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Abstract: The feasibility of a magnetic separator device for ex-vivo blood
detoxification was studied. This blood detoxification approach entails administering
functionalized magnetic microspheres (FMMSs) into a patient’s body by transdermal
injection to capture and remove toxins from the blood using highly specific
receptors attached to the surface of the FMMSs. These toxin-loaded FMMSs are
then removed from the body using extracorporeal blood circulation through a
specially designed magnetic separator, based on high gradient magnetic separation
principles. The performance of the magnetic separator, in terms of its collection effi-
ciency (CE) of the FMMSs, was evaluated theoretically using a streamline analysis
of a 2-D model. The effects of blood velocity (1 to 20 cm/s), magnetic field strength
(0.1 to 2.0 T), wire size (0.125 to 2.0 mm in radii), separator unit size at a fixed ratio
of tube to wire diameter of one, tube length (2.0 to 20 cm), wire material (nickel, SS
430 and wairauite), and magnetic material comprising the FMMSs (iron, typical
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magnetite and weaker magnetite) on the CE were evaluated. Provided that the blood
velocity was below 2 cm/s, CEs >80% could be attained under reasonable conditions,
like when using FMMSs 400 nm in diameter and containing 60 wt% magnetite in a
magnetic field of 0.5 T using a magnetic separator with 0.5 mm radii wire (at a fixed
ratio of tube to wire diameter of close to one) that was 10 cm in length (same as the
tube) and made of SS 430. CEs of between 30% and 80% could also be attained at
blood velocities up to 20 cm/s without compromising the magnetic separator design.
The magnetic separator performance improved by reducing the size of the unit with
tubes and wires of equal radii, increasing the applied magnetic field strength,
utilizing magnetic materials with the highest magnetizations, and increasing the
length of the unit. Overall, the results from this study delineated the physically
realistic conditions that make ex vivo blood detoxification possible with this
magnetic separator device.

Keywords: Magnetic separator, defoxification, magnetic microspheres, magnetic
separator

INTRODUCTION

In recent years, interest in functionalized magnetic microspheres (FMMSs)
has been growing in a number of diverse areas, mainly to exploit their
magnetic character. FMMSs are spherically shaped polymers comprised of
an inner core that contains well-dispersed superparamagnetic nanoparticles
and an outer layer that is functionalized with biochemical receptors (e.g., anti-
bodies) that selectively bind to specific molecules (e.g., antigens). FMMSs are
currently being investigated for use in detection systems (1-9), biomolecule
and cell separations (10-20), cell sorting (5, 7, 9, 21, 22), hyperthermia
treatment (23-25), controlled drug delivery (26), and magnetically stabilized
fluidized beds (27, 28). FMMSs are also being investigated for use in the
detoxification of patients that have become internally contaminated (e.g., by
ingestion or inhalation) with biological, chemical, and/or radioactive toxins
(29), where success of the treatment depends on the ability to rapidly and
effectively remove these toxins from the patient’s body.

For radioactive contamination, for example, current treatment strategies,
which generally consist of chelator drug therapies and supportive medical
care, are quite inadequate, as they depend ultimately on the body’s slow
and natural means of excretion. Furthermore, most of these approaches can
achieve only modest reductions in the biological half-life of a few selected
radionuclides (30—-32). However, FMMSs, when utilized with a magnetic
separator, offer a different approach for the rapid and effective removal of a
variety of toxins from the body (29).

This approach for the magnetic detoxification of blood consists of two
steps (29) and involves two well-developed technologies. In the first step,
the FMMSs are administered into the patient’s body by transdermal
injection to capture and remove most, if not all, of the toxins from the
blood in the circulatory system. The capture of toxins is realized through



09: 17 25 January 2011

Downl oaded At:

998 H. Chen et al.

selective chemical reactions with highly specific receptors, e.g., radionuclide
chelating agents or monoclonal antibodies, attached to the surface of the
FMMSs. In the second step, the toxin-loaded FMMSs are removed from
the body using the magnetic separator, which is based on combining two
established technologies. The first technology is associated with the high
gradient magnetic separation (HGMS) technique, which has many appli-
cations in the treatment of biological (1-22, 33—-37) and industrial fluids
(38—44), and is even being utilized with microfluidic devices (45-48). The
second technology is associated with the extracorporeal blood circulation
technique, where blood is temporarily removed from the body, treated and
then immediately returned to the body. This technique is commonly used in
hemodialysis (49-51).

The magnetic separator utilizes a dual-lumen needle for arterial or venous
access through the skin to provide extracorporeal blood flow through a short
segment of a catheter tube. The blood leaving the body flows through this
dual-lumen needle, the catheter tube and into an array of small tubes with fer-
romagnetic wires placed between each of them. The entire array of tubes and
wires is immersed in a magnetic field that causes the FMMSs to be deflected
toward the wires and collected on the walls of the tubes. The magnetically
detoxified blood then flows out of this array through another section of the
catheter tube, then through the dual-lumen needle, and finally back into the
body.

