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CHAPTER |

INTRODUCTION
1.1 Particle Capture in High Gradient Magnetic Field

The technique of using high gradient magnetic field for capturing,
separating, or filtering magnetic particles from suspensions has been applied in many
fields of works and researches, for examples, mineral processing [1], treatment of
industrial waste water [2], separation of biological entities for diagnostic and therapeutic
objectives [3-5], magnetic drug targeting (MDT) [6-8], implant assisted-magnetic drug
targeting (IA-MDT) [9-11]. It is seen that these techniques provide significant
contributions to various works from large scale down to small scale ones so particle
capture in high gradient magnetic field becomes an important part of future technology.
The capture behaviors of particles depend on various factors such as particle size, the
scales of the associated works, the magnetic properties of the particles (paramagnetic,
diamagnetic, ferromagnetic materials), the configuration of fluid flow in the considered
system, etc. Consequently, it is useful to study and understand the capture behaviors
and the mechanisms of particle transport for each situation so that we can predict and
improve the efficiency of particle capture.

The principle of particle capture in high gradient magnetic field can be
described as follows. Consider an assemblage of micro- or nano-size magnetic particles
suspended in a fluid medium. If the suspension is placed in a region of magnetic field,
there exists magnetic force (Em) acting on each suspended particle which can be

expressed as [12, 13]

Fm=my(cp- cfVoHNH, (1.1)



where my =4p”’ 10 "H/m is magnetic permeability of free space, C, and Cgare
magnetic susceptibilities of particle and fluid, respectively, Vp is particle volume,
H and L‘NH are local strength and gradient of magnetic field at particle position,
respectively.

From Eq. (1.1), it is observed that the magnetic force depends on both
local strength and gradient of magnetic field at particle position. Consequently, strong
magnetic force can be obtained from high gradient of magnetic field although the local
magnetic strength at particle position is not high. To produce high gradient magnetic
field within the suspension, magnetic collectors of cylindrical or spherical shape are
firstly placed in the suspension. Then uniform magnetic field is applied across the
collectors and suspension. The collectors disturb the background uniform magnetic field
and there exists high gradient magnetic field in regions near the surface of the
collectors. Any suspended particles entering these regions are subjected to strong
magnetic force and are captured on the collectors. As stated in pages 37 to 38 of Ref.
[14], the force density (force per unit volume) on the suspended particle is inversely
proportional to the size of the collectors so the smaller the radius of cylindrical or
spherical collectors, the stronger magnetic force acting on the suspended particle. If the
size of the collectors is in the order of micrometer, the magnitude of applied uniform
magnetic field is in the order of 10°- 10° A/m and the collectors made of ferromagnetic
material such as stainless steel then the magnitude of force density on a suspended
particle is in the order of 10'%- 10" N/m’. Consequently, even weakly magnetic particles,
of which very low magnetic susceptibility, can be effectively captured by using the high

gradient magnetic field produced by the collectors.
1.2 Thesis Background

The technique of particle capture using high gradient magnetic field has

been studied and applied by many researchers. Initially, the studies were performed for

the case of micro-particles by applying Newton’s law of motion on each particle. Then



particle’s equation of motion was solved, by using analytical or numerical methods. The
motions of many particles were analyzed to know whether they are captured by
interception. Consequently, the features of particle capture and capture lengths or
capture cross section can be obtained to determined capture efficiency. To produce
high gradient magnetic field, magnetic collectors, which are wires or spherical
collectors, are placed within the background uniform magnetic field. Then there exist
regions of high gradient magnetic field around the collectors. Any particle entering these
regions is subjected by magnetic traction force and is brought to retained on the
collector surface. Particle capture in high gradient magnetic field can be categorized
into three configurations [15] as transverse, longitudinal, and axial modes as shown in
Fig. 1.1.

For transverse and longitudinal modes shown in Fig. 1.1(a) and1.1 (b),
the directions of fluid flow towards the cylindrical collector are perpendicular and
parallel to the direction of the applied magnetic field, respectively. For the axial mode
shown in Fig. 1.1(c), the direction of fluid flow towards the cylindrical collector is parallel
to collector 's axis. The transverse and longitudinal modes are suitable for the capture
of large amounts of particles within a relatively short time interval [2] since collector 's
surface is placed against trajectories of incoming particles. Consequently, the incoming
particles within the capture length are attracted towards collector 's surface rapidly and
are captured by collision or interception. The axial mode is suitable for the capture of

easily damaged particles such as red and white blood cells.
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Figure 1.1: Three configurations of particle capture in high gradient magnetic field [15].

The capture of micro-particles in high gradient magnetic field using various modes has
been studied and developed for many years until now. The work of J. H. P. Watson [16]
studied longitudinal mode capture of micro-particle in high gradient magnetic field by
magnetic wires. Particle’s equations of motion in potential flow field of fluid were

formulated and solved numerically and capture efficiency was predicted. The work of M.



Natenapit and W. Sanglek [17] studied the capture of micro-particles, in both transverse
and longitudinal modes, by random matrices of cylindrical wires in high gradient
magnetic field. The magnetic field around any wire was determined by the effective
medium treatment (EMT) [18]. Particle’s equations of motion in potential flow field of fluid
were formulated and solved numerically and capture radius was predicted by using
trajectory-analysis method. The work of R. Gerber [19] studied the capture of micro-
particles in axial magnetic filter. The magnetic field around the cylindrical collector was
determined by using the single-wire approximation. Particle's trajectories in laminar flow
field of fluid were solved analytically then the capture cross-section of a wire, which
specifies capture efficiency, was determined. Later, although the axial flow field of
viscous fluids relative to an array of wires was incorporated into the study [20], the
magnetic field was still calculated using the single-wire approximation. The study of
particle capture was developed further when both the magnetic and fluid flow fields
around wires were calculated using the periodic-wires model [21]. In the work of
Kuntabutr [15], the magnetic field around any wire in the axial magnetic filter calculated
by using the effective medium treatment (EMT) [18] was used while the fluid flow field
around any wire was calculated by using the periodic-wire model [20].

In this research, the capture of micro-particles by an assemblage of
parallel wires randomly distributed in the filter was investigated based on the EMT
model. The magnetic field around the representative wire determined by Natenapit [18]
using the EMT model and the axial flow field of the viscous fluid, derived by Happel [22],
relative to a bundle of randomly distributed parallel cylinders were used. Particle
trajectories were traced numerically to determine the capture cross-section. This study
is the generalization of the single-wire model to a range of higher packing fraction.
Capture cross-sections are reported and compared with those obtained by using the
magnetic field calculated from the single-wire approximation [19]. The discussion about
basic criterion of limitation of the single-wire model is initiated in this article.

The advantages of the axial mode of high gradient magnetic separation

lie in the separating specific biological entities such as red blood cells (RBCs) and white



blood cells (WBCs) from whole blood. For diagnostic objectives in clinical or laboratory
applications, small amounts of blood samples are used and the specific cells are
captured in a small apparatus consisting of only a single magnetic wire of micron size
[23-24]. For therapeutic objectives such as blood component transfusion, the volume of
blood and number of RBCs and WBCs to be separated are far greater than the
diagnostic case and, therefore the design of an effective macro-scale filter of high
efficiency is important. This would be very useful such as for plasma separation ready
for use in compensating for the lost fluids and blood proteins in burn victims [25].
Albumin which is one of the main serum proteins in plasma is used for replenishing and
maintaining blood volume after traumatic injury during surgery [25]. Plasma separations
from whole blood have been studied by various authors using microchannels [26-27].

In this research, we also apply the EMT model to study the capture of
RBCs and WBCs from whole blood, by using their native magnetic properties, in an axial
magnetic filter. The filter efficiency is predicted. The feasibility of macro-scale blood
cells separation that provides high gradient magnetic field and high efficiency is
investigated.

For particles which are much smaller than the micron size, Brownian
motion causes significant effect on the kinematics of the particles. Consequently,
diffusion should be taken into account and diffusive capture was considered. In 1983, R.
Gerber, M. Takayasu and F.J. Fridlaender formulated the HGMS theory describing the
capture mechanism of ultra-fine particles [28-29] by incorporating diffusion in describing
the capture mechanism of nano-particles. One-dimensional model of nano-particles
capture by a single ferromagnetic wire was investigated. Results of the study revealed
the features of nano-particles buildup on the wire. In 1990, L. P. Davies and R. Gerber
developed a two-dimensional model for the capture of nano-particles on a single
ferromagnetic wire [30]. This model generalized the one-dimensional model formulated
in 1983. The capture of nano-particles was simulated in various cases. Simulation results
showed the feature of nano-particle buildup in various regions around the wire at a given

time. K. Hournkumnuard and M. Natenapit [31] extended the work of L. P. Davies and R.



Gerber [30] to the multi-wire case by investigating diffusive capture of weakly nano-
particles by an assemblage of random wires.

In recent years, the technique of using high gradient magnetic field to
capture nano-particles in flowing fluid has been applied on the studies of magnetic drug
targeting (MDT) and implant assisted-magnetic drug targeting (IA-MDT) [6-11]. The idea
of MDT is the guidance of therapeutic particles [32], which are injected into blood
circulation system, to specific regions within the body by using an external magnetic
field generated by permanent magnet poles or electromagnets. The objectives of MDT
are to improve the efficiency of various therapies, such as cancers and tumors therapies
[33], by concentrating the therapeutic agents within the target sites. Consequently, the
therapeutic agent concentration and the time that therapeutic agents are retained within
the target sites were high enough to accomplish the therapy. Moreover, the injected
concentration of the therapeutic agents can be reduced so that the parts of therapeutic
agents that are not confined within the target sites can not cause potential toxicities on
other organs of patient's body. However, the limitation of MDT technique is that the
strength of magnetic force necessary to capture therapeutic agents within the target
sites may not high enough. The reasons are the magnetic force acting on the particles
depends highly on volume of magnetic material in the particle hence nano-particles are
subjected by very small magnetic force and the magnetic field strength decreased
sharply with increasing depth within the body. Consequently, the technique MDT was
successfully applied for the target sites near to the skin and it is almost impossible to
use MDT for target sites deep into the body. To increase the possibility of targeting
therapeutic agents in target sites deep into the body, the technique of implant assisted-
magnetic drug targeting (IA-MDT) was firstly proposed [6]. For IA-MDT, various implants
such as ferromagnetic stents [34-36], wire [37] or seeds [9, 38] were placed within or
near to the target sites. When an external magnetic field is applied across the target
sites, there exist regions of high gradient magnetic field around the implants. So, the
high gradient magnetic field is produced within the body and the magnetic force for

trapping therapeutic agents is increased. The work of Ritter et al. [6] proposed a



hypothetical IA-MDT system that used a ferromagnetic wire of micro-size implanted
within blood vessel for capturing magnetic drug carrier particles (MDCPs). The principle
of particle capture by high gradient magnetic field was applied to investigate the
feasibility and efficacy of targeting MDCPs to specific site within blood vessel. The
capture behaviors were considered on a plane that sliced through the wire's cross
section and vessel's central axis. The magnetic and blood laminar flow fields around the
wire were determined numerically. Capture behaviors were investigated by solving
particle’s equations of motion numerically and the capture efficiency was predicted for
various parameters. It was shown that targeting of MDCPs using internally produced
high gradient magnetic field was feasible and was hoped to be a promising technique
that provided high targeting efficiency. Avilés and co-workers studied magnetic
targeting of ferromagnetic nano-particles by ferromagnetic seeds implanted within
capillary beds in both theoretical [9] and in-vitro experimental aspects [38]. Their results
supported the feasible and efficacy of implant assisted-magnetic drug targeting (IA-
MDT) proposed by Ritter et al. [6]. The work of Cregg et al. [39] extended the work of
Avilés et al. [9] by considering superparamagnetic property of nano-particles of which
diameter small than about 100 nm and determined particle’'s magnetic moment by using
the Langevin function.

In this research, we further investigate the works of Ritter et al. [6] and
Cregg et al. [39] by studying diffusive capture of ferromagnetic nano-particles by a
micro-sized ferromagnetic wire implanted within blood vessel. Significant effect from
diffusion process is taken into account. Diffusive capture behaviors are investigated on
a plane that slices through wire's cross section. Particle dynamic is described
statistically by the continuity equation. By solving the continuity equation as an initial and
boundary value problem, the distribution of particle concentration on the considered
plane can be determined. The feasibility of increasing nano-particle concentration in

blood vessel by using the wire implanted in blood vessel is then investigated.



1.3 Thesis Objectives

In conclusion, the objectives of this thesis are:
1) To determine the capture efficiency of micro-particles in axial magnetic
filters and to investigate the criterion of validity of the single-wire approximation.
2) To determine the targeting efficacy of nano-particles by a micro-size

ferromagnetic wire in blood vessel.

1.4 Thesis Outline

A brief outlines of this thesis are as follows: Chapter | provides introduction
to particle capture in high gradient magnetic field, background and objectives of this
research. Chapter Il describes basic theories of particle capture in high gradient
magnetic field for both micro-and nano-particles. Also with the method for investigating
capture behaviors and predicting capture efficiency. In Chapter lll, the capture of
weakly magnetic micro-particles, in high gradient magnetic filed, by an assemblage of
randomly distributed cylindrical collectors in axial magnetic filters is investigated in
details. The methods of particle dynamics simulation and filter efficiency prediction are
also described. In Chapter IV, the capture of ferromagnetic nano-particles, in high
gradient magnetic field, by a micro-size ferromagnetic wire implanted within blood
vessel is investigated. Simulation methodologies are described. The results of the
simulations and discussions were presented in Chapter V. Finally, Chapter VI provides

the conclusions of this research.



CHAPTER I

Theory of Particle Capture in

High Gradient Magnetic Field

In this chapter, the capture behaviors of various scales particles in high
gradient magnetic field are described. In the first section, we describe the capture of
weakly magnetic particle of micro-size which can be applied for the study of high
gradient magnetic separation of biological entities, such as red and white blood cells [5,
23-24], using magnetic filters. The capture behaviors are investigated by analyzing
particles’ trajectories obtained from numerical solutions of particle’s equations of motion.
The capture efficiency is determined in terms of capture length or capture cross section.
In the second section, we describe the capture of ferromagnetic nano-particles where
the effect from diffusion is taken into account. Particle's behaviors are described
statistically by using the continuity equation. The capture of ferromagnetic nano-
particles can be applied for the study of both conventional magnetic drug targeting

(MDT) [40-42] and implant assisted-magnetic drug targeting (IA-MDT) [9-11, 35-39].

