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1. Executive summary

Scope of the present deliverable was to analyze and compare the feasibility of different magnetic targeting
systems (MTS) in generating a magnetic force able to compete with the blood drag force, thus enhancing the
absorption of magnetic nanoparticles (FeCaPs) in the heart tissue. This was performed through a computational
based approach that includes:

- the target area definition on both a mouse model and nine realistic anatomical human voxel models;

- the resolution of Maxwell’s equation to determine the spatial magnetic field distribution at the heart
level;

- the calculation of spatial-gradient magnetic fields and magnetic forces in the target area.

The maximum magnetic force that different systems based on either permanent magnets or coils can exert on
different FeCaP agglomerates were numerically compared to the corresponding maximum and minimum blood
drag forces. Based on this analysis, the best technical MTS solution was found and its feasibility was evaluated.
Results indicate that:

o for mice, MTS based on small magnets are capable to generate enough force to enhance the
absorption of a large fraction of magnetic FeCaPs through coronary capillaries walls.

o for humans, actual commercially available magnet based systems (with an optimum radius depending
of the individual anatomy) represent the best solution in terms of possible depth of targeting, cost,
complexity and ease-of-use. They allow attracting and slow FeCaPs towards anterior and superficial
coronary capillaries walls.

Key deliverable achievements:

1. Simulations and comparison of the different magnetic targeting systems that should be able to
generate the magnetic force needed to enhance the absorption of magnetic nanoparticles (FeCaPs) in
the heart tissues through a computational based approach.

2. Distribution of the magnetic field and the magnetic force due to the different MTS on heart tissues of
anatomical human models of different age/gender and mice.

3. Identification of the best technical solution for a MTS among the examined systems for mice

4. ldentification of the best technical solution for a MTS among the examined systems for humans

D4.1 — Distribution of electromagnetic fields in the target area due to the drug targeting systems Page 5 of 15



European
Commission

2. Cooperation between participants

CNR-IEIIT collaborated closely with CNR-IRGB, CNR-ISTEC and SIM for the achievement of D4.1 objectives.
In particular, CNR-IRGB provided information about the dimension of the heart and the target area in the small
animals, CNR-ISTEC provided information about the size and the magnetic susceptibility of FeCaPs whereas
SIM provided data on drag force and fluid dynamic parameters for both small animals (mouse) and humans.
All these data were then used by CNR-IEIIT to perform the computational simulations of the electromagnetic
field distributions in the target area due to the electromagnetic drug targeting systems with the aim to find the
best technical solution among the examined systems for both animals and humans applications. Three remote
meetings were organized among the participants during the first year of the project to discuss on the approach
to be followed and on the results achieved.
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3. Computational simulations of electromagnetic fields on heart tissues

3.1.Introduction

Among the many objectives, CUPIDO is envisioned to reach a solid pre-clinical proof of concept by
investigating the feasibility of different systems of therapeutic drug delivery to the heart based on two different
approaches, i.e. chemical and magnetic targeting. This deliverable focuses on this latter.

Magnetic targeting is a promising technique in which magnetically responsive objects coated by or loaded with
therapeutic agents, once reached the blood circulation, are directed to biological targets in the body by
externally applied high gradient magnetic fields [Shapiro 2009, Sensening et al. 2012]. This would allow
therapy to be concentrated to disease sites (i.e. solid tumors, blood clots, infections) while keeping systemic
concentrations low and thus minimizing side effects [Polyak and Friedman, 2009]. The magnetically responsive
objects can be micro-or nano-scale iron oxide particles or other particles coated appropriately to be bio-
compatible and therapeutically effective [Kamaly et al. 2012]. Moreover, those sub-micrometric particles should
be small enough to pass from blood to the surrounding tissue through blood vessel walls (in technical terms
“extravasate”) and, in realistic applications, their typical radius range between 1 nm-5 ym [Nacev et al. 2011].