The objective of this study is to determine the feasibility of just the
magnetic separator device for ex-vivo removal of FMMSs from blood. The
performance of this magnetic separator is evaluated theoretically using a
streamline analysis of a 2-D model that is solved with the aid of COMSOL
Multiphysics™ (52, 53). The effect of several parameters on the ability of
this magnetic separator to collect FMMSs is investigated, including the
blood velocity, magnetic field strength, magnetic separator wire size and
material, magnetic separator unit size at a fixed ratio of tube to wire
diameter of unity, tube length, and FMMS magnetic material. The results
from this theoretical feasibility study delineate the physically realistic con-
ditions that make ex vivo blood detoxification possible with the magnetic
separator device.

MAGNETIC SEPARATOR

Figure 1 shows the magnetic separator device in operation, as well as two
different views of its internal layout of tubes and wires. Figure la shows the
portable magnetic separator connected to the vasculature through an artery
or vein of a patient’s arm using, for example, the dual-lumen needle and
tubing. The FMMSs in the blood access the magnetic separator through this
tube and become retained within the unit via HGMS principles. The detoxified
blood, which is now free of the FMMSs, is then returned back to the blood
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Figure 1. a) One of many possible modes of operation of a magnetic separator device
designed for ex vivo blood detoxification; b) Schematic of one of many possible mag-
netizable wire and capillary tube array configurations positioned between two rec-
tangular permanent magnets inside the magnetic separator; c) Cross-sectional view
of the magnetizable wire and capillary tube array and permanent magnet configuration
shown in Figure 1b; d) Schematic of the FMMS trajectories inside one of the capillary
tubes in the magnetic separator, depicting the attractive and repulsive zones generated
inside the tube as result of the interaction of the FMMSs with the four surrounding
magnetized wires exposed to magnetic field H, oriented as shown.

stream through a tube that leads to the same dual-lumen needle. Figure 1b
shows the parallel array of alternating magnetizable wires (dark) and
capillary tubes (white) inside the unit that are immersed in a homogeneous
magnetic field produced by two rectangular permanent magnets positioned
on each side of the array in an axial configuration. In this configuration, the
magnetic field is perpendicular to both the magnetizable wires and the
capillary tubes.

Each capillary tube is surrounded by four ferromagnetic wires, except for
the few capillary tubes located at the periphery of the array. This arrangement
is shown in a cross-sectional view of the array in Fig. 1c and in an expanded
view in Fig. 1d. The axes of the two wires lying above and below the capillary
tube lie in the plane of the magnetic field; thus, they have their attractive
polarized sides facing the capillary tube. The axes of the two wires lying to
the left and right of the capillary tube lie in the plane that is perpendicular
to the magnetic field. Thus, they have their repulsive polarized sides facing
the capillary tube. Typical magnetic field lines depicting this situation
inside a capillary tube are shown in Fig. 1d.
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As the FMMSs in the blood travel through the capillary tube, the
energized ferromagnetic wires exert a magnetic force on them by virtue of
the HGMS principle. This magnetic force must overcome the hydrodynamic
force to deflect the FMMSs out of their hydrodynamic streamline trajectory
and direct them toward the wall of the tube. When this happens, the
FMMSs necessarily move toward one of the two wires with its attractive
polarized side facing the capillary tube, while simultaneously moving away
from the other two wires with their repulsive polarized sides facing the
capillary tube (Fig. 1d). Provided that the magnetic force is sufficiently
strong, some (possibly all) of the FMMSs become retained along the wall
of the capillary tube that is adjacent to the attractive polarized wires,
thereby magnetically capturing them within the device.

MODEL DEVELOPMENT
The performance of the magnetic separator shown in Fig. 1 is evaluated using

a simplified approach based on the 2-D control volume (CV) shown in Fig. 2.
The 2-D CV represents the bisecting plane of the simplified unit shown in

a)

b)

v o 2R, f
0 x_.
Tubing 2
h Lt = Lw
EL JNire 2 L
‘ Ruz 3

Figure 2. a) Schematic diagram of a simplified representation of the multi-tube and
multi-wire array shown in Figure 1, depicting a single tube positioned between two
magnetizable wires; b) Schematic diagram of the 2-D control volume (CV) developed
for modeling the collection efficiency of the FMMSs of the two wires, single tube
configuration.
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Fig. 2a, which consists of a single capillary tube placed in between two
ferromagnetic wires with their attractive magnetically polarized sides facing
the tube. Thus, the performance of the multi-tube and multi-wire magnetic
separator in Fig. 1 is evaluated in terms of the dynamics observed within
this bisecting plane that contains the axes of the tube and wires and the homo-
geneous magnetic field placed perpendicular to these axes. The rationale
behind this simplification is given later.

The magnetizable wires with radius R,, and length L,, are represented by
the area embraced by the dashed lines and placed above and below the
capillary tube of radius R;, length L, (=L,,), and wall thickness /. The blood
travels through the capillary tube from left to right with average velocity U,
while transporting a homogeneous dispersion of FMMSs. As indicated
earlier, the wires are subjected to a homogeneous magnetic field of strength
H, positioned perpendicular to the blood flow and wires in an axial
configuration. As the blood travels through the capillary tube the FMMSs
become magnetically diverted towards the capillary walls by the magnetic
field of the wires. A FMMS is assumed to be captured when its trajectory
makes contact with the wall of the tube. The goal is to evaluate the perform-
ance of this 2-D CV by analyzing the fraction of trajectories of the FMMSs
that reach the capillary tube wall before leaving the CV as they travel
through this 2-D representation under the influence of both hydrodynamic
and magnetic forces.