2.1 The Capture of Weakly Magnetic Micro-Particles in High Gradient
Magnetic Field

To capture weakly magnetic micro-particles from a fluid by using high
gradient magnetic field, magnetic filters containing an assemblage of magnetic
collectors are used. While in operation, the external uniform magnetic field LI:|.o is
applied across the magnetic collectors. Then the fluid containing the suspended
particles is fed into the filter. The applied magnetic field magnetizes both the collectors

and particles. By using an assumption that both particle and fluid are linear isotropic
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homogeneous magnetic media of susceptibilities €, and C, respectively, there exists

the magnetic force acting on each particle which can be expressed as
1 u
szzmi%-chN(Hﬁ, (2.1)

where my = 4p' 10" H/m s the permeability of free space, V|, is volume of a particle
and H is the magnetic field strength at particle ‘s position.

In this research, only dominant magnetic force (Em) and fluid drag force
(LIEV) acting on the particles are considered while other forces, such as gravitational
and electric forces, and processes, such as diffusion and collision, are not taken into
account. The fluid drag force acting on a particle traveling in the fluid is assumed to

satisfied Stokes' law and can be expressed as
u I I
Fv =-6phb, (vp— Vf), (2.2)

where h is fluid dynamic viscosity, bp is particle radius, Vp and Vi are particle and
fluid velocities, respectively. The motion of a particle in fluid satisfies Newton 's equation

of motion,

3 F=ma,, (2.3)

u

where é F =Fm+Fy is the total force acting on a particle, m_is mass of a particle

p
and Ia.p is particle acceleration.

For a given particle ‘s initial position and velocity, the equation of motion
(2.3) can be solved, by using analytical or numerical methods, to obtain particle
trajectory. Then particle's trajectories starting from various initial positions are analyzed
and the probability for a particle entering the filter to be captured within the filter, which

implies filter efficiency, can be determined. In this research, we study in detail the

capture of weakly magnetic micro-particles in an axial magnetic filter containing an
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assemblage of random magnetic wires. The details of the study will be described in

Chapter Ill.

2.2 The Capture of Ferromagnetic Nano-Particles in High Gradient Magnetic
Field

When particle size becomes much smaller than 1 micron, the effect of
diffusion on particle motion becomes significant and should be taken into account also
with the effect of magnetic force and fluid flow. Diffusion is the random process that
causes fluctuation of particle’s trajectories. Consequently, studying capture behaviors
by considering and analyzing particle’'s trajectories may be inconvenient. Alternatively,
capture behaviors of nano-particles in high gradient magnetic field can be described
statistically in terms of particle volume concentration that satisfied the continuity

equation.
2.2.1 The Continuity Equation

In 1983, Gerber et al. [28-29] formulated a theory of capture process of
particles that were very smaller than 1 micron. Particle dynamics were described in
terms of particle volume concentration denoted by c. The particle volume concentration
at a given point in the fluid is defined as the fraction of particles volume contained in an
infinitesimal volume element of the system (mixture of particle and fluid) at that point and

can be expressed as

] DV
co lim —2, (2.4)
RV,®0 DV,

where subscripts pand s refer to the particle and the system, respectively.
At any time, particle volume concentration in any volume elements of the

system satisfies the continuity equation
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r
xJ =0, (2.5)

=3
+
z2s

where 3 is the total particle volume flux that pass through the considered infinitesimal
volume element. We define the particle volume flux as the net volume of particles that
flow through an area perpendicular to the flow direction per unit area per unit time.

In this research, the total particle volume flux, 3 consistes of three

contributions as
J:JD+JC+J|:, (26)

where Jp is the diffusion flux due to diffusion, Jc is the convection flux due to fluid
flow and JE is the flux driven by the actions of external forces on the particles.

Diffusion flux satisfied Fick's law [28],
u a
Jp =- DNc, (2.7)

where D is the diffusion coefficient of particles in the fluid. The convection flux caused

by fluid flow can be expressed as

jc =CVf. (2.8)

The particle volume flux driven by the actions of external forces on particles can be

expressed as [28]

ul

jp =cuF, (2.9)

where Uis the mobility of particles in the fluid and F is the driving force that causes the

relative velocity between particles and fluid. In this research, it is assumed that the
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driving force is mainly contributed by the magnetic force hence F= Em and other forces
and processes are not taking into account.
By substituting expressions of Jp, Jcand Jg in Egs. (2.7) to (2.9) in

Eqg. (2.5) we obtain the continuity equation as

E:ﬁ{D%c)- L~r>(c\r/f)— %{cugm). (2.10)

The diffusion coefficient of particle in the fluid is assumed to satisfied Einstein’ s relation

[30],
D = ukgT, (2.11)

where kgand Tare the Boltzmann’ s constant and the absolute temperature,
respectively. The value of D is assumed to be isotropic hence the continuity equation

(2.10) can be rewritten as

T8 < DNe- Nofotr ) N{ouFn). .12

Equation (2.12) is the continuity equation which is used for describing
the capture of nano-particles in high gradient magnetic field. By solving the continuity
equation as an initial and boundary value problem, dynamics of concentration
distribution and behaviors of particle transport within the considered regions can be
investigated. In this research, the continuity equation is used for investigating the
technique of implant assisted-magnetic drug targeting (IA-MDT). The technique of IA-
MDT here uses a ferromagnetic wire of micro-size as an implant in a blood vessel for
capturing nano-drug carriers that are injected into blood circulating system. We study

the feasibility of increasing the concentration of nano-drug carriers in the region around

the wire. The details of the study are described in Chapter IV.



CHAPTER III

Capture of Weakly Magnetic Micro-Particles by an

Assemblage of Random Wires in Axial Magnetic Filters

In this chapter, we study the capture of weakly magnetic micro-particles
by an assemblage of random magnetic wires in axial magnetic filters. Magnetic filters
operating in axial mode are applied in the separating and capturing specific biological
entities from fluid such as the separation of red blood cells (RBCs) and white blood cells
(WBCs) from whole blood [5, 23-24]. For diagnostic objectives in clinical or laboratory
applications, small amounts of blood samples are used and the specific cells are
captured by small apparatuses consisting of only a single magnetic wire of micron size
[23-24]. For therapeutic objectives such as blood component transfusion, the volumes of
blood and also RBCs and WBCs to be processed are much larger than the diagnostic
case and, therefore the design of an effective macro-scale filter of high efficiency is
important. This would be very useful such as for plasma separation ready for use in
compensating for the lost fluids and blood proteins in burn victims [25] and also other
therapeutic applications of blood components. To study micro-particles captures by
random wires, the effective medium treatment (EMT) of axial magnetic filters is applied.
The magnetic field around an assemblage of random cylindrical collectors transversely
magnetized by background uniform magnetic field LI:|.o calculated by Natenapit [18] is
used to determine the magnetic field around a representative wire in an axial filter. The
velocity field of viscous fluid flow axially pass a bundle of parallel cylinder derived by
Hapepel [22] is used to determine fluid velocity field around the representative wire in
the filter. Particle trajectories are traced numerically. Filter efficiency is determined in
terms of the capture cross-section. We generalize the single-wire model to more general

cases of higher packing fraction.
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3.1 Character of the Problem

We consider an axial magnetic filter that consisted of an assemblage of
randomly distributed parallel magnetic wires. A viscous suspension is fed axially
through the filter with an entrance velocity \u/o. All wires in the filter are magnetized by
an applied uniform magnetic field LI:|.o that is perpendicular to wires’ axes. A
dimensionless cylindrical coordinates system (ra,q,za), of which all linear distances
were normalized by the wire radius (@), is introduced with the z, axis parallel to the
wires’ axes. A particle with radius bp is carried by the suspension. Figure 3.1 depicts
the configuration of coordinates used in the study. In Fig. 3.1, \I/za is the component of

particle velocity, normalized by wire’ s radius, in the direction that parallel to wire's axis.

Figure 3.1: The axial mode of particle capture in high gradient magnetic field and the

associated coordinates setting.
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3.2 The Magnetic Field in the Filter

Determining the magnetic field in the filter is one major contribution to the
study of the capture process. In an axial filter which contains many wires, the existence
of other wires produces certain effects on the capture behavior of each individual wire.
In this study, all parallel wires in the filter are assumed to be randomly distributed. When
an arbitrary wire is considered, all residual wires locate randomly with respect to it. This
situation is the same for any wire in the filter so it is reasonable to approximate that all
wire in the filter exhibit the same capture behavior and the capture behavior of only one
representative wire is investigated.

The effective medium treatment (EMT) originally conceived by Hashin
[43] was adopted in the work of Natenapit [18] to determine the magnetic field in a two
dimensional system of cylindrical magnetic wires randomly distributed in a fluid medium.
According to the EMT, the system of magnetic cylindrical wires (permeability m,) and
surrounding fluid (permeability m; ) is considered to be composed of cylindrical
composite cells, each of which contains exactly one wire. The ratio of the wire to cell
volume is set to be equal to the packing fraction, F, of wires in the filter or
a’/b>=Fwhere a and b are radii of the representative wire and the cell,
respectively. In the calculation procedure, only a representative cell is considered while
all residual neighbouring cells are replaced by a homogeneous effective medium with
the effective permeability m which can be determined. Figure 3.2 depicts a
representative cell in the effective medium model.

The boundary value problem of a coaxial magnetic cylinder subjected to
the boundary condition of a uniform magnetic field in the direction perpendicular to the
wires' axes was solved to determine the magnetic field in the cell and the effective
medium. A self consistency must be satisfied that the magnetic induction averaged over
the representative cell (cylindrical wire and fluid tube) has to be equal to the volume

average of the magnetic induction over the effective medium.
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Figure 3.2: A representative cell and surrounding effective medium with associated

coordinates setting.

According to Natenapit [18] and Natenapit and Sanglek [17], the magnetic field in the

fluid region surrounding the representative wire in the cell was determined as

ur € o) & K.0. U
H = AH, §1+—2°¢008q$- ik —;ianqéu, 1<r,<b/a, (3.1)
8 la @ g la o Q

where r, =r/a, A=1/(1- FK.), K. =(n-1)/(n +1),andn =m./m .
The magnetic field in the effective medium outside the representative cell was

determined as
Het =Ho, b/a<r,<¥. (3.2)
From equation (3.1), it is observed that the magnetic effect of the other wires on the

magnetic field around the representative wire is contained in the factor A. In the limit of

dilute packing fraction (F approaches zero), factor A approaches unity and the
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problem is reduced to the case of single-wire approximation. Consequently, it is seen
that, by using the EMT, the problem of micro-particle capture by an assemblage of
random cylindrical wires can simply analyzed by considering a single representative

cell.

3.3 The Fluid Axial Flow Profile in the Filter

Determination of the fluid flow profile in the filter is also an important
contribution to the study of the capture process. The fluid axial flow profile around a
system of parallel cylinders was determined using the effective medium approximation
of Li and Park [44]. However, the result contained rather complicated special functions
and the more practical and most successful laminar axial flow field for viscous fluid
passing through a filter, as derived by Happel [22] using the cell model, is applied in

this study and this can be expressed as

v, (1) = -rs+=Inr, 2, 3.3
za( a) 2KU8 a E ab ( )

where V,, =V, /a is the magnitude of a normalized fluid velocity component in the z,
direction which is parallel to wire axis, Ku=F - 0.5InF - 0.25F2 - 0.75is Kuwabara ‘s
constant and Vg, =V, /a is the magnitude of the normalized fluid entrance velocity. If
the inertia of the particle is neglected then the component of the normalized particle

velocity in the z, direction is always equal to the V,, of the fluid.

3.4 Equations of Motion

To investigate particle capture, equations of motion are constructed and
solved numerically to obtain particle trajectories which are analyzed later. For micro-
particle, it is assumed that the magnetic and fluid drag forces are the major forces while

the other forces and effects such as gravitational force, inertial effect, thermal diffusion,
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etc. are neglected. The magnetic force acting on a particle when it is traveling in the
fluid that is flowing in the region of high gradient magnetic field can be expressed as

Fm——lllb(C -C )V N(Hz) (3.4)
2 p f p ’ ’

where Cp and C¢ are the particle and fluid magnetic susceptibilities, respectively, m,
is the magnetic permeability of free space, Vp is the volume of a particle, and H is the

magnetic field strength at the position of the particle. The fluid drag force (Fq) is

assumed to satisfies Stokes’ law,
1 ]
= gphby, (vp- vi ), (35)

where h is fluid viscosity, bpis particle radius, Vp and V¢ are particle and fluid
velocities, respectively.
By substituting Eqg. (3.1) in Eqg. (3.4), the magnetic force can be

expressed as

ur 8prrb(C —cf)K Hgb A298&;032q K °§+33inZQ9§8

(3.6)
P 3 -7
3a I ra 2} la @0

The radial and angular components of particle acceleration are [45]

d r aedq o
3.7
3dt 5 (38.7a)
and
d2q ,38Ir Geglg &
=r— 3.7b
%= Ty (3.75)

Particle equations of motion for each coordinate are



21

F Ry =My, (3.8a)
Fn.q + qu =myg, (3.8b)
Vo, = Vi (3.8c)

In equation (3.8c), the component of particle velocity in the direction parallel to wire’ s
axis is assigned equal to that of fluid since it is seen in equation (3.6) that magnetic
force in that direction is equal to zero so particles do not have relative velocity
respective to fluid in the direction parallel to wire 's axis . By using Egs. (3.3), (3.5),
(3.8), (38.7a), and (3.7b) in Egs. (3.8a) to (3.8¢c), and writing particle mass as product of

density and particle volume we obtain

a2r by 06d?r, &g o *U

o}
e— = ———V A -
é % gédtz agdtza dt ™ E r3 Py

2 2205 K—5 (3.94)

&@r b20e d2q a8ty ogejqou dq ,&in2q 0
+ +r, -V A +, 3.9b

a

ONSKUR{ r;+§|nr32, (3.9c)

where V,p, =V /a, Vi, = 4rrb(c p- Ci ) HgbsKC/%a is the magnetic velocity.