The main limitation in magnetic targeting consists in the difficulty to focus such magnetic nanoparticles (MNPs)
to target sites, particularly when they are deep inside the body (at distance > 5 cm) [Nacev et al., 2011]. This
is due to the minimal magnetic force that can be imposed on MNPs themselves, with a maximum in the order
of piconewton (10-12 N) for realistic experiments in humans [Nacev et al. 2011]. This magnetic force (Fm) scales,
indeed, with the particle volume (in the order of 10-27-10-16 m3 for MNPs radii in the range 1 nm-5 ym) and
rapidly decays with distance from the source (with a similar behavior for both magnets and coils of the same
dimension). Additionally, all MNPs are subjected to hydrodynamic forces, that tend to push them away from
their target and that, in turn, scale with the particle radius, thus resulting in drag forces several orders of
magnitude higher than the corresponding magnetic forces.

Traditional methods based on visual inspection, magnetic resonance imaging, and histology studies used on
both animal experiments [Alexiou et al. 2000, Dormer et al. 2008, Goodwin et al. 2001, Marie et al. 2015, Pulfer
and Gallo, 1999, Tietze et al. 2012; Ottersbach et al. 2018] and phase | human clinical trials [Lemke et al.
2004, Lubbe et al. 1996a, Lubbe et al. 1996b] have pointed out the accumulation of MNPs in the target areas.
This evidence shows that, under particular conditions, magnetic forces could enhance the concentration of
MNPs in vivo near magnets.

However, one key open issue in magnetic targeting is whether the applied magnetics forces can face or,
at least, approach the convective blood (drag) forces, thus favoring MNPs extravasation. In other words,
which systems maximize the magnetic forces in the target regions against blood flow?

In this deliverable, a computational based approach was used to analyze and compare the feasibility of
different systems in generating the required magnetic gradient field (or magnetic forces) and to
optimize magnetic sources for specific drug targeting applications [Dames et al. 2007; Sarwar et al.
2012; Kilgus et al. 2012]. Then, here, computational electromagnetics techniques have been applied to
evaluate the performance of various ad-hoc designed magnetic systems in targeting the heart tissues of
differently aged human anatomical models and small animals (mice).

3.1.1.0bjectives

To compare, in terms of magnetic field and magnetic forces, the behavior of different systems based
on magnets/coils for the guidance of the superparamagnetic version of calcium phosphate
nanoparticles (FeCaPs) in the heart tissue, trough computational approaches. In particular, the
maximum force that each of the examined systems can exert on FeCaP/FeCaP agglomerates in the heart
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blood vessels has been calculated and then numerically compared to the corresponding drag forces
due to the blood flow.

3.2. Material and Methods
3.2.1.Magnetic targeting system (MTS)

The systems generally used in magnetic targeting can be divided in two main categories, both of which present
advantages and disadvantages:

- (Permanent) magnets based systems: they are the simplest technical solution for MTS. They are
made of a ferromagnetic material, which is magnetized by a strong external magnetic system able to
create a persistent magnetic field. Neodymium magnets are the strongest type of permanent magnet
commercially available. On the other hand, these magnets have upper limits in both maximum
persistent magnetic field and size (< 10 cm radius) and they cannot be “switched off” if necessary.

- Coils (electromagnets) based systems: they are made from a coil of wire that acts as a magnet
when an electric current passes through it. Often an electromagnet is wrapped around a core of
ferromagnetic material like steel, which enhances the magnetic field produced by the coil itself. The
main advantage of an electromagnet over a permanent magnet is that it can be rapidly manipulated
over a wide range by controlling the amount of electric current supplied and hence they are more
prone to guide and focus MNPs through a closed-loop control. On the other hand, these systems need
of a continuous supply of electrical energy and require very high current level (with the related technical
issues such as Joule heating, induction of electric field in the conductive media, including body, power
electronics, ...) to reach the magnetic field levels generated by the static counterpart.

Given the above and the similar behavior of the two system categories, we focused first on solutions based on
magnets, and then moved to coils based systems, calculating the current needed in coils of the same
dimension as magnets to generate the same magnetic force.