The FMMS trajectories are determined through a streamline function
analysis. Like in previous work (52, 53), the gist of this model is based on a
force balance over a single FMMS, which allows for explicit expressions of
its component velocities to be obtained. The streamline function that is
derived from these component velocities ultimately represents the trajectories
of the FMMSs as they travel through the tube. To obtain these explicit
expressions of the component velocities, the model only accounts for the
hydrodynamic and magnetic forces acting upon a single FMMS. Other
forces such as inertial (54), gravitational (generally less than 1/1000 of
magnetic force), wall effects and interparticle interactions are neglected for
now. It is worth noting that the model developed here differs from those
developed previously (52, 53), in terms of how both the fluid flow and
magnetic fields within the separator (i.e., tube) are determined. In this case,
rather than numerically solving the Navier Stokes and Maxwell equations to
respectively evaluate fluid flow and magnetic fields (52, 53), the model
utilizes convenient analytical expressions for the same purpose, as
explained below.

In summary, the model consists of three parts. First, the hydrodynamic
force upon the FMMS is determined using Stokes relationship and by
assuming a parabolic flow regime with an average velocity U, for the blood
flow within the bisecting plane of the capillary tube. Second, the magnetic
force upon the FMMS is determined using known analytical expressions
that describe the magnetic field around magnetizable wires under the
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influence of a homogenous magnetic field H,. The expressions that describe
these two forces are then formulated into a system of two equations that
represent the x and y components of a momentum balance carried out on a
single FMMS of radius R,,. Because inertial terms are neglected, these two
expressions lead to explicit analytical expressions for the component vel-
ocities of a single FMMS, i.e., v, and v, . Third, Comsol Multiphysics™
is then used to numerically solve the corresponding stream functions for the
flow field defined and determined from the components of the velocity of
the FMMS. Once the trajectories of the FMMSs are resolved within the CV,
they are used to evaluate the retention or collection efficiency of the
FMMSs, as readily indicated by a visual inspection of the collective paths
taken by the trajectories.

For part one of the model, the hydrodynamic force upon a FMMS is
determined by assuming that the fluid dynamics in the tube are described
by a parabolic flow profile obtained by solving analytically the 2-D Navier-
Stokes equation for a steady incompressible Newtonian fluid moving inside
a tube. The fluid velocity v is thus described by

2
v= (v 1) = <2.o<1 - (%) )U(,,O> (1)

where v, and v, are the components of the fluid velocity, and R; is the tube
inner radius. According to Stokes equation, the corresponding hydrodynamic
force (i.e., the drag force, Fy) on an FMMS becomes:

Fg = 6mmR,(v—1v,) (2)

where 7 is the fluid viscosity and v, is the velocity of a FMMS.

In the second part of the model, the magnetic force exerted by the wires on a
FMMS located within the bisecting plane is resolved by first determining the
magnetic field H created by the two wires under a homogenous magnetic field
H,. For any point within the bisecting plane between the two parallel magnetized
wires, this magnetic field is given by the following analytical expression:

2 2
H=H,+M, <R‘;l + Rgz) 3)
2 i ry

M,, is the magnetization of the wires. R,,; and R, are the radii of wire 1 and wire
2, respectively. r; and r;, represent the absolute distance from a given point from
the bisecting plane (i.e., from a FMMS located in it) to the axes of wires 1 and 2,
respectively. Itis assumed that R,,; and R,,» are identical and that the wires are in
contact with the capillary tube. Assuming that the magnetic susceptibility is large
enough and that demagnetization effects govern the internal magnetic field
within the wires, M, and H,, are related according to

|MW| = min(2|Ho|a Mw,s) (4)
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where M,, ; is the magnetization of the wire at saturation. The expressions in Eqgs.
(3) and (4) are then used to evaluate the magnetic force (F,,) upon the FMMS
according to:

Fn = Qfmwfm,pvp:ufov(Mfm : H) (5)

where V,,is the volume of the FMMS, ., is the magnetic permeability of vacuum,
and wy;, , is the volume fraction of the ferromagnetic material with magnetization
Mi, inside the FMMS. wy, ,, is related to its weight fraction x5, , through:

Xfm.p
Win,p = (6)
fmp Xfmp + (- xﬁn,p)(pfm,p)/(pp{)/,p)

where pg,, , is the density of the ferromagnetic material in the FMMS and p,,, is
the density of the polymer material comprising the FMMS. (), is a continuous
function that approaches unity when the magnetization of the ferromagnetic
material approaches saturation and one-half when it approaches a linear
behavior at low magnetic fields. Furthermore, ¢, is such that Eq. (5) becomes

M fm
H

1
Fin = 0pmpVyu, V(H - H) @)

2
where My, and H are the magnitudes of Mg, and H, respectively.

