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Abstract

Gliomas are the most common intracranial tumors, featured by a high mortality rate. They represent
about 28% of all primary central nervous system (CNS) tumors and 80% of all malignant brain
tumors. Cytotoxic chemotherapy is one of the conventional treatments used for the treatment, but it
often shows rather limited efficacy and severe side effects on healthy organs, due to the low selectivity
of the therapy for malignant cells and to a limited access of the drug to the tumor site, caused by the
presence of the Blood-Brain Barrier. In order to resolve these limitations, recently an Erythro-
Magneto-HA-Virosome (EMHV) drug delivery system (DDS), remotely controllable through an
externally applied magnetic field, has been proposed. To accurately localize the EMHYV at the target
area, a system able to generate an adequate magnetic field is necessary. In this framework, the objective
of this paper was to design and develop a magnetic helmet for the localization of the proposed EMHV
DDS in the brain area. The results demonstrated, through the implementation of therapeutic efficacy
maps, that the magnetic helmet designed in the study is a potential promising magnetic generation
system useful for studying the possible usability of the magnetic helmet in the treatment of glioma and

possibly other CNS pathologies by EMHV DDS.

1. Introduction

Sample Gliomas are the most common intracranial
tumors, arising from glial cells and mainly affecting
the brain. They are fastly growing and infiltrating
tumors, featured by a high mortality rate. They
represent about 28% of all primary central nervous
system tumors and 80% of all malignant brain tumors
(Ostrom et al (2013)).

Cytotoxic chemotherapy is one of the conven-
tional treatments used to face gliomas. It often shows
rather limited efficacy and severe side effects on heal-
thy organs, due to the low selectivity of the therapy for
malignant cells and to a limited access of the drug to
the tumor site, caused by the presence of the Blood-
Brain Barrier (BBB). The BBB hinders, in fact, the pas-
sage of nearly 98% of therapeutic molecules adminis-
tered systemically (Abbott 2013).

Several research efforts currently focus on site-
specific controlled drug delivery systems (DDS), to
increase therapy effectiveness and reduce the men-
tioned side effects (Ricotti et al (2015)). Nanoscale
DDS, such as liposomes, micelles or polymer-based
nanoparticles, have been designed to improve the
solubility and circulation time of drugs administered
parenterally (Moghimi et al (2001), Wilhelm et al
2016). However, nanocarriers show a low drug loading
capability, due to their small size (typically few tens of
nanometers).

To improve the capability of carrying large
amounts of drugs, cell-based DDS have been proposed
(Pierige et al (2008)). In addition to the mentioned
higher drug loading capability, such carriers show
other advantages in comparison with nanosized ones,
such as prolonged circulation times and intrinsic bio-
compatibility, thanks to cell membrane epitopes on
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the external DDS shell, recognized as ‘self compo-
nents by the organism. In particular, erythrocytes
appear a promising option as DDS to be used in
humans (Rossi et al (2005), Muzykantov 2010).

On the other hand, cell-based DDS raise the need
to elaborate strategies to effectively and safely control
their therapeutic action. In fact, being featured by a
micrometric size, they cannot rely on the enhanced
permeation and retention (EPR) effect to accumulate
at the tumor site, differently from their nano-sized
counterparts (Greish 2010). This means that cell-
based DDS must be provided with a mechanism that
enables their remote control, in order to guarantee a
targeted and effective therapy. Among the different
strategies that can be used to provide DDS with a good
degree of controllability (Timko et al 2010, Mura et al
(2013)), the use of magnetic fields seems to be one of
the most promising and clinically usable solutions
(Tabatabaei et al (2015), Price et al (2018), Liu et al
(2019)).

