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Magnetic nanoparticles, as controlled drug carriers, provide tremendous opportunities in
treating a variety of tumors and brain diseases. In this theoretical study, we used magnetic
nanoparticles, such as Superparamagnetic Iron Oxide Nanoparticles (Fe;O,) (SPION). Due
to their biocompatibility and stability, these particles represent a unique nanoplatform with
a great potential for the development of drug delivery systems. This allows them to be used
in medicine for targeted drug delivery, in magnetic resonance imaging and magnetic hyper-
thermia. In the work, the trapping mechanisms of magnetic nanoparticles moving in a viscous
fluid (blood) in a 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
magnet field and the Navier—Stokes equations for fluid (blood). These equations were solved
numerically using the COMSOL Multiphysics® Modeling Software.
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1. Introduction

Magnetic nanoparticles (MNPs), such as magnetite (Fe;0,) or
maghemite (Fe,0,) are called single domain particles and display su-
perparamagnetic behavior once their size are smaller than the critical
diameter [1-3]. They have a net magnetization only in the presence of
an external magnetic field, This field allows for MNPs to travel freely
through the circulatory system so this field helps to trap the NPs at the
selected location. Under magnetic field, the accumulation takes place
within the area to which the magnetic field is applied. The accumulation
of the carrier at the target site allows them to deliver the drug locally.
Efficiency of accumulation of magnetic carrier on physiological carrier
depends on particle physical parameters and physiological properties, e.g.
particle size, surface characteristic, field strength, and blood flow rate etc.

M. R. Habibi and M. Ghassemi studied numerically the concen-
tration of magnetic nanoparticles travelling in non-Newtonian biofluid
under the influence of magnetic field in vitro and in vivo [4]. Biocom-
patibility and biotranslocation issues in relation to chemo-physical
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properties of MNPs, including particle size, surface
properties, shape and structure, are discussed.

In this study, Fe;O, magnetite nanoparticles are
used because of their strong ferromagnetic behavior,
less sensitivity to oxidation and low toxicity com-
pared with other materials such as nickel and cobalt
[5]. Such nanoparticles can be driven to the target
site by applying an external magnetic field from a
permanent magnet placed outside the tube (blood
vessel). The efficiency of drug delivery based on
MNPs used to transfer drug into localized target,
depends on size and other properties of these parti-
cles [6]. Besides drug delivery MNPs are used for
tumor treatment via induced hyperthermia, where
their high biocompatibility and nontoxicity are also
needed [7].

Superparamagnetic Iron Oxide Nanoparticles
(SPION) is a nanoplatform with a great potential for
drug delivery as they can be coated with a therapeutic
agent and be easily guided to the target area by an
external magnetic field. The drug delivery research
based on MNPs has two major components. The
first one discusses the characteristics and reaction
of MNPs for the purpose of the delivery of the drug,
and the second part represents the drug delivery de-
sign to control the dynamic of MNPs from injected
position to target of vascular system. These MNPs
are directed magnetically through blood vessel to the
site of the target.

In the present study, the trapping of MNPs
moving through the viscous blood flow by applying
a permanent magnet placed outside of the capillary
tube [8] was modelled. The physical laws govern-
ing such phenomena are described by a combina-
tion of magnetic equations for permanent magnet
and Navier-Stokes equations (conservation of mo-
mentum).

In this work, blood is considered as non-magnet-
ized fluid, thus the magnetic force effects on MNPs
and the velocity of these particles are calculated from
Newton’s law equation. The equations of motion
describing the flow by the combination of magnetic
equations for permanent magnet and Navier—Stokes
equation for fluid (blood) were solved numerically by
using COMSOL Multiphysics® Modeling Software.

The motivation for this theoretical study is a de-
sign of robust algorithms needed to evaluate param-
eters of magnetically-driven systems for a particular
biomedical application with actual complexity and
real geometry, such as magnetic drug delivery and
treatment [ 1-7], monitoring and control of brain tis-
sue cleansing from metabolites and toxins, activation
of brain drainage function [9], magnetomotive OCT
for imaging nanomolar concentrations of magnetic
nanoparticles in tissues [ 10], magnetomotive DOCT
for imaging of melanoma-implanted magnetic na-
noparticles [11], and magnetomotive laser speckle
imaging [12].