Because the ferromagnetic material in each FMMS is assumed to consist
of fully dispersed, single domain, spherical, magnetic particles of radius Rg,,
the relationship between the magnetization Mg,, and H is assumed to follow
Langevin’s formulation:

M m sz H—(1/3 in,pM m
Mfm = Mfm,s [COth(MO Sim,s d]’( 7 75 / )wfm,p i ))
b

k,T :| ®)
/-Lqum,sVsdp(H - (1/3)wfm.prm)

where My, ; is the saturation magnetization of the ferromagnetic material
inside the FMMS, V,,, is the volume of a single magnetic particle inside
the FMMS, k,, is the Boltzman constant, and T is the absolute temperature.
The term, 1/3wg, ,M,, accounts for the demagnetization field due to the
FMMS as a whole. For simplicity, however, this term is neglected, mainly
due to the small volume fraction wy,, occupied by the ferromagnetic
particles inside a FMMS.

The last step of the model consists of determining the streamlines that
represent the trajectories of the FMMS along the CV of Fig. 2b under both
magnetic and hydrodynamic drag forces. This is realized by first obtaining
explicit expressions for the component velocities of an FMMS, vy, after the
application of a force balance upon a single FMMS and considering only
the magnetic and hydrodynamic forces expressed in Eqgs. (2) and (7). The
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following explicit expression is obtained for vy:

ll‘Longfm Mfm

o o VH - H) )

Yy =v

The stream function i is then obtained from the component velocities of the
FMMS through the following well known definitions (55):

oY oY
?y: _Vp,x a:vl,,y (10)

which are numerically solved using the stream function analysis incorporated
in Comsol Multiphysics™. It is important to indicate that because of the
nature of the streamline function the boundary conditions used in solving
Eq. (10) are completely arbitrary. Once the solution of the stream function
is obtained, Comsol Multiphysics™ provides a clear visualization of the cor-
responding streamlines, with each representing the trajectory of a single
FMMS as it travels through the CV under the influence of both magnetic
and hydrodynamic forces. The performance of this system is finally deter-
mined by its collection efficiency (CE), which is qualitatively defined as the
fraction of FMMS trajectories that enter homogeneously from the left side
of the CV and become attracted to the wires, as indicated by the fraction of
trajectories that end up touching the wall of the tube. A quantitative definition
of CE is given later.

RESULTS AND DISCUSSION

The base conditions chosen for this modeling study are considered to be
reasonable for the design of an ex vivo magnetic separator for blood detoxifi-
cation. They coarsely take into account the physics behind maximizing the
magnetic force on the FMMS, as well as the physiology behind minimizing
the energy required to pump the blood through the device, which ideally
comes from the pumping action of the heart. They also take into consideration
some of the key requirements of this magnetic blood detoxification approach
(29), which include highly specific FMMSs that are biocompatible and no
more than about 2.0 to 3.0 wm in diameter to assure free circulation within
the body; a magnetic field that is produced by a permanent magnet, such as
a NdFeB magnet, to eliminate energy requirements; a tube that is biocompa-
tible with thin walls to maximize magnetic field strength; wires that are
ferromagnetic and of small diameter; a separation capacity that is capable
of processing the total volume of blood in the body within a short period of
time, e.g., four to six liters in 30 to 60 min; a capture efficiency that is
greater than about 80% for one pass through the magnetic separator; and
weight and volume that make it portable and easy to use in the field.
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Based on preliminary calculations associated with the physics and
physiology of the magnetic separator device, the base case conditions of
this modeling study turned out to be the following. The tube has an outer
diameter of 1.0 mm, an inner diameter of 0.75 mm and a length of 100 mm.
The wires are made of SS 430 with a diameter of 1.0 mm and a length of
100 mm. The FMMSs have a diameter of 400 nm and contain 60 wt%
magnetite. A homogenous magnetic field of 0.5 T is applied, and the blood
velocity through the tube is 5.0 cm/s. These base case conditions lead to a
magnetic separator with 126 tubes, when assuming that 5 liters of blood is
processed in 30 min. This is considered to be a reasonable number of tubes.

The parametric study that is carried out systematically varies some of these
base case parameters in the model, while keeping all the other parameters fixed at
the base case conditions unless otherwise noted. The ranges of these parameters
are listed in Table 1. Table 2 provides other physical and magnetic properties
required in this modeling study. It is noteworthy that at the extreme ranges of
tube sizes and fluid velocities through the tube (Table 1) the magnetic
separator requires as few as 10 tubes and as many as 4,670 tubes to process 4
to 6 iters of blood in 30 min. Only half the number of tubes is required if the pro-
cessing time is extended to 60 min. This range of parameters covers a sufficient
number of magnetic separator tube and wire array designs and sizes, with dimen-
sions even approaching the range of microfluidic devices (45-48).

Table 1. Values and ranges of the parameters used in the model”

Parameters Units Values

Fluid density, p kg/m’ 1000

Fluid viscosity, 1 kg/(ms) 3.0x 1077

Fluid temperature, T K 298.15

Mean fluid velocity, U, cm/s 1.0 - 20.0, 5.0

Tube inner radius, R; mm 0.150, 0.225, 0.375, 0.600
Tube outer radius, R, mm 0.200, 0.300, 0.500, 0.800
Tube wall thickness, & mm 0.050, 0.075, 0.125, 0.200
Tube length, L, mm 20, 50, 100, 200

FMMS radius, R, nm 200

FMMS material® weaker magnetite, magnetite, Fe
FMMS radius, Rg;, nm 5

FMMS ferromagnetic mass frac- 0.6

tion, xg, ,

FMMS polymer density, p,, kg/m’ 950

Wire material” Ni, SS 430, wairauite
Wire radius, R,, mm 0.125,0.25,0.5, 1,2
Wire length, L,, mm 20, 50, 100, 200
Magnetic field flux density, u,H, T 0.1-2.0, 0.5

“Base case conditions underlined.
bproperties indicated in Table 2.
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Table 2. Physical properties of ferromagnetic materials
used in the model

Pfm,p Or Py Mw,s or Mfm,s
Material (kg/ m?) (kA /m)
Iron“ 7850 1735
Magnetite” 5050 450
Weaker Magnetite” 5050 150
Stainless steel 430” — 1365
Nickel” — 490
Wairauite (CoFe)b — 1922

“Magnetic material in the FMMS.
Pmagnetic material of the wire.

