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A number of novel drug delivery systems have emerged by various routes of administration, to
achieve controlled and targeted drug delivery, magnetic drug delivery system being one of them
which include magnetic microspheres, magnetic liposomes, magnetic nanoparticles, magnetic
resealed erythrocytes, magnetic emulsion and others. Magnetic microspheres& molecular magnetic
labels have been used for great number of application in various areas of biosciences, targeted drug
delivery, imaging and in bioseparation technology. This review summarize about application of
magnetism in targeted non invasive drug delivery system of magnetic microspheres. Over the years,
magnetic drug delivery system have been investigated for targeted drug delivery especially magnetic
targeted chemotherapy due to their better tumor targeting, therapeutic efficacy, lower toxicity and

Magnetic force, magnetic field,
Rare earth magnet.

flexibility to be tailored for varied desirable purposes.
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INTRODUCTION

Since the pioneering idea proposed by Freeman et al. that fine
iron particles could be transported through the vascular system
and be concentrated at a particular point in the body with the
aid of a magnetic field, the use of magnetic particles for the
delivery of drugs or antibodies to organs or tissues altered by
disease has become an active and attractive field of research.
(-2 In the chemotherapy of the cancer patients less than 0.1 to
1% of the drugs are taken up by tumor cancerous cells, with
the remaining 99% going into healthy tissue. ¥ Physicians
prescribe combination drugs in the chemotherapy that can
compound side effects and the dosage is finalized based on the
patient’s tolerance to the toxic effect rather than dose required
to kill all the tumor cells. ® ®” The ability totarget the drug, to
physically direct and focus it to specific sites or organ in the
body, would provide the better treatment to cancer as well as
other diseases. ®'" Hence a need exists to focus the drugs to
the disease locations of the body such as head, neck, lungs,
liver, kidney, breast, ovary, testis, intestine and cervical region,
to mention few.
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Magnetic drug targeting (MDT) refers to the attachment of
therapeutic drug to magnetizable particles such as iron oxide,
and then applying magnetic fields to concentrate them to
disease locations such as to solid tumors, regions of infection,
or blood clots. "*'® The magnetizable particles can also be
introduced into the body outside the blood flow, e.g. as in
magnetic treatment of the inner-ear where a small gel
containing nanoparticles is placed on the round window
membrane or intranasally, usually ferromagnetic particles are
directly injected into the circulation by a vein or artery.!> """
Injected drug loaded iron particles will circulate throughout the
vasculature as the applied magnetic field with rare earth
magnet directs the particles and remains confined at target
locations. Depending on the vessel into which the particles
were injected (vein or artery), MDT will occur before the
particles pass through the liver (first pass method or after the
particles pass through the liver, lung and heart.'> >33

Magnetic fields more than light, electric fields, and ultrasound
are desirable for directing therapeutics inside patients because
they can penetrate deep into the body, also usually applied
through the body in magnetic resonance imaging (MRI), and
are considered safe to very high strengths (8 Tesla in adults, 4
T in children).®**" Magnetic fields can both sense and actuate
magnetic particles, although achieving both at once is an



24734

Kirupakar et al. Magnetization application in the non invasive drug delivery of magnetic microspheres of the anti cancer drugs

engineering challenge. In contrast, light and ultrasound have
limited tissue penetration depths while strong electric fields
(> 60 V/cm) are able to damage nerve and muscle cells. “* **
3D 1t is hypothesized that control of magnetic microspheres
in vivo is feasible given a strong magnetic field and gradient
space super positioned on target organ system. This approach
triggered the desire for the non invasive surgery. Magnetic
microspheres have potential use as magnetic seeds for drug
delivery. Magnetic microspheres are paramagnetic and have
been made to range in size from approximately one micron to
greater then 600 microns.