From Egs. (3.9a) and (3.9b), we consider the order of magnitude of
various terms. It is estimated that bp :10°%m, Mo :10° kg/m®’, h 1107 PaX,
Cp-Cf 2107, Hy:10° Aim, a:10°m, K. :1, and A:1. We obtain that
2r prI% :10°® and Via A% - 10 so Egs. (3.9a) and (3.9b) can be simplified by
neglecting the first term on the left hand side of each equation and we obtain particle 's

equations of motion within the representative cell (1<r, <b/a) as
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dr, _

5
___VmA2%+Ooszqi, (3.10a)
ot TR b

in2g ©
W _ y, A (3.100)
dt g s &
—A=_ R T-rs+—Inr, =, 3.10c
d 2ku& ? F %% (3:10c)

The equations of motion (3.10a) to (3.10c) are solved numerically by using the standard
fourth-order Runge-Kutta method and the particle trajectories are traced. A particle is
captured if its trajectory intercepts the wire surface within the filter length. From Eq.
(3.2), it is seen that ngm = 0 outside the representative cell. Consequently, any particles
travelling outside the representative cell are not captured and are carried through the

filter by fluid flow.
3.5 Capture Cross-Section and Filter Efficiency

The capture cross-section ( A.) of a representative wire is defined as a
certain area on a plane perpendicular to the wire's axis at the entrance of the filter. Any
particles which enter the filter within the region of capture cross-section is always
captured on the wire surface at a certain distance z, along the wire axis not more than
[, =l/awhere lis the filter length. According to the EMT model, the capture cross-
section of a representative wire is bounded by the normalized radius, in the unit of wire
radius (a), of the fluid envelope around that wire equal to 1/\/E since the magnetic
force is equal to zero outside the fluid envelope. The boundary of the capture cross-
section area is determined by using trajectory-analysis methods. Dividing Eq. (3.10a) by
Eq. (3.10b), we obtain dr, /dq which is a function of K. Dividing Eq. (3.10c) by Eq.
(3.10b) we obtain, with a little arrangement, dz, (Vrn /VO)/dq as a function of F and

K.. It is, therefore, suitable to use the normalized distance Za(Vm /VO) instead of Z,
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and then capture cross-section A, depends on the parameters K., F and the
normalized filter length L, = (Vi /Vp )1,

Suppose that N is the number of wires in the filter, then the total capture
cross-section in the filter equals NA,. Let Ay, be the filter cross-section. The filter
efficiency, denoted by €, can be determined as the ratio between the total capture
cross-section and the filter cross-section, € = NA./ Aje - Since the packing fraction

(F)is Npa?/ Asiier - then the filter efficiency can be expressed as

e =FA,. (3.11)

where A, = A /paZis the capture cross-section normalized by the wire cross-section.

3.6 Computational Method

Particle trajectories and capture cross-sections are obtained by using
computational method. Main computational procedures can be described as follows.

Step 1: Set up parameters such as K., F, L An additional

aQ-
computational parameter Dt required for the stability and accuracy of the results is also
assigned. After parameters are assigned, various constants such as A, radius of fluid
envelop 1/\/E, Ku, etc. can be computed.

Step 2: Determine the boundary of fluid envelop.

Step 3: Compute capture cross-section by using numerical integration
and then compute filter efficiency. Procedures for determining the boundary of capture
cross-section can be described by a flowchart shown in Fig. 3.3. We can conclude all
procedures in Fig. 3.3 as follows. For each angle (;, we collect values of r,, where
1£r1, £1/+/F , that cause the particle to be captured at certain distances zeEl on
the wire surface. Then we select the optimum ry that gives the maximal capture

distance z,,. After these processes are performed for every g; that OE£q; £p /2 (we

determine the boundary of capture cross-section only in the first quadrant because of
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the symmetry of capture cross-section around the wire), we obtain locus of points
(rai of )Which is the boundary of capture cross-section. Then we integrate numerically
the area within the boundary of capture cross-section and obtain the capture cross-

section area. Finally, filter efficiency can be computed by using Eq. (3.11).
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Figure 3.3: The computational procedure of determining capture cross-section.



CHAPTER IV

Capture of Ferromagnetic Nano-Particles by

Ferromagnetic Wires Implanted in Blood Vessel

In this chapter, we study the capture of ferromagnetic nano-particles by
ferromagnetic wires implanted in a blood vessel. The objective of the study is to
investigate the feasibility of using implant assisted-magnetic drug targeting (IA-MDT) to
increase the chance of targeting magnetic nano-therapeutic particles at specific site in
blood vessel when the effect of nano-particle diffusion is taken into account.

The work of Ritter et al. [6] proposed a hypothetical magnetic drug
targeting system that used a ferromagnetic wire of micro-size implanted within blood
vessel for capturing magnetic drug carrier particles (MDCPs). The principle of particle
capture by high gradient magnetic field was applied to investigate the feasibility and
efficacy of targeting MDCPs to specific site within blood vessel. In their work, the
capture behaviors were considered on a plane that perpendicularly slice through the
wire's cross section. The magnetic and blood laminar flow fields around the wire were
determined numerically. Capture behaviors were investigated by solving particle's
equations of motion numerically and the capture efficiency was predicted for various
parameters. It was shown that targeting of MDCPs using internally produced high
gradient magnetic field was feasible and was hoped to be a promising technique that
provided high targeting efficiency. Avilés and co-workers studied magnetic targeting of
ferromagnetic nano-particles by ferromagnetic seeds implanted within capillary beds in
both theoretical [9] and in- vitro experimental aspects [11]. Their results supported the
feasible and efficacy of implant assisted-magnetic drug targeting (IA-MDT) proposed by
Ritter et al. [6]. The work of Cregg et al. [39] extended the work of Avilés et al. [9] by
considering superparamagnetic property of nano-particles and determined particle’'s

magnetic moment by using the Langevin function. Nacev et al. [46] studied the
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behaviors of ferromagnetic nano-particles in blood vessels and surrounding tissues
under applied magnetic force by taking into account the effect of particle diffusion.

In this research, the work of Ritter et al. [6] is extended by studying
diffusive capture of ferromagnetic nano-particles by a ferromagnetic micro-wire
implanted in a blood vessel. Today, the technologies of fabricating biocompatible micro-
and nano-wires used for biomedical applications has been developed continuously [47].
In this research, we study the using of ferromagnetic micro-wire implanted within a
blood vessel for targeting ferromagnetic nano-therapeutic particles to specific site
around the wire. Significant effect from diffusion of nano-particles is taken into account.
The two-dimensional diffusive capture behaviors are investigated on a plane that
perpendicularly slices through wire's cross section. Particle dynamics are described
statistically by the continuity equation. By solving the continuity equation as an initial and
boundary values problem, the distribution of particle concentration in regions around the
wire can be determined. The feasibility of increasing the concentration of nano-

therapeutic particles at the target in blood vessel by using IA-MDT is investigated.

4 1 Statements of the Problem

Consider an assemblage of ferromagnetic wires implanted within a
certain length of a blood vessel. There exists a background uniform magnetic field LI:|.o
across the considered vessel's length in the direction transverse to the incoming blood
flow direction. It is assumed that the wire orientation is transverse to both background
uniform magnetic field LI:|.oand the incoming blood flow. The ferromagnetic nano-
particles are carried by the blood stream towards the region of LI:|.o. According to the
existence of the wires in the background uniform field LI:|.o, the high gradient magnetic
fields produced around the wires. Consequently, certain amounts of the incoming nano-
particles are subjected to magnetic force that depends significantly on the magnetic
field gradient. These particles are attracted toward each wire and are concentrated

there. In this research, we assumed that the volume fraction of ferromagnetic wires in
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the considered vessel's length is very low hence the single-wire approximation of the
magnetic and blood flow fields around each wire is used and the process of nano-
particle capture is considered only for a wire. Figure 4.1 shows the feature of the

problem to be studied.

incoming blood flow

ﬁ 0 X

considered region

y

outgoing blood flow

Figure 4.1: The feature of the problem.

In Fig. 4.1, it is considered that the length of the wire is much higher than its radius.
Consequently, the problem has the symmetry in the direction of wire's axis and the
complexity of the problem is reduced from three to two dimensions. The considered
region for studying diffusive capture of nano-particles is a circular region on a plane
normal to wire's axis that slices through wire's cross section. The considered region has
the same center as the wire. In this research, dynamics of nano-particle transport in the

region around each wire is governed by three dominant effects as particle diffusion,
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convections by blood flow and magnetic drift velocity. Since the magnetic force
produced by the magnetic field gradient around the wire surface is a short range force,
the radius of the considered region is limited at 10 times of wire's radius and it is
assumed that the effect of magnetic force on particles in regions which are farther than
10 times of wire's radius from wire's axis is negligible. ~ We formulate and solve the
continuity equation in the considered region. According to the values of micro-wire
radius (a : 10° m.), the average velocity of blood flow in blood vessel (V; : 10° m/s),
the value of blood density (r, =1040 kg/ms) and the value of blood viscosity
(hp =20 10° PaX), Reynold number of blood flow pass the micro-wire,
Re=2ar V,/h,, is much smaller than unity. Consequently, blood flow around the
micro-wire is modeled as a laminar flow field of single-phase Newtonian fluid which is

the same as that in the work of Avilés et al. [9] and Cregg et al. [39].
4.2 The Magnetic Force Acting on the Ferromagnetic Nano-Particles
According to Jackson [48], the magnetic force, Fm, acting on a

ferromagnetic particle of magnetic moment mand locates in a region of magnetic flux

density B can be expressed as
u u/u u
Fm=N(mB). (4.1)

If the magnetic flux density is a steady state field or N B = 0 then the Eq. (4.1) has its

equivalent form as [48]

u u u,u

Fm=(mN)B. (4.2)
So, to determine the magnetic force acting on a ferromagnetic particle, particle

magnetization M and the magnetic flux density field B at particle 's position must be

determined.
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In this research, we consider that the magnetizations of ferromagnetic
materials in wire and nano-particles vary linearly with local magnetic field before the
magnetizations of the materials are saturated. The magnetizations of the materials are
constants after they are saturated. This approximation is used by many authors [6, 9, 11,

41]. It can be expressed that

[
<

—cH . (4.3a)

before magnetizations of the materials are saturated where € is the material s
magnetic susceptibility. When ferromagnetic materials in wire and particles are saturate
magnetized, the magnetization is a constant vector and can be expressed as

uu uu

M =My, (43b)

where Msis the saturation magnetization of the considered ferromagnetic material.
From Eq. (4.3a), if we define Wim p as the volume fraction of ferromagnetic material
contained within a particle, the magnetic force acting on a spherical particle that is not

saturated magnetized can be expressed as
1 U
m :Evpm)wfm’pc pN(H ) : (4.4)

where ¢, =3C fm’plol(3+ C fm, p,O) is magnetic susceptibility of the particle, €y 0 iS
the magnetic susceptibility of ferromagnetic material in the particle at zero magnetic
field and His the local magnetic field at particle’ s position. In Eq. (4.4), the magnetic
susceptibility of blood is neglected since it is much smaller than that of ferromagnetic
material in the particle. When the ferromagnetic material within the particle is saturate

magnetized, the magnetic force acting on the particle can be expressed as

Fm =V,mwW, ;M frn,IO,SN(H ). (4.5)
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where My, ,sis the saturation magnetization of the ferromagnetic material in the
particle. The expressions of magnetic forces in Eq.s (4.4) and (4.5) are used for
particles of which ferromagnetic core contains many ferromagnetic domains. For smaller
particles that its ferromagnetic cores contains only single ferromagnetic domain and
thermal agitation of particle's magnetic moment vector (um) becomes significant,

particles’ magnetic property is then superparamagnetic type [29, 39] and the magnetic

u
moment (m) can be described, by using the Langevin function, as [39]

r B
M =W VoM g sL (D )E (4.6)
where b =W, VM g, B/KT is the Langevin argument and
1
L(b):coth(b)—g (4.7)

is the Langevin function.

According to wire's geometry, we use a normalized coordinates (r,,q)
for describing the magnetic field and particle concentration distribution around the wire.
The coordinate r, =r/ais the radial distance from the wire center in unit of wire radius
a, and q is measured from the positive x axis in counter clock-wise direction.

The magnetic field LI:|. outside the wire that is magnetized by an applied

uniform magnetic field Hq perpendicular to wire's axis, as shown in Figure 4.2, can be

determined as [15]

L|£|r(r’ ):H j?m+——003q$ a' __anéu' (4.8)
a4 Og gl

s
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The value Ky in Eq. (4.9) is the magnetic constant of the wire which depends on the
value of Ho. If the magnetization of ferromagnetic material contained in the wire is not

saturated, the value of Ky is

Cw,o

= (4.9a)
2+cW’0

Kw

where Cyy o is magnetic susceptibility of ferromagnetic material in the wire at zero
magnetic field. In contrast, at higher magnetic field strength, the ferromagnetic material

in the wire is saturate magnetized, the value of Ky, is

MWs
Ky = ——= (4.9b)
W 2H,

where My ¢ is the saturation magnetization of ferromagnetic material in the wire.

Ya
_» a _»
ua
Ho r,
— —
> q »Xa —
—> —>

Figure 4.2: The ferromagnetic wire magnetized perpendicularly to the wire axis by a

background uniform magnetic field Ho.

By using the expression of the magnetic field in Egs. (4.8), we can obtain

analytical expressions of the magnetic force acting on ferromagnetic nano-particles for
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various situations as follows. The magnetic forces in Eqgs. (4.4) and (4.5) can be

expressed respectively as

ur ® 2mV Wi o€ KwHE Oaros2g K., O &&in2q OqU
Fm,non-satzé Ve Wim,pC pw Oj" 32q+ \éV:$+ 32‘:]:&@ (4.10)
a B la @ . g0
and
ur @ 2mV Wi oM m o sKwHE 08R0s2g Ky, 0¢  &in2g OqU
R =
la la o a o0

In similar way, we can express the magnetic force acting on a very small ferromagnetic

nano-particle that contains only one magnetic domain as

ngm’Langevm _ % 2mV Wi ,M o memH S ?f (b)éﬁboqu L g$ L &in2y 2&3
g af 5 & Lo &R oo
(4.12)
where
f (b)=coth(b)- b csch®(b) (4.13)

and b =Wy VoM g, sB/KT is the Langevin argument. The expressions of magnetic
force in Egs. (4.10) to (4.12) are used for the study of ferromagnetic nano-particles

capture by high gradient magnetic field in various situations.
4.3 The Velocity Field of Blood Flow in Blood Vessel
The flow of blood in the blood vessels such as microvasculatures and

capillaries is treated as a laminar flow of incompressible, single-phase Newtonian [9, 39]

that satisfies the continuity equation
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Ngvp =0, (4.14)
and the Navier-Stokes equation,
g0 w\r o uor
rp §vooN)vo = - NP +h,N v, (4.15)

where 1, P, and hy, are blood density, local pressure in blood vessel and blood
viscosity, respectively.