In this framework, an interesting erythrocyte-based
DDS, remotely controllable through an externally
applied magnetic field, has been recently proposed
(Cinti et al (2011), Grifantini et al (2018)). This vector,
named erythro-magneto-HA-virosome (EMHV), con-
sists of an engineered erythrocyte provided with
hemagglutinin (a viral spike fusion glycoprotein) on its
membrane and embedding superparamagnetic nano-
particles and an anti-cancer drug. The action mech-
anism of this system is grounded on the ability of
hemagglutinin to fuse with the target cell membrane,
thus releasing in it the therapeutic compound. This
process occurs when the EMHV DDS is magnetically
attracted to the target cell and forced to keep its position
for a few minutes against the blood flux. Once this hap-
pens, the hemagglutinin triggers the fusion of the
EMHYV membrane with the capillary cell wall. Then, the
therapeutic compound embedded in the EMHV is
released in the extravascular compartment (thus, if the
EMHYV is properly targeted, the drug reaches the tumor
cells). This targeting strategy allows to increase the ther-
apy selectivity and to minimize the off-side toxicity
(Cintietal (2011)).

To effectively localize EMHV:s at the target area, a
system able to generate an adequate magnetic field is
necessary. To date, no permanent magnets-based
actuation systems have been designed specifically for
the anchoring of EMHVs. Indeed, so far, EMHVs have
been tested simply by approaching a small permanent
magnet on the animal model skin surface, without any
theoretical effort aimed at optimizing it (Lande et al
(2012), Naldi et al (2014), Grifantini et al (2018)).
While this approach can be somehow effective in
rodents, in which deep body regions are relatively
close to the outer skin surface, when dealing with deep
human body tissues (e.g., to target gliomas in the
brain), a more elaborated design effort is needed. This
paper reports the design of a helmet able to generate a
non-uniform magnetic field in order to localize
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EMHVs at different possible brain tumor sites, thus
enabling the release of drugs in the target area by
EMHVs.

The paper is organized as follows: section 2
describes the theoretical background for an EMHV
moving in a vessel under the effect of magnetophoretic
and drag forces. Section 3 illustrates the steps followed
to design the magnetic helmet. The analytical model
used to compute the target value of the magnetic field
required to anchor the EMHVs at the target site and
the requirements and constraints for the magnetic hel-
met design are described. Magnetic characterization of
the EMHVs and the consequent optimal design of the
magnetic helmet are also reported in this section. The
magnetic field map generated by the magnetic helmet
and therapeutic efficacy maps, for studying the possi-
ble usability of the magnetic helmet and EMHV DDS
in the treatment of glioma, are reported in section 4.
The discussion and conclusion are illustrated in
section 5.

2. Theoretical background

An EMHV in the bloodstream, within a vessel and
subjected to an external non uniform magnetic field,
experiences several forces. The predominant ones are
the viscous drag forces, the magnetophoretic forces
due to the field source, buoyancy and gravity. By
assuming the EMHV moving in an arteriole (i.e. in the
microcirculation area, with typical diameter ranging
between 10 ym and 100 pm and with a Reynolds
number R, < 1), a fully developed laminar flow can
be considered and all the inertial forces, which are
several orders of magnitude smaller than viscous ones,
can be neglected (Haverkort et al (2009)). Based on this
consideration, in this paper only magnetophoretic E,
and drag forces 17} were taken into account. Moreover
the EMHVs suspension is assumed to be diluted in the
blood and the erythrocyte volume concentration to be
small, therefore the total volume occupied by the
EMHVs per unit of fluid volume (defined as c) is
considered much less than 1. In this case, also EMHV-
blood interactions can be neglected (Furlani and
Ng (2006)).

When the EMHYV is far enough from the magnetic
field source and the effect of the magnetic field on it is
negligible, the carrier moves with a velocity Veygy
coincident with the blood flow velocity #. Once
approaching the area where the magnetic field is
stronger, the EMHYV experiences a magnetophoretic
force E, that deflects its trajectory toward the magn-
etic field source. As shown in figure 1, the EMHV is
decelerated and the velocity change generates a drag
force E in the opposite direction respect to E. In
order to anchor the EMHVs at the tumor site, the fol-
lowing condition has to be satisfied:
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Figure 1. Trajectory of an EMHV and forces acting on it while moving in a blood vessel under the effect of an external magnetic field.
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The magnetophoretic force F, is generated by the
difference in the magnetic permeability of the EMHV
and the one of the medium surrounding it, in addition
to the external magnetic field. This causes the EMHV
motion towards regions in which the magnetic field is
stronger (Jones 1995).