Magnetic Microspheres Design

Magnetic microspheres incorporate magnetic materials with
the drugs. Encapsulation of the drugs with magnetite shells or
attaching the drugs to a functionalized outer coating may be
performed. Functionalized outer coatings of microspheres are a
well-established procedure.®” Such modified magnetic
microspheres may then be delivered to the target cells, where
the microspheres will decompose due to degradable coating,
and the drug will be delivered. Each of the microspheres
contains multiple magnetite molecules. A magnetic domain is
a volume of material whose magnetic field is aligned in a
given direction. When magnetite is smaller than approximately
30 nm in diameter only single magnetic domains form.
Magnetite clusters larger than 30 nm start to interact and form
a multiple domain material. In single domain materials there is
little to no hysteresis and the magnetic particles reach
saturation faster compared to a multi domain material.

If multiple domains were formed a hysteresis loop in the
magnetization curves is observed. Hysteresis from multi
domain formation causes a decrease in the response of the
system. The organic sheaths surrounding the magnetite clusters
provide both the ability to functionally attach drugs as well as
to keep the magnetic particles from aggregating, preserving
single domain formation. FeRx (company) used milled 1 um
iron-activated carbon which has higher magnetic moment
when compared to magnetite. Iron is injected into blood
vessels near the target organ and then a single external
permanent magnet pulls the particles. The field removed after
approximately 15 minutes and an angiogram is performed to
make sure blockage of the main arteries has not occurred. ©*’

Physics of magnetic drug targeting
Rare Earth Magnet- Magnetic Field Generation

The magnetic fields generated by external magnets in in-vitro
studies have ranged anywhere from 70 m T to < 1.5 T. ®*%9
Animal trials have had ranges between 0.1 T and 1.5 T. %3
3759 While the FDA has approved magnetic strengths up to 8 T
for use with humans and human clinical trials have utilized 0.2
to 0.8 T magnet field strengths. ' 1%2%30:60

Most often permanent magnets have been used with sizes
ranging from tens of millimeters to tens of centimeters, ©" >3
3657 00 Occasionally electromagnets were utilized. > °" The
distance of particles from magnets has ranged from = 1 mm to
~ 12 cm in the literature. > !3% 59

Magnetic fields and forces

Microspheres

acting upon magnetic

Magnetic nanoparticles are small and experience small forces
even under strong magnetic fields. In magnetic drug delivery
experiments, magnet strengths have ranged from 70 milli-Tesla
to 2.2 Tesla, and corresponding magnetic gradients have varied
from 0.03 T/m to 100 T/m, a range that reflects magnet cost,
complexity, safety, and ease-of-use versus desired depth of
targeting  site.**  **Y  Modern neodymium-iron-boron
(Nd;,Fe4B) permanent magnets can be purchased in strengths
of up to 1.48 T and the electromagnets used in magnetic
resonance imaging systems create fields of 1 - 4.7T, with some
commercially-available MRI systems going as high as 9.4T. “"
667 In the human trials, 0.2 - 0.8 T permanent magnets were
used to target 100 nm diameter particles to 5 cm
depths.(lz’”)Targeting depths of up to 12 cm have been
reported in animal experiments using larger 500 nm to 5 pum
diameter particles and a 0.5 T permanent magnet. ©"

Both permanent and electromagnet designs can be optimized to
extend magnetic fields and gradients further out, to increase
the depth of magnetic forces. Permanent and electromagnet
designs can be optimized to extend magnetic fields and
gradients further out, to increase the depth of magnetic forces.
Particles injected through vein or artery will circulate
throughout the vasculature as the applied magnetic field
attempt confinement at the target organ or site in the body. As
a first consideration, the particles must be small (400 — 600
nm) enough to make it out from the blood vessels into
surrounding tissue to extravasate out from even 'leaky' tumor
vessels, and, more subtly and crucially, they must be small
enough to have sufficiently long in vivo residence times (larger
particles are removed faster by the mononuclear phagocyte
system; in human clinical trials Chemicell’s 100 nm particles
were shown to have 30 min plasma residence times."" ** °* 6%
™ Second, the magnetic force on these small particles is
minimal. Magnetic force scales with particle volume,
decreasing the size of a particle by a factor of 10 decreases the
magnetic force on it by 1000. Even with strong magnetic fields
(> 1 Tesla) and high magnetic gradients (= 0.5 T/cm), the
forces on ferro-magnetic nanoparticles remain extremely
small, in the range of pico-Newtons.”>”> A key issue in
magnetic drug delivery is whether the applied magnetic forces
can compete with convective blood (drag) forces that tend to
wash particles away.