3.2.1.1. Modelling of Magnetic fields and Forces

The propagation through the space of magnetic fields generated by a magnetic targeting system MTS is
described by the Maxwell’s equation. For static and slowly time-varying magnetic fields, the magneto quasi-
static approximation is applied:

VxH=J (1)
V-B=0 2)
B = po(H + M) = po(H + xH) (3)

Where B is the magnetic induction [in units of Tesla T], H is the magnetic field [A/m], M is the material
magnetization [A/m], p=417"10-7 N/A2is the vacuum permeability, x=(u-1) is the magnetic susceptibility and i«
is the relative magnetic permeability. These equations hold both in vacuum and in materials and for both
permanent magnets (magnetization M # 0) and electromagnets (current j# 0) and have been here
numerically solved through the magneto static solver as implemented by simulation platform CST EM Studio
[CST, Darmstadt, Germany] and through the magneto quasi-static solver of simulation platform SEMCAD X
[by SPEAG, Zurich, Switzerland].

Magnetic fields pass virtually unchanged through the human tissues because their magnetic susceptibility x is
close to zero. In contrast, the cores of ferromagnetic MNPs have magnetic susceptibilities several orders of
magnitude higher than that of tissue, resulting in strong interactions with external magnetic fields.

Magnetic force (Fm) on a single spherical MNP or MNP agglomerate depends on both magnetic field and
magnetic field gradient created at its location by an external MTS and is given by:
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and depends only on physical factors of the MNP.

Fm distribution was calculated from magnetic field distribution through a MATLAB [The MathWorks, Natick,

MA] code.

Equation 4 shows that:

- the magnetic force scales with the particle volume.

gradient operator and Cr =

is the coefficient which multiplies the gradient of squared magnetic field

- A spatially varying magnetic field ‘;—: # 0 is required to create a magnetic force

- The gradient operator points from low to high regions of the squared magnetic field, which means that
MNPs experience forces from low to high applied magnetic field and hence that magnetic systems
always attract them.

3.2.2 Blood Forces

Besides magnetic force, there are several other forces acting on any particle moving in blood vessels. Those
include drag forces, Brownian force, thermophoresis force, Saffman’s lift force, Magnus force and Basset force.
Due to different assumption, as explained in the paper by Pourmehran and colleagues [Pourmehran et al.,
2015], all but drag force can be neglected and the motion of the considered MNPs in blood vessels can be
described by the following equation:

NF = my =T+ Fy (5)
where vypis the MNP velocity, mypits mass, Fn,the magnetic force as in Eq. (4), and Fq is the hydrodynamic
drag force, which is, for spherical MNP/agglomerate, given by the following Stokes’ law [Pourmehran et al.
2015, Tehrani et al. 2014]:

Fy = —6mna(vys — vp) (6)

where 1 is the blood viscosity and vy is the blood velocity. Using the centerline blood velocity to estimate
the drag forces dramatically overestimates these forces near the vessel walls, and thus severely under-
predicts the ability of magnetic drug targeting to capture particles [Nacev et al. 2012]. Thus, according
to Nacev and colleagues, we compared the magnetic force (Fm) both with the:

- Faq (centerline), which is the drag force estimated with the centerline blood velocity (i.e. the highest
fluid velocity as calculated at the center of the vessel);

- Fq (boundary), which is the drag force estimated in the boundary layer, which is, in turn, the 0.1% of
the centerline velocity.

By solving Eq. (5) the trajectory of MNPs can be calculated. However, the solution of this differential equation
is out of the scope of this report and in the following, we will discuss the force balance at the equilibrium,
namely the numerical comparison between the drag forces due to the blood velocity and the magnetic force
Fm.

3.2.3 Target area definition

Medications used to treat cardiovascular disorders are typically delivered to heart through the coronary
arteries, which are the vessels that directly supply blood to the myocardium and to other components of the
heart [Scott et al. 2008]. As a consequence, the target area of MTS should be at the coronary circulation level.
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In humans, two different approaches have been investigated, both of which are aimed to target FeCaPs in the
coronary circulation. With the first approach we tried to guide MNPs from the aortic valve to the entrance of
the coronary arteries in order to increase their concentration in the coronary circulation. With the second
approach, we wanted to extend the retention of MNPs through coronary capillaries walls, by maximizing their
permanence in the small vessels themselves. In the following section, we will show that the first approach
cannot be reached through a feasible MTS whereas the second is more achievable in both humans and mice.