2. Formulation of the problem

Permanent rectangular magnet is localized out-
side the capillary tube. The magnetic force from the
magnet can attract and trap these particles. The model
domain for solution of the problem contains two
domains: first, the capillary tube domain containing
the magnetic particles and the viscous fluid (blood)
and the second domain of a permanent magnet as it is
shown in A and B (Fig.1). The COMSOL Multiphys-
ics® Software was used to solve equations for flow
and magnetic field numerically under the initial and
boundary conditions depending on a finite element
method, which is a numerical technique for finding
approximate solutions to boundary value problems
of partial differential equations.
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Fig. 1. Geometric domains for the model and the inlet flow velocity of fluid (blood) through the capillary in x- axis direction;
Aand B
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3. Equations of motion and results

3.1. Used modules of the COMSOL

Multiphysics® Software

To provide calculations, the equations describ-
ing the problem were solved numerically by using
three different modules of the COMSOL Multiphys-
ics® Software. These modules include:

1. AC/DC module to calculate the magnetic field
of the permanent magnet.

2. CFD module for laminar fluid flow such as
blood in capillary tube. The flow of blood in this
problem is described by Navier—Stokes equation,
which considers blood as a Newtonian fluid with a
constant dynamic viscosity of n=3.5x1073 Pa-s.

3. Particle tracing module for modelling of par-
ticle trajectories moving through the blood capillary
and trapped by a magnetic field.

3.2. Magnetic field

A stationary magnetic field produced by a per-
manent magnet implanted at a specific location is de-
scribed by the equations for the static magnetic field
derived from the Ampere—Maxwell equation [13]:

VxH=J, (1)
Gauss law for magnetic flux density given by:
V.-B=0, (2)

and the magnetic flux density B that in different
domains can be described by the relation between
B&H:

for the permanent magnet

Ezuou,ﬁJrB,em, 3)
for the blood

B=p,pH, (4)
where p, is the magnetic permeability in free space,
o= 4m x 1077 N/AZ%; p_is the relative permeability
which is a ratio of the permeability of a specific
medium to the permeability of free space ; H is
the magnetic field strength; B is the magnetic flux
density; B, is the remanent magnetic flux density.

The properties of a magnetic material are de-
pendent on the net magnetic moment which results
from the presence of an external magnetic field. In
magnetic materials, the causes of the magnetic mo-
ment are the spin and orbital angular momentum
states of the electrons. The magnetic susceptibility
y quantifies the tendency of a material to form mag-
netic dipoles. It is a dimensionless scalar related to
the relative permeability p , i.e. x = p, — 1. In the
present work, blood is considered a non-magnetized
fluid with relative permeability p, = 1.
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3.3. Equations of motion for the fluid (blood)

The motion of blood through the capillary tube
can be expressed by incompressible Navier—Stokes
equations [14]:

paalw(;.v);:_vpmvsz, 5)
t

where u is the velocity vector of blood flow; p is the
blood density; V P is the pressure gradient in the flow;
n is the blood dynamic viscosity; F is the external
force per unit volume.

3.4. Boundary conditions for the fluid (blood)

The blood flow was considered to be a steady
laminar flow, which was supposed to flow into the
capillary tube from the inlet and to exit the capillary
tube in the outlet. Thus, in the laminar flow interface,
velocity was applied for the inlet section and a fixed
pressure for the outlets. At the inlet of the capillary,
the blood flow is directed in x-axis with the veloc-
ity profile assumed parabolic and zero velocity in
y-direction. No slip condition for all capillary walls
was assumed, i.e. (u = 0) as in Fig. 1.

The inlet velocity is described by a parabolic
profile [u, = 2u, (1 — (x/R)?)], u,, is the average
velocity. The maximal velocity equal to 1 mm/s and
the capillary height from the centerline R = 100 um
of'arectangular capillary tube, as shown in Fig. 1(B),
were taken from the experimental data of Ref. [8]. As
width of the tube (2680 um) was more than ten times
bigger than its height R, the problem for solution was
considered as a two-dimensional.

3.5. MNPs in a blood capillary tube

In the model under consideration, magnetizable
particles are the basis of a magnetic nanoparticle drug
delivery system (DDS). These particles experience a
force in a non-uniform magnetic field, called magne-
tophoresis (MAP), which is generated from the dif-
ference in the permeability of the nanoparticles and
medium surrounding them. The magnetic field which
produced by a permanent magnet placed outside the
capillary tube was studied. There are many differ-
ent forces, which affect the magnetic particles with
environmental fluid inside the capillary tube. These
forces include magnetic force (F,,) which is arising
from magnetic field, its strong gradient created from
external permanent magnet. Viscous drag force (F)
which is due to movement of magnetic particles with
respect to the surrounding fluid, buoyance force (F)),
gravity force (F g) due to the effect of gravitation
on particles, inertia and particle-particle interac-
tions. However, only major forces are considered:
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the hydrodynamic drag and magnetophoretic force.
Our model ignores inertia, buoyancy, gravitational,
and particle-particle interaction forces because they
are several orders of magnitude weaker than the
magnetic force.