Counter force on the magnetic microspheres in the blood

The force that counteracts the magnetic force on the particle in
the bloodstream is due to blood flow. Stokes Law governs the
hemodynamic forces on a particle in a flowing liquid.

F=6nnvr

Where F is the drag force, n is the viscosity of the fluid, v is the
relative velocity of a spherical particle, and r is the radius.
Other variables of concern to the body are tissue porosity to

microspheres of certain size (and resultinglvf ) and cell damage
caused by incompatible microsphere sizes and forces. A porous
tissue allows small microspheres to be easily manipulated out
of the bloodstream and into the tissue. Tight tissue structure
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requires more magnetic field force to pull the microspheres and
such interfacial transport could cause damage to the tissue.
Therefore, the microsphere size and forces needed for effective
microsphere and dependent on the drug delivery area.

Magnetization and external magnetic field

All materials are magnetic to some extent, with the degree
depending on their atomic structure and the temperature.
Electrons circulating around atomic nuclei, electrons spinning
on their axes and rotating positively-charged atomic nuclei are
all magnetic dipoles, also called magnetons. Altogether, these
effects may cancel out, so that a given type of atom may not be
a magnetic dipole. If they do not fully cancel out, however, the
atom is a permanent magnetic dipole, as in the case of iron
atoms. The strength of a magnetic dipole is called the magnetic
dipole moment and may be thought of as a measure of the
capacity of the dipole to align itself with a given external
magnetic field. When an external magnetic field (H) is applied
to a material, the atomic dipoles tend to align themselves with
the field, thereby causing a magnetic moment within the
material. The quantity of magnetic moment per unit volume is
defined as magnetization (M).

The relation between magnetization and the magnetic field is
given by:

M=x"

Where y is the volumetric magnetic susceptibility, which in SI
units is dimensionless, and both M and H are expressed in
A-m'. Magnetic materials may be conveniently classified in
terms of their y. 7 when the materials exhibit weak repulsion
(negative susceptibility, with y in the range —10—6 to —10-3),
they are termed diamagnets. If the materials show small
positive susceptibility (y in the range 10—1 to —10-6), they are
paramagnets whereas a ferromagnet is a material that exhibits
a large positive susceptibility. The magnetic properties of the
diamagnet and paramagnet do not persist if the external
magnetic field is removed whereas ferromagnetic materials
have stable magnetic properties even after removal of the
external field.

For diamagnets and paramagnets, the relationship M = y H is
usually linear. In contrast, for ferromagnets, there is no one-to-
one correspondence between H and M, and this relationship is
not linear. If a paramagnet is demagnetized (H = M = 0) and
the relationship between M and H is plotted for increasing
levels of H, then M follows the initial magnetization curve (see
figure dashed line). This curve increases rapidly at first and
then becomes asymptotic as it approaches magnetic saturation
(Ms). If H values are reduced monotonically, M follows a
different curve (see figure blue line). At H = 0, M is offset
from the origin by an amount called the remanent
magnetization, Mr, which indicates the level of residual
magnetism in the material. Therefore, the curve, of a sigmoidal
shape, tends to a point where M = 0. This is called the point of
coercivity on the curve. Therefore, the coercivity is the
magnitude of the field that must be applied in the negative
direction to bring the magnetization of the sample backto zero.
As H increases in the negative direction, the material will
again become magnetically saturated, but in the opposite
direction. Increasing H in the positive direction again will
return H to zero, and the curve returns to the saturation point
(see figure red line), where it completes the hysteresis loop.
The width of the middle section is twice the coercivity of the
material. The area of the hysteresis loop is related to the
amount of energy dissipated upon reversal of the field.

