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Abstract

Purpose: Targeted magnetic drug delivery is one of the methods of cancer treatment. In this method, magnetic
factors are conducted inside the body by a variable external magnetic field and deliver the drug agents to the
tumor area. The present study aimed to investigate the performance of the drug magnetic conduction by using
Differential Current Coil (DCC) and the effect of gravity force on it.

Materials and Methods: In mathematical modeling, magnetic, hydrodynamic and gravity forces were assumed
to affect the movement of magnetic nanoparticles inside the vessels. Helmholtz coils with a circular cross-section
and different currents were simulated in the software environment. The trajectory of nanoparticles within the
static fluid, Y-shape channel and multi-branch vascular network was calculated. The relations between the
magnetic force applied on the magnetic nanoparticles and the parameters of coil flow, radius and relative
permeability of the nanoparticles were investigated.

Results: The magnetic flux generated in the coils was calculated and the particles moved in the direction of the
magnetic gradient. The diagram of magnetophoresis force changes with the physical parameters was calculated.
Particle trajectory and correct exit rate were obtained in simulated vessels. The output changes in the state of
with-the-effect and without-the-effect of gravity were about 1.5 to 3%. The output changes of the correct and
incorrect branches were calculated by changing the angle of the branches.

Conclusion: From the approximate reduction of 2% of the correct output, it can be concluded that the effect of
gravity on the conductivity of the system can be neglected. Besides, it seems that as the injection point is closer
to the conduction point, the amount of the correct output will increase more.
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1. Introduction

Targeted drug delivery is an important therapeutic
method in cancer treatment. In this method, drug
agents are loaded on biocompatible carriers and then
they are released in an interested area by a controlling
factor [1]. The controlling factor in this method is an
external magnetic field. In conventional drug delivery,
despite releasing drug agents in the interested region, they
spread in healthy tissues, either. Whereas, in targeted drug
delivery, drugs mostly concentrate on the diseased area
and prevent the presence of drugs in healthy tissues.
Nanosize carriers have advantages like biodegradability,
subcellular dimensions and good performance in targeting.
Hence, using these carriers in drug delivery systems
reached importance in recent decades. Furthermore,
magnetic nanoparticle characteristics like being
superparamagnetic and high saturation magnetization
cause these particles as proper particles in drug delivery.
The important characteristic of using nanoparticles in
magnetic drug delivery is the ability to control them
with an external magnetic field to reaching them into
the desired area. By loading magnetic nanoparticles
with proper drugs, the magnetic capturing of drugs to
destroying tumors can occur. Using some physiological
changes after concentrating the drugs near the tumor,
the drugs are offloaded from the carriers and are
absorbed by the tumor [2].

Drug delivery research based on magnetic
nanoparticles is generally divided into two categories. The
first part deals with the synthesis and properties of
magnetic nanoparticles for drug delivery [3-5]. The other
part is about the design of conducting and transferring
systems of magnetic nanoparticles from the injection
point to the interested point in the vascular system.
Initially, magnetic nanoparticles were captured by a
static and uniform magnetic field created by a
permanent magnet or a superconducting magnet [6, 7].
However, using the constant and uniform magnetic
field for targeting magnetic particles did not have a
good effect on the deep region inside the body. To reach
deep areas inside the body, electromagnets are used as
stimulants, extensively [8-11].

According to Magnetic Resonance Imaging (MRI)
concepts, in drug delivery systems two different sets of
Maxwell and Helmholtz coils are used in each direction
for conducting and saturating particles, respectively.
This design with considering conduction in three
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dimensions is tremendously severe and expensive [12-
14]. In one design, The Maxwell coil is eliminated and
only Helmholtz coil with the DCC method is used. The
basis of this method is the movement of the magnetic
nanoparticles to the point with high magnetic field
intensity. By increasing the current in one coil and
decreasing it in another, the gradient field was
generated that causes particles to be absorbed in the
side of the coil with high intensity [15]. Although in a
research, Lorentz and magnetization forces were
intended, the gravity force was not considered and the
DCC method was not utilized either [16]. In one
research, the performance of the drug conduction system
in a Y-shape channel equivalent to a blood vessel was
investigated by using the DCC method. In this study
[17], the effects of gravity and lift forces inside of the
vessel has been neglected. Besides, the angle of the Y-
shape channel was assumed constant.