F)m = Mf(meﬁ’ : v)ﬁ @)

where the EMHYV is modeled as a sphere with radius
Rpppmv and magnetization MEMHV and is replaced by
an equivalent point dipole with a moment m,.

The effective dipole moment of such a sphere is
calculated as:

/‘LO_Mva

My = 47mRevmy
[ﬂo + 2pp

+ LM‘EMHV 3
Mo + 24

The parameters y;, g Remnv and H are respectively
the blood permeability, the permeability of free space
(47710‘7%), the radius of EMHV and the external
applied magnetic field. If the EMHYV with susceptibility
2pvpy 1s below saturation, the magnetization is:

Mgy = gy Hin 4
where Hj, is the internal magnetic field that can be
expressed as a function of the external applied magn-
etic field H and the self demagnetization field Hepqq
that opposes H,H, =H — Haemag -

When EMHVs are magnetized below their satur-
ation level, the effective moment is simplified to:

3(spmuv — 77) T
[((sremmv — 227) + 3(57 + 1)]

mer = Vemny

€©)

where s is the magnetic susceptibility of the
blood and Vgypy is the carrier volume. Substituting

equation (5) into equation (2) and considering
|27l < 1(ie. py & prg) we have:
3(sr — =
(s2EmEV 1) H A
[(eemuv — 227) + 3]

E, = o Vemuv

(6)

The drag force 17} is the force acting in the opposite
direction respect to the relative motion between the
EMHV and the blood. Assuming the EMHV a
sphere moving in a laminar flow regime with velocity
Vemnv, the drag force is given by Stoke’s law as
(Batchelor 1970):

F)" = — 671 Revrv (Vemny — V) @

where 7, is the blood viscosity and ¥ is the blood
velocity.

3. Design of the magnetic helmet for
HMHVs anchoring

3.1. Approach and analytical model

A glioma placed in the hypothalamus, at the center of
the brain, was chosen as a possible case study. A
human head has an average circumference of 57 cm
(Bushby et al (1992)). It also has a vertical distance,
measured from the nasal root depression between the
eyes to the top of the head, equal to 11.2 cm and a
vertical distance, measured from the tip of the chin to
the top of the head, equal to 23.2 cm (Poston 2000).
These anatomical distances were taken into account
for designing a magnetic helmet able to exert a
magnetophoretic force to stop EMHVs on the vessel
walls, thus enabling the hemagglutinin-mediated
membrane fusion and drug release at the target.

First, the value of the magnetic field Big.: neces-
sary to capture the EMHYV in the human vasculature
and to anchor it at the tumor site was estimated using
an analytical model based on the one proposed by Fur-
lani and introduced in the section above (Furlani and
Ng (2006)). The trajectory of an EMHV with radius
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Figure 2. (a) Sketch of the head and external NdFeB magnet: the magnet is placed at a distance of dmag from the reference frame with the
origin in the tumor site and a distance of ds from the skull, (b) Geometry and reference frame used for the analysis in the analytical model.

Reppy flowing through a tumor vessel of radius 7, was
studied, in proximity to a magnetic field generated by a
source positioned outside the body, at distance d,,q4
from the vessel (figure 2(a)) (Furlani and Ng (2006)).

Permanent magnets and electromagnets were
compared, as possible solutions to generate the magn-
etic field needed. Permanent magnets are convenient
because they require smaller dimensions, with respect
to electromagnets, to generate the desired magnetic
field at a certain distance.

Considering that, NdFeB N52 magnets were selec-
ted because they are the strongest type of permanent
magnets currently available.