One of the most important considerations in the design of the magnetic
separator is the arrangement of the alternating array of tubes and wires
inside of it. The array in Fig. 1 conceivably minimizes the fluid (blood)
velocity through the capillary tube while maximizing the magnetic force
density (F,,;) (56), with both giving rise to larger collection efficiencies of
the FMMSs. An important question to ask is: What magnetic force density
can be expected from such a design? Typical simulation results that address
this issue are shown in Fig. 3, which map the 2-D magnetic force density
field (i.e., F,,s=05VV (H-H)) through a cross-sectional area of the
magnetic dialyzer shown in Fig. 1. The mathematical analysis underlying
these simulations of the F,; are based on the determination of the magnetic
field H using Maxwell’s equations and a procedure described elsewhere
(52, 53); they are not described here, because they cannot be used to
evaluate the collection efficiencies of this system, which is the primary goal
of this work through the much simplified mathematical analysis of the two
wire, single capillary tube system (Fig. 2).

The results in Fig. 3 show that a F,,; on the order of 1 x 10°N / m° can be
expected from such a design, which is large enough to foster significant collec-
tion of the FMMSs, as shown later. These simulations also show that very
broad attractive zones exist within both the top and bottom regions of the
tube, with the best localized collection regions corresponding to the vertical
plane indicated by the solid white line in Fig. 3a that vertically passes
through the magnetic poles of the wires and symmetrically bisects the tube.
Because these are the regions where the maximum FMMS collection is
expected to occur inside the tube, this is also the planar region selected for
obtaining the analytical expression for H Eq. (3), a critical simplifying
assumption in this analysis that cannot be overstated.

An approximation of the magnitude of the magnetic field that can be
generated in such a device (even above H,), and its variation within the
tube (a direct indication of the possible gradients that can be generated) is
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a)

Figure 3. Results obtained from COMSOL Multiphysics™ showing simulations of
the 2-D magnetic force density field (i.e., F,,,; = 0.5V(H - H)) through a cross sectional
area of the magnetic separator array configuration shown in Figure 1. The arrows and
contour lines respectively indicate the direction and intensity of the magnetic field den-
sity, with darker regions indicating higher intensities. Red (i.e., positive) and blue (i.e.,
negative) colorations indicate that the a) x and b) y components of the magnetic field
point in the positive and negative directions of the coordinate system, respectively. The
white line in (a) indicates the bisecting plane upon which Eq. 2 for H is based. The large
circles are the wires and the small circles are the tubes, both with the same outside
diameter. Conditions: u,H, =0.5T, R, = 0.375 mm, &4 = 0.125 mm, L, = L,, = 100
mm, SS 430 wire, and R,, = 0.5 mm.

shown in Figure 4 for different wire sizes (R,,). These results were obtained
from Eq. (3), which describes the variation of the magnetic field in the
y-direction according to the simplified 2-D CV displayed in Fig. 2b.
Clearly, the magnitude of the magnetic field and its gradients both depend
very strongly on the wire diameter, with larger wires giving rise to larger
overall magnetic fields but smaller more dispersed gradients. The smallest
wire (0.125 mm) produced the largest magnetic field gradient near the
wires. However, the magnetic field far from the wires and close to the
center of the tube becomes more homogeneous and quite small at about
0.6 T. In contrast, the magnitude of the magnetic field generated from the
largest wire (2.0 mm) is much higher at around 1.2 T, with its rather
shallow gradients persisting well into the center of the tube. In either case,
the results cannot be used to elucidate whether the magnetic forces are
smaller and shorter ranged for the smaller wire due to the smaller magnitudes
of the magnetic fields and its diminished gradients, or whether the magnetic
forces are larger and longer ranged for the larger wire due to the larger
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Figure 4. Effect of the wire radius (R,,) on the variation of the magnetic field inten-
sity (w,H,) within the tube when placed between the two parallel and identical wires.
Conditions: u,H,=0.5T, R;= 0375 mm, h = 0.125 mm, L, = L,, = 100 mm, SS
430 wire, R, =200nm, and xg,, = 0.6 with the FMMSs comprised of typical
magnetite.

magnitudes of the magnetic fields and its shallow but continual gradients. This
important design issue is addressed below via the parametric study that reveals
the effect of the wire size, as well as the effects of other parameters, on the
collection efficiency of the FMMSs.