In this study, the performance of the drug conduction
system using the DCC method by considering the
effects of the gravity and lift forces are investigated.
Then, the effect of the double branch angle variation on
the system efficiency and the relation of the correct
conduction and the relative permeability of the
Nanomagnetic particles are assessed. Finally, the
conduction system performance in a multi-branch
vessel net is modeled by Comsol multiphysics software.

2. Materials and Methods

2.1. Mathematical Modeling

The following forces are applied to a magnetic
nanoparticle which is inside the blood flow and under the
influence of a non-uniform external magnetic field [7]:

1- Hydrodynamic force caused by the pressure
variation due to the heartbeat.

2- Magnetophoresis force generated by the external
magnetic field gradient.

3- Gravity force and buoyancy force.

4- Inertia force which is against the magnetic and the
hydrodynamic forces. The inertia force is usually
several times less than these forces.

5- A force generated by the brownie movement.

6- Forces generated by the interaction between the
nanoparticles and the fluid.
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7- Forces generated by the interaction between the
particles like the interaction between the magnetic
moment of particles.

8- Vandervalci forces.

9- Forces generated by the interaction between the
electric double layers.

In this paper, the gravity force is considered in the
calculations in addition to the two dominant forces; the
hydrodynamic and the magnetic. Therefore, the total
force on the nanoparticle can be written as bellows:

Ftotal = I'mag + Fdrag + P;]‘r'av =md (1)

Which Fiotar, ﬁmag, ﬁdmg, and ﬁgrav are the total
force on the particle, magnetic force, hydrodynamic
force and the gravity force, respectively. The movement
of a magnetic nanoparticle in a viscous environment and
affected by the magnetic field is shown in Equation 1.

2.1.1.Magnetophoresis

The force on the magnetic particle with the
magnetic bipolar moment /i in a non-uniform external

magnetic field B is shown as bellow:
FMag = V(ﬁ §) (2)

Which /i and B are the magnetic moment vector of
the particle and the system magnetic flux density,
respectively. Assuming that all the magnetic moments
of the particles are aligned with the external magnetic
field, the magnetic moment can be written as:

A==B 3)

==

With Equation 2 and 3, the magnetic force on the
nanomagnetic particle with the magnetic moment of u
can be considered as [8]:

ﬁMag = M(Vﬁ) (4)

Besides, if we assume the nanoparticles as a
homogeneous sphere with radius R and net magnetic
polarization M suspended in a magnetically linear
fluid with permeability subjected in a magnetic
intensity B, as shown below, we can obtain a formula
to achieve the effective magnetic moment of the
sphere:

Ho — Ho
M
Mo + 244 Bo+ 21

Meff = 47TR3

()
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Where is the permeability of free space. For a
magnetically linear particle with magnetic permeability
we have:

M = yB (6)

Where y = ﬁ is the susceptibility of the particle.
Here the effective moment can be simplified to:
Mot p

M, = 4nR3
o Mo + 24

()
As shown in Equation 4, the Magnetophoretic force
depends on the gradient of the magnetic field intensity
(VB) and the effective magnetic moment (M,ss) of
the particles. Therefore, by adding M, s to Equation 4

we have:
Fyag = t1Mess. VB (8)

From Equation 7 and 8, the magnetophoretic force
for a magnetic spherical particle in a non-uniform
magnetic field can be written as:

R3 Ha —

VB?
Yo + 20y ©)

FMag = 2”.“1

Eventually, assuming magnetization as a non-linear
function of the field, for a spherical ferromagnetic
particle immersed in a fluid with permeability u,, using
Equation 5 and 9, the MAG force can be written as:

Ho —
Mo + 2144

2o
Ho + 2444

VB?