We considered a magnet with radius R,
assumed with an infinite length, with its axis orthogo-
nal to the blood flow and featured by a magnetization
M,4¢ (figure 2(b)). The dipole model for approaching
the problem and deriving M, is justified because the
working distances are much larger than R, (see
section 3.4). Thus, this model can be used to study the
effect of the generated magnetic field on the EMHV. A
capture condition for EMHVs was established as fol-
lows (Furlani and Ng (2006)):

2 EMHV ] 2
- |Minag
vV + 3

32,7 1a (1 + o)t

1o TREMEV 23[

> 1 (8)

where 7 is the average blood velocity and 7, is the
blood viscosity. The coefficient « is an adimensional
parameter defined as follows: o = Dog 1,

mag

Starting from the capture condition expressed in
equation (8), it is possible to calculate the minimum
value of the magnetization M,,4;_ i Of a single exter-
nal permanent magnet needed in order to stop the
EMHVs:

32,7 (1 + )t

©)

Mmag_min =
# EMHV ]

2 gmuv + 3

Mo T Remuv 23[

Considering equation (9), it is possible to calculate the
components (i.e., Brarger_x and Bygrger_,) of the magn-
etic field needed for the capture, as follows:

Mmag_mianag2 ((x + dmug )2 - )/2)

Btarget_x = Ky

2 (Cx + dmag )? + y%)?
(10)
. o =1 ]\/Imag_minRmag2 2((x + dmag ))/)
T2 (@t g ) )
(1D

As reported by equations (10) and (11), the required
magnetic field depends on the position of the EMHV.
In the center of the vessel and perpendicularly to the
position of the external magnet (i.e., x = d,e and
y = 0), the magnetic field assumes the maximum
values (figure 2(a)). Considering that the target value
of the magnetic field module is:

Iergetl
= Brarger_x (dmags 0))> + Brarger_y (dinags 0))?
(12)

This value has to be reached by the superposition
principle by considering the sum of the magnetic fields
produced by several magnets in the helmet.

3.2. Magnetic characterization of the EMHVs

In order to effectively predict the EMHYV behavior under
the effect of an external magnetic field, a magnetic
characterization of the EMHVs was performed, to
assess the actual volume magnetic susceptibility segppy
(Grifantini ef al (2018)). The magnetization curves were
obtained for different EMHVs samples, using a vibrating
sample magnetometer (PPMS 6000, Quantum Design
Ltd). The EMHVs samples consisted of human red
blood cells with embedded superparamagnetic nano-
particles (Nanocs Inc., Boston USA) and 5-Aza-2-
deoxycytidine (Sigma-Aldrich, St Louis, MO, USA) as a
drug model. The EMHVs were obtained through a
protocol reported in (Cinti et al (2011)). Magnetization
curves allowed to estimate the specific magnetization M
in emu/g at a particular magnetic field strength H (in
Oe). This is related to the magnetic susceptibility

through the following equation:
M
HEMHV = T PEMHY (13)

where ppyy = 1100 % is the average EMHV sample
density. The magnetic susceptibility of EMHV is
1.4102-107> 4 0.1213 -107°.
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3.3.Requirements and constraints for the magnetic
helmet design

In order to generate the magnetic field necessary to
anchor the EMHVs at the tumor site, a hemispherical
support with radius R, hosting different magnetic field
sources, was designed, taking into account the typical
human head size and the need to minimize the helmet’s
dimensions. Multiple magnetic field sources were pre-
ferred respect to a single bigger one, in order to limit the
helmet’s dimensions and to exploit multiple effects of
single magnets (i.e., superposition effect). There was the
need to place the magnetic field sources as close as
possible to the patient’s head, because the magnetic field
decays according to 1 /2 at relatively large distances. This,
together with the anatomical constraints, led to set a
support radius R; = 12 cm. The magnetic field gener-
ated by the helmet should be equal to | B4,/ at the center
of the brain and should be smaller than By at
superficial brain regions, in order to anchor EMHVs only
at the tumor site, which is supposed to be in the brain
center. Starting from these requirements, the solution
proposed consisted of NdFeB N52 magnets organized in
order to generate a magnetic field smaller than |By, | at
small distances from the magnets, i.e., close to the skull
surface. This solution should avoid the anchoring of
EMHVs in undesired regions, thus minimizing off-target
drug release and consequent side effects. This choice
concerned NdFeB magnets that, positioned on the
mentioned hemispherical support, thus placed at a
distance d,,,; = 12 cm from the tumor site (figure 2(b)),
produce a magnetic field B;, evaluated along the magnet
axis at distance d; = 2 cm from the magnet (i.e., at the
brain surface), which satisfies the following condition:

|BS| = |B(9_C) 0, 0)' < |Btarget| (14)

where ¥ = —(dyqe — do).