Typical simulation results of the simplified 2-D representation of the
magnetic separator depicted in Fig. 2b are displayed in Fig. 5. The thick
white lines indicate the trajectories of the last FMMS captured by the
separator, which are determined by visual inspection. The collection efficiency
(CE) defined earlier, but only qualitatively in terms of the FMMS trajectories,
is defined quantitatively in terms of these thick white lines according to the
following equation

CE(%) = 1001% (11)
where V.« i the y-coordinate (evaluated at x = 0 in Fig. 2) of the last FMMS
streamline captured in the top half of the separator. The resulting CE for these
base case conditions is 59%. Note that Eq. (11) assumes the FMMSs (modeled
as point masses) enter the tube distributed evenly along the y-axis at the inlet
of the CV. This assumption ignores the fact that the FMMSs close to the wall
of the tube may tend to move toward the center of the tube due to lift forces
and other wall effects, which are not accounted for in this simplified analysis.

The effect of the wire size (R,,) on the capture efficiency (CE) of the
FMMSs as a function of U, is shown in Fig. 6a for the base case conditions.
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CE=59%

Figure 5. Typical results obtained from COMSOL Multiphysics™ showing simu-
lations of the FMMS streamlines within the simplified 2-D CV depict in Figure 2b.
Conditions: u,H,=0.5T, R;=0.375mm, &= 0.125 mm, L,= L,, = 100 mm, SS
430 wire, R, =0.5mm, U,=5cm/s, R,= 200 nm, and xg,, =0.6 with the
FMMSs comprised of typical magnetite.

For all R, as U, increases CE decreases rather sharply at low velocities and
then more gradually at higher velocities. Moreover, the CEs range from 75%
t0 93% at U, = 1 cm/s and from 11% to 31% at U, = 20 cm/s, indicating a
significant effect of velocity on the CE. Since the magnetic force is being held
constant under these conditions, as U, increases the hydrodynamic force
increases resulting in an increasingly larger imbalance in these forces,
which manifests as a decreasing CE. Nevertheless, CEs as high as 31% are
still attained even for large velocities of 20 cm/s. This somewhat favorable
result is a consequence of the fluid flow in the capillary tube having a
parabolic velocity profile in the laminar flow regime, which in turn ensures
the domination of magnetic forces near the capillary tube wall. Indeed, this
result sheds some light on the potential robustness of the design of the
magnetic separator for blood detoxification.

In contrast, when these results are plotted with the CE as a function of R,,,,
as in Fig. 6b, a clear maximum is observed in the CE with increasing R,,,
which is quite consistent over the entire range of velocities. The lowest CE
is also exhibited by the largest R,, in all cases. These results reveal that an
optimum wire radius of around 0.50 mm exists for this set of conditions
that is essentially independent of the fluid velocity. In fact, it is quite interest-
ing that at the optimum CE the size of the wires matches quite well with the
radius of the capillary tube. Referring to Fig. 4, this result unequivocally illu-
minates the importance of the interplay between the magnitudes of both the
localized magnetic field and the localized magnetic field gradients, with
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Figure 6. a) Effect of the wire radius (R,) on the capture efficiency (CE) of the
FMMSs with CE plotted as a function of the velocity (U,). b) Effect of the velocity
(U,) on the capture efficiency (CE) of the FMMSs with CE plotted as a function of
the wire radius (R,,). Conditions: u,H, = 0.5 T, R; = 0.375 mm, 4 = 0.125 mm, L, =
L,, = 100 mm, SS 430 wire, R,, = 200 nm, and x, , = 0.6 with the FMMSs comprised
of typical magnetite.

slightly lower magnitudes in the localized magnetic field and much higher
localized magnetic field gradients from the smaller wires combining to
produce the larger force and thus larger CE. The results in Fig. 6b thus
indicate that the best performance can be expected when the sizes of both
the wires and the capillary tubes are identical (i.e., R,, = R,).

This interesting result is further examined in Fig. 7, which displays the effect
of the outer capillary tube radius (R, = R; + h) on the CE of the FMMSs for the
base case conditions, while keeping R,/R,, at the optimum ratio of unity, and
while also maintaining R;/R, = 0.75. The results show the positive effect of
reducing the size of the unit on its performance, which is strictly a consequence
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Figure 7. Effect of the capillary tube radius (R, = R; + h) on the capture efficiency
(CE) of the FMMSs with CE plotted as a function of the velocity (U,). Conditions:
mwoH,=05T, R,/R,=1, R;/R,=0. 75, L,=L,=100mm, SS 430 wire,
R, =200 nm, and x4, ,, = 0.6 with the FMMSs comprised of typical magnetite.

of the HGMS principle. For example, at U, = 5 cm/s, the CE increased from
59% to about 88% when the base case R,, decreased from 0.5 mm to 0.2 mm.
This is a significant improvement that matches the results attained at velocities
of 2 cm/s or lower in Fig. 6a. It is clear then that the capture efficiency tends
to benefit from the miniaturization of the magnetic separator components, to
the point where microfluidic devices with microscale or even nanoscale
magnetic elements (45-48) may be advantageous. However, keep in mind
that the extent of the miniaturization is limited by the size of FMMSs, the
number of them that must be removed from the blood, and the shear volume
of blood that must be processed for effective blood detoxification.