Fiag = 2 B3|
(10)

+ M(B). VB]

2.1.2.Hydrodynamic Force

The behavior of a fluid inside a channel follows
Navier-Stoke’s law [9]:

deg = 6m]rnpu

(11)

Where 7 is the fluid dynamic viscosity, 7, is the
particle hydrodynamic radius and u is the particle
velocity. The fluid velocity in the vessel equivalent
channel follows Equation 12. In this study, the flow
inside the channel and the profile of its velocity were
considered linear and paraboloid, respectively [10].
z%2 + x?

R2

u=2v(l- ) (12)

Where v is the mean velocity of the fluid and R is a
radius of a vessel that is aligned to Y axes of hypothetical
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coordinates. The paraboloid form of the fluid velocity is
explained that the velocity in the center of the vessel has
the maximum amount and from the center to the walls
reduces gradually and the velocity in the walls reaches
zero. This is caused by the resistance of the walls
against the flow. Hence, the particle which is placed in
the center of the vessel has the maximum blood velocity
and therefore, has the maximum hydrodynamic force.
The particle velocity near the vessel walls reaches zero,
inversely. From Equation 11 and 12, we can notice:

x? + z2

RZ

Farag = 6mN7,2v(1 — ) (13)

Therefore, in targeted drug delivery we can assume
that by reaching the particle near to the walls, the particle
is captured (u=0). It should be noted that the precise
investigation of hydrodynamic for this application is
beyond this study and had been neglected.

2.1.3.Gravity Force

The gravity force is explained as [10]:
Fgrav = =vp(pp — Pr)g (14)

Where p,,, pr and v, are the particle density, the
fluid density and the particle hydrodynamic volume,
respectively. g is the earth gravity acceleration and
equal to 9.8 m/s? In the hypothetical coordinates
system of this study, the gravity force of the earth is
along the z-axis.

2.1.4.Particle Trajectory

Using Newton’s law, Equation 1 can be written as:

md?x 4
— = 3 HoR*M(B).VB + 6mndv + mg (15)

Equation 15 in three-dimension can be expanded as:

Tt ok (B) 2 4 mna
Yz T3 ax oAy
md?y 4 0B
— = —uoR*M(B) — A (16)
Yi—ga = 3mHo ( )ay+6m7 v
mdz _ R3MBaB+6 Av +
z: a0 —37'[;10 ( )62 nndv + mg
Where m, v, and M are the mass, the velocity and the
magnetization of the particle, respectively. g—i,g—i, and

‘;—i are the magnetic field gradient along X, y and z-axes.
n and Av are the fluid viscosity and the relative velocity
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(the particle velocity to the fluid velocity) of the particle
inside the channel, respectively. Using the above
equations, the particle location can be calculated at all
time intervals.

2.1.5.Conduction Method

Most of the closed-loop control systems for
nanoparticles use electromagnets as a stimulator. In
the conduction method which is used in this study,
blood flow causes movement of the particles while
electromagnets are only used for rotation of the
particles. Thus, the particles move forward via blood
flow and applying magnetic gradient caused by
electromagnets in a perpendicular direction of the
velocity vector of blood flow easily conducts them
into the desired branch before reaching branches. It
should be noted that the positive direction of the
applied magnetic field gradient should be along the
desired branch. Figure 1 shows a simple model of this
conduction method. Applied hydrodynamic force to
the particles in a perpendicular direction of the blood
flow is less than the applied hydrodynamic force in the
flow direction. Thus, the demand magnetic force to
overcome drag force for particle rotation is much less
than the demand force to moving particles forward.
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Figure 1. A simplified model of the conduction
method

2.2. Simulation

It is necessary to know the characteristics of the
magnetic field such as magnetic flux density to study
the trajectory of the magnetic nanoparticles under the
effect of the applied external magnetic field into a dense
environment. To achieve this goal, the simulation of the
proper geometry as a magnetic system was performed
by multiphysics Comsol (version 5.3) software. The
modeled magnetic system was in two states: a three-
dimensional system consisting of three pairs of Helmholtz
coils and a one-dimensional system consisting of a pair of
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coils. Each simulated Helmholtz coil consisted of a
cylindrical core in the center of it. The coils in the
software were modeled as symmetric hollow cylinders
with 9300 rounds of copper wire with a cross-section of
10-6 m?. The material of the core in electromagnets was
considered ferrite due to its high magnetic permeability
and low electrical conduction. The cores diameter and
the distance between the cores from the center of the
geometry was 3 cm.