The magnetophoretic force, caused by the mag-
netic field action on the particles, is given by [15]:

K, H
B, 21,

W, , is the relative permeability for magnetic par-
ticles. The magnetophoretic force in Eq. (6) is pro-
portional to the gradient of the magnetic field power
density v gy”and particle radius as 7°.

The drag force F, for spherical nanoparticles
with diameter D is the Stokes drag force. Since the
drag force in the blood flow direction is much greater
than the magnetophoretic force for moving nanopar-
ticles in a blood capillary, the transfer of particles
in the reverse direction of blood flow is practically
impossible. Consequently, in our approach, the par-
ticles move along the capillary using the blood flow
drag force and then the magnetic system is applied on
the capillary. In this situation, the resistive drag force
exerted on particles in capillary could be estimated as
the opposing drag force on particles moving inside
a stable fluid [16]:

= 18n
D 2
p,D

p

FW,fzw,.uor“{ VHZ], (6)

mp(;_;p) > (7)

where 1 is the viscosity of fluid (blood), m, is the
mass of a magnetic nanoparticle, \7p is the vector
velocity of particle, Py is the density of particle
material, D is the diameter for a spherical magnetic
nanoparticle.

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

dy,
m,—>=p,, 8
an Fi (3
and the total force for a particle is given as:
Fi=FuurtFp. )

4. Discussion

In this work, the permanent magnet with mag-
netic field B= 0.6 T was applied to the capillary tube
with results presented in Fig. 2. From simulations,
it follows that the greatest magnetic field strength is
created in the vicinity to the capillary wall surface;
A (Fig. 2).

Kpatkne cooblierHns

The description of blood motion was done with
the help of Navier—Stokes equation (5) when blood
was considered as a non-magnetized fluid. Transverse
contour of blood velocity distribution along the capil-
lary tube, i.e. velocity magnitude is minimal near the
capillary wall and maximal in the center, is shown in;
B (Fig. 2). In this study, it is assumed that 4500 mag-
netic particles with diameter of 12 nm are released
from the inlet into the capillary and was trapped by
magnetic field through a permanent magnet with
dimensions 300x450 pm. Drag force is the driving
force, which helps to transport particles through the
blood capillary tube. It depends on the velocity be-
havior inside the tube, i.e. drag force at the capillary
wall is lower than at the middle distance from the
tube center and the magnitude of drag force with the
released time of particles from the inlet capillary and
the minus sign means that the opposite direction of
this force relative to the particle direction as shown
in; C (Fig.2). In the presence of magnetic force, the
magnetophoretic force needs to overcome the drag
force to be able to trap a particle at a desired site at
the capillary wall. Depending upon the magnitude
of the magnetophoretic force, the magnetic force
could either trap the particle on the wall or influence
its trajectory near the magnet site, the large number
of particles from the inlet is directed to the magnet
and thus their concentration is maximal in the space
nearby the magnet as shown in; D (Fig. 2).

This modelling could be of interest for the
development of biomedical magnetic robotics [17],
which is a hot topic now and where actual problems
of creating flexible magnetic fields in the human body
are suggested. A similar modelling can be done for
more complex geometries, like vessel bifurcations
and aneurism, which is an urgent medical problem
for targeted drug delivery using controllable MNPs
[18]. Different applications of magnetite nanopar-
ticles in living systems for bioimaging, cancer and
gene therapy, and blood coagulation [19], including
designing of magnetically controlled systems for tar-
geted delivery of thrombolytic drugs for cleavage of
blood clots [20], would be beneficial from presented
modeling strategy.

Conclusion

In this study, numerical results of action of
magnetic field created by a permanent magnet placed
outside the capillary tube on magnetic nanoparticles
travelling in the blood flow were obtained and ex-
plained. In this model, blood considered as a Newto-
nian fluid and with a non-magnetized property. The
magnetic field strength is one of parameters that are
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Fig. 2. Results of simulation in the RGB color palette and in grayscale: contour, surface of magnetic flux density and line

graph for magnetic flux density behavior on distance along magnet surface and capillary tube (Arc length) for magnet with

dimensions 300x450 um (A); contour of blood velocity magnitude through blood capillary tube and line graph velocity profile
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critical for trapping of magnetic nanoparticles toward
the capillary wall. Navier—Stokes equation for fluid
(blood) and magnetostatic equation for permanent
magnet are solved numerically by using COMSOL
Multiphysics® software. The results obtained in this
study can be used in many biomedical applications,
including drug targeting for treatment cancer cells
and hyperthermia treatments, studies of lymphatic
mechanisms of cleansing brain tissue from metabo-
lites and toxins as well as control and activation of
brain drainage function.