To obtain blood flow field within the considered region that surrounds a
representative wire, Eqs. (4.14) and (4.15) are solved numerically. The two-dimensional
problem is assumed since the length of the representative wire is considered very
smaller than vessel' diameter. Moreover, the variation of velocity of blood that flow
towards the considered region is very little. Consequently, it is approximated that the
blood flowing towards the considered region has uniform velocity distribution as
average blood velocity in the vessel. The numerical values of blood velocity
components are determined numerically and are saved in output files. The values are
read and used in the simulation program for solving the continuity equation of particle

volume concentration.
4.4 The Continuity Equations Describing Diffusive Capture

In this section, we derive the continuity equations used in the simulation.

Consider the continuity equation, Eq. (2.12), in Chapter I,
c o o, r o u
ﬂ—:DN c- N>(cvb)— N><CUFm), (4.16)

where Cis particle volume concentration, D is particle diffusion coefficient, u= DKT is
particle mobility, K is Boltzmann's constant and T is the absolute temperature. We

define normalized time t , vector Gy and Gm as
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tzzzt, (4.17)
a

u' 1

Gv:%, (4.18)
D

ur aLIgm

Gm= , 419

mE T (4.19)

and then by using the expression of Laplacian and divergence operators in coordinates

(ra,9) we obtain the continuity equation used for the simulation as

fc _iT% 19c 1 9%# 1Gc 1 q U
—t:}—z’“—_*‘z—z)/'l‘r—”f.”—(GrC)’“——(GqC) . (420)
T Ty ra fIry fa 197 p 1 la la a 14
where
G =G, +G = EpNpaVly + Py , (4.21)
KT
and
h.av,, +F
= L@ :MJ._ 4.29

The values of Vi and Vi, are obtained from the numerical values of blood velocity
components in blood vessel that are saved in the data files. The value of Ky and Ry
are determined by using analytical expression of the magnetic force for each case.

The continuity equation (4.20) is used to determine particle concentration
in ordinary regions that are not adjacent to impervious surfaces (the surface of the wire
and the surface of static build-up of particle). For regions that are adjacent to impervious
surfaces, the governing continuity equation has the different form and can be expressed

as [30]
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fe_19c 179 1a b

e 1 2 *7 4.23

where dr, is the normalized radial distance from the impervious surface to the center of

the considered region. The details of deriving Eq. (4.23) are shown in the Appendix A.

4.5 Simulation Methodology
4.5.1 The Explicit Finite Difference Method

Dynamics of diffusive capture in the considered region are investigated
by obtaining time-dependent solutions of the continuity equations (4.20) and (4.23). In
this research, we solve the continuity equations (4.20) and (4.20) by using the explicit
finite difference method. The circular region shown in Fig. 4.1 is divided into many
elements by dividing normalized radial distance r, and angle , as shown in Figure
4.3.

In Fig. 4.3, each element is specified by two indices i and | that
indicate the radial and angular position (ram,qm) at the center of the element. The value
of coordinates (Iyy,Om) at the center of an element indexed by (i,j) can be

determined from

(Fam), =1+(i +05)(Dr,), OLiEipy. (4.24)
(qm)j =(j+0.5)(Dq). OF j £ jex. (4.25)
where i, is the normalized distance index at the most outer element and j . is the

angular index of the largest angle. The values of i, and jm.a depend on the step

sizes Dry and Dq .
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Figure 4.3: Dividing of considered region into many elements.

By using the explicit finite difference method, the continuity equations (4.20) and (4.23)
are approximated with their corresponding difference equations. Consider Eq. (4.20), by

expanding derivatives of variable multiplications we obtain the equation

2 2
fe_ffe,19c, 1% Ge T 16 G Y c1G

it ﬂraz Iy Ty raz ‘Iqu la ' firy fr, %9 r, 99

Then, all partial derivatives are approximated by their corresponding explicit difference

relations. The term Jic/ft is approximated by the first-order forward difference, the



37

terms ‘ﬂzc/‘ﬂra2 and ‘HZC/‘Hanre approximated by the second-order central difference,
the terms fic/qIr, and fic/9q are approximated by the first-order central difference(see
Appendix B), For the terms G, , G, , 1G, /1Ir, and 1G, /Mg that compose of numerical
values of blood velocity components and analytical expression of magnetic force
components, we approximate the spatial derivatives of blood velocity components and
use the exact value of spatial derivatives of magnetic force components evaluated at the
center of each element.
After all approximations are performed, the continuity equation (4.26) is

replaced by its corresponding difference equation,

£ - £, :ZEE'n*“ 267, +£7,;0 1 @l -£1,,0 1 T, 28] +E]; ¢

o o R (PN 0 PO S o)

] (Gr)ij£|nj (G) in+1,j' in—l,jé EHTG O
rij

(Fam)

(Gy); =] e £719 £ &G0 (4.27)
() & 2(09) 5 (ran), 810 &,
where the superscript n is the index of normalized time step,
6ph,ab, (v, ) . +a(F., ) .
(G), ;= P, ()i +a(Fir ) (4.28)
N KT
_ bphyab, (Vg )i,j +a(Fiy )i,j
(Gq )i’j — - , (4.29)
G, 6 _ 6phyab, Vi ),m (Var ). Lj - O a ok, 0 (4.30)

g, KT 2(Dr,) = &,
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oG, o _ 6|Ohbabp E*(Vbq )i,j+l_ (Vbq )i,j-lg_i_iéﬂ:m 0
€19 4, KT 2(Dq) S KTETa g

and (4.31)

The symbol £]

in Eg. (4.27) means the numerical value of particle volume
concentration at the middle position(rm,qm) of an element that has the indices (i, j)
at the nMstep of discrete normalized time t .

By arranging Eq. (4.27), the numerical value of particle volume

n+l

concentration in an element at the next normalized time step, t " =, can be computed

from the equation

. & 2m) 2 ®p 0HG), mc6 1 &Ges O .U
in,jl:gl' ( 2)' 2 2:(‘\(r )J .ﬂrr+ +(r )8‘ﬂqq+ _(D[)Hf'in,j
8 (Dl’a) (ram)i (Dq ﬂg amJ; € Wa 4 am /; Efjg U

é G/) .
FTI Pl 12N
S(Da) éz(ram) 2 BeDaQH

é & G ©
sl g Clomd,
&(Dr,) éz(rm)i 2 #Pag

+
DD D D

(4.32)

+
DD D D

It is seen from Eq. (4.32) that the concentration in the element (i, j)at
the next normalized time step can be determined from the concentration in the same
element and four surrounding elements that have indices (i+1,j), (i-1j). (i,j- 1)
and (i, j +1) at the present normalized time step as shown in Figure 4.4. This is the

configuration of the explicit scheme.
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Figure 4.4: The associated elements that are used for computing the concentration in

the elements which are not adjacent to any impervious surfaces.

Now consider the Eq. (4.23) for the elements that are adjacent to any
impervious surfaces. By approximating various partial derivatives terms with their
corresponding difference relations and arranging terms we obtain the equation used for

computing the numerical concentration at the next normalized time step as

e SWIER(DX Dt ) &G, 6 {ion
s,jl:gl' (2 ) - ((r )) 8‘ﬂqq2 -HESJ
& (ram)s(Da)” \fam)s€ 70 &4
é Dt S, j Dt l;I

PO

S(ram)s(Dq) am/s Dy H

: (Dt )
+g (?) 2+(Gq)s’1( )35211

S(ram)s(Dq) 2(I’am)s(Dq)H

: G )., . (Dt)u s

_a(ot) +Mgggm +g(i)23£g+zyj_ (4.33)

CORNCORN TR COY:

oD

In Eq. (4.33), the index S plays the same role as the index i in Fig. 4.3 and Eq. (4.32)

but it is changed from index i to S in order to specify that the considered element is the
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“special element” that is adjacent to an impervious surface. The scheme of computing in

Eq. (4.33) can be illustrated in Figure 4.5

. n n n
Impervious £S,j S+, | S+2,]

surface

Figure 4.5: The associated elements that are used for computing the concentration in

elements which are adjacent to any impervious surfaces.

From Egs. (4.32) and (4.33), if the initial value E?’j of particle volume
concentration are given in every element at initial normalized time step n=0 then we
can compute £il’j, Eﬁj, £ﬁj, £i'\"j in succession with assigned boundary
conditions. Consequently, time evolution of particle volume concentration distribution in

the considered region can be investigated.
4.5.2 The Initial Condition

Before the simulation begins, the initial value of particle volume
concentration must be assigned to every element. This value may be zero if we consider
that there have no particles within the considered region at the beginning or it may be
assigned as a specific function of position in the considered region. Mathematically, it

can be expressed that
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£7,=Cy(r,,0) foralli and j, (4.34)
where Co(ra,q) can be a numerical constant of a spatial function.
4.5.3 Saturation Condition

In practical, as particle volume concentration at a given point increase,
the concentration value is limited to be not more than a certain value and the saturation
or static buildup is occurred. In this research, the saturation concentration is estimated
by using the data from experiments [29]. The saturation concentration is used as a
maximal value of the concentration within the considered region. The elements of which
the concentration reaches to the saturation value are those where particles accumulate
highly dense and the static build-up occurs. Then the elements are assumed to be a
part of impervious surface. The concentration values in these elements are held fixed at
the saturation value and they are excluded from the computational loop.

Mathematically, the saturation condition can be expressed as
O£E},£Cy foralli, j and n. (4.35)
4.5.4 Boundary Conditions

Simulation of concentration dynamics using Egs. (4.32) and (4.33)
requires assigned boundary conditions. From the statement of the problem shown in
Fig. 4.1 and the domain dividing configuration shown in Fig 4.3, the boundary conditions
are separated into upstream and downstream types [30]. The boundary conditions
determine the value of concentration in every element of indices(imax, j)on the outer
boundary of the domain. In Fig. 4.1, the incoming blood flow, carrying the injected
concentration G, of nano-particle, enters the considered region from the upper side so

the upstream boundary condition is assigned that the concentration in the outer
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elements of which 0<q, <p is equal to the injected concentration C,. Mathematically,

this can be expressed as

£ i = Cin- (4.36)
forall j,, intherange O£ j,, £(p/Dq)- 1 and forall n.

On downstream side that the outgoing blood flow carries the escaped
particles out of the considered region, the boundary condition is assigned that the
concentration gradient in the direction of blood velocity across the downstream
boundary is zero [30, 49] since particles are continuously refilled by blood flow so the
concentration should be constant in that direction. Mathematically, this can be

expressed as
VbINC =0 (4.37)

on downstream boundary. The Eq. (4.37) is assigned for all element of indices
(imaxs Jdown) @Nd Jgown 1S in the range  (p /DG ) +1E jgoun £(2p /D) - 1 and for all
n.

From Eqg. (4.37), by expanding the gradient operator in coordinates
(ra,q) then approximating the spatial derivatives with corresponding difference
relations and rearranging terms, the concentration in the elements on the downstream

boundary can be computed from

g e o S e Bl g
e Tt ) Sl S 200 g

Inex

From Eq. (4.38), if the blood velocity components, Vig and V,, are comparable and

£n " ; £n

Imax 1 Jdown Imax 1 Jdown

.1 then the downstream boundary condition can be simplified
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since Dra/(r‘.j,m)i is very small. If such conditions are satisfied, the downstream

boundary condition can be simplified as

£ - £ . (4.39)

imax'jdwm imax'l'jdomm

4.5.5 Simulation Procedures

The steps of simulation of particle dynamics can be described as
follows.

Step 1: Setting simulation parameters and various constants.

In this step, all parameters and constants are assigned. The examples of
parameters are the magnitude of background uniform magnetic flux density across the
considered region By, the weight fraction of ferromagnetic material contained in nano-
particle Cgy, ., etc.. The examples of constants are wire radius a, the average inlet
blood speed V,, spatial step sizes Dr, and Dq, etc.. The values of all parameters and
constants are reported separately in tabulate form in later section.

Step 2: Declare arrays of concentration and various variables.

In this step, we declare arrays that contain concentration value, for both
present and next normalized time step, in every element in the considered region and
also arrays that contain necessary data for the computation such as blood velocity
components. We also declare various variables that are used in the simulation such as
the local magnetic field in each element, the magnetic force components, the
normalized time, etc..

Step 3: Read the numerical values of blood velocity components from
the data files and save them into the corresponding elements. After this step, we know
the numerical value of W, and V, at the middle point of every element so we can
compute G, G, 1G, /1ryand G, /Mg since we know the analytic expression of the

magnetic force components.
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Step 4: Assign initial concentration to every element.

Step 5: Begin the loop of concentration dynamic simulation.

In this step, we repeat the computation of particle volume concentration
in every element at the next normalized time step by using Eqgs. (4.32) and (4.33) until
the required time is reached. The computing scheme can be described as follows.

5.1: Increase discrete time counter and specifying the position of
“special elements”.

When the computing starts in each time step, the discrete time counter is
increased by one time step. Then it is necessary to specify the position of special
element for each angular index | shown in Fig. 4.3. For each angular index j, the
program checks the existence of saturation concentration from radial index i =0 to
I =ipg - If No saturation concentration occurs, it means that the impervious surface is
the wire's surface and we assign the radial index of special element as s=0or the
special element is the element that is immediately adjacent to wire's surface as shown in
Figure 4.6(a). In contrast, if there exits saturation concentration then the radial index of
special element S is assigned as the radial index of the first element that adjacent to the

last saturation concentration element as shown in Figure 4.6(b).
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Figure 4.6: The position of special element when, (a) no saturation concentration occurs

and (b) saturation concentration occurs.
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5.2 Computing the concentration in elements on the upstream side.
We start the computing in every element of angular index jUIO that satisfy

the condition O£ j, £ (p /Dq ) - 1 by following the direction shown in Figure 4.7.

