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Abstract: A computational method for optimum magnetic navigation of nanoparticles that are coated
with anticancer drug inside the human vascular system is presented in this study. For this reason
a 3D carotid model is employed. The present model use Computational Fluid Dynamics (CFD)
and Discrete Element Method (DEM) techniques along with Covariance Matrix Adaptation (CMA)
evolution strategy for the evaluation of the optimal values of the gradient magnetic field. Under the
influence of the blood flow the model evaluates the effect of different values of the gradient magnetic
field in order to minimize the distance of particles from a pre-described desired trajectory. Results
indicate that the diameter of particles is a crucial parameter for an effective magnetic navigation. The
present numerical model can navigate nanoparticles with diameter above 500 nm with an efficiency
of approximately 99%. It is found that the velocity of the blood seems to play insignificant role in the
navigation process. A reduction of 25% in the inlet velocity leads the particles only 3% closer to the
desired trajectory. Finally, the computational method is more efficient as the diameter of the vascular
system is minimized because of the weak convective flow. Under a reduction of 50% in the diameter
of the carotid artery the computational method navigate the particles approximately 75% closer to
the desired trajectory. The present numerical model can be used as a tool for the determination of the
parameters that mostly affect the magnetic navigation method.

Keywords: nanoparticles; Computational Fluid Dynamics (CFD); Discrete Element Method (DEM);
Covariacne Matrix Evolution Strategy (CMAES); magnetic navigation; drug delivery

1. Introduction

Nowadays, chemotherapy is one of the most often used techniques against tumour
cells. In this method, anticancer drug such as doxorubicin is injected into the human
vascular system. This method results in severe toxic side-effects as the drug affects both
cancer and healthy cells. In order to overcome the side-effects of the drugs, the navigation
of drug-loaded particles through the human vascular system under the action of magnetic
fields was proposed by the researchers in the late 70s [1,2]. In this frame, the healthy cells
remain unaffected by the drug and the side-effects are minimized. On the other hand,
the therapeutic efficiency is optimized as a result of the increased quantities of drug that
reach the tumour area [3].

Iron oxides (Fe304) have been investigated intensively for biomedical applications [4].
Iron oxide particles present many advantages such as low toxicity, high surface to volume
ratio, magnetic properties and price [5]. In many cases magnetic nanoparticles are injected
directly on the tumour when it is superficial but this is not feasible in other cases [6]. Thus,
a way to navigate nanoparticles to the desired tumour is an issue in order to minimize
the drug dose for the avoidance of side effects [7]. For this reason magnetic navigation
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of nanoparticles with the use of appropriate external magnetic fields has been proposed,
since the particles are used in Magnetic Resonance Imaging (MRI) and are visible with the
use of it [8].

The magnetic navigation of particles depends on the type of nanoparticle material
as well as the magnitude of the magnetic field [9-11]. However, as the flow velocity is
decreased through the arteries, smaller magnitudes of the magnetic field are needed for
an efficient magnetic driving of nanoparticles [12]. The size of magnetic nanoparticles
(MNPs) is a crucial factor for the efficiency of the navigation [13,14]. The smaller the
particles, the less they are magnetized and therefore they are not responding to the mag-
netic field [15-17]. Thus, it becomes apparent that a numerous parameters should be
taken into account for the optimization of the performance of the magnetic targeted drug
delivery [15-17] given the fact that the use of large particles could form clots in arteries
and arterioles [18]. On the other hand, very small particles are carried away by the fluid,
resulting in increased difficulty for particles to be driven into artery bifurcations [15].

In order to overcome these limitations, paramagnetic particles can be used, where,
under the influence of a steady magnetic field, attract each other, resulting in aggregates
which exhibit greater magnetization and hence increased magnetic response [13]. This
occurs due to the greater magnetic moment of the agglomerates compared to the isolated
particles. In the case of anticancer therapy, the agglomerates must be separated into
isolated particles to deposit the drug into the cancer cells, upon reaching the desired area.
Paramagnetic particles, lose their magnetization in the absence of the magnetic field so
they can be easily separated in the absence of the magnetic field [19,20].