Targeted drug delivery using magnetic nanopar-
ticles is a new therapeutic method and is being im-
proved continually. However, recent improvements
have been focused mainly on the introduction and
synthesis of special magnetic sensitive drug contain-
ers and there are still limitations for getting a drug
to desired locations in the body. The calculations of
the particle trajectories presented in this work is the
first step. In the future, we will be able to perform
those calculations for more complex geometries, like
vessel bifurcation and aneurism, and to proof the cal-
culations by using optical imaging techniques, such
as Doppler OCT and laser speckle contrast imaging
of flows in the special tissue phantoms containing
blood vessels.
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3axBaT MarHUTHbIX HAHOYaCTUL, B KPOBOTOKe
noj BO3aeMCTBUEM MAarHUTHOIO Nons

C. Canem, B. TyyuH

Canem Camusi, acnupaHT kadenpbl onTiku u 6uocdoTonuku, Capa-
TOBCKWIA HALWMOHANBHBIA UCCIe0BaTeNbCKUIA TOCYAAPCTBEHHBIA YHU-
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Tyunn Banepuint Buktoposud, 3aBegyiowmin kadbenpoi ontuku u
OuodoToHMkM, CapaTOBCKWIA HALMOHANbHBIA UCCNea0BaTENbCKUI
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MarHuTHble HaHOYaCTULBl KaK YNpaBnisieMble HOCUTENW Niekap-
CTBEHHLIX MPEnapaToB NPeoCTaBASOT OFPOMHbIE BO3MOXHOCTY
B NleYeHuy pa3HooOpasHbIx onyxosneil u 3abonesaHuit mMosra. B
HacTOsILLLEM TEOPETUYECKOM WCCNEe0BaHUM U3YYeHbl cynepna-
pamarHuTHble HaHoyacTuubl okcupa xenesa (Fe;0,) (SPION).
Bnaroaapst 6MOCOBMECTUMOCTM W CTABUNBLHOCTY 3TW YACTULLbI SIB-
NSIOTCS YHUKABHON HAHOMNATHOPMOIi ¢ BOMbLINM NOTEHLMANOM
ANs pa3paboTkn CUCTEM [0CTaBKW JIEKAPCTBEHHBIX MPEenaparos.
970 N0O3BONSIET UCMONBb30BATb UX B MEAMLMHE KaK Ans LeneBoil

[O0CTaBKM NEKapCTB, Tak U B MAarHUTOPE30HAHCHOW TOMOrpadum
MarHuTHOI# runepTepmmm. B paboTe YnCneHHo MccneoBaHbl Me-
XaHW3Mbl 3aXBaTa MarHUTHbIX HAHOYACTWL, IBUXYLUMXCS B BA3KOM
XUOKOCTW (KPOBM) B CTATMYECKOM MArHUTHOM none. YpaBHeHus
JBVXEHUS [ 4acTWL, B MOTOKE ONPeaensioTcs KombuHauuei
MarHUTHbIX YPDaBHEHWIA NS NONS NOCTOSIHHOTO MAarHnTa M ypaBHe-
Hus HaBbe—CToKCa NSt XUAKOCTU (KpOBM). TN ypaBHeHUS Obinn
PeLLEeHbl YUCNEHHO C MCMONb30BaHNEM NPOrPaMMHOro obecneye-
Hug COMSOL Multiphysics® Modeling Software.

KnioyeBble cnoBa: MarHWTHbIE HAHOYACTWLbI, MArHETU3M,
KPOBb, HbIOTOHOBCKAs XMAKOCTb, MOCTOSIHHbIA MAarHUT, KOMMbIO-
TEPHOE MOZENMPOBAHME.

Moctynuna B pepakumio: 07.12.2019 / NMpunsta: 09.01.2020 /
Onyb6nukosana: 02.03.2020

Cratbst onybnukoBaHa Ha ycnousix nuugH3um Creative Commons
Attribution License (CC-BY 4.0)

BnaropapHocTu

Asmopul svipasicarom brazooaprocms J[mum-
puro Anexcanoposuuy lTopuny u Makcumy Anek-
canoposuyy Kypouxuny 3a yennvie 06CcyicoeHus.
Paboma evinonnena npu urarcosoii noddepiicke
Munucmepcmea nayku u gvicuieco 00pa308anusl
Poccuiickou @edepayuu (npoexm Ne 075-15-2019-
1885).

O06pa3zen Aa8 UMTHPOBAHMS:

Canem C., Tyuun B. 3axBaT MarHUTHBIX HAHOYACTHUI] B KDOBOTOKE IO/ BO3/eiicTBUEM MarHuTHOrO 1ouist // M3B. Capar. yH-
ta. Hos. cep. Cep. ®usuka. 2020. T. 20, Beim. 1. C. 72-79. DOI: https://doi.org/10.18500/1817-3020-2020-20-1-72-79

Kpatkne coobluerHns

79