The conduction system performance in two different
states was studied; 1) a sphere consisting of stationary
fluid was located at the center of the 3D geometry setup,
2) a Y-shape channel was placed as a blood vessel at the
center of the pair coil system. Finally, the conduction
of the nanoparticles was modeled in a multi-branch
blood vessel net. By using the particle tracing module
of the software, the particle trajectory was achieved.
The nanoparticles were considered as spheres with
magnetic properties. Table 1 presents the amounts and
characteristics of the simulated magnetic system.

Table 1. The modelling Parameters of magnetic

system
Parameter Value Unit
Coil width 100 mm
Coil Height 60 mm
Core Diameter 60 mm
Number of Turn 9300 -
Wire Diameter 0.6 mm

The effect of the different coil parameters on the
magnetic field was studied by Comsol multiphysics
software. The amount of the structural and physical
parameters of the coils for simulation was performed
by numerical methods [15]. AC/DC module of the
software was used to simulate the magnetic system.
The final geometry of the three and one-dimensional
system is shown in Figure 2.

In particle tracing module of Comsol software,
nanoparticles are considered as homogenous and solid
spherical particles. Only parameters like density,
radius and magnetic permeability of nanoparticles are
intended in calculations. The desired nanoparticle is
FesO. and the related parameters of it are shown in
Table 2.

Figure 3 depicts the position of the sphere in a 3D
setup and the modeled blood vessel between the coils.
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The modeled parameters of this section are shown in
Table 3.
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Figure 2. a) 3D model of magnetic conduction system;
b) The 1D model of the system, the movement of the
particles is along to the x-direction

Table 2. The physical parameters of nanoparticle
(Fes0a4)

Parameter Value Unit
Density 7200 Kg/m3
Radius 450 nm

Relative Permeability 5000 -

3. Results

The magnetic flux of the 3D setup in the case which
coils current along the x-axis was 10 A and the other coils
were 0 was calculated by magnetic field physic in a
stationary state (Figure 4). To investigate the particle
movement in the 3D system, a 1um diameter particle
was released without velocity at the center of a
motionless water sphere. The particle trajectory was
achieved by particle tracing physic and time-dependent
study for 60 seconds.

This operation was accomplished for three different
states of coils current. Indexes of + and — represent the
current coil in the positive and the negative direction
of the axis, respectively.

FBT, Vol. 8, No. 1 (2021) 26-36
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& Outlet Outlet

o Inlet

Figure 3. a) The placement of the Y-shape channel
between the coils, the sizes are different from the
simulation model; b) Water sphere in three-
dimensional setup

Table 3. The modelling Parameters of blood vessel

Parameter Value  Unit
Chanel Length 2 mm
Branch Length 1 mm
Branch Angel 60 Degree
Blood Density 1050 Kg/m?
Blood Viscosity 0.04 Pa.s

Blood Temperature 293.15 K

Blood Relative Permeability 1 -
Air Relative Permeability 1 -

For instance, Ix. shows the current coil in the positive
direction of the x-axis. The applied current in these three
states is shown in Table 4. The magnetic flux due to the
coils complex in the space, in the water sphere and the
particle trajectory is shown in Figure 5-a, 5-b and 5-c.
According to the applied current to the coils, the
magnetic flux profile in the 3D setup and inside the
sphere in the x-y plane is illustrated in Figure 5-a,
specifically. This flux distribution shows the direction
of the applied magnetic gradient, appropriately. As
depicted, the trajectory of the nanoparticle is along to
the determined direction by the applied magnetic
gradient. Figure 5-b and 5-c similarly show this issue in
predetermined directions in x-z and z-y planes.

FBT, Vol. 8, No. 1 (2021) 26-36

To investigate the conduction of nanoparticles
inside the vessel, the Y-shape equivalent vessel was
placed at the center of the distance between the two
coils. The blood flow was calculated by creeping flow
physic. The inlet velocity of the channel was
considered 5mm/s in the stationary state. Figure 6
shows the profile of the flow inside the channel.