Materials that are affected by the magnetic field were also investigated for hyperther-
mia treatment of cancer [21]. A new therapeutic system called magnetic hyperthermia
therapy (MHT) is already developed [22]. The MHT technique is based on heat that is
generated by magnetic nanoparticles (M N Ps) under the action of the alternating magnetic
field. The results from MHT method are very promising, but a typical limitation of its
usage is localizing heat solely to tumour areas sparing healthy surrounding tissues [23].
Under the combined action of a permanent magnetic field along with an alternating mag-
netic field, heating focus may be achieved to smaller regions in a tunable manner [24]. It
is very important for the above applications to be able to accurately control the position
and the trajectory of the particles in order to navigate them in specific areas while they are
moving into a biological fluid e.g., in the cases of arteries [25] or inside scaffolds [26] and
ligaments [27].

In recent years, there are numerous researchers that are trying to find ways in or-
der to overcome the difficulties in the magnetic navigation of nanoparticles. The use of
amplitude modulation magnetic particle imaging with soft magnetic core can shorten
the necessary driving time by 25% while can improve the imaging resolution by 43%
compared to the conventional methodology employed [28]. In addition, co-encapsulation
of magnetic nanoparticles and anticancer drug into biodegradable microcarriers is sug-
gested as a method to improve drug targeting in deep tissues [29]. Furthermore, a one
dimensional nanoparticle navigation method can successfully manipulate and monitor the
nanoparticles under 2 Hz navigation update rate with a field gradient of 3.5 T/m during
the imaging mode and 8.75 T/m during the actuation mode in a tube [30]. Moreover,
a nanorobotic platform that integrates many inter-disciplinary components and methods
within physiological, technological constraints and tight real-time for operations in the
blood vessels and microvasculature system is proposed in [31]. Additionally, a magnetic
navigation method that drives a swarm of nanoparticles to an area that guarantees their
successful guidance towards a desired direction using an asymmetrical field function to
handle swarm of nanoparticles is introduced in [32]. Then, a transporter field function
is used to transfer the particles between the desired areas, and finally a sustainer field
function is used to keep the particles within the desired zone.

Although driving of magnetic nanoparticles is achieved in all the above applications,
so far there is a lack of methodologies that succeed optimum guidance of nanoparticles.
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For this reason, an optimization algorithm is used in this study for the first time in three
dimensional arrays in order to control the magnetic field along with the computational
model of particle motion in blood flows [15,33,34]. The optimization algorithm for deter-
mining and controlling the magnetic field that is used in the present study is the Covariance
Matrix Adaptation Evolution Strategy (CMAES) [35]. The CMAES algorithm is used to
navigate the particles to a targeted area through successful adjustments in the phase and
magnitude of the magnetic gradient that can be imposed by MRI. The CMAES method
is an evolutionary strategy based on the evolutionary calculation which is determined
by a class of stochastic optimization methods. This optimization method has already
been successfully tested for removing particles from two-dimensional simplified Y-shaped
branch geometries [12].

In the present study, a computational method for optimal magnetic navigation of
nanoparticles inside human arteries is presented. The numerical methodology for the
kinetics and the navigation of nanoparticles into the desired areas as well as simulation
details are presented in Section 2. Results from the simulations are presented and discussed
in Sections 3 and 4, respectively. Finally, conclusions are summarized in Section 5.

2. Materials and Methods
2.1. Governing Equations

In this study a numerical procedure for the evaluation of the optimal gradient magnetic
fields for the navigation of magnetic nanoparticles inside a carotid artery is presented.
For the propulsion model of the particles seven major forces are considered, i.e., the
magnetic forces from MRI's main magnet static field as well as the Magnetic field gradient
force from the special propulsion gradient coils. Moreover, the contact forces among
the nanoparticles and the carotid walls, and the Stokes drag force for each particle are
considered. In addition, gravitational forces and the force due to buoyancy are included.
Finally, Van der Walls force and Brownian motion are taken into consideration in the
simulation. Flow field and the uncoupled equations of particles motion are calculated
using the OpenFOAM platform [36]. Laminar blood flow is expected to occur in the
carotid model. The incompressible Navier-Stokes equations are solved for the Eulerian
frame along with a model for the discrete motion of particles in a Lagrangian frame.
The governing equations of the fluid phase are given as following;:

Vou=0 (1)
Ju - Vp 2
E%—u-VH——?—FVVu (2)

where ¢ is the time, u and p are the fluid velocity and pressure, respectively, and p and v
are its density and kinematic viscosity, respectively. In this study, blood is considered as a
non-Newtonian fluid. Therefore, the Bird-Carreau model is adopted in this study, where
the viscosity of the blood is given by the following equation [37]:

(n-1)
V=" + (Vo — Veo)[1 + Az"yZ]T 3

where, 7 is the shear rate, v is the viscosity at infinite shear rate, v is the viscosity at zero
shear rate, A is relaxation time and # is the power index power.