If the magnets arranged on the hemispherical sup-
port are far enough from each other (i.e., distance bigger
than the radius of the magnets), the magnetic field B,
generated by each magnet at a distance d; from it, is not
affected by the magnetic field produced by all the other
magnets. In other words, we can suppose that when the
distance between the magnet and the skull is small
(SRuqg) only the single magnet is responsible for the
magnetic field generated in the specific portion of the
head. On the other hand, when the target area is deep in
the brain, all external magnets contribute to the genera-
tion of the magnetic field, thus making possible the gen-
eration of a total field adequate for stopping carries (i.e.,
in terms of magnetic field, what is lost with the distance
can be compensated by the larger number of magnets).
Thus, it is possible, with the described strategy, to satisfy
the condition (14), limiting the magnetic field at the sur-
face of the brain and keeping it below the B¢ value.

3.4. Computation of the magnetic field B, for
anchoring the EMHVs

We considered the case of EMHVs moving in an arteriole
with radius r, = 25 um (Vennemann et al 2007). The
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choice to consider an arteriole is an approximation and it
represents the worst case because here, the contribution of
the fluidic forces is bigger than in a capillary’s one.
The blood was approximated to be a Newtonian and
incompressible fluid having viscosity 7, = 0.001 Pa - s,

density p; = 1000 % (Rotariu and Strachan (2005)) and
volume magnetic susceptibility ey = —6.6 - 1077
(Lunnoo and Puangmali (2015)). The blood flow was
considered laminar. Measurements of blood flow exhib-
ited differences in blood velocity between the tumoral and
the normal microvasculature. In this study the average
blood velocity was assumed in the range 0.1 % <
7 < l% in tumoral arterioles and 1% < 7 <
10 % in normal arterioles (Rotariu and Strachan (2005)).
The magnetic helmet was designed to generate a magnetic
field capable of stopping EMHVs moving through an
arteriolar blood flow with a maximum velocity
=1 % Decreasing the blood flow velocity, the
magnetic field required to anchor the EMHVs at the
tumor site decreases. Considering the EMHV as a
spherical particle with radius Rgypy = 4p4m and magn-
etic susceptibility segypy = 1.4102%107>, the analytical
model proposed in section 3.1 was used to compute the
target value Bygg. As shown in figure 2(b), a magnet
having infinite extension and radius R,,,; = 3 cm, was
located at distance d,,4; = 15 cm from the tumor vessel,
where d,,,, is the distance between the center of the
magnet and the center of the vessel. Such value for d,,q,
was chosen according to the value Ry, to compute
Biarger at distance d = 12 cm from the magnet surface,
which corresponds to the case of study. The minimum
value for magnetization Mg _min = 2.36*107 %
required for EMHV capture was estimated using
equation (9). Equations (10)—(12) were used to compute
the magnetic field B generated from the magnet along the
axis of the arteriole (—4 Ryqe < ¥ < 4 Ryuqg). The plot
of the absolute value of the magnetic field | B| estimated by
the analytical model is shown in figure 3(a).

Notice that |B| reaches its maximum value
(B]| max = 0.6 T) at the center of the magnet (y = 0).
Such value was considered as the target value By for
anchoring EMHV. It is worth mentioning that any
other value for R, can be used to compute the
magnetic field Bjg by the analytical model. The
value of d,,,,, varies according to the value R4, in
order to estimate the magnetic field at a distance
d = 12 cm from the magnet surface, but the value for
Biarger remains the same if the same magnetic proper-
ties of the EMHVs (srgypv) and the same fluid
dynamic (7) and geometric conditions (7, Rgmmv)
are considered.