3.2.1.2. Target area definition in humans

Coronary circulation occurs mainly during diastole (Error! Reference source not found.).
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Figure 1 Coronary blood flow (left) and aorta blood velocity (right) during a cardiac cycle. Redrawn from Hall [2011]

During systole, the subendocardial coronary vessels are compressed due to the high ventricular pressures.
This compression results in momentary retrograde blood flow (i.e., the blood flows backward toward the aorta),
which further inhibits perfusion of myocardium during systole (i.e., the blood flow in the subendocardium stops).
As a result, most myocardial perfusion occurs during diastole when the subendocardial coronary vessels are
open and under lower pressure. For this reason, magnetic targeting should occur during systolic phase. In
other words, in order to maximize the entrance of MNPs in the coronaries, the MTS should be able to affect
FeCaPs (in terms of increasing the likelihood of MNPs shifting towards the coronary vessels) between the aortic
valve and the entrance of the coronary arteries (that are few mm above) during systole and leave them go
through (by switching off the MTS) the coronary arteries during diastole.

Permanent magnets, by generating a static magnetic field, are not prone to this purpose, whereas
electromagnets synchronized with the heart cycle should be used. However, two issues make this problem
hard to solve:

1) The blood velocity in the aorta can reach up to 1.2 m/s (Error! Reference source not found.) and
hence we would need to set a magnetic force of the order of Fn= 2*108 N;

2) The distance between skin surface (where the MTS could be positioned) and the target area (coronary
arteries entrance) is of about 6 cm in adults and as discussed above, Fr, amplitude is proportional to
the squared amplitude of the magnetic field, which, in turn, decrease with an inverse cube law respect
to the distance.

As a result, we would need a coil which produce a very high magnetic induction (in the order of hundreds of
T), which means, for coils with radii in the range 5-10 cm, a current per turn very high (in the order of 106 A),
which clearly indicates a not feasible solution.

Given these results, it was decided to design the MTS as a device that was able, by attracting MNPs towards
itself, to enhance the FeCaP concentration in the heart area and to favor the extravasation of the FeCaPs
from coronary capillaries to the myocardium. The target area was confirmed to be only the coronary
capillaries where the direct feeding of the myocardium tissue occurs and where:
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- given the lower blood velocity in human capillaries, the drag forces that MTS should face are
considerably lower than in the aorta;

- given the shorter distance of the coronary capillaries than aorta from the skin surface, the MTS can
exert a considerably higher magnetic force than in the aorta;

- there is no more the need to synchronize the magnetic force with the heartbeat and hence it is
possible to explore the use of permanent magnets based systems.

The anatomical models used in the simulations come from the Virtual Population models [Christ et al. 2010,
Gosselin et al. 2015] made available to CNR-IEIT for research purpose from IT’IS Foundation (Zurich,
Switzerland). The models are based on high-resolution magnetic resonance (MR) images of healthy
volunteers, segmented in a voxel-based format and reconstructed through the use of computer-aided design
representation of the organ surfaces. Up to 84 tissues are distinguished in the whole body models whereas,
at the heart level, it is possible to distinguish the heart lumen, the heart muscle (myocardium) and the largest
blood vessels.

The minimum target area distance Diarget (i.€. the minimum distance between the coronary capillaries and the
skin surface), ranges between 10 and 32 mm across the human models.

3.2.1.3. Target area definition in small animals

The performance evaluation of different MTS in exerting a magnetic force opposing to the blood drag forces
was been computationally evaluated also for small animal models. In particular, here we focused on mice,
since used in CUPIDO animal experiments.

All anatomical data referred to mouse were provided by CNR-IRGB. According to those, for mouse the
minimum target area distance Diarget (the distance between the coronary capillaries and the skin surface) is of
abOUt Dtarget=2 mm.

3.24 Magnetic targeting system (MTS) and simulation details

Bearing in mind that MTS is thought to act on heart tissue, its dimensions were chosen accordingly. Magnetic
targeting systems examined consist in a single disc magnet/round coil, given that either multiple or different
shapes do not substantially change our results (data here not shown). The studied systems are therefore
modelled as single circular magnets.