The equations of every particle single motion in the discrete phase are based on the
Newton law and may read as follows:

ou;
mz‘aitl - Pmag,i + Fnc,i + Ptc,i + Pdrag,i 4)
+Fgmv,z' + Fudo,i + For,i
dw;
Iiaitl - Mdrtlg,i + Mcon,i + ngg,i (5)
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where, the index i stands for the ith-particle with diameter and mass noted by d; and
m;, respectively. I; is the mass moment of inertia matrix while f is time and u;, w; are
its transversal and rotational velocities, respectively. Terms % and % correspond to its
linear and angular accelerations, respectively. Fy,,; is the total magnetic force, while F . ;
and Fy; stands for the normal and tangential contact forces, respectively, F,qq; and Fergy,i
are the hydrodynamic drag and buoyancy forces, respectively, and Fy;, ; and Fy, ; are the
Van der Waals and Brownian forces, respectively. My, and M, ; are drag and contact
moments, respectively, and finally, T 4,,; is the magnetic torque at the position of particle
i. All forces and moments are calculated according to Discrete Element Method (DEM)
method as in [15]. Details of the numerical models, forces and moments terms used on
particles are given in [15-17].

For the evaluation of the potential of the computational platform a carotid model
is studied here, as depicted in Figure 1. The dimensions of a human carotid model are
described in Ref. [38]. For the establishment of fully developed velocities profiles before
the bifurcation and in order to diminish the numerical issues which are connected to the
boundary conditions, the computational geometry is suitably expanded in the inlet and
outlets. For this reason, the overall length of the carotid geometry model is 0.3 m. The 3D
computational mesh is developed using the Gmsh mesh generator [39]. Representative
views of the computational unstructured mesh, at the inlet and the bifurcation of the
carotids, are presented in Figure 2.

Internal carotid
Common carotid artery

artery .',
\

External carotid »
artery

<m Outlet 1

<4m Outlet2

Figure 1. Carotid geometry.
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Figure 2. Computational mesh at the (a) inlet, and (b) inside of the carotid bifurcation.

2.2. Model Validation

The numerical model for the motion of particles that is employed in this study has
already been successfully validated in [15-17]. The motion of blood inside human arteries
is validated against the experimental results of [40]. The developed carotid model imposed
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in the same blood flow conditions as in [40]. In addition, the evaluation of the flow is
measured six diameters upstream the apex of the bifurcation. The values of each parameter
of the Bird-Carreau model that were used in the simulations are presented in Table 1.
The axial blood flow for both experimental measurements of [40] and the results of the
current simulation are presented in Figure 3. It is observed that the results show good
qualitative agreement. A difference of only 3% is encountered between experimental data
of [40] and the present numerical model.

Table 1. Simulation parameters.

Bird-Carreau Parameters

Symbol Value Unit
Voo 22x1073 Pa-s
1 22 x 1073 Pa-s
A 0.11 s
n 0.392 -

0.14 T : T ' T T T T T
—a— Experimental
—e— Numerical 4

0.12 1

°
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o
1

o

o

©
1

Velocity m/s
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r/a

Figure 3. Comparison of axial blood velocity between experimental measurements (black) of Ref [40]
and present numerical simulation (red).

2.3. Determination of the Appropriate Magnetic Gradients

The CMA evolution strategy algorithm [35] is used along with CFD and DEM soft-
ware in order to navigate the particles into a desired path through successive variations
of the magnetic gradient magnitude and sign. The CM A algorithm conducts an iterative
principal component analysis of successful search steps, while retaining all principal axes.
In addition, two paths of the time evolution of the mean distribution are recorded, called
search or evolution paths, respectively. These paths include significant information about
the correlation between consecutive steps. In particular a gradient magnetic field is selected
by sampling a multi-variate normal distribution.

The basic equation for sampling the magnitudes of the gradient magnetic field, for gen-
eration number g =0,1,2, ... is
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LD (m<g), (U@)zc(g)) fork=1,..,A (6)

where ~ indicates the same distribution on left and the right side, x,((g +) € IR", k-th
offspring (search point) from generation g 4+ 1, m(8) € IR", mean value of the search
distribution at generation g, o8 ¢ IR, overall standard deviation, step size, at generation
g C ©) ¢ IR"*", covariance matrix at generation g, and A > 2, population size, sample size,
number of offspring.