Magnetic and fluid dynamic simulations with the
commercial FEM code COMSOL Multiphysics 5.2a
were performed in order to verify the results obtained
by the analytical model and to predict the EMHVs
behavior under the effect of the magnetic field com-
puted by the analytical model. Denoting with 7 the
capture efficiency, ie., the fraction of EMHVs
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Figure 3. (a) Absolute value of the magnetic field [B| (T) evaluated along the axis of the arteriole y betweeny = —4 Ryygandy =
4 Rpmag, (b) Optimal configuration of the NdFeB magnets placed on the hemispherical support. Each magnet has magnetization
Mg = L.17[10] "6 A m! along the main axis, radius D,,,g = 4 cmand length L., = 30 cm.

$ N
) ¢ D.,..,

L

mag

captured by the external magnetic field at the target
site, it was observed that a capture efficiency 7 = 88%
was obtained by the magnetic field computed by the
analytical model along the tumor arteriole.

3.5. Optimal configuration of the magnetic helmet
Considering By es| = 0.6 T as the target value needed
to anchor EMHYV at the target site and considering the
radius (R, = 12 cm) of the hemispherical support in
which NdFeB magnets are placed, several configura-
tions of NdFeB N52 magnets were tested, in order to
obtain the By value at the tumor site. A parametric
study using COMSOL Multiphysics 5.2a simulations
combined with MATLAB scripts (Mathworks, Inc.,
Natick, MA) was carried out by varying dimensions,
magnetization and positioning of the NdFeB magnets
on the hemispherical support, to compute the optimal
configuration of the NdFeB magnets and obtain the
highest magnetic field value at the target site. In
particular, the optimization equations of the parametric
study (i.e., in terms of Ryug, Lyags Mynag) Which were
considered are the following:

(N

ZlB(Rmag) Lmug, Mmag)l = |B(%x, 0, 0)| < |Bturget|
i=1
N=N,- Nmag
2mR2
7R2

mag

3 Nmag =

2R,

+ Rmag
N, =

2R g
(15)

where N, N, e N,,,,, are respectively the total number
of magnets on the helmet, the number of rings and the
number of magnets on each ring. The results of the
optimization process led to the design of a helmet with
60 NdFeB magnets placed on the hemispherical
support with radius Ry = 12cm, as shown in
figure 3(b). Each magnet has a radius of R, = 2 cm,

a length of L, =30cm and a magnetization
M,y = 1.1%10° % alongits axis. A spherical symme-
try arrangement was chosen for the magnets in order
to optimize the magnetic field value at the center of the
brain. Referring to a spherical coordinate system
(p, ¢, 0) (figure 4(a)), Neodymium magnets were
arranged in a configuration of 5 rings at polar angular
distance 6 = 20°. Angular position and number of
magnets in each ring are shown in figure 4(b). This
arrangement was chosen in order to optimize the
number of magnets placed on the hemispherical
support and therefore to generate the highest magnetic
field value at the target site (in the worst case the tumor
islocated in the center of the brain).

4. Results

4.1. Magnetic field map

The map of the absolute value of the magnetic field
generated by the helmet referring to the median plane
of the head is shown in figure 5. The same magnetic
field map can be evaluated in the sagittal plane because
of the spherical symmetry arrangement of the mag-
nets. As evident in figure 5, the magnetic field is
smaller than By,g.; (0.6 T) in most of the superficial
regions of the brain. The helmet generates a magnetic
field with values close to By only at the central
superficial area of the brain, where the maximum
value for the magnetic field is B, = 0.580 T.

4.2. Capture efficacy maps

In order to evaluate the ability of the magnetic helmet
to anchor the EMHVs at the target site, and therefore
the therapeutic efficacy of the designed system in the
glioma treatment, therapeutic efficacy maps were
estimated. Such maps show the capture efficiency of
the EMHVs at the tumor site, depending on the
velocity of the blood and on the area where the glioma
islocated. The capture efficiency was defined as:
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Figure 4. (a) Spherical coordinate system (p, ¢, 0), (b) Different rings of magnets on the helmet: Ring 1 with 18 magnets, placed at

polar angle @ = 90°, Ring 2 with 16 magnets, placed at polar angle # = 70°, Ring 3 with 14 magnets, placed at polar angle = 50°,
Ring 4 with 9 magnets, placed at polar angle ¢ = 30°,Ring 5 with 3 magnets, placed at polar angle § = 1.
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Figure 5. Magnetic field map generated by the magnetic helmet referring to the coronal plane of the human head.