Figure 8a depicts the effect of the capillary (or wire) tube length
(L, = L,) on the CE of the FMMSs for different U, and the base case con-
ditions. Because of the longer residence times, the CE improved, as
expected, with increasing L,. Again, significant CEs of 90% and larger can
easily be attained with U, < 2.0 cm/s and with capillary tubes of reasonable
lengths of less than about 10 cm. To attain similar CEs at faster velocities,
however, much longer L, are required, which may not be practical. For
example, to achieve CEs of at least 80% at U, = 5.0 cm/s, the unit
requires capillary tubes of at 20 cm long, a value perhaps too long for an
extracorporal unit.

Intuitively, the results in Fig. 8a should collapse into a single curve when
expressing the CE as function of the fluid residence time L/U,. This relation-
ship is confirmed in Fig. 8b, which simply indicates that the axial and radial
movements of the FMMSs are controlled by independent mechanistic
processes. Notice, for example, that the momentum balance in Eq. (9)
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Figure 8. Effect of the tube length (L,) on the capture efficiency (CE) of the FMMSs
with CE plotted as a function of (a) tube length L, and (b) residence time L,/U,, for
different velocities (U,). Conditions: w,H, = 0.5T, R; = 0.375 mm, h = 0.125 mm,
SS 430 wire, R,, = 0.5 mm, R, = 200 nm, and x5, , = 0.6 with the FMMSs comprised
of typical magnetite MMS.

implies that the radial movement of a FMMS towards the capillary tube wall
should remain unaffected by its axial location or the force it experiences in the
axial direction.

The effect of the magnetic material of the wire on the CE of the FMMSs as
a function of U, and u,H,, is shown for the base case conditions in Figs. 9a and
9b, respectively. Three materials are investigated, which, in the order of
increasing magnetic character, are nickel, stainless steel (SS) 430, and
wairauite (a CoFe alloy). The saturation magnetization of these materials is
displayed in Table 2. Nickel, being the weakest magnetic material, exhibited
the least effective behavior, with CEs varying from about 84% at
U, = 1 cm/s to about 24% at U, = 20 cm/s, as shown in Fig. 9a. SS 430
and wairauite, however, exhibit identical behavior in this figure with CEs of
93% at U, = 1 cm/s and 31% at U, = 20 cm/s, despite their significant differ-
ences in magnetic character (i.e, M,, , = 1365 and 1922 kA /m, respectively).
This apparent paradoxical result, which is predicted by Eq. (4), is simply a
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Figure 9. Effect of the wire material on the capture efficiency (CE) of the FMMSs
with CE plotted as a function of a) velocity (U,) and b) applied magnetic field intensity
(uoH,). Conditions: w,H,=05T (a), U,=5cm/s (b), R;=0.375mm,
h=0.125 mm, L, = L,, = 100 mm, R,, = 0.5 mm, R,= 200 nm, and x, , = 0.6 with
the FMMSs comprised of typical magnetite.

consequence of both materials being magnetically unsaturated at the applied
magnetic field of 0.5 T, a condition satisfied when the applied magnetic field
is less than half the magnitude of the saturation magnetizations of both
materials. This behavior is due to demagnetization effects, which depend
solely on the shape and not the magnetic nature of the magnetized material,
control the magnetic behavior of the magnetically unsaturated materials
with strong magnetic susceptibilities. This behavior is more clearly depicted
in Fig. 9b.

Before reaching a magnetic field of about 0.31 T, which is the saturation
condition for Ni (M, ;=490 kA/m), all three materials are magnetically
unsaturated and thus they display the same magnetic behavior in Fig. 9b.



09: 17 25 January 2011

Downl oaded At:

1014 H. Chen et al.

Past this point, however, the CE for the saturated nickel remains constant at a
value of 44%, while the CEs corresponding to SS 430 and wairauite continue
to increase together as one curve until the magnetic field reaches 0.86 T, which
is the condition that magnetically saturates the SS 430. Past this magnetic
field, the CE for SS 430 remains constant at about 70% while the CE for
wairauite continues to increase until it finally reaches magnetic saturation at
1.21 T with a CE of around 80%.

The results just described are significant because they exhibit the
extraordinary ability of magnetic materials to display identical behavior in
relatively strong magnetic fields despite their significant differences in
magnetic character. For example, it takes an appreciable magnetic field
of 0.31 T for the CEs obtained with nickel and wairauite to differ even
though there is a four-fold difference in the saturation magnetizations of
these two metals. Another result that is equally significant is the fact that
there is no need to generate a magnetic field inside the magnetic separator
unit that is larger than about 1.5 T. At 1.5 T, most ferromagnetic materials
of cylindrical shape are already magnetically saturated. This fact alludes to
the inherent flexibility of the magnetic separator design for FMMS collection,
because of the wide range of soft ferromagnetic materials that are available
with saturation magnetizations between those of Ni and wairauite. In this
regard, the important role of the magnetic field on the CE of this system
cannot be overstated. For example, the results in Fig. 9b show that for
certain ferromagnetic materials, the CE can be easily and nearly doubled
from 44% to 75% by increasing the applied magnetic field from 0.3 T to
about 1.0 T.