The new mean of the search distribution is calculated by :

§
mlst) =y wixf§+l) @)
=

M
Ywi=1 w;>0fori=1,..,pu ®)
i=1

where 1 < A is the parent population size, i.e., the number of the variations of the gradient
magnetic field in each simulation. w; = 1..u € IR,, positive weight coefficients for

recombination, where wy > wy > ... > wy > 0. xff\ﬂ), i-th the best individual out of

x%gﬂ),..., xE\gH) from Equation (6). Finally, the covariance matrix at generation g + 1 is

given by:
C(g-i-l) — iwi (xz(-é;\+1) _ mg) (xf§\+l) _ mg)T 9)
i=1 ' ’

2.4. Driving Process

In this work, the above mentioned method is used for the first time in the navigation
of paramagnetic nanoparticles in three-dimensional geometries. It should be noted that the
present method was successfully employed in two-dimensional navigation problems [12].
The method intends to minimize the particles position deviation from a desired path.
The desired trajectory in all simulations is preset and described in the computational
method by a 10 degree polynomial as is depicted in Figure 4.

* S 88

Figure 4. Projection of the carotid artery. Desired trajectory (purple line) and walls (green dots).

Initially, blood flow in the carotid is achieved by suitably solving Equations (1) and (2).
The non-Newtonian nature of blood’s viscosity is taken into consideration by solving Equation (3).
Upon solving the flow and the pressure fields, the discrete phase simulation (DEM) starts
by solving Equations (4) and (5). Blood loaded with particles enters the carotid from the left
and splits into the two outlet branches at the right side of the domain (Figure 1). Random
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magnitudes of the gradient magnetic field are provided from CM A evolution strategy to DEM
in the beginning of the process as an initial guess. The DEM method evolves all particles’
positions for some time and the deviation between the nanoparticles and the desired trajectory
is evaluated in each time step. The discrete phase simulation starts with combination of the
DEM and the CM A methods. The CM A algorithm is used in order to minimize the deviation
from the desired trajectory by providing more appropriate magnitudes of the gradient magnetic
field in each simulation by solving Equations (6)—(9). Hence, the optimal magnitudes of the
gradient magnetic field are evaluated for optimum navigation of nanoparticles into the desired
area. Representative duration of the numerical simulation under 18 variations of the gradient
magnetic field is 24 and 120 h of CPU (Intel Xenon E5-2620 v3) time for 1 and 1000 simulated
particles, respectively.

2.5. Simulation Details

A mesh dependency test using the boundary conditions of Table 2 is conducted in the
carotid model, with 0.25, 0.75, 1.5 and 2 million cells. Results indicate that the difference
in the computed velocity of outlet 1 between the cases of 1.5 and 2 million cells become
practically zero, as is shown in Figure 5. Therefore, all simulations in this study are
conducted in a carotid model with 1.5 million cells. The computational mesh is consisted
of approximately 1.5 million tetrahedra and wedge elements. The latter are used at the
vicinity of the walls to resolve the viscous boundary layers.

0.095 1
0.094- i
0.093- i
0.0921 |

0.091 ]
0.090 T ]
. .

0.089 .

U (m/s)

0.088 .

I ' 1 ' 1 ' 1 '
0.4 0.8 1.2 1.6 2.0
Computational cells (Million)

Figure 5. Velocity in the outlet 1 of the carotid model under different number of computational cells.

In this study, particles with sizes in the range 200 to 900 nm are placed in different
locations in the inlet of the carotid model for the evaluation of the computational method.
In addition, simulations with up to three thousand Fe3O4 spherical particles are performed
in this study. Furthermore, different concentrations of particles are used in order to evaluate
the effect of the concentration in the magnetic navigation process. The physical material
properties of particles and other important parameters used in this study are the same as
in Ref. [17] and are summarized in Table 3. The boundary conditions that were used for
the evaluation of the fluid flow in all the simulations are tabulated in Table 2.

In the present study, we intend to navigate the nanoparticles under the combined
action of permanent and gradient magnetic fields from the common to the internal carotid
artery (Figure 1). Therefore, the desired trajectory (Figure 4) is successfully transformed into
a 10 degree polynomial and imported in the computational platform. It should be noted
that the steady magnetic field is set equal to By = 10 T in all simulations while the magnetic
gradient is constantly changing in order to drive the nanoparticles as close in the desired
path [41]. In this study, the range of the permitted gradient magnetic field magnitude is
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set to 10 T/m. Therefore, only magnitudes in the above mentioned range are generated
by the CMA evolution strategy. In addition, the magnetic gradient is changing 18 times
in each simulation. Furthermore, each iteration of the computational method includes
10,000 evaluations of the gradient magnetic field values. At the start of each simulation,
the nanoparticles are randomly distributed and placed just after the inlet boundary. It
should be noticed that the computational method is evaluated under the most difficult
conditions since the nanoparticles are placed in the opposite direction of the carotid brach
that intended to be navigated and just above the walls of the carotid.

