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Abstract. This study presents a theoretical model by using the COMSOL
Multiphysics® software to describe the behavior of magnetic nanoparticles
through blood stream in a branched blood vessel under the influence of
cylindrical permanent magnet that is located outside the vessel. The magnet is
placed at one branched vessel to attract the magnetic particles towards
targeted locations. The fluid (blood) is assumed being Newtonian; its flow is
incompressible and laminar. Magnetic nanoparticles, such as
superparamagnetic iron oxide (Fe304) nanoparticles are used in this
theoretical study. The mechanisms of magnetic nanoparticles travelling in the
blood stream under influence of a localized static magnetic field are
numerically studied. The equations of motion for particles in the flow are
governed by a combination of magnetic equations for the permanent magnetic
field and the Navier-Stokes equations for fluid. © 2020 Journal of Biomedical
Photonics & Engineering.
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1 Introduction

Nanotechnology has gained a great deal of attention for
its potential use in medical research. In different
biomedical applications, iron oxide nanoparticles have
shown a promising effect. In particular, magnetite
(Fe3O4) nanoparticles with size ranging from 1 to
1000 nm are commonly used because of their
biocompatibility, high magnetic susceptibility, chemical
stability, innocuousness, high saturation magnetization
[1, 2]. They are mostly used in the biomedical field, e.g.,
greater surface-to-volume ratio, high magnetic
characteristics, high activity, and new optical properties
because of their superior nature over pure-sized particles.
Among cells and biomolecules, nanoparticles have high
applicability. The agglomeration, charge, chemical
composition, crystalline structure, form, size and
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solubility of nanoparticles affect interactions with cells
and biomolecules [3,4,5]. Nowadays magnetic
nanoparticles are able to design integration for a broad
variety of biomedical applications, such as analytical
devices, bioimaging, biosensors, contrast agents (CAs),
hyperthermia, photoablation therapy, applications for
physical therapy, separation and delivery of targeted
drugs (TDD) [1-8].

The work by Sindeeva et al. [9] aims to establish the
processes that occur in the bloodstream following the
systemic injection of 5 pm polyelectrolyte capsules with
magnetic nanoparticles in the membrane. It has been
shown that the amount of circulating capsules decreases
several times in 1 min after injection, and that less than
1% of the injected dose is reported in the blood after
15 min. At this time, much of the capsules build up in the
lungs, liver, and the kidneys. However, magnetic field
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activity in the region-of-interest may increase the
accumulation of capsules slightly. After intravenous
injection of microcapsules, they examined real-time
blood flow changes in vital organs in vivo using a laser
speckle contrast imaging system. They have shown the
organism can respond to the presence of drug carriers in
the blood and their accumulation in the vessels of vital
organs.

Zhang et al. [10] provided a numerical simulation of
the magnetic targeting of a drug using ANSYS 19.1
software that explores an external magnetic field to load
drugs with magnetic nanoparticles for a patient-specific
atherosclerotic plaque. The magnetic field generated
from the wire with current; the wire form and the
magnetic field are the key parameters to deliver the drug
to the target (atherosclerotic plaque). Blood inlet velocity
is the short-term velocity u(¢), and blood is considered to
be a non-Newtonian fluid, and the rheological parameters
(dynamic viscosity) of blood are described by a
generalized power law. The Newtonian law describes
behavior of magnetic particles, and the total force is
represented by magnetic force and drag force. The
equation of the walls of arteries and plaques, plaques and
vascular walls is introduced in the form of porous media
formulated by the Darcy-Forchheimer model to take into
account the inertial and viscous effects on the blood
stream. The motion equation describing the problem
consists of three equations: Navier-Stokes equation is the
fluid (blood) equation. The Darcy-Forchheimer model
used for porous media phase and the Lagrangian discrete
phase model (DPM) calculates the trajectory of particles
[10].

Voronin et al. [11] used the multilayer composite
magnetic microcapsules as targeted delivery systems
under natural conditions of living organism in in vitro
and in vivo studies. Visualization and capture by
magnetic field of the capsules at the defined blood flow
is shown in vitro in an artificial glass capillary using a
wide-field fluorescence microscope. Afterwards, the
capsules were visualized, successfully trapped and
retained at the site of interest by the magnetic field in the
bloodstream of micro-vessels of rat mesentery in vivo.
In vitro experiments on a glass tube demonstrate the
possibility of a locally applied nonuniform permanent
magnetic field catching the capsules in the bloodstream.