Figure 7 depicts the magnetic flux in the channel
caused by a pair coil in the case in which the current in
one coil and the other is 10 and 1 A. 100 particles with
a radius of 500 nanometers, a density of 7200 Kg/m?®
and the relative permeability of 5000 was released
uniformly at the channel inlet. The trajectory of these
particles was calculated by particle tracing physic in 2
seconds (Figure 8).

Arrow Volume: Magnetic field Slice: Magnetic flux density norm (T)

Arrow Volume: Magnetic field Slice: Magnetic flux density norm (T)

i

Figure 4. Magnetic flux (T: Tesla) generated by the
coils in the x-direction with the current of 10 (A)

Table 4. The coil currents in different states

Ix, Ix_ Iy, ly_ Iz, Iz_

a 10 5 30 5 0 0

b 30 5 0 0 3 5
c 0 0 5 30 10 5
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b bk ]

Figure 5. Magnetic flux (T) in space and inside the sphere in different planes and the trajectory of
the nanoparticle in 60 seconds; a) The xy plane; b) The xz plate; ¢) The yz plane
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Figure 6. Creeping flow profile inside the Y-shape channel

G
A 9.95x10°
x10°

3 ED

¥ 9.56x10"

Figure 7. Magnetic flux in Y-shape channel (T) while
the coil currents are 1 and 10 (A)

Figure 8. The trajectory of 100 particles with a radius
of 500 nanometers for 2 seconds
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The variation of the hydrodynamic and the
magnetophoresis forces for the different particle radii
from 100-1000 nm with the steps of 100 nm is shown in
Figure 9. According to Equation 11, the hydrodynamic
force linearly proportional to the particle radius.
Moreover, as shown in Equation 9, which represents
the relation between the magnetophoresis force and
the cube of the nanoparticle radius, the limitation of
using the nanoparticles with a smaller size is
noticeable. Figure 10-a depicts the magnetophoresis
variation for the current difference in a coil from 2 to
14 A while the current in another coil is 1 A. Increasing
the current in one coil when the current in another coil
is constant increases the generated magnetic gradient
and magnetic saturation of the particles. These factors
increase the magnetophoresis force, eventually. The
magnetophoresis  variation  for the relative
permeability of the nanoparticles from 1000 to 12000
with the steps of 1000 is shown in Figure 10-b.

500 = Magnetophoresis Force|
iso] ¢ Drag Force
400 4
.
350 4 .
Z 300 5
e -
© 250 4
g @
L 200 °
150 4 o -
1004 s
.
504
0 T ! T T v
0 200 400 600 800 1000

Radius (nm)

Figure 9. The magnitude of magnetophoresis force and
hydrodynamic force (pN) with radius variation (nm)
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Figure 10. a) The magnitude of the magnetophoresis
force (pN) for the change in coil current (A); b)
Magnetophoresis force (pN) for changes in relative
permeability of nanoparticles

Changes in the relative permeability of nanoparticles
alone do not play an effective role in increasing the
magnetophoresis force. As shown, by multiplying this
parameter by 10, changes about 0.03 pN are achieved.
In general, due to the effect of the above parameters on
the magnetophoresis force, the existing constraints can
be greatly reduced by selecting the optimized values of
these parameters.

The difference amount of the residual nanoparticles
along to the main channel according to the angle
variation of a branch relative to the primary direction of
the channel in two cases of with and without applied
magnetic field gradient is shown in Figure 11. To
compute, different simulations in angles from 10 to 90
degrees with the steps of 10-degree were accomplished.

To evaluate the conductive performance of the
system, the correct exit rate parameter was considered
as the number of nanoparticles reached to the
determined outlet. 100 nanoparticles were released into
the inlet of the Y-shape channel uniformly. The amount
of the nanoparticles reached to the correct outlet were
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counted in a condition that the magnetic gradient was
applied in the direction of the interested outlet.