Direction of computation in elements on the upstream side

'1qﬁp +
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Figure 4.7: The configuration of concentration computing in elements on the

upstream side.

In Fig. 4.7, step 5.2.1 is the assignment of upstream boundary condition, by using Eq.
(4.36), in the element of radial index imax. Then the step 5.2.2 is the computing the
concentration in all non-special element of radial index | =i, - 1 downto i =s+1 by
using Eq. (4.32). Finally, the step 5.2.3 is the computing of concentration in special
element of index S by using Eq. (4.33). The steps 5.2.1 to 5.2.3 are performed for all
angular index jUIO on the upstream side.

5.3 Computing the concentration in elements on the downstream side.

After finishing the procedures of concentration computing on the
upstream side then we start the computing in every element on the downstream side.
The elements on the downstream side have angular index Jgo.n that satisfies the
condition (p /Dq)+1£ Jdown £ (2p /Dq)— 1 by following the direction shown in Figure
4.8.

Jup
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Direction of computation in elements on the downstream side
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Figure 4.8: The configuration of concentration computing in elements on the

downstream side.

In Fig. 4.8, step 5.3.1 is the computing the concentration in special element of index S
by using Eq. (4.33). Then the step 5.3.2 is the computing the concentration in all non-
special element of radial index i =s+1 to i =i, -1 by using Eq. (4.32). Finally, the
step 5.3.3 is the assignment of downstream boundary condition, by using Eq. (4.38) or
(4.39), on the concentration in the element of radial index imax. The steps 5.3.1 t0 5.3.3
are performed for all angular index jgoun N the downstream side.

5.4 Update the concentration data contained in the data arrays

After concentration computing in every element is finish, the new
concentration values at the new normalized time steps are saved into the data arrays.
This saved concentration values are prepared to be the present concentration values for
the computing in next normalized time steps

The steps 5.1 to 5.4 are repeated until the discrete time reaches the

desired value.

Step 6: Save the concentration values in all element at the last time into

output data files also with the values of various parameters and constants

J down
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By following the described simulation methodology, we can obtain the
pattern of concentration distribution in the considered region at a given time. These data
are then analyzed to investigate the targeting of nano-particle in the considered region

in various situations.
4.6 Capture of Ferromagnetic Nano-Particles by Interception

In this research, we also study the capture of ferromagnetic nano-
particles by interception mechanism where effect of particle diffusion is not taken into
account. Particle’'s dynamics are investigated by solving equations of motion of particles
that are under the influence of blood convection and magnetic force.

Total velocity of a particle carried by blood flow and subjected to
dominant magnetic force is

u

r r Fm

= . (4.40)
6ph bbp

Vp = Vb+

The Eq. (4.40) can be separated into two equations of velocity and magnetic force
components. By using the normalized coordinates (xa ya) , where x, = x/a and

Y, =Yy/a, we obtain

O M, P (4.41a)

and

By Moy, o (4.41b)
dt a 6phyab,

where Vy, V. Fny @nd K are components of blood velocity and magnetic force in

X, and Yy, directions, respectively.
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In Egs. (4.41a) and (4.41b), the values of Vv, and Vpy CaN be obtained from numerical
values of blood velocity components saved in data files while the values of K, and
me are obtained from analytical expressions of magnetic force components in Egs.
(4.10) to (4.12) and then transform the vector components in (ra,q) coordinates to

()%, ya) coordinates by using the relations

Fx = Fqy COSQ - Fn.q sing (4.42a)
and

Foy = Fy SINQ + Fyy cosq (4.42b)
To obtain particle 's trajectories, Egs. (4.41a) and (4.41b) are solved numerically by
using the fourth-order Runge-Kutta method when particle 's start position ()%0’ Yao) is
given. As seen in Eqgs (4.10) to (4.12), the magnetic force decreases monotonically
when the distance between wire's center and particle increases. Consequently, the
effect of magnetic force on particle motion is negligible in certain regions far away from
the wire and, in those regions, particles’ trajectories are almost parallel to the blood flow
direction. Particles’ trajectories can be categorized into two types depending on whether
the particle is capture or not. The borderline trajectory between trajectories of captured
and non-captured particles is called the critical trajectory [14]. The normal distance
between the axis of the blood flow and the start position is defined as the capture length
[14] which specifies the capture efficiency. In this work, particles trajectories are

analyzed to determine capture length for various cases.

4.7 Parameters and Constants for the Simulation

From data in Ref [32], the diameter of nano-drug carriers vary from about
5to 200 nanometer. The small drug carriers have diameter from about 5 to less than 100
nanometer. The ferromagnetic core contain only single magnetic domain. The magnetic

force acting on this type of particles can be expressed by Eq. (4.12). For larger drug
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carriers, the diameters range from more than 100 to 200 nanometer. The ferromagnetic
cores contain many magnetic domains and the magnetic force acting on the carriers
can be expressed by Egs. (4.10) and (4.11). For the ferromagnetic material contained
within the drug carriers, the magnetite (Fe,O,), which is a biocompatible material that is
used in many biomedical applications [32, 50-51], is selected. For the ferromagnetic
material in the wire implanted in blood vessel, we select stainless steel 409 which is the
material used for fabricating medical stents which is used for implanted in blood vessel
for therapy of blood vessel embolism [52]. The average velocities of blood flow in the

vessels are assigned as V.., =1.1° 10 %and 2.2" 10" ?m/s [53]. Some parameters in

avg

the works of Avilés et al. [9] and Cregg et al. [39] are used. The parameters of

simulation diffusive capture of drug carrier particles are summarized in Table 1.



Table 1: The parameters of diffusive capture simulation of drug carrier particles.

magnetite at zero magnetic field

Parameter Symbol Value S| Unit
blood density M 1.04~ 10° [9] kg /ms
blood viscosity hy, 2.0° 10°[9] kg/m’

magnitude of average blood Vag | 107 10% 227 107 m/s
velocity [63]
applied uniform magnetic flux By 0.1-0.8[39] T
density across the vessel
weight fraction of magnetite in C fmp 0.4 [39] -
drug carrier particles
density of magnetite PR 505 10°[9] kg /m’
density of polymer material in F o 95 10° 9] kg / m’
drug carrier particles
saturation magnetization of My s 1.397" 10°[9] A/m
stainless steel 409 material in
the wire
saturation magnetization of M fm p.s 455 10°[9] A/m
magnetite
wire radius a 1.0 10°[39] m
radius of drug carrier particle 0 10" 10°, 30" 10°, m
50" 10°,70° 107,
100" 10°32]
magnetic susceptibility of SS Cw.o 1.0° 10° [39] -
409 at zero magnetic field
magnetic susceptibility of C fm.p0 10" 10°[39] -

50



CHAPTER V

Results and Discussions

In this chapter, we present and discuss the simulations results of micro-
and nano-particles capture in high gradient magnetic field described in Chapter Ill and

Chapter IV.

5.1 The Capture of Weakly Magnetic Micro-Particles by An Assemblage of

Random Wires in Axial Magnetic Filters

The theoretical analysis and computational procedure described in
Chapter Il are used for simulating the capture of weakly magnetic micro-particles by an
assemblage of random wires in axial magnetic filters. As stated in Chapter Ill, we
generalize the single-wire model to the case of multi-wires model. Capture behavior of a
representative wire is investigated by considering the magnetic and fluidic effects from
neighboring wires that are not taking into account in the single-wire model. Three main
parameters of the study are the packing fraction (F) of cylindrical wires in an axial
magnetic filter, the normalized filter length defined in Chapter Ill, and fluid entrance
velocity (Vo)- Our results are compared with those obtained by the single-wire model.
The limit and basic criterion of validity of the single-wire model is discussed. Finally, we
apply our study to predict the efficiency of macro-scale axial filters used for capturing

red and white blood cells from whole blood.

5.1.1 Capture Cross-Sections of the Single-Wire and EMT Models

For both single-wire and EMT models, capture cross-section can be

determined by analyzing particle 's trajectories from the time that particle enters the filter
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until it is captured within the filter or escapes the filter. For the single-wire model, capture
cross-section was bounded by an isotelic curve which was defined as the locus of
starting position of particles that were captured at the end of the filter. Figure 5.1 shows
an example of isotelic curve and some corresponding particle ' trajectories for L, = 400
obtained by using the single-wire model. In Fig. 5.1, the boundary of capture cross-

section (line number 1) is the isotelic curve corresponding to L, = 400.

1. Boundary of capture cross-section.
2. Trajectory starts at § = n/6 radian.
3. Trajectory starts at § = /4 radian.
4. Trajectory starts at § = n/3 radian.
5. Trajectory starts at § = 7x/6 radian.
6. Trajectory starts at § = 4n/9 radian.
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Figure 5.1: The capture cross-section of the single-wire model and corresponding

particle ' trajectories for L, = 400.

For the case of EMT model, the boundary of capture cross-section is limited by the
boundary of fluid envelope. Particles that have starting positions on the boundary of
capture cross-section are not necessary to be captured at the end of the filter. We
determine the capture cross-section for the EMT model by considering on a plane
perpendicular to wire axis at filter entrance. We use the coordinates (ra,H) on this
plane. Then we select, for each value of angular coordinate &, the radial coordinate

raéllx/E that causes the particle to be captured at maximal distance within
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normalized filter length L, . Figure 5.2 shows an example of capture cross-section from
the EMT model and some corresponding particle " trajectories for the case of L, = 400,

F =0.05,and K, = 0.8 (K, was define under Eq. (3.1) of Chapter IlI).

A ) .| 1. Boundary of capture cross-section.
2. Trajectory starts at § = n/6 radian.
3. Trajectory starts at § = n/4 radian.
4. Trajectory starts at § = n/3 radian.
5. Trajectory starts at § = 7n/6 radian.
6. Trajectory starts at § = 4n/9 radian.

Figure 5.2: The capture cross-section of the EMT model and corresponding particle °

trajectories for L, = 400 and F = 0.05.

5.1.2 Comparisons of Capture Cross-Sections of the Single-Wire and

EMT Model

Since the EMT model is the generalization of the single-wire model to the
cases of higher packing fraction, the results obtained from two models should close to
each other for low packing fraction limit or F — 0. Figure 5.3 (a) and (b) show the
comparison of capture cross-section of two models for the dilute and higher packing
fraction cases, respectively. In Fig. 5.3 (a), the parameters are F = 0.01, L, =400 and
K. = 0.8. The horizontal and vertical axes are distances normalized by the wire radius,
X, =X/a and y, =y/a. ltis seen that two models provide an identical capture cross-
section. Consequently, the result of the EMT model reduced to that of the single-wire

model in the dilute limit and a relatively low magnetic field or a relatively high fluid flow
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velocity. This comparison contributes to supporting the validity of the EMT model and
also confirms the single-wire model result of Gerber [19].

In Fig. 5.3 (b), we consider the case of higher packing fraction,

F = 0.05, the fluid cell boundary (dotted line) in unit of wire radius (a) is 1/\/E =
4.472. The higher packing fraction means the closer distance between wires in the filter.
Consequently, the magnetic effect from other wires on the capture of the representative
wire becomes significant and the EMT model predicts a significantly different result from
the single-wire model where the effect of neighboring wires is neglected. For the single-
wire model, the capture cross-sections of adjacent wires overlap with each other which
yield a large and overestimated total capture cross-section area and so the efficiency of
the filter is also overestimated. In contrast, the capture cross-section from the EMT
model is bounded by the fluid envelope, since the magnetic force is zero outside the
fluid envelope, and the overlapping does not occur.

Figure 5.4 shows the capture cross-section area, obtained by integrating
the area bounded by the capture cross-section boundary, based on the EMT model for
F =0.01, 0.07, 0.10 and K, = 0.8 for varying normalized filter length (L, ). In dilute
limit, F = 0.01, the capture cross-section increases monotonically withL,. This
confirms the result of Gerber [19] where the magnetic field was calculated using the
single-wire approximation. At the higher packing fraction F = 0.07 and 0.10, the
saturation of the capture cross-section area is observed in agreement with the

experimentally observed saturation of filter efficiency [54].
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Figure 5.3: Comparison between the capture cross-section areas obtained from the
single-wire and the EMT models for a packing fraction (F) of (a) 0.01 and (b) 0.05
with a fixed L, =400 and K, =0.8.
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Figure 5.4: Comparison between capture cross-sections areas of the EMT model for

F =0.01,0.07 and 0.10 with K, fixed at 0.8.

5.1.3 The Effect of Packing Fraction on Magnetic Field in

Representative Cell.

The packing fraction F affects the magnetic field, as seen in the factor
A:1/(1— FKC) in Eq. (3.1) of Chapter Ill. So it is important to investigate the effect of
F on the capture cross-section area. Figure 5.5 shows the variation of factor A2,
which appears in Egs. (3.6a) and (3.6b), with the packing fraction F and K, as
parameters. The value of K. depends on the material of the wire (such as stainless
steel or nickel). The relative permeability of the wire is in the order of 10° (600 for Nickel
[65] and 409 for SS430 [55]) and so K ranges from 0.8 to 0.99. From Fig. 5.5, it is
seen that the magnetic effect from the neighboring wires becomes significant, this
means the factor A? is significantly more than 1, when the packing fraction exceeds 0.1

for both values of K, .
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Figure 5.5: The variation of factor A? with the packing fraction F .

5.1.4 The Criterion of Validity of The Single-Wire Model

It is seen in Figs. (5.3a), (5.3b) and 5.4 that the single-wire model
approximation for the magnetic field can be used to predict the capture cross-section
only in the limited range of parameters (F and L, ). We, therefore, report in Fig. 5.6 a
guidable criterion of the validity of the single-wire model for K, = 0.8 and 0.99 in the
range of packing fraction F from 0.01 to 0.50. Let L; be the bound value of L, within
which the single-wire approximation is still applicable. L; is defined as the value of L,
for which the corresponding capture cross-section area begins to reach the boundary
of the fluid tube for a given value of packing fraction F . The single-wire model is valid
when the coordinates of the packing fraction F and L, (corresponding to a set of
operating parameters, such as the applied magnetic field H, fluid entrance velocity

V, , wires packing fraction F , the filter length I) locate under the curve of L; versus F,
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as shown in Fig. 5.6. It is seen that, the values of L; for different values of K, deviated
from each other when the packing fraction is larger than 0.1. Consequently, the
magnetic effect from neighbouring wires on the magnetic field of the representative wire
is significant when the packing fraction is more than 0.1. This behavior is consistent with
the behavior of factor A% as shown in Fig. 5.5, In Fig. 5.6, higher K. values give a
lower L; for a given value of packing fraction. This behavior is reasonable since the
wire made from a material with a higher relative permeability produces a higher

magnetic effect.