In ferromagnetic materials, magnetons are associated in groups
called domains. A magnetic domain refers to a volume of
ferromagnetic material in which all magnetonsare aligned in
the same direction by exchanging forces. A bulk ferromagnet
spontaneously subdivides into a multidomain structure to
reduce the magnetostatic energy associated with a large stray
field. "”Within each domain, the magnetization does not vary;
but between domains, there are relatively thin domain walls in
which the direction of magnetization rotates from the direction
of one domain to that of the other. The formation of the
domain walls is a process driven by the balance between the
magnetostatic energy, which increases proportionally to the
volume of material, and the domain wall energy, which
increases proportionally to the interfacial area between
domains.

M Magnetization / M

Coercivity -

Saturation
magnetization / Ms

Figure 2. M-H curves for a ferromagnetic and super paramagnetic material

Magnetical field / H

(121)



24736

Kirupakar et al. Magnetization application in the non invasive drug delivery of magnetic microspheres of the anti cancer drugs

When the size of a ferromagnetic material is reduced below a
critical value, the so-called critical diameter, more energy is
required to create a domain wall than to support the external
magneto static energy of the single domain state; the material
becomes a single domain. Critical diamateris few tens of
nanometers and depends on the material. The critical diameter
of a spherical particle is reached when the magnetostatic
energy equals the interfacial energy. A single domain particle
is uniformly magnetized with all of the spins aligned in the
same direction. The magnetization will be reversed by spin
rotation, since there are no domain walls to move. Reduction in
size causes the thermal energy to exceed the energy barrier,
which separates the two energetically-equivalent easy
directions of magnetization and the direction of the
magnetization fluctuates randomly. Such a system is named a
super paramagnet.

The magnetic moments of individual crystallites compensate
for each other, and the overall magnetic moment becomes null.
When an external magnetic field is applied, the behavior is
similar to paramagnetism, except that, instead of each
individual atom being independently influenced by an external
magnetic field, the magnetic moment of the crystallite aligns
itself with the field. Consequently, super paramagnetic
particles become magnetic in the presence of an external
magnet, but revert toa non-magnetic state when the external
magnet is removed.

This is of paramount importance when these particles are
introduced into living systems (e.g., in drug delivery), because,
once the externalmagnetic field is removed, the magnetization
disappears (they have negligible remanent magnetizationand
coercivity; see Figure), and thus, agglomeration (and the
possible embolization ofcapillary vessels) is avoided. ™® The
coercivity is zero for super paramagnets, but it increases inthe
single domain regimen and shows a peak with the development
of multiple magnetic domains, as the particles reach the
micrometer scale, the coercivity essentially becomes thesame
as that of bulk iron. The shape of the loops (see Figure) is
determined in part by particle size,in larger particles, witha
multidomain ground state, the hysteresis loop is narrow, since
it takes relatively little field energyto make the domain walls
move.while in smaller particles, there is a single domain
ground state,which leads to a broad hysteresis loop.

Magnetic Force

In order to analyze the movement of the magnetic
microparticle in a static magnetic field Senyei et al” assumed
that (1) there is no interaction between particles, (2) the
particles are perfect spheres, (3) the gravity force does not
affect the movement of the analyzed microspheres, (4) the
product

dH
H - in the measurement area is constant across the
capillary, (5) the magnetic field in x-direction
dy
dH

(along the capillary,) is constant
particle’s Reynold number is less than 1

—————— =0 and (6) the

Dx

(i.e., the friction force becomes the Stoke's force). The particle
movement in this hypothetic situation thus becomes one-
dimensional and constant and is equal to