Table 2. Boundary conditions.

Boundary Conditions
Boundary Velocity Pressure
Inlet 0.08 m/s Zero gradient
Outlet 1 Zero gradient 0
Outlet 2 Zero gradient 0
Walls 0 Zero gradient

Table 3. Particles’ and simulations conditions.

Property Units
Particles’ density 5000 Kg/m?
Young’s modulus 3.5 x 10° Pa
Poisson’s ratio 0.34
Relative magnetic permeability 1.23
Medium permeability 1.256 x 107°
Temperature 288 K
Molecular mean free path 25x%x 1077

3. Results

In this study, the computational platform is used in order to navigate the nanoparticles
from the common to the internal carotid artery through a desired trajectory (Figures 1 and 4).
The diameter of the particles is a crucial parameter for an effective magnetic navigation [15].
The magnetic moment of each particle is affected by its volume. Therefore, particles with
small diameters are very difficult to be navigated towards the desired locations. This effect
is presented in Figure 6 where the particles with diameter of 200 nm are not navigated
into the desired branch of the carotid Figure 6a. It should be noted that the computational
platform under the permitted limits of the imposed gradient magnetic fields are not able to
successfully navigate the particles into the desired branch of the carotid. On the other hand,
under the same magnetic gradient limits and under the appropriate gradient magnetic field
adjustments the particles with diameter of 500 nm follow as close as possible the desired
trajectory, as is depicted in Figure 6b.

Results of the present study indicate that particles with diameter from 200 to 400 nm
under the imposed gradient limits are unable to be driven into the desired location. This
effect is presented in Figure 7. On the other hand, the computational platform can success-
fully drive particles with diameter above 500 nm, as is depicted in Figure 7. It should be
noticed that bigger particles are moving towards the common carotid in less time although
the blood velocity is the same among the simulations, as is depicted in Figure 7. This
effect is caused due to the easier manipulation of the bigger particles by the magnetic
field. Therefore, the bigger particles are moving towards the common artery in areas with
increased flow velocity. The closer (best), average and worst distances of particles from
the desired trajectory in the whole simulation and in each iteration of the computational
model for the whole range of the simulated diameters are presented in Figure 8. The gra-
dient magnetic field values are evaluated in terms of the closer distance of nanoparticles
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Initial positions 1s
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® 0.6s 1.6s
® 0.7s 1.7s

0.8s 1.8s

0.9s

from the desired trajectory. The average and worst distances of nanoparticles from the
desired trajectory indicate the way that the computational platform evalute the appropriate
gradient magnetic field values. In this study, the distance of particles from the desired
trajectory in the whole simulation is defined as the sum of the mean distance of particles
from the desired trajectory in each change of the gradient magnetic field in the simulation.
In this way, the search distribution of the appropriate gradient magnetic field magnitudes
is minimized. Therefore, less time is needed for the selection of the optimum values by the
computational method.

Initial positions 1s
0.1s e 1lls

0.2s e 12s Ry
® 0.3s ® 1.3s
e 0.4s e 14s
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........" ®e 0o 0 o o 0 o o o

B i et

(a) (b)

Figure 6. Projection of the positions of particles under different time steps of the navigation process for particles with
diameter of (a) 200 nm and (b) 500 nm. Desired trajectory (cyan line) and walls (black dots).
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Figure 7. Projection of the positions of different diameter particles under different time steps of the navigation process.

The computational platform perform validation of the gradient magnetic field values
and select the best of them for optimum magnetic navigation of particles, as it is depicted
in Figure 8a,b. It should be pointed out that the evolution of the simulation process leads
to closer distances of particles from the desired trajectory in each iteration. Since its
iteration is composed by 10,000 different evaluations of the gradient magnetic field values,
the evolution of average and worst distances of the particles from the desired trajectory is
presented in Figure 8c—f, respectively. It should be noticed that only the gradient magnetic



Fluids 2021, 6, 97

10 of 19

field values of the best simulation are used from the computational algorithm for the
generation by the CMAES of the values of the gradient magnetic field for the next iteration.
Consequently, the values of the simulation with average and worst distances from the
trajectory are not adopted by the computational platform for the next iteration step.
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Figure 8. (a,b) Best, (c,d) Average and (e f) Worst distance of particles in each iteration from the desired trajectory.