In this current theoretical study, magnetic
nanoparticles such as superparamagnetic iron oxide
nanoparticles (FesOas) are used. To attract the magnetic
particles to targeted positions, the magnet is placed
nearby one of the brunches of the branched vessel. The
fluid (blood) is considered Newtonian; its flow is
incompressible, laminar. The dynamics of MNPs moving
in a static magnetic field in Newtonian fluid was
analyzed numerically. In the model, the dominant
magnetic and drag forces are used. A combination of
magnetic equations for the permanent magnet field and
Navier-Stokes equations for the fluid governs the
equations of motion for MNPs in the flow. Using the
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COMSOL Multiphysics® Simulation Program, these
equations were solved numerically.

Motivation for this theoretical study to examine
parameters of real complexity and real geometry
magnetically operated structures, such as the distribution
and treatment of magnetic drugs for unique biomedical
applications [1-13] and magnetomotive laser speckle
imaging [14].

2 Formulation of the Problem

The permanent cylindrical magnet is located outside of
the branch's blood vessel. The vessel is symmetric i.e.
length of branch vessel = length of original vessel.

In order to solve the problem, there are two domains
in the model: first the branched blood vessel domain with
a cylindrical cross-section containing the magnetic
particle and the fluid (blood), and second, the permanent
magnet domain. As shown in Fig. 1A, bifurcation vessel
with one inlet and two outlets is the geometry used in this
study. The COMSOL Multiphysics® software was used
to solve flow and magnetic field equations numerically
under the initial and boundary conditions, based on a
finite element approach, which is a numerical technique
in partial differential equations to find approximate
solutions to boundary value problems (Table 1).

Table 1 Dimensions of blood vessel, magnet and particle
diameter used in simulation.

Name Value Description
D_magnet 50 [mm] Diameter of magnet [9]
1 magnet 30 [mm] Length of magnet [9]
Maximum velocity of
umax 1 [mms] fluid(blood) [11]
p [klgo/?r%] Density of blood
3.5%1073 Dynamic viscosity of
n [Paxs] blood

D _particle 6 [nm] Diameter of particle [9]

Relative permeability of

Hm 1.05 neodymium magnet

3 Equations of Motion

The equations describing the problem were solved
numerically by using three different modules of the
COMSOL Multiphysics® Software. These modules
include:

1. AC/DC module to calculate the magnetic field of
the permanent magnet with cylindrical cross section. A
stationary magnetic field produced by a permanent
magnet implanted at a specific location is described by
the equations for the static magnetic field derived from
the Ampere-Maxwell equation [15]. As the magnetic flux
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Fig. 1 Geometry domains for the model.

density B that in different domains can be described by
the relation between B&H for the permanent magnet:

B = pott H + Brem, )]

where uo is the magnetic permeability in free space,
po = 4m x 1077 N/A2, ur is the relative permeability which
is a ratio of the permeability of a specific medium to the
permeability of free space wo; H is the magnetic field
strength; B is the magnetic flux density; By, is the
remanent magnetic flux density.

2. CFD module for laminar (fully developed) fluid
flow such as blood in the vessel with cylindrical cross
section. The motion of blood through the vessel can be
expressed by incompressible Navier-Stokes equations
[16], which considers the fluid as a Newtonian. At the
inlet of the vessel, the fluid flow is directed in z-axis. No
slip condition for all vessel walls as shown in Fig. 1B.