Coronal plane

NEmmvs st
n= LM Vsstop (16)
Neymvs, tor

where Ngypvesiop and Neapvs ¢ are the number of
EMHVs stopped in the target area thanks to the
magnetic helmet and the total number of EMHVs
inside the vessel, respectively.

The therapeutic efficacy maps were calculated
for three values of the average blood flow velocity
in the tumor arteriole taken to be in the range
0.1 % <<l % (these values represent the
blood flow velocity in tumoral arterioles as reported
in the literature (Rotariu and Strachan (2005))

(figures 6(a)—(c)). Considering the EMHVs moving in
the tumor arteriole with the maximum average blood
flow velocity 7 = 1 m—sm, corresponding to the case
study considered for the helmet design, the magnetic
helmet allows to reach a capture efficiency n = 75% at
the superficial and central region of the brain with a
thickness of 1 cm. In particular, in such a region a
maximum value of capture efficiency 7 = 79% was
computed (figure 6(a)).

The efficacy of the magnetic helmet to target
EMHYV:s tends to decrease with depth and reaches the
lowest value 17 = 58% at the center of the brain
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Figure 6. Therapeutic efficacy maps depending on the blood velocity, taking to be in the range 0.1 mm/s < vy < 1 mm/s. In

(figure 6(a)). Decreasing the blood velocity in the
tumor arteriole, the magnetic field necessary to anchor
the EMHVs decreases and the capture efficacy of the
magnetic helmet increases. In the case of EMHVs
moving in the blood flow with velocity ¥ = 0.5 %,
as shown in figure 6(b), a capture efficiency n = 50%
is evaluated in the majority of the brain areas. A cap-
ture efficiency 7 = 100% was computed if the glioma
is located at the superficial and central region of the
brain and a minimum value 7 = 36% was observed at
the center of the brain. The therapeutic efficacy map
corresponding to the blood velocity # = 0.1 %
(figure 6(c)) shows a capture efficiency of n = 100%
all over the brain. Such value of capture efficiency was
obtained because the magnetic field required to stop
EMHVs moving with velocity 7 = 0.1 % is much
less than the magnetic field generated by the magnetic
helmet.

Interestingly, due to the difference in blood velo-
city between normal and tumor arterioles, by suppos-
ing the same spatial distribution of the regions (i.e.,
tumors and healthy) the capture efficiency in healthy
regions is reduced of about a factor 10. In addition, in
the case of glioma located at the center of the brain,
EMHVs will not stop in healthy superficial regions,
although in such regions there is a higher magnetic

field value than that at the tumor site. As the blood
velocity in the normal arterioles is greater than the
blood velocity in tumor arterioles, the magnetic field
required to anchor the EMHVs in healthy regions is
much higher than that necessary to stop the EMHVs in
the tumor sites.

In order to demonstrate it, an explicative example
is reported below. We supposed a tumor as a sphere of
radius r = 2.8 cm (i.e., it corresponds to % of the
radius of head) placed at the center of first quarter of
the head (i.e., # = 135° and a distance of the center of
head of 5.6 cm) and a single vessel in its center with a
blood velocity of 0.5 mm/s. as shown in figure 7.

The surrounding healthy regions are fed by four
vessels symmetrically distributed around the tumor as
reported in (a)-(d) points of figure 7 and the blood
velocity was supposed to be 5mms~". In order to
focus the magnetic field on the tumor the designed
helmet was supposed to be rotated with an angle of
135° respect to figure 3(b). Considering that, the ther-
apeutic efficacies in the tumor and healthy regions,
respectively (i.e. in (a)-(c) and d points) were
evaluated.