0 0.1 02 03 0.4 0.5
F

Figure 5.6: A guidable criterion of validity of the single-wire model for K, = 0.80 and
0.99.

5.1.5 The Application of EMT Model for Prediction of Capture Efficiency
of Proposed Macro-Scale Axial Magnetic Filter Used for Capture Red and White Blood
Cells from Whole Blood.

The EMT model for the axial magnetic filter was next applied to predict
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the efficiency of the capture of red blood cells (RBCs) and white blood cells (WBCs)
from whole blood using a proposed macro-scale axial magnetic filter. The proposed
macro-scale axial magnetic filter is modeled as a glass tube of 2.0 cm internal diameter,
which is similar to that used in the experiment of Ref. [566]. The filter consistes of an
assemblage of randomly distributed and parallel stainless steel wires (hence K. =
0.99) of the average radius a = 12.5x10° m [56]. The filter length is | = 10 cm hence
I, =1/a =8000. The wire volume packing fraction is F = 0.10. The values of relative
magnetic susceptibilities of RBCs and WBCs respect to plasma from Ref. [57],
XRBC ~ Xplasma = +3.88%10°, Zwsce — X platia’= 1 :3X10", respectively, are used. The
magnitudes of entrance velocities (V) of blood are 0.1 and 1.0 mm/s.

Figure 5.7 shows the predicted capture efficiency of RBCs for the
magnetic flux density By upto 0.2 T. It is seen that the efficiencies are saturate at about
85 %, for both values of V (O.1><1O’3 and 1x10° m/s). The saturation of capture
efficiency is caused by the saturation of capture cross-section areas, can be seen in
Fig. 5.3(b) and Fig. 5.4, since the capture cross-section areas are only within the region
of attractive force and they are bounded by the fluid tube boundary. Consequently, the
capture cross-section area could not grow further when it fully occupied the region of
attractive force. By comparing our results with that of the experiments demonstrated in
Refs. [24], the 85% predicted efficiency of RBCs capture by the proposed macro-scale
axial magnetic filter is a little less than 91.1% [24] and 89.7 % [23] RBCs separation
efficiency of micro-scale axial magnetic filter for Vi, = 0.1x10° m/s and By = 0.2 T. If
Vy = 0.1 mm/s then the rate of blood volume flow through the proposed filter is about
113 mL/hr. The flow rate of blood could be increased to about 1130 mL/hr if V, was
increased to 1.0 mm/s.

Figure 5.8 shows the efficiency of WBCs capture from whole blood for
the same parameters as that in Fig. 5.7 but the range of B, is extended to 0.6 T to
present saturation behavior of capture efficiency for both values of V. It is seen that

the saturation efficiencies for both values of V are 78.5 %. For V; = 0.1 mm/s, the
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predicted 78 % capture efficiency at By = 0.2 T (dashed line of F = 0.1) is comparable
to that reported in the experiments of Refs [23] and [24].
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Fig. 5.7: The efficiency of RBCs capture from whole blood for F = 0.10 and 0.20,
K. =0.99, V;=0.1and 1.0 mm/s.
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Figure 5.8: The efficiency of WBCs capture from whole blood for F = 0.10 and 0.20,
K. =0.99, V, =0.1 and 1.0 mm/s.

5.2 The Capture of Ferromagnetic Nano-Particles by Ferromangetic Wires in

Blood Vessel

We investigate the capture of ferromagnetic nano-particles by a
representative wire confined within certain region in blood vessel. The objectives are to
explain the behavior of nano-particle capture and to examine the feasibility and the
efficacy of implant assisted-magnetic drug targeting using micro-ferromagnetic wires for
targeting ferromagnetic nano-drug carriers to certain region in blood vessel.

In the research, we investigate the effects of the strength of an external
uniform magnetic flux density (By) across the considered region, the size of nano-drug

carrier (bp), and the magnitude of average blood velocity (Vavg) on capture behavior
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and targeting efficacy. From parameters shown in Table 1 of Chapter IV, the values of
Ptmp = 9.05 X10° kg/m’, Ppolp = 9.5%10” kg/m” and Xim,p= 0.4 are used for

calculating the average density of a nano-drug carrier by using the relation [34]

. = 1
p - ’
X fm,p N 1_me,p
Pim,p Prpol,p

and we obtain p, = 1.406X10° kg/ma.

For all cases of simulation, the transverse mode of nano-particle capture
is considered. The wire is magnetized by the uniform magnetic flux density normal to its
axis and the direction of the incoming blood flow is perpendicular to the direction of
uniform magnetic flux density. The initial concentration of nano-drug carriers is
assigned as zero everywhere in the considered region. The value of nano-drug carrier
volume concentraton in blood flow that enters the considered region is assigned as C;,
= 4.4%X10° [29]. By using the average density of a nano-drug carrier Pp= 1.406X10°
kg/m”, the volume concentration C, = 4.4%10" is equivalent to the ratio of nano-drug
carrier weight per blood volume of 6.2 mg/ml which is in the same order of magnitude
as those in clinical experiment in human (10 mg/ml) [33] and in-vitro experiment
(5 mg/ml) [38].

To estimate the saturation concentration of the simulation, we use the
guiding data from experiment [29]. The work of Takayasu et al. [29] performed the
experiment of the capture of nano-magnetite particles dispersed in both static and
flowing water by a ferromagnetic wire in high gradient magnetic field. For the case of
static water, the initial volume concentration was varied from 9.0X10° to 1.8X10™ and
saturation concentration for all cases is about the same as 6.5X10°. For the case of
flowing water, the initial volume concentration was 1.8X10™ and the flow velocities were

0.36 and 1.8 mm/s. It was observed that the saturation concentration increased with

increasing flow velocity and was larger than that of the static water case (6.5><1O'3).
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Because the average blood velocities in this research (1.1 and 2.2 cm/s) are larger than
the values used in the work of Takayasu et al. [29] then we use the saturation
concentration for static fluid case 6.5X10° as lower bound of saturation concentration in

our simulations.
5.2.1 The Behavior of Diffusive Capture of Nano-Drug Carriers

To investigate the behavior of diffusive capture of nano-drug carrier
particles by micro-wire, we simulate the continuity equation for the concentration of
nano-drug carriers in the blood stream. The considered nano-drug carriers have radius
of 10X10° m. Each nano-drug carrier consists of magnetite and polymer with attached
drug molecules. The weight fraction of magnetite in drug carrier is Xim.p =0.4. The
magnetite has density of pg, =5.05%10° kg/m’ and saturation magnetization
Minps = 4.55X10° A/m. The polymer and attached drug molecules are assumed to
have the density of pg =9.5%10° kg/m”. The wire used for the capture of nano-drug
carrier particles is considered made of stainless steel 409 of which radius a=1.0x10"
m and saturation magnetization My, ¢ = 1.397%10° A/m. The nano-drug carriers are
carried into the considered region by blood stream of average velocity Vavg = 2.2%X10°
m/s which is the value of average blood velocity in venules [53]. The density of blood is
Po =1.04x10° kg/m3 and blood viscosity is 7, =2.0x10" kg/m?’. We consider the
capture behavior of nano-drug carrier particles when the strengths of uniform magnetic
flux density across the considered region are B, = 0.1, 0.5, and 0.8 T.  Figures 5.9,
5.10 and 5.11 illustrate the steady state distribution of relative concentration (C/C;,) in
region near to the representative wire surface for the case of By= 0.1, 0.5 and 0.8 T,
respectively. In these figures, the horizontal and vertical distances are normalized by the
wire radius. The magnetic flux density Eo is in positive X, direction while the incoming
blood flow is in negative Y, direction. The figures show the contours of relative

concentration, C/C;, , to specify the region where nano-particles accumulate or
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deplete. The relative concentration is larger and lower than one in accumulation and

depletion regions, respectively.

Figure 5.9: The relative concentration contours of nano-drug carriers in the region near

to representative wire surface for b, = 10%10” m, Vavg = 2.2X10° m/s, By =0.1T,

t = 8.79 ms (steady state).
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Figure 5.10: The relative concentration contours of nano-drug carriers in the region near

to representative wire surface for b, = 10X10° m, Vavg = 2.2X10° m/s, By =0.5T,

t = 8.79 ms (steady state).
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Figure 5.11: The relative concentration contours of nano-drug carriers in the region near

to representative wire surface for b, = 10X10° m, Vavg = 2.2X10%° m/s, By =0.8T,

t = 8.79 ms (steady state).

It is seen in Fig. 5.9 that for By = 0.1 T, the steady state maximal relative concentration
is only about 4 times of C;,,, no saturation concentration occurs and the accumulation
region is very small. In Figs 5.10 and 5.11 where B, = 0.5 and 0.8 T, respectively, the
maximal relative concentration on the wire surface reaches the saturation value which is
about 140 times of C;,. Figure 5.12 illustrates the direction of magnetic force acting on

nano-drug carrier particles in various regions around the representative wire [58]. In
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Figs. 5.10 and 5.11, the saturation regions appear symmetrically on the left and right
sides of the wire surface where the magnetic force acting on nano-drug carriers in those
regions is attractive. The region on the top side of the wire is the depletion region
because it is the region of repulsive magnetic force. For the bottom side of the wire, it is
observed that there exist both depletion and accumulation regions near the bottom side

of the wire but the depletion region is very smaller than the accumulation region.
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Figure 5.12: The direction of magnetic force acting on nano-drug carriers in various

regions around the representative wire [58].

Fig. 5.12 is used for describing diffusive capture behaviors on nano-drug

carriers as seen in Figs. 5.9 to 5.11 as follows. When nano-drug carriers, carried by
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blood flow, reach the top side of the wire they experienced the repulsive magnetic force
and are sweep, by both repulsive magnetic force and convection by blood flow, into the
left and right sides of the wire. Consequently, the concentration of nano-drug carriers in
region near the top of the wire decreases and the relative concentration in that region is
lower than one. Nano-drug carriers which are sweep into regions on the left and right
sides of the wires experienced the attractive magnetic force that try to bring the carriers
towards wire surface. Consider the regions very close to the wire surface, blood
velocities in these regions are close to zero and the magnetic force acting on the
carriers is very strong. Consequently, certain amounts of nano-drug carriers are
accumulate on the wire surface and the concentration on the wire surface increase very
fast above the value of C;,. For the nano-drug carriers at farther region from wire
center, the strength of the magnetic force decrease but the effects of convection by
blood flow and diffusion from region of higher concentration increase. So concentration
of nano-carriers in this region increases slower but the carriers still accumulate in this
region. Consider the bottom side of the wire, transportation of nano-drug carriers into
this region is mainly caused by the diffusion from regions of higher concentration in left
and right sides of the wire and the convection by blood flow. The nano-drug carriers
entering the region at bottom of the wire experienced the repulsive magnetic force.
Certain amounts of the carriers are repelled directly away from the wire surface in the
direction @ =3z /2 radian. There are some amounts of the carriers repelled and are
transported into adjacent directions on the left and right sides of direction
6 =3z /2 radian. This behavior causes the concentration of the carries on the bottom
surface of the wire decrease and small depletion region occurs adjacent to bottom
surface of the wire. In the regions more far from the bottom surface of the wire, the
amount of carriers repelled from wire surface combine with the amount of carriers
diffuse from neighbouring regions of higher concentration so the concentration in these
far regions increase and accumulation regions occur. As time evolves, the nano-drug
carriers are continuously supplied into the considered region. The concentration in the

regions of attractive magnetic force on the left and right sides of wire surface increase
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continuously until it reach the saturation concentration at which the flux of nano-drug
carriers attracted into the region balance with the flux of the carries diffuse and carried,
by blood convection, out of the region and the static buildup occurs.

To investigate time evolution of capture behavior, we observe Figs 5.13,
5.14 and 5.15 which show radial concentration distribution in the direction of & = 0
radian at times t = 1.54, 1.76, and 8.79 ms (steady state), respectively, compared
between the cases of By= 0.1, 0.5 and 0.8. The direction € = 0 radian is on the right
side of wire surface (see Fig. 4.2 for the angle @) and the magnetic force is attractive in

this direction. In Fig. 5.13 where B, = 0.1, it is seen that the concentration near to wire

surface is lower than C;, = 4.4%10°. This can be described that at t = 1.54 ms the
stream of nano-particle just firstly reach to the side surfaces of the wire (in the directions
0= 0 and 7z radian) but particle transport due to blood convection in region near to
wire surface (1 <1, <1.4) is very small since blood velocity decrease monotonically to
zero in this region and the magnetic effect for attracting particles towards wire surface is
rather small because of the small value of By. The dominant mechanism that transport
particle into region near to wire surface is diffusion since the levels of concentration are
highly different. The situations for By= 0.5 and 0.8 T are different. Increasing the value
of By from 0.1 T to 0.5 and 0.8 T causes the stronger attractive magnetic force.
Consequently, it is observed that the concentration levels in region near to the wire for
By,= 0.5 and 0.8 T are higher than the case of By = 0.1 T. For B;= 0.8 T, the attractive

magnetic force is high enough to increase the concentration on wire surface (r;=1) to

further value of about 1.5X10° which is higher than C,, = 4.4X10".
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Figure 5.13: The radial concentration distribution of nano-drug carriers in direction 8=

O radian at t =1.54 ms for b, = 10%10° m, Vag=22cm/s, By =0.1,0.5and 0.8 T.
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Figure 5.14: The radial concentration distribution of nano-drug carriers in direction 8=

O radian at t = 1.76 ms for b, = 10%10” m, Vag=2.2cm/s, By =0.1,0.5and 0.8 T.
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Figure 5.15: The radial concentration distribution of nano-drug carriers in direction 8=

Oradianat t =8.79 ms for b, = 10X10° m, Vayg=2.2cm/s, By =0.1,0.5and 0.8 T.