A uniform axial permanent magnetization (or remanence) was set to disc magnets in the simulation according
to the maximum B; of commercially available magnets. The current in a single coil of one turn (N=1) with the
same radius as magnet was calculated to have at the loop center the same maximum magnetic field induction
at the central point of the upper face magnet center, through the well-known Biot-Savart equation:

2Rc0i1B
NI = coilPcenter (7)
Ho

Magnetic targeting systems were placed on the skin tissue of each model at the heart level, with their center
at the level of the heart center and with a minimum distance from the heart surface equal to the minimum target
distance. Computational domain was discretized using a uniform rectilinear mesh grid. The magnetic field
distribution in the space below the MTS was extracted from the electromagnetic simulator and then imported
in MATLAB to calculate the magnetic force distribution.

3.3. Results

3.3.1.Magnetic force in mice

D4.1 — Distribution of electromagnetic fields in the target area due to the drug targeting systems Page 11 of 15



European
Commission

As discussed above, we first calculated the maximum Fr, generated by single disc magnet based systems with
variable radius at the target distance on a FeCaP agglomerate. The maximum F,, obtained varying the radius
of the magnets are about 20% lower than the maximum blood drag force but hundreds times higher than the
minimum (boundary layer) blood drag force calculated in the mouse coronary capillaries.

Then we calculated the current (per single turn) supplied to the coil based system of the same dimension as
magnets in order to produce the same Fr, calculated for magnet. Our results show that they would need a very
high feeding current (in the order of thousands A-turn) to equal the force exerted by magnets of the same size.

Lately, some studies [Tehrani et al. 2014, Han et al. 2012, Martel et al. 2009] have used a combination of
particular coils arrangement, namely Helmholtz and Maxwell coils, for MNP guidance into blood vessels model.
Both coils arrangements consist of two identical circular coils (radius=R) placed symmetrically along their
central axis and separated by a distance z=R. Each coil carries an equal electric current I:
v" In the same direction in Helmholtz coils, that are used for producing an almost uniform H (or B) and
then an almost null Fr, in the volume interposed between them;
v" In the opposite direction in gradient-Maxwell coils, used for producing a uniform-gradient magnetic
field H (or B) and an almost linear Fn, (), in the volume between them.

By adding the two coils set together, the superimposition of their B would allow to apply a non-zero magnetic
force on the MNPs, wherever they are placed in the volume interposed between the two coils of each pair.

The behavior of a hypothetical and ideal Helmholtz+Maxwell coil system, to be used in experiments on mice,
was evaluated. The distance between the coils and equally the coils radius was set to the mouse thorax width
(Error! Reference source not found.). We then calculated the current (per single turn) in each coil of the
Helmholtz+Maxwell system needed to produce at the target distance:

- the same Fn, calculated for a single disc magnet system of the same dimension.
- the maximum F, calculated for single disc magnet system

In both cases, the feeding current still results quite high.

Figure 2 Pictorial representation of the Helmholtz+Maxwell Coils system

More detailed information are not included here since part of a manuscript in preparation.
3.3.2 Magnetic force in humans

Similarly to mice, the computational analysis of the magnetic targeting system MTS in humans starts from
single disc magnet based systems. Given the different target distance, due to the different anatomical
characteristics of human models, the best magnet based solution varies across human models. The maximum
Fm obtained for each human model are about the 5-10% of the centerline (or maximum) drag force, but are
about tens times higher than the boundary layer (or minimum) drag force calculated in the human coronary
capillaries.
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As for mice, we calculated the current (per single turn) supplied to a coil based MTS in order to produce the
maximum Fr, calculated for magnets. As expected, the results are even worse than what found for mice. Even
if, hypothetically, coils can be manufactured as larger as desired, the feeding current needed is too high and
clearly not feasible for our purposes.

More detailed information are not included here since part of a manuscript in preparation.

4. Conclusions

In summary, the analysis of the capability of different magnetic targeting systems based on magnets and coils
in reaching the heart with a force that would compete with the blood drag force, thus favoring the
absorption of FeCaP agglomerates in the heart tissues, shows that:

- For mice, systems based on small commercially available magnets seem to be capable to generate
enough force to slow down NPs speed locally and then to enhance the absorption of a large fraction
of FeCaPs through capillaries walls.

- For humans, actually commercially available magnets based systems (with an optimum radius
depending of the individual anatomy) represent the best solution in terms of possible depth of
targeting, cost, complexity and ease-of-use. They allow attracting the slowest FeCaPs towards
anterior and superficial coronary capillaries walls, but are probably less effective on FeCaPs that
moves at higher velocities.
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