The results demonstrated a capture efficiency
of Nyymor = 89% inside the tumor versus a capture
efficiency of 7)., = 20.5% in healthy regions
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Figure 7. An example of different therapeutic efficiencies in tumor (brown) respect to the healthy (pink) regions. The therapeutic
efficiency in tumor results to be 7ymor = 89% whereas in healthy results to be 1caitny = 20.5%. The therapeutic efficiency in healthy
regions was calculated as a mean value of the therapeutic efficiencies calculated in the points (a)—(d).
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where 1, is the mean values of 7, = 37%,
n, = n; = 21%and n. = 3.1%.

5. Discussion and conclusion

The objective of this paper was to design a wireless
magnetic system for the treatment of brain cancers,
able to anchor the EMHV DDS, moving in a tumor
arteriole, at the target site.

The proposed idea was to design a system able to
generate relevant magnetic field and magnetic force
for human applications, in a compact form and inex-
pensively, differently from the magnetic actuation sys-
tem (i.e., Octomag or MRI systems), proposed in the
literature, which are cumbersome and with a restric-
tive workspace.

After computing the target value (Byger = 0.6 T)
required to anchor the EMHVs at the tumor site in the
case of maximum velocity, i.e., supposed to be at the
center of the brain, by an analytical model several
magnetic and fluid dynamic simulations and para-
metric studies were carried out in order to obtain the
optimal configuration (see section 3.4) in terms of
sizes, number and magnetization of the NdFeB mag-
nets. The spherical symmetry arrangement of the
NdFeB magnets on the hemispherical support was
chosen to optimize the magnetic field value in the dee-
per region of the brain. Although the system is not able
to generate magnetic fields close to the magnetic field
Biarger at the center of the brain, taking into account the
geometric constraints due to the size of the patient’s
head and the need to limit the helmet dimensions, the
configuration of the NdFeB magnets used in the study
is the optimal solution in order to generate high

magnetic fields at big distances. Moreover, the pro-
posed magnetic system is a versatile system that allows
for varying the number and the inclination of the
NdFeB magnets depending on the tumor site. In the
case of gliomas located at the surface of the brain, only
the NdFeB magnets located on the hemispherical sup-
port above the tumor site could be used during the
tumor treatments. By varying the inclination of the
magnets depending on the tumor position, it is possi-
ble to optimize the magnetic field value in the region
where the tumor is located.

The magnetic helmet was designed for the capture
of EMHVs moving in the tumor arteriole having the
maximum blood flow velocity. By evaluating the cap-
ture efficiency of the EMHVs DDS and the efficacy of
the magnetic system varying the blood velocity in the
tumor arterioles, it was noticed that the magnetic hel-
met shows relevant values of capture efficiency in deep
regions of the brain if the EMHVs move in the arter-
iole with blood flow velocity 7 < 0.5 % In this case
the proposed magnetic helmet could be used for the
treatment of deep gliomas by using EMHV DDS. Con-
sidering the EMHVs moving with the maximum
blood velocity 7 =1 ?, the magnetic helmet is
more effective for the treatment of superficial tumors.

It is worth mentioning that, although the mech-
anism of pharmacological release by the EMHVs
occurs at a capillary level, the approximation of the
EMHYV moving in the arteriole is acceptable, giving
the possibility to study the EMHV’s behavior under
the effect of a realistic drag force with reduction of the
computational cost of simulations. In fact, in this
study, arteriolar blood was considered as a Newtonian
fluid without turbulence, but higher blood flow
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velocities in the arteriole were used with respect to the
capillary.

In conclusion, the magnetic helmet designed in
the study is an innovative model of a magnetic genera-
tion system to be used for the location of drug-carry-
ing magnetic agents like EMHVs and the treatment of
human brain cancer. Although the platform was pro-
posed for the treatment of cerebral tumors in this
study, its use could be extended for the treatment of
additional pathologies where a localized pharmacolo-
gical approach is required, such as Alzheimer’s
and Parkinson’s diseases (Karthivashan et al (2018),
Agrawal et al (2020), Nirale et al (2020)).

Future studies will focus on the development of
the proposed magnetic helmet and its experimental
validation in vitro and in vivo.
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