In Fig. 5.14, at t = 1.76 ms it is seen that the concentration levels in
region near to wire surface increase from the initial value equal to zero for all value of By .
This is because nano-drug carrier particles are carried continuously toward the wire by
blood stream and all mechanisms (diffusion, convections due to blood stream and
magnetic drift velocity) work along together. For By = 0.1 and 0.5 T, the concentration
levels on wire surface are increased from the values at t = 1.54 ms in Fig. 5.13 about 10
and 50 times, respectively. For By= 0.8 T, the concentration level on wire surface
reaches to the saturation level which is about 140 times of C;, due to the increasing
magnetic force with increasing Byand the high magnetic field gradient in this region
(@= 0 radian).

In Fig. 5.14, at t = 8.79 ms at which the steady state is reached, The

values of By = 0.5 and 0.8 T can cause saturation concentration on the wire surface
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with Cgy = 6.5X10° which is about 140 times of C;,. For the value of By = 0.1 T, the

concentration on the wire surface in direction €= 0 radian is only about 4 times of C;, .
Figures 5.16, 5.17 and 5.18 show radial concentration distribution in the

direction of @ = 7 /2 radian (top surface of the wire) at times t = 1.54, 1.76, and 8.79

ms (steady state) compared between the cases of By=0.1, 0.5 and 0.8.

107 . . . . . . . . .

22 24 26 28 3

1
1 12 1.4 16 1.8 2
Fa
Figure 5.16: The radial concentration distribution of nano-drug carriers in direction

6 = z/2 radianat t = 1.54 ms for by, =10X10° m, V,

vg = 2.2cm/s, By =0.1,0.5 and

0.8T.
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Figure 5.17: The radial concentration distribution of nano-drug carriers in direction

0 = /2 radianatt =1.76 ms for blcJ =10X10°m, V.

avg

=2.2cm/s, By =0.1,0.5and
0.8T.
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Figure 5.18: The radial concentration distribution of nano-drug carriers in direction

0 = 72 radianat t =8.79 ms for b, = 10%10° m, Vayg = 2.2 cm/s, By =0.1,0.5and
0.8T.

In Fig. 5.16, it is seen that the concentration level on the wire surface
decreases when Bj is increased. This can be described that at t = 1.54 ms the stream
of nano-particles has already reach the top surface of the wire. However, the incoming
particles experienced repulsive magnetic force and the larger B, provides the stronger
repulsive magnetic force. Consequently, the value of By= 0.8 T causes nano-particle
near to wire surface to be transported into other region larger than the cases of
smaller By .

In Figs. 5.17 and 5.18, as time increased to t = 1.76 ms and 8.79 ms

(steady state), it is observed that the concentration levels on the wire surface and in
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region near to wire surface are increased for all case. This is because nano-particles are
continuously carried towards the top surface of the wire by blood stream. Although the
incoming particles experienced repulsive magnetic force, the amount of nano-particles
carried towards the wire by blood convection and diffusion is larger than that repelled
away from wire surface.

Figures 5.19, 5.20 and 5.21 show radial concentration distribution in the
direction of @ = 37 /2 radian (bottom side of wire surface) at times t = 1.54, 1.76, and

8.79 ms (steady state) compared between the cases of By=0.1, 0.5 and 0.8.

—
=
3

Figure 5.19: The radial concentration distribution of nano-drug carriers in direction
0 = 37/2 radian at t =1.54ms, b, = 10%10° m, Vayg = 2.2 cm/s, By = 0.1, 0.5 and
0.8T.
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Figure 5.20: The radial concentration distribution of nano-drug carriers in direction

0 = 37/2 radianat t =176 ms, b, = 10X10° m, Vayg = 2.2 cm/s, By = 0.1, 0.5 and
0.8T.
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Figure 5.21: The radial concentration distribution of nano-drug carriers in direction

0 = 37/2 radianat t =879 ms, b, = 10%10° m, V,,, = 2.2 cm/s, B, = 0.1, 0.5 and

avg

0.8T.

In Fig. 5.19, it is observed that the concentration at outer downstream
boundary of considered region (I, = 10) is very lower than the value of C;, = 4.4%10°.
This is because at t = 1.54 ms, blood stream just firstly fill the considered region so
very small amount of nano-particles reaches the downstream boundary. In region near
to the wire surface (1 < ry < 2), it is noted that the concentration is very lower than that
in the region near to the downstream boundary. This is because the blood velocity in
vicinity of the wire decreases to zero so particles that travel in region far from the wire
reach the downstream boundary before particles that travel in region close to the wire

reach the bottom surface of the wire. The differences between concentration on the wire
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surface is caused by the repulsive magnetic force. The lower value of By yields the
higher value of concentration because of the weaker repulsive magnetic force that tries
to push the particles away from the wire.

In Fig. 5.20, as time progress from t = 1.54 ms to t = 1.79 ms, the
similar behaviors of radial concentration distribution are observed. However, the
concentration levels at downstream boundary are increased because particles are
continuously entering considered region. Concentration in region near wire surface also
increases because of the amount of incoming particles caused by blood convection and
diffusion from the region of higher concentration is higher than the amount of particles
repelled away from wire surface.

In Fig. 5.21 at t = 8.97 ms (the steady state), it is seen for all cases that

the concentration level on wire surface is smaller than the value C;,, = 4.4%10°. For By
= 0.1, the concentration level in region a little farther from the wire surface is slightly
more than C;, = 4.4%10” and the concentration level decrease to the value Ci, in
farther region up to the outer downstream boundary. For the case of By =0.5and 0.8 T,
the concentration level on the wire surface is very smaller than C;, then in the adjacent
region the concentration level is higher than the value C;, and then decrease
monotonically to a certain value larger than C;,. This behavior can be described that
the repulsive magnetic force pushes particles away from the wire and, in the same time,
other amounts of particles are transported, by diffusion and blood convection, from the
left and right surface of the wire to the bottom surface then these two amounts of
transported particle combine together and cause the increasing of concentration level
beyond the value C;,. Nano-drug carries in the region of relative concentration higher

than 1 are then transported to farther region on the downstream side.

5.2.2 Interception Capture of Nano-Drug Carriers

Beside the diffusive capture which is investigated in section 5.2.1, there

is also the capture of nano-particles by interception where only effects of convections by
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blood flow and magnetic drift velocity are considered. Figure 5.22 shows the trajectories
of nano-drug carriers of 10 nanometer radius in region around the representative wire.
The magnitude of blood average velocity is 2.2 cm/s and the magnitude of uniform
magnetic flux density across the considered region is 0.8 T. All other parameters are the

same as indicated in section 5.2.1.

10

Va

Figure 5.22: The trajectories of nano-drug carriers of radius bp = 10X10° m for the

case of Vg4

=22cm/sand By, =0.8T.
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In Fig. 5.22, it is seen that the regions that particle trajectories terminate on the wire
surface are consistent with the saturation regions shown in Fig. 5.11. However, the
interception does not occur at the accumulation regions near to the bottom surface of
the wire and the trajectories show that particles which do not intercept with wire surface
will escape the considered region. This result shows the significant effects of nano-
drug carriers diffusion and also convection by magnetic drift velocity that provide
significant contribution to the existence of accumulation region near to wire surface on

downstream side.

5.2.3 The Efficacy of Capturing Nano-Drug Carriers

We investigate the feasibility and the efficacy of implanted assisted-
magnetic drug targeting (JA-MDT) using ferromagnetic micro-wires for capturing
ferromagnetic nano-particles in blood vessel, Moreover, we examine the capability of
using IA-MDT for increasing the concentration of nano-drug carrier within the
considered region.

For interception capture, we determine the normalized capture length,

denoted by R.,, which is the capture length (defined in section 4.6 of Chapter IV)

ca’
normalized by wire radius The efficacy of interception capture is indicated by the
relative capture length, denoted by A, which is the ratio of total capture length and the

diameter of simulation domain.

B total capture length
°  characteristic length of the simulation domain -

In Eq. (5.4), the characteristic length is the diameter of simulation domain. It is observed
that the problem is symmetry relative to Yy, axis so the capture length should be
symmetry relative to Y, axis too. Let R, be the normalized capture length measured

from Y, axis in positive X, direction then we can expressed A as
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where D, is the diameter of simulation domain normalized by wire radius.

To determine the efficacy of nano-drug carriers based on diffusive
capture, we consider saturation region where nano-drug carriers accumulate densely
and the static buildup exits because the incoming and outgoing particle fluxes are
balanced. We calculate the ration between the volume of nano-drug carriers captured
within saturation region and total volume of nano-drug carriers in the simulation domain

denoted by P, [31],

_volume of nano-drug carriers in saturation region
total volume of nano-drug carriers in simulation domain -

(5.6)

sat

Moreover, we also calculate the average concentration of nano-drug carriers in
simulation domain to investigate the capability of using the technique of IA-MDT to

increase the average concentration of nano-drug carriers within the target site.

5.2.4 Capture Efficacy and Average Concentration of Nano-Drug

Carriers in Simulation Domain for Varying By

We consider the capture of nano-drug carriers of 10 nanometer radius in
blood stream of 2.2 cm/s average velocity while the value of By is varied from 0.1 to
0.8 T. All other parameters are the same as indicated in section 5.2.1. Table 2 shows
the data of P, R4, and relative average concentration of nano-drug carriers in

simulation domain (C,, / C;,,) for various value of Bj.

avg
From Table 2, it is seen that P,;; and A, increase monotonically with

increasing By. It is observed that P, equal to zero when By, = 0.1 and 0.2 T. For

capture by interception, the values of By = 0.1 and 0.2 T cause very small amount of

nano-drug carriers to be retained on wire surface and Ais not zero which is different

from the result of diffusive capture. For diffusive capture, the same values of Bjare not
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strength enough to cause static buildup (or saturation region) on wire surface since the
convection by magnetic drift velocity does not overwhelm particle diffusion when nano-
drug carriers try to attach on the wire surface. ForBglarger or equal to 0.3 T, Py is
larger than A, for all cases. This behavior can be described as follows. For nano-drug
carriers that moving near to wire surface within the range of capture length, it is
captured on the wire surface. For nano-drug carriers that moving in regions beyond the
range of capture length where the convection by magnetic drift velocity does not
overwhelm the convection by blood flow, they are not retained statically on the wire
surface but form accumulation regions near to the bottom side of wire surface. At the
bottom side of wire surface, magnetic force acting on nano-drug carriers is repulsive.

Table 2: The data of Py, R, 4. and C,yq /Gy, for the case of b, = 10X10” m,

avg

Vag=22cm/s, Bj =0.1t00.8T.

avg

Bo (T) Peat Rea A Cavg ICip
0.1 0.00 0.008 8.0%10" 1.003
0.2 0.00 0.014 1.4%10° 1.05
0.3 3.9%10? 0.019 1.9%10° 1.17
0.4 7.0X10” 0.025 25%10° 1.21
0.5 9.3X10” 0.029 2.9%10° 1.25
0.6 1.1%10" 0.034 3.4%10° 1.27
0.7 1.3%10" 0.038 3.8%10° 1.30
0.8 1.4%10" 0.043 4.3%10° 1.31

In the direction @ =37z /2 radian, the magnetic force repels nano-drug carriers directly
away from wire surface. In adjacent directions on the left and right sides of
6 =3z /2 direction, magnetic force sweeps nano-drug carriers toward left and right
sides. Consequently, nano-drug carriers in accumulation regions near the bottom side of

the wire are sweep back into the region of capture length so they have certain chance to
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be re-captured within the region of static buildup. Beside the action of magnetic force,
diffusion also cause nano-drug carriers in accumulation region near to wire bottom
surface to be transported back into the region of attractive magnetic force and increase
the amount of the carriers that are captured within the region of static buildup.

Figure 5.23 shows the variation of average concentration, relative to C;,,,
of nano drug carriers at t = 8.79 ms (steady state) versus By. Itis seen that the values
of By lower than 0.3 T do not cause significant increasing of average concentration
above C;,. The average concentrations are only about 0.0 % and 5.0 % higher than C;,
for By = 0.1 and 0.2 T, respectively. The average carrier concentrations are significantly
higher than C;, when the values of By higher or equal to 0.3 T. The average

concentrations of nano-drug carriers are higher than C;, from 16% up to 31% for B,

from0.3Tupto0.8T.
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Figure 5.23: The variation of C,,q /Ci, versus By for the case of b, = 10%107 m,

Va\,g =2.2cm/s, t =8.79 ms (steady state).
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From Table 2 and Fig. 5.23, it is seen that although the values of P,;; and A, are looked
like very small, it is feasible to significantly increase the average concentration of nano-
drug carriers around the magnetic drug target higher than the value of injected
concentration C;,, . These predicted results response to the major objectives of magnetic
drug target: to confine the injected nano-drug carries within restricted regions and
increase the concentration of nano-drug carriers within the region so iit is possible to
reduce the injected doses of nano-drug carriers. Consequently, the concentration of
escaping nano-drug carries can be reduced until it can not cause potential toxicities on

other organs.

5.2.5 Capture Efficacy and Average Concentration of Nano-Drug

Carriers in Simulation Domain for Varying Vavg

We consider the effect of blood average velocity on capture efficacy of
nano-drug carriers and the value of average concentration of nano-drug carriers in
simulation domain. The radius of nano-drug carriers is assigned as 10 nanometer, the
values of By are in the range from 0.1 to 0.8 T and the magnitudes of average blood
velocity are 1.1 and 2.2 cm/s. All other parameters are the same as indicated in section
5.2.1. Table 3 shows the data of Py, R, 4 and C,yq /Gy for various By when Vg
=1.1cm/s.

Figure 5.24 shows the comparison of Py, between Vg4 = 1.1 and
2.2 cm/s. It is seen that, for the same value of By, P increases when the average
velocity of blood in considered region is reduced. However, the value of By = 0.1 T is
still not enough to create static buildup or saturation concentration on wire surface. It is
noted that the value of By = 0.2 T can create static buildup on wire surface forV,,, = 1.1

cm/s while the situation does not exist for V,,q = 2.2 cm/s.