The amount of Corrected Exit Rate (CER) for the
radii of the nanoparticles from 100-1000 nm was
calculated. The CER in two states of the effect of
gravity force and without the effect of the gravity force
for different radii of magnetic nanoparticles is shown
in Figure 12. As depicted, increasing the radius of the
nanoparticles increases the amount of the applied
magnetophoresis force.
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Figure 11. The output variations of the correct and
incorrect channels simultaneously with changing the
correct outlet angle
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Figure 12. CER variations with the radius of
nanoparticles (nanometers) in two states of with and
without the effect of gravity
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As aresult, the number of nanoparticles reached to the
correct outlet increases. Besides, the effect of the gravity
force on the correct conduction of the nanoparticles is
negligible and does not show a significant difference in
two different states. In the modeled multi-branch
channel, 5 states of the simulation were performed. In
one state, the exit rate calculated without the magnetic
gradient.

Outlet 4 Outlet 3

/ Outlet 2

Outlet 5 = -

}. Outlet 1

Helmholtz Coil Helmholtz Coil

Inlet

Figure 13. A simple model of applying a gradient along
to the outlet 1 of a multi-branch vascular network

In another states, as shown in Figure 13 each time
the magnetic gradient is applied to the direction of one
of the outlets. 100 nanoparticles were released at the
inlet of this vascular net. The number of nanoparticles
reached to all outlets was counted in each simulation.
Figure 14-a illustrates the creeping flow profile in the
modeled vascular net. The trajectory of 100 particles
for 2 seconds, while the magnetic gradient was applied
to outlet 1 is shown in Figure 14-b. As depicted in
Figure 14-b, the amount of the particles reached to the
outlet 1 is more than other outlets. The amount of CER
for all outlets in the states without gradient and with
the applied gradient in the desired directions is shown
in Figure 15. It should be noted that by increasing the
distance of the interested outlet from the injection
point, the amount of reached nanoparticles will be
decreased.

4. Conclusion

In this study, the performance of the magnetic
conduction system for use in targeted drug delivery in
Comsol Multiphysics software was investigated. In this
numerical simulation, Helmholtz coils with different
currents to generate a magnetic gradient were used. In
most researches performed by the DCC method, only
two magnetic and hydrodynamic forces have been
assumed to be effective. In this study, in addition to the
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Figure 14. a) Creeping flow profile in the multi-
branch channel; b) The trajectory of 100 particles,
magnetic gradient along to the outlet 1
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Figure 15. CER at the outlet with and without magnetic
gradient along its direction

two forces of magnetophoresis and hydrodynamics, the
effect of gravity force was also considered on the
correct conductivity of nanoparticles by the magnetic
conduction system of the drug with the DCC approach.
The conduction was simulated in the Y-shaped channel
and in addition in the multi-vascular net. Moreover, the
effect of angle variation relative to the main vessel on
the correct conductivity of nanoparticles was evaluated.

FBT, Vol. 8, No. 1 (2021) 26-36
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The results of the first simulations in the water
sphere showed that the magnetic nanoparticles move
in a predetermined direction and the system performs
correctly. By performing several simulations, the
effect of several parameters includes particle radius,
coil flow and relative permeability on the
magnetophoresis force changes was determined.

Changes in the CER, in the states with and without
the effect of gravity present a good estimate of the
system conductivity. In both states, CER was
calculated for different radii of nanoparticles inside
the Y-shape channel and the results showed a
reduction of 1.5 to 3% in the state with gravity. From
the changes, it can be concluded with a good
approximation that the effect of gravity on reducing
the conduction efficiency of the system is negligible.
The results of the multi-branch vascular network in
this study showed that the CER of each branch
increases by applying a gradient in its direction. The
rate of increase is more significant when the
conduction point is closer to the nanoparticle injection
point. It seems that the smaller angle of the correct
branch from the initial direction of the vessel and the
greater angle of the secondary branch causes the
higher CER.

In future studies, we intend to evaluate the
performance of this magnetic conduction system in
near-reality conditions inside the vessels. This is
achieved by considering more influential forces.
Using more realistic vascular networks in modeling is
also another goal. In the future with the help of the
obtained results, a laboratory sample of this magnetic
conduction system can be made for practical studies in
animal dimensions.
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