Finally, the effect of the magnetic material in the FMMSs on their CE is
shown in Figs. 10a and 10b, respectively, as a function of U, and u,H,,, and for
the base case conditions. Three materials are evaluated, namely iron and two
types of magnetite. The first type of magnetite is a typical magnetite with
M; = 450 kA/m. The second type of magnetite is a hypothetical magnetite
with Mg = 150 kA /m, which is just one-third that of typical magnetite. Not
surprisingly, iron displays the best CEs. At U, = 1.0 cm/s, decreasing CEs
of 99%, 92%, and 70% are achieved with iron, typical magnetite and
weaker magnetite, respectively. In contrast, at 20 cm/s, the respective CEs
are 45%, 31%, and 18%. The use of stronger ferromagnetic materials, such
as Fe or other equally magnetic metals or alloys, over commonly used iron
oxides of weaker magnetic character, like magnetite, is clearly advantageous.
For example, in most cases depict in Figs. 10a and 10b, the FMMSs containing
Fe display CEs 20% larger than those containing typical magnetite, allowing
for the possibility of achieving CEs over 80% at U, = 5 cm/s. It is noteworthy
that unlike the wire materials and model predictions for magnetic particles
reported elsewhere (52, 53), these different materials do not exhibit
identical behaviors at low magnetic fields. This result is a consequence of
the fact that the magnetic particles within the FMMSs are assumed to
consist of dispersed single domains. Thus, their magnetic behavior is no
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Figure 10. Effect of the magnetic material in the FMMSs on their capture efficiency
(CE) with CE plotted as a function of a) velocity (U,) and b) applied magnetic field
intensity (u,H,). Conditions: u,H,=0.5T (a), U,=5cm/s (b), R; = 0.375 mm,
h=0.125 mm, L, = L, = 100 mm, SS 430 wire, R,, = 0.5 mm, R, =200 nm and
Xfinp = 0.6.

longer controlled by demagnetization effects as reported earlier (52, 53).
Rather, Langevin’s relationship in Eq. 8 more appropriately represents their
magnetic behavior.

CONCLUSIONS

The objective of this study was to determine the feasibility of a magnetic
separator device for the ex-vivo detoxification of blood. The notion entails
administering functionalized magnetic microspheres (FMMSs) into a
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patient’s body by transdermal injection to capture and remove toxins from the
blood stream using highly specific receptors, e.g., radionuclide chelating
agents or monoclonal antibodies, attached to the surface of the FMMSs.
These toxin-loaded FMMSs are then removed from the body using extracor-
poreal blood circulation through a specially designed magnetic separator,
based on the high gradient magnetic separation concept.

The magnetic separator device simply uses a dual-lumen needle to
puncture an artery or vein to gain access to the previously injected FMMSs
in the blood. By the pumping action of the heart, these FMMSs are then trans-
ported with the blood through this dual-lumen needle, into a catheter tube and
then into an array of small tubes with ferromagnetic wires placed between
them. The entire array of tubes and wires is immersed in a magnetic field
that causes the FMMSs to be deflected toward the wires and collected on
the walls of the tubes. The detoxified blood then flows out of this array
through another section of the catheter tube, then through the dual-lumen
needle and finally back into the body.

The performance of the magnetic separator was evaluated theoretically using
a streamline analysis of a relatively simple 2-D model that was solved with the aid
of Comsol Multiphysics™. The effect of several parameters on the ability of this
magnetic separator to collect the FMMSs was investigated, including the blood
velocity (1 to 20 cm/s), magnetic field strength (0.1 to 2.0 T), wire size (0.125
to 2.0 mm in radii), separator unit size at a fixed ratio of tube to wire diameter
of unity, tube length (2.0 to 20 cm), wire material (nickel, SS 430 and
wairauite), and FMMS magnetic material (iron, magnetite and weaker magnetite).

The results showed that collection efficiencies (CEs) of the FMMSs of
well over 80% could easily be attained under reasonable conditions,
provided that the blood velocities were below about 2 cm/s. For example,
when using FMMSs 400 nm in diameter and containing 60 wt% magnetite,
which were both fixed in this study, CEs of this magnitude were obtained in
a magnetic field of 0.5 T using a magnetic separator with 0.5 mm radii wire
(at a fixed ratio of tube to wire diameter of close to unity) that was 10 cm
in length (same as the tube) and made of SS 430. The results also showed
that CEs of the FMMSs of between 30% and 80% could easily be attained
at higher velocities, even up to 20 cm/s without compromising the practicabil-
ity of the magnetic separator design. In this regard, the parametric studied
showed that the magnetic separator performance could be improved by
reducing the size of the unit with tubes and wires of equal radii, maximizing
the applied magnetic field strength up to about 1.5 T, utilizing magnetic
materials in both the wires and the FMMSs with the highest magnetizations,
and increasing the length of the separator unit while keeping in mind the cor-
responding detrimental effects on pressure drop and portability. Other
variables, such as the size of the FMMSs and their content of magnetic
material could both also be increased to increase the performance of the
magnetic separator, while keeping in mind the corresponding detrimental
effects of capillary tube clogging and associated pressure drop.
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Overall, the results of this study delineated the physically realistic
conditions that make ex vivo blood detoxification possible with the
magnetic separator device. The success of this blood detoxification
approach relies simultaneously on the development of two technologies:

1) highly effective FMMSs for in vivo blood detoxification, and
2) a specially designed magnetic separator that can be used to remove the
toxin-loaded FMMSs from the body ex vivo.

To this end, the results of this study, which only dealt with the design of the
magnetic separator, are further validated with experimental evidence provided
in Part IT of this work.
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