Fluids 2021, 6, 97

11 of 19

The diameter of particles has a serious impact in the computational time that is needed
for the computational algorithm to evaluate the gradient magnetic field for optimum navi-
gation. For particles with diameter from 200-400 nm the optimum values of the gradient
magnetic field are evaluated approximately after 110 iterations, as it is depicted in Figure 8a.
On the other hand, in the simulations with particles of 500-900 nm, only 60 iterations are
required for obtaining the gradient magnetic values for optimum navigation inside the
carotid, as it is depicted in Figure 8b.

The diameter of particles plays a significant role in the magnetic navigation process
since in the diameter range of 200-400 nm, the gradient magnetic field (T/m) is not sufficient
enough in order to navigate the particles in the desired branch of the carotid and close to
the trajectory (Figure 8a) and therefore the distances from the trajectory are higher than
that of particles in the range of 500-900 nm (Figure 8b). This effect in terms of percentage
difference (Al) between the case of 400 and 900 nm is presented in Figure 9. It should be
noted that an increase of 44% in the diameter of the nanoparticles leads 96% closer the
nanoparticles to the desired trajectory. It should be noticed that even from the first iterations
larger nanoparticles (900 nm) can be navigated 88% closer to the desired trajectory. As the
evaluation of the gradient magnetic fields continues, this difference become equal to 96%,
as is depicted in Figure 9. For example, after five iterations the computational platform
manage to navigate the particles with diameter of 900 nm approximately 91% closer to the
desired trajectory compared to the simulation with particles of 400 nm. This difference
is minimized and remains steady after approximately 90 iterations of the computational
platform. Finally, the particles of 900 nm are navigated 96% closer to the desired trajectory
compared to the particles of 400 nm, as is depicted in Figure 9.

Based on the predefined gradient magnetic limits, only particles with diameter of
500 nm and above can effectively be navigated close to the trajectory and into the desired
areas by the computational platform. Therefore, the percentage difference of the best
values of the gradient magnetic field from the case of 500 nm in each change of the
gradient magnetic field in each simulation is presented in Figure 10a. As the diameter
of particles increases, the values of the gradient magnetic field that are evaluated by the
computational method for optimum navigation of particles into the desired trajectory are
decreased, as is depicted in Figure 10a. It should be pointed out that the same values of the
gradient magnetic field are evaluated by the computational method during the simulations.
For example, there is no difference in the imposed gradient magnetic field in changes 4, 10,
11 and 12, as is depicted in Figure 10a.

The overall difference in the values of the gradient magnetic field from the case of
500 nm is presented in Figure 10b. As the diameter of particles is increased an exponential
decrease in the difference from the case of 500 nm of the appropriate values of the gradient
magnetic field that are needed for optimum navigation is observed. Approximately 35%
lower values of the gradient magnetic field are needed for an effective navigation of
particles in the desired areas in the case of 600 nm. This difference is maximized in the
case of 900 nm where 71% smaller values of the gradient magnetic field are used compared
to the case of 500 nm for optimum navigation into the desired areas as is depicted in
Figure 10b.
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Figure 9. Percentage difference from desired treajectory between the cases of 400 and 900 nm.
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Figure 10. (a) Gradient magnetic field change from the case of 500 nm, (b) Overall percentage difference from the base case

of 500 nm.

In order to examine the potential of the magnetic navigation method, the exact same
simulations are performed with 25% reduction in the inlet velocity. The closer distance of
particles from the desired trajectory in each iteration and for all the range of the simulated
particles is depicted in Figure 11. It should be noticed that nearly the same trend in the
driving process of the particles as in Figure 8a,b is observed. Therefore, the velocity of
the blood seems to have insignificant effect in the evaluation process of the appropriate
magnitudes of gradient magnetic field that is performed by the computational method.
On the other hand, it should be pointed out that at the end of the navigation process
the particles are approximately 3% closer to the desired trajectory in the simulation with
smaller inlet velocity, as is depicted in Figure 12.
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BT T T T T T T

30 .

5 4

—71r 111111 1T 1
20 0 20 40 60 80 100 120 140 160
Iteration

Figure 12. Percentage difference of distance of particles (Al) with diameter of 800 nm from the
desired trajectory between inlet velocity 0.08 m/s and 0.06 m/s.