3. Particle tracing module for modeling of particle
trajectories moving through the blood vessel. Magnetic
particles moving in the environment inside the vessel are
subjected to many different forces. These forces include
magnetic force (Fi) which is arising from magnetic field,
its strong gradient created from external permanent
magnet. Viscous drag force (Fp) which is due to
movement of magnetic particles with respect to the
surrounding fluid, buoyance force (¥}5), gravity force (Fg)
due to the effect of gravitation on particles, inertia and
particle-particle interactions. However, only major forces
are considered the hydrodynamic drag and
magnetophoretic force. Our model ignores inertia [17],
buoyancy [18], gravitational [19], and particle-particle
interaction forces because they are several orders of
magnitude weaker than the magnetic force. Brownian
force [20] not used in our model because the nature of
this force Brownian motion describes the random motion
of small particles about or under 1 pm in diameter and it
causes the fluctuations in particle position, also this force
predicted by the viscosity of fluid and The force due to
Brownian motion is dominated by a friction force. Only
major forces are considered: the hydrodynamic drag [21]
and magnetophoretic force [22].
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The drag force for spherical nanoparticle with
diameter D is the Stokes drag force:

= _ 187
D =
PpDZ

my, (@ — ), @

where 7 is the viscosity of blood, m, is the mass of a
magnetic nanoparticle, 7, is the vector velocity of
particle, pp is the density of particle material, D is the
diameter for a spherical magnetic nanoparticle. The
magnetophoretic force, caused by the magnetic field
action on the particle, is given by:

Fuap = 2mptrtor® |22 12 3)
Urp is the relative permeability for magnetic particle.
The magnetophoretic force in Eq. (3) is proportional to
the gradient of the magnetic field power density VH? and
particle radius as 7°.

The trajectories and velocities of a magnetic
nanoparticle with mass m, were calculated from the
equation:

— =F, “)
and the total force for a particle is given as:
F, = Fyap + Fp. (5)

Because the mass of particle is small so the terminal
. . (dD . o
velocity constant i.e. (% = 0)50 the particle velocity is

given from the balancing magnetic and drag force
Fypap + Fp = 0. (6)

4 Results and Discussions

The cylindrical permanent magnet with magnetic field
B=0.45 T was applied to the bifurcation blood vessel
with cylindrical cross section, the line graph explained
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the behavior of magnetic flux density along the magnet
and the tip of magnet (Arc length), Figs. 2C and 2B.

It is assumed that 4500 magnetic particles with a
diameter of 6 nm are released from the inlet into the
vessel and captured by a permanent magnet with a
cylindrical cross section. Drag force is the driving force,
which helps to transport particles through the blood
vessel. It depends on the behavior of velocity within the
vessel, i.e. the velocity of particle takes the same
behavior of the blood as shown in Fig. 3.

doi: 10.18287/JBPE20.06.040302

The magnetophoretic force must overcome the drag
force in the presence of magnetic field to be able to
capture a particle at a desired location (target).
Depending on the magnitude of the magnetophoretic
force, the magnetic force could help the trajectory of
particle near the magnet site, the large number of
particles from the inlet is directed towards the magnet tip
and thus their concentration is maximal in the space
nearby to the magnet tip as shown in Figs. 4A and 4B.
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Fig. 2 Results of simulation of magnetic field of the permanent magnet with cylindrical cross section: multi-slice of
magnetic flux density norm in tesla (T); line graphs (B) and (C) explained the behavior of magnetic flux density at the
tip and along the length of magnet, respectively; Arc length represented by the red line as in (B) and (C).
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Fig. 3 Simulation result for magnetic particles in the bifurcated blood vessel. The distribution of particle velocity

magnitude in the presence of drag force.
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Fig. 4 Simulation result for magnetic particles in the bifurcated blood vessel. In the presence of magnetic field, the
particle velocity and the concentration of particles under magnetic field effect as shown respectively in (A) and (B).

5 Conclusion

In this study, numerical results were obtained to clarify
the action of the magnetic field created by cylindrical
permanent magnet placed outside the bifurcated blood
vessel on magnetic nanoparticles traveling in the blood
flow of the vessel. In this model, blood is regarded
Newtonian fluid, laminar flow (fully developed) and with
a non-magnetized property. The dominant magnetic and
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drag powers are considered in the equations used for
simulations. Navier Stokes equations for the blood
stream and magnetic equations for a permanent magnet
govern the movement equations that define the flow
through the vessel. By wusing the COMSOL
Multiphysics® modelling software, equations have been
solved numerically. In many biomedical applications,
including drug targeting for treatment of cancer cells and
hyperthermia treatments, the results obtained in this
study can be used.
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