Table 3: The data of Py, Ry, 4, and C,4 /Gy, for the case of b, = 10X10” m,

Vag=1.1cm/s, By =0.1t00.8T.

avg

By (T) Peat Rea A Ca\vg /Cin
0.1 0.00 0.014 1.4%10° 1.004
0.2 1.7X10° 0.025 25%10° 1.14
0.3 6.3X10° 0.034 3.4X10° 1.23
0.4 9.6X107 0.043 4.3X10° 1.27
0.5 1.2%10" 0.051 5.1X10° 1.30
0.6 1.4%10" 0.059 5.9%10° 1.32
0.7 1.6%10" 0.066 6.6X10° 1.35
0.8 1.7%10" 0.073 7.3%10° 1.37
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Figure 5.24: The comparison of P, between V,,, = 1.1 and 2.2 cm/s for the case of

vy
b, =10X10°m, By =0.1100.8T.
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The results in Table 3 and Fig. 5.24 can be described that the effects
of diffusion and convection due to magnetic drift velocity is more significant when they
are compared with the effect of convection due to blood flow for lower average blood
velocity. Consequently, R, and A, increase as seen by the comparison between data
in Tables 2 and 3 and the influence of diffusion and convection due to magnetic drift
velocity in regions near to the bottom side of wire surface becomes more significant
compared with that of convection by blood flow. As a result, the nano-drug carriers in
accumulation region near wire bottom side are better re-transported into regions within
capture length.
Figure 5.25 shows the comparison between average concentration of nano-

drug carriers for Vaq = 1.1 and 2.2 cm/s at t = 8.79 ms (steady state).
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Figure 5.25: The comparison of C,4 / Cj, between Vo = 1.1 and 2.2 cm/s for

bp =10%10" m, By =0.1t0 0.8 T, t =8.79 ms (steady state).

In Fig. 5.25, it is seen that when the average blood velocity is decreased to 1.1 cm/s, the

value of By = 0.2 T can cause significant increasing of average concentration above
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Ci, (the average concentration is about 14 % higher than C,,). However, the value of
By = 0.1 T still not enough to create significant increasing of average particle
concentration in simulation domain. For V; = 1.1 cm/s, the concentrations are increased

higher than C;, from 14% up to 37% for values of By from 0.2 Tupto 0.8 T.

5.2.6 Capture Efficacy and Average Concentration of Nano-Drug

Carriers in Simulation Domain for varying bp

It Is seen in Table 2 and 3, Figs. 5.24 and 5.25 that the value of By = 0.1
T is not high enough to create static buildup or saturation concentration on the wire
surface and it does not significantly increase the average concentration of nano-drug
carriers within the simulation domain. In this section, we study the effect of increasing
the size of nano-drug carriers to compensate the low value of B, and investigate
whether it is possible to capture and target nano-drug carriers within the target region of
very small By. Table 4 shows the data of Py, Ry, 4 and Cuq /Gy, for By=0.1T,
Vag = 1.1 cm/s, t = 3 ms, b,= 10, 30, 50, 70 and 100 nanometers. All other

parameters are the same as indicated in section 5.2.1.

Table 4: The data of Py, Req, 4. and Cyyq /Gy for By=0.1T, Vg = 1.1 cims,
t =3 ms, bp =10, 30, 50, 70 and 100 nanometers.
bp (nm> Psat Rca /1c Cavg /Cin

10 0.00 0.014 1.4X10° 0.95
30 4.2%10° 0.07 7.0x10° 0.99
50 2.1%10" 0.16 1.6X10° 1.19
70 2.8%X10" 0.20 2.0%10? 1.30
100 4.4%10" 0.30 3.0%10” 1.67
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Figure 5.26 shows the variation of Py versus b,.
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Figure 5.26: The variation of P,,; with bp for Bp =0.1T, Va\,g =1.1%X10°m/s, t =3 ms.

In Fig. 5.26, it is seen that the size of nano-drug carrier should not less
than 50 nanometer to obtain significant capture of nano-drug carriers when the strength
of an external uniform magnetic flux density across the simulation domain (By) is low.
The larger nano-drug carrier provides higher capture efficacy since the magnetic force,
and also the convection by magnetic drift velocity, depends on the cube of nano-drug
carrier radius.

Figure 5.27 shows the values of relative concentration C,,4 /C;, for
various size of nano-drug carriers. In Fig. 5.27, nano-drug carriers of 50 nanometer

radius cause the average concentration higher than the value C;, of about 19 %. If

radius of the carrier is increased to 70 and 100 nanometers, the average concentration



90

in considered region can be increased to values higher than C;, about 30% and 67%,

respectively.
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Figure 5.27: The relative average concentration (C,, / Cj, ) in considered region for
By = 0.1T, Vpq = 1.1X10” ms, b, =10, 30, 50, 70, 100 nm, t = 3 ms.
From results in Figs. 5.26 and 5.27, it is predicted that the capture of
nano-drug carriers in the region of weak magnetic flux density is feasible by increasing

the size of nano-drug carriers.



CHAPTER VI

CONCLUSIONS

In this research, the captures of micro- and nano-particles in high
gradient magnetic field are studied. For micro-particles, we study the capture of weakly
magnetic micro-particles by an assemblage of parallel wires randomly distributed in
axial magnetic filters. The single-wire model of particle capture in high gradient
magnetic separation is generalized to a range of higher packing fraction. The magnetic
field around the representative wire previously calculated by Natenapit [15] using the
EMT model and the axial flow field of the viscous fluid, derived by Happel [19], relative
to a bundle of parallel cylinders are used for magnetic and fluid laminar flow fields
around any wires in the filter. Particle trajectories were traced numerically to determine
the capture cross-section. Capture cross-sections are reported and compared with
those obtained by using the magnetic field calculated from the single-wire
approximation [16]. The limit and basic criterion of validity of the single-wire model is
firstly represented and analyzed in this article. We also apply the EMT model to predict
the efficiency of capturing red blood cells (RBCs) and white blood cells (WBCs) from
whole blood in an axial magnetic filter. The feasibility of macro-scale blood cells
separation that provides high gradient magnetic field and high efficiency is investigated.

For the capture of nano-particles, we firstly study implant assisted-
magnetic drug targeting using ferromagnetic micro-wires, localized instantaneously
within a blood vessel, for capturing ferromagnetic nano-drug carriers in blood stream.
The micro-wires are very long compared with their radii and they are very smaller than
the considered blood vessel volume. Therefore, diffusive capture behaviors are
investigated in two dimension on a plane that is sliced through a representative wire's
cross section. Diffusion of nano-drug carriers is taken into account and particle dynamic
is described statistically by the continuity equation. The magnetic and flow fields

around the representative wire is approximated by the single-wire approximation for
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dilute micro-wire in the system. The condition of blood flow is considered as a laminar
flow of single-phase viscous fluid pass a long cylinder. The value of velocity field around
the representative wire is obtained from numerical solution of

Navier-Stokes' equation. Diffusive capture of nano-drug carriers is simulated by solving
the continuity equation numerically for the given initial and boundary value of the carrier
concentration. Then we determine the distribution of particle concentration within the
simulation domain for varying time until the steady state. The feasibility of targeting
nano-drug carriers to a representative wire target site in blood vessel is investigated.
The capability of increasing average concentration of nano-drug carriers within the
bounded region around to the wire is investigated.

From our study of micro-particle capture, the results obtained from the
EMT model reduce to that obtained from the single-wire model in the limit of a very dilute
packing fraction of the wires (F = 0.01) and a relatively low applied magnetic field
strength. The results determined by using the magnetic field calculated based on the
EMT model reasonably explain and qualitatively support the experimental result in the
literature [50]. Since the proposed macro-scale axial magnetic filter provided relatively
high capture efficiency. Consequently, it is feasible and useful to develop the proposed
axial filter for therapeutic applications such as plasma separation from whole blood.

For the results of nano-particle capture, it is shown that diffusion process
provides significant contribution to the capture of nano-drug carriers. Although the
average velocity of blood flow in the vessel is in the order of centimeter per second,
drug carriers that are very small as 10 nanometers can be significantly captured by the
micro-wires implanted within blood vessel when the strength of uniform magnetic flux
density (By) across the target site in the vessel is high enough (0.3 T to 0.8 T). The
capture process progresses very rapidly and the steady state can be reach within the
time scale of 10 ms. The average concentration of nano-drug carriers in simulation
domain can be increased significantly higher than the value of injected concentration of
nano-drug carriers. The efficacy of nano-drug carriers capture and the increasing of

average carriers concentration can be increased when the average blood velocity
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decrease or when the capture process is performed within smaller blood vessel. In the
case that the strength of uniform magnetic flux density across the target site in blood
vessel is very low, nano-drug carries are also significantly captured by increasing their
sizes. From our results, when the strength of uniform magnetic flux density across the
target site is not more than 0.1 T, the radius of nano-drug carriers should not smaller
than 50 nanometers to achieve significant capture. Our investigations of implant
assisted-magnetic drug targeting of nano-drug carriers in blood vessel can provide
useful information about the understanding of capture mechanism and dynamics of
nano-drug carriers concentration and also the feasibility and capability of increasing
average concentration of the carries within the area around the magnetic wire target.
This information are hoped to provide any contributions for development of modern

therapies of cancers and tumors for the health of people in worldwide.
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APPENDIX A

Approximating the Continuity Equation for the Elements

Adjacent to the Impervious Surface

In this research, the surface of the collector and the surface of the
saturation regions are considered as an impervious surface. The continuity equation will
be approximated for all element adjacent to an impervious surface. From the continuity

equation

o &
= 4NgJ =0. A
'ﬂt+g (A1)

In coordinates (r,q) the term NgJ can be written as

Je
;

2S

gLE :&+ +1B- : (A.2)
fir r fiq

Consider an impervious which can be the surface of the collector or

surface of the saturation region as shown in Figure A.1 [59]. In the figure, the middle

position of the element adjacent to impervious surface is specified by the symbol | of

which the radial coordinate ;. The middle position of the next element in radial direction

is denoted by | +1 of which radial coordinate r,,;. The radial distance between these

two positionis Dr .
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collector surface
or surface of

saturation region

|

Figure A.1: Impervious surface at the surface of the collector or the surface of

saturation regions.

From equation (A.2), if the element adjacent to the impervious surface is
considered then the second term equal to zero. By approximating the first term on the
right hand side of equation (A.2), we can write NgJ at the point | in approximated form

as

)30 0D 0, wa
Q rfg g Dr 0

Equation (A.3) obtained by approximating the term J, /qr at point | by the first-order
forward difference relation. From this equation we see that (Jr)| =0. By using

expressions of J, and J, in coordinates (r,q)we obtain

! a(?DE+vrc9 . (A.4)

mg fir 3

+

y — ——

U 1 9T2Dfc o]
(5 2 0 DT
b faé r g g

By rearrange equation (A.4), we obtain
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»-— v,C- D—_ ) (A.5)
g‘ﬂq q r|e Ta g ( )8 &

(%L\I]’) Daelﬂco 1aa1(vc)o 1 e Tco

Now the continuity equation (A.1) can be approximated at the point | as

aco DaH’cd 1af(vc)d . 1 & co
St " 780%s W€ W ()8 Wi
ftg &My né 10 g4 (Dr) T g

When equation (A.6) is rewritten in terms of normalized radial distance (ra) and
normalized time, we obtain the approximated continuity equation used in the

computation of concentration in the element adjacent to the impervious surface as

1 a(Gye)0

0 1
= + ) -
a (ra)| & fi Q (Dra)g ﬂraﬂﬂ




APPENDIX B

Approximating Derivatives of Functions by

Finite-Difference Relations

Consider a continuous function of real variable Xdenoted byf(x), the

derivative of this function with respect to X at a certain value of its argument, X, is
defined as

o H+DY-Fx) (B.1)
dx Dx®0 Dx

Let us assume that f is a well-behaved function, then the derivative of f with

respect to X can be determined in any order. Consequently, we can write Taylor’s

expansion of f (X) at a point X, which advance a point X, with an amount Dxin the
domain of f as

(2°

F () = 1 (%) +(D0) FAx) +22— T €x )+ (8.2)

where DX= X4 - X .

From equation (B.2), we can determine the first-order derivative of f with
respect to X at the point X, as

F4(x )= f(xk+1z);( f (%) ) ([;() FO(x )+

The equation (B.3) can rewritten more compactly as
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fq(xk): f(xk+1g);( f (Xk)+O(DX) , (B.4)

where O(Dx) represent the terms of order (Dx)and higher. We can approximate the

first-order derivative of f with respectto X at the point X, as

fqx)» f(xk+1g( f (Xk), (B.5)

where the error of approximation is in the order (Dx) :
The equation (B.5) is called the first-order forward difference approximation
[60]. Now if we write Taylor 's expansion of f (X) ata point X, _, which lag a point X,

with an amount Dxin the domain of f as

()= 1) @9 1€ )+ B ). o

where DX= X, - X_1.
From equation (B.6), we can determine the first-order derivative of f with

respectto X at the point X, as

fqx )= Fx)- f(xk'1)+(D>-() fO(x)- ... . (B.7)

The equation (B.7) can rewritten more compactly as

£qx)= f(xk)'D: (Xk‘1)+ong)g. (B.8)

Then we obtain an alternative way to approximate the first-order derivative of f with

respectto X at the point X, as
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Fax)» f(Xk)_D: (Xk-l), (B.9)

where the error of approximation is also in the order (Dx) . The equation (B.9) is called
the first-order backward difference approximation [60].

If equation (B.6) is subtracted from equation (B.2) we obtain

2

§(Dx)3 flx)+... . (B.10)

f (%)~ f(Xe1)=2(Dx) Fqx )+

From this equation we can determine the first-order derivative of f with respect to X at

the point X, as

)= f(xk+;)(E.:)(xk-l)_ (sz!)2 Fl(x)+.... (B.11)
fo(x)= f(xk+;)('[):)(xk'l)+og(m)28. (B.12)

From equation (B.12), we obtain an alternative way to approximate the

first-order derivative of f with respectto X at the point X, as

Fax) » f (Xké)(_D:)(Xk'l) , (B.13)

where the error of approximation is also in the order (Dx)2 .
The equation (B.9) is called the first-order central difference approximation

[60]. When equations (B.2) and (B.6) are added we obtain

f (X)) + F (1) =2F (%) +(Dx)? f@(xk)+%(Dx)4+... . (B.14)

This equation can be rewritten as
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Fa(x,) = f(xk+1)'Zf(xk)+f(xk-1)+o_é_(DX)28, (B.15)

where Ong)ZH represent the terms of order (DX)2 and higher. We can approximate

the second-order derivative of f with respectto X at the point X, as

fa(x) » f (ea)- 2(;5:)(;)+ f (%) , (B.16)

where the error of approximation is in the order (Dx)2 The equation (B.16) is called the
second-order central difference approximation [60]. These approximations are used in

Chapter IV of this research.
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