The effect of the diameter of the artery system in the magnetic navigation process is
also studied in this study. For this reason, under inlet velocity of 0.08 m/s the diameter
of the carotid artery is reduced by 50%. The closer distance of particles from the desired
trajectory in each iteration and for all the range of the simulated particles is depicted in
Figure 13. It should be noted that the profile of the evolution of the distance of particles
from the desired trajectory is different in particles with smaller diameter than 300 nm
(Figure 13a) compared to the other cases (Figure 13b). As the diameter of particles is
increased the evolution profile follow the same trend as in the corresponding cases of
Figure 8.

The diameter of the artery system has a crucial effect in the effectiveness of the mag-
netic navigation method. Although the diameter of the carotid artery is minimized by 50%
the computational method manage to navigate the particles by 75% closer to the desired
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trajectory compared to the corresponding cases of Figure 8, as is depicted in Figure 14.
The difference in the distance of particles in each iteration of the computational method
between the minimized artery and the carotid artery of Figure 1 for the representative case
of particles with diameter of 800 nm is depicted in Figure 14.
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Figure 13. Distance of particles from the desired trajectory in each iteration of the computational

method under inlet velocity of 0.08 m/s in the minimized carotid artery for the cases of (a) 200,
300 nm, and (b) 400 nm and above.
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Figure 14. Percentage difference of distance of particles with diameter of 800 nm from the desired
trajectory between the original and the minimized carotid artery under inlet velocity of 0.08 m/s.

4. Discussion

In this study a new computational method for optimal magnetic navigation of nanopar-
ticles inside the human vascular system is presented. It should be noticed that the blood
velocity fields that are used in this study is only for demonstration purposes for the func-
tionality of the method. The velocity of blood in the main arteries of the human vascular
system such as aorta and neck arteries is higher than the velocities that are used in this
study [42,43]. On the other hand, the blood velocity in arterioles is lower compared to the
blood velocities of the present study [44].

Results indicate that the diameter of particles is the most significant parameter for the
navigation into the desired locations. An increase in the diameter of the particles leads to an
increase in the magnetic volume of particles [13-15]. Therefore, bigger particles are easier
driven by the gradient magnetic field. It should be noticed that the easier manipulation
of the bigger particles can lead in differences in the navigation process since the particles
can be navigated in areas with high and lower flow velocities easier. The computational
method that is developed in this study, can evaluate the appropriate gradient magnetic
field values for optimum navigation of particles into the desired areas. The method that
is proposed here can drive approximately 99% of the nanoparticles close to the desired
trajectory. Consequently, the majority of the simulated particles are navigated as close as
possible to the predefined target. It seems that the constant changes in the phase and the
magnitude of the magnetic field is more efficient way to navigate particles in the desired
areas compared to a steady gradient magnetic field [29]. It should be noticed that even
with the worst values that have occurred after the evaluation of the computational method
the nanoparticles can be navigated into the desired branch of the carotid but not close to
the desired trajectory. It should be noticed that using the present method the particles that
are coated with the anticancer drug are moving close to the desired trajectory and not close
to the walls of the arteries as in [45]. This is very crucial since the particles moving near the
wall may be trapped [46].

Only nanoparticles with diameter greater than 500 nm can successfully be navigated
into the desired branch of the carotid. Smaller particles cannot be driven by the imposed
magnetic field due to their small magnetic volume [14]. Therefore, the particles are moving
away from the desired trajectory and are located in different than the desired branch of
the carotid artery. This is caused due to the predefined limits in the range of the values
of the gradient magnetic field. It should be pointed out that smaller nanoparticles can be
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successfully navigated into the desired locations by increasing the range of values of the
gradient magnetic field [15].

The increase of the diameter of particles not only increases the efficiency in the
magnetic navigation process but also decreases the necessary gradient magnetic field values
for an efficient navigation [12]. An increase of 44% in the diameter of the nanoparticles
leads 96% of the nanoparticles closer to the desired trajectory. It should be noted that
by increasing the diameter of the particles a reduction up to 200% in the magnitude
of the gradient magnetic field for efficient driving is achieved. The mean reduction of
the magnitude of the gradient magnetic field in each simulation compared to the case
of 500 nm is from 35-71% with the increase of the diameter of particles. This effect is
due to easier manipulation of bigger particles by the magnetic field due to the increased
volume [13]. Therefore, lower magnitudes of the gradient magnetic field are evaluated by
the computational method.

