induction heating coil and connected with an oscilloscope to
measure the peak-to-peak value of the electromotive force (in
V) and convert it to H(kA/m) through the use of Faraday’s
law. The SAR is then estimated using (9). All samples’ initial
temperature (before turning the magnetic field on) was set at
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Fig. 7. Expeirmental temperature curves acquired in four different
position (T = Top, C = Center, R = Right, L = Left) in the magnetic
scaffold (MagS) and in the agarose phantom (O = Out). The simulated
counterparts are reported in lighter colors. The shaded red area repre-
sents the typical temperature range for hyperthremia treatment.

19 °C, while coil cooling water temperature was kept stable
during the procedure. Meanwhile, infrared (IR) camera (FLIR
i3, FLIR Systems, USA) was used to have a global temperature
recording of the experimental setup (i.e., not only sample’s
temperature), in order to control better possible non-magnetic
heating losses and monitor the self-heating of the coil.

V. RESULTS

To evaluate the SAR of MagS the experimental setup shown
in Fig. 5 and the methodology described in Section II.B have
been used. The different temperature curves recorded during
the magnetic hyperthermia test are shown in Fig. 7. From Fig. 7
it can be noticed that the highest temperatures are reached in the
MagsS center (C - black curve), as confirmed by the simulations.
The difference between the simulated and measured values is
due to the fact that, in silico, a homogeneous cylinder has been
considered, whilst, in practice, MagS are heterogeneous and
porous materials. The temperature dynamics in the measurement
points R and L are quite similar between them, depsite the
peak temperature is ~2.5 °C lower than that measuered in the
MagS center. The difference is due to the MagS architecture
and its porosity, but also to the fact the probe is placed where
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the magnetic field is less homogeneous and the temperature is
lower due to diminished deposited power (see Figs. 3 and 4).
By relying on the findings form our numerical study, using only
the temperature curves acquired in points L and R in (9) would
result in a misleading estimation of the SAR value. Similarly,
the temperature records at the MagS top (T - fuchsia curve in
Fig. 7) and ~1 cm outside the sample volume in the agar (O -
green curve in Fig. 7) have a lower peak temperature value. This
is due to the fact that lower values of magnetic field strenght and
homogeneity are found at this location (see Fig. 3). Furthremore,
for these probe locations, by observing the initial slope of the
temperature vs. time curve, a clear decrease in the AT /At
must be noticed (Fig. 7). The different heat diffusion regime
strongly affects the sape of the curve and can strongly impact on
the final estimated SAR value. These findings are of relevance
for cases in which the MagS is made of fragile or very hard
material and the probe cannot be inserted in the sample volume
to properly investigate the heating dynamics in the biomaterial
volume (Table I). Furthermore, the numerical and experimental
findings shine a light on the variability of the results reported in
Table 1.

The considerations done for the temperature curves are funda-
mental for the SAR estimation. Indeed, if the temperature curve
in the agar phantom is considered, an SAR of ~1 W/g is found
for the MagS considered in this study. On the other hand, if the
temperature curves acquired inside the MagS (i.e., C, R, L, T)
are used to compute an average SAR, so that (9) is modified in

Nt
1 AT;
SAR = — 10
Oy 2 5 (10)

a value of 1.2 £+ 0.2 W/g is found. In (10), N is the number of
temperature curves, while the other symbols retain their usual
meaning. This value is in agreement to the SAR value reported
in [51] and [50] for MagS with similar architecture, weight and
properties. Here, it is necessary to report a noticeable 20% SAR
variation. As a matter of fact, from our analysis and from our
findings, the SAR values reported in Table I could not be directly
compared to the SAR values derived for our ferromagnetic PP
scaffolds. Indeed, since the methodological details are missing
for the MagS in Table I a fair comparison cannot be performed.
Therefore, careful guidelines must be followed to obtain reliable
and comparable results.

VI. CONCLUSION AND DISCUSSION

This work deals with the investigation of the experimental
parameters and estimation methodology on the SAR of MagS
for DST HT. In particular, this work thoroughly investigates
through extensive numerical simulations the factors affecting
the reliability of the measurements of MagS SAR. The SAR
measurements of MagS are affected by i) the sample placement
in the coil, ii) the magnetic field homogeneity, the temperature
probe placement, and iv) the biomaterial architecture. Further-
more, we specify an experimental procedure to perform accurate
measurement of heating efficiency of 3D printed MagS to reduce
the influence of probe placement and the biomaterial archietec-
ture. To unravel this unexplored research field and foster the

design, characterization and evaluation of MagS as hyperthremia
agents, the proposed experimental protocol could be adopted, as
shared methodology, for the assessment of the heating potential
of any innovative thermoseeds for DST treatment. In particular,
how framework could be employed to evaluate the heating
performances of ferromagnetic or superparamagnetic MagS.
Future works will deal with the numerical and experimental
investigation of how the geometric and architecture parameters
of the MagS can affect the quality of the heating.
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