Although the increase of the diameter of particles leads to smaller magnitudes of
the gradient magnetic field for an efficient navigation, there are times in the navigation
process that both small and big particles are imposed under the same values of the gradient
magnetic field. This effect is caused due to the deviation of the particles from the desired
trajectory. As both small and big particles are away from the trajectory, the CMAES
evaluate the maximum magnitudes of the gradient magnetic field in order to navigate the
particles closer to the trajectory [35]. It should be noticed that higher values are needed
sometimes in the cases with bigger particles in order to manipulate the particles and
navigate them as close as possible to the desired trajectory, especially after a bifurcation.
This is due to the increased momentum of the bigger particles compared to smaller ones.
In addition a crucial parameter for the imposed values is the geometry which the particles
are navigated. A greater amount of changes in the gradient magnetic field is needed in
complicated geometries such as the vascular system of the human due to the increased
branching [12].

The decrease of the velocity seems to have an insignificant effect in the navigation of
particles. Based on the imposed magnetic gradient limits the computational scheme allows
the navigation of the particles closer to the desired trajectory with smaller blood velocity.
An 25% reduction of the inlet velocity leads the particles only 3% closer to the desired
trajectory. Therefore, the velocity of blood under the predefined range of the gradient
magnetic field seems to play insignificant role in the magnetic navigation of particles by the
computational method. On the other hand, the reduction of the inlet velocity has a crucial
effect on the time of the evaluation of best values of the gradient magnetic field for optimum
magnetic navigation. Based on the results, approximately 10 iterations less, from the total
of 150, are needed for particles with diameter above 500 nm for the evaluation of the
best gradient magnetic field values compared to the cases with inlet velocity 0.08 m/s.
For particles with diameter below 500 nm the evaluation of the appropriate gradient
magnetic field values require 20-35 iterations of the computational method. This is a
huge difference compared to the case with inlet velocity 0.08 m/s which approximately
110 iterations are required. This effect is caused due to the enhanced searching of values
by the CMAES [35]. Under lower velocities of blood, the differences in the distance of
particles from the desired trajectory are minimized among the iterations at an increasing
rate compared to the cases with increased velocity.

The results of the computational method indicate that the smaller the diameter of
the artery system, the higher the effectiveness of the magnetic navigation method. As the
diameter of the arteries are decreased the particles are navigated closer to the desired
trajectory. It should be noticed that the decrease in the distance of particles from the
desired trajectory is not proportional to the reduction in the diameter of the artery system.
Consequently, the present computational method is more efficient in the navigation of
particles as the diameter of them is decreased. This is very significant since as is observed
in experiment in pigs increased difficulty is observed in the manipulation of particles as
the diameter of arteries is minimized [47].
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5. Conclusions

The present model can simulate the motion of particles when they are navigated by the
gradient magnetic field inside the human vascular. Under the influence of the blood flow,
the model evaluates the effect of different values of the gradient magnetic field in order to
minimize the distance of particles from the desired trajectory. The diameter of particles is
a crucial parameter for an effective magnetic navigation. Small nanoparticles cannot be
efficiently navigated by the computational method. Nanopartilces with diameter above
500 nm can be navigated into the desired trajectory with an efficiency of approximately 99%.
Therefore, for an efficient navigation of small particles the magnitudes of the permanent
and gradient magnetic field should be increased. The velocity of the blood seems to
play insignificant role in the navigation process under the imposed range of the gradient
magnetic field and changes in each simulation. A reduction of 25% in the inlet velocity
leads the particles only 3% closer to the desired trajectory. Finally, the computational
method is more efficient as the diameter of the vascular system is minimized. Under a
reduction of 50% in the diameter of the carotid artery the computational method navigate
the particles approximately 75% closer to the desired trajectory.

To the best of the authors knowledge this is the first numerical model for optimization
of the navigation of nanoparticles into the desired areas under the combined action of the
permanent and gradient magnetic field. The proposed method can be used with increased
efficiency in small arteries, arterioles and blood flows. In addition it can be used as a
tool for the determination of the parameters that mostly affect the magnetic navigation of
particles. Finally, it can assist in the quantification of the magnetic field magnitudes that are
required for effective magnetic navigation in in-vivo and in-vitro experiments. In the near
future, the effect of the components of blood in the magnetic navigation of nanoparticles
will be investigated by the addition of the red blood cells in the computational model.
Furthermore, the differences in the diameter of the blood vessels upon the cardiac cycle
will be taken into consideration by enabling the uncertainty quantification method into the
present model.
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