V= vmXuoHdH /dy
3mnD

The movement of a magnetic microsphere in a well defined
magnetic field is determined by (1) the magnetic properties of
the particle (volume of the magnetic component, Vm; and
magnetic susceptibility, y), (2) the hydrodynamic properties of
the medium (viscosity, 1), and (3) the dimensions (diameter,
D) and physical properties (mass, m). When analyzing
magnetic microspheres of the same type with identical shape
and homogeneous distribution of the magnetic component, but
different particle diameter, then the velocity v can be expressed
as a function of the changing radius r or diameter D as

v= 212 fmXpoHdH /dy _ szmXuoHdH/dy
9 189

In order to effectively overcome the influence of blood flow,
and in order to achieve desired external magnetic field-
controlled guidance, the magnetic force due to the external
field must be larger than the drag force.

To a first approximation,
microsphere is governed by

the magnetic force on the

F = V(ﬁ -%) (Newtons)

whereFis the magnetic force, m is the total magnetic moment
of the material in the microsphere, V is the gradient, assumed
in our modeling to be derived from characteristics of the Bfield
alone, and Bis the magnetic flux density, also known simply as
the Bfield. Each of these quantities thus influences the degree
to which an external magnetic field may be used to guide
internal microspheres.

Magnetic guided drug targeting- Invivo administration &
retention Method

The method of magnetically-guided drug targeting (MGDT)
involves the immobilization of a drug in Magnetic particles
then,the injection of the drug/carrier complex into the subject,
either via intravenous (i.v.) or intra-arterial(i.a.) injection; and,
finally, the use of high-gradient external magnetic fields
generated by rare-earthpermanent NdFeB magnets with a
maximum surface flux density of a little overone Tesla to guide
the complex and concentrate it at the desired locations. Once
the complex is concentratedat the target in vivo, the therapeutic
agent is then released from the magnetic carrier, either via
enzymeactivity or through changes in physiological conditions,
such as pH, osmolality or temperature.

This results in increased uptake of the drug by the tumor cells
at the target sites and a limited systemicdrug concentration. **
) The method depends on physical properties,concentrations
and the amountof particles applied, and the type of binding of
the drugs. The geometry, strength andduration of the external
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magnetic field, as well as the route of injection and the
vascular supply tothe targeted tissues will all influence the
effects. The physiological parameters of the patient, such
asbody weight, blood volume, cardiac output, peripheral
resistance of the circulatory system and organfunction, will
also affect the efficiency of the external magnet; apart from the
possibility of placing themagnet in close vicinity to the target
location. %

Moreover, the administration route play role for the success of
the therapy, sincei.a. delivery avoids, or at least minimizes, the
particle clearance by the mononuclear phagocyte system (MPS)
in liver and spleen in comparison to intravenously-applied
particles for most magnetic carriers, the field strength (flux
density) at the target site should be ofthe order of 200—700 mT
with gradients along the z-axis of approximately 8100 T/m,
depending on theflow rate (higher blood flow rates require
either stronger fields or higher gradients) ®* As a
generalrule, the model indicates that when the magnetic forces
exceed the linear blood flow rates in arteries(10 cm-s—1) or
capillaries (0.05 cm-'s—1), the MNPs will be retained at the
target site and may beinternalized by the endothelial cells of the
target tissue.*®

Magnetic force and blood drag force invitro /invivo contrast
outcome

(20, 25,27,30,31,33,35,87,57,58,88-109 )
(12, 30, 59, 110)

Past animal experiments and phase [
human clinical trials have observed the
accumulation of magnetic nanoparticles by visual inspection,
magnetic resonance imaging, and histology studies. These have
shown that magnetic forces can concentrate micro- and
nanoparticles in vivo near magnets, but the details of that
concentration cannot be seen experimentally. MRI and visual
inspection do not have the resolution to show in which vessels
magnetic forces have exceeded blood drag forces, and they
certainly cannot show where in the vessel accumulation is
occurring.

Equally, histology studies are carried out after the animal has
been sacrificed and blood flow stopped; they speak only
partially to where in the blood vessels the particles might have
been. Alexander nacev et al. did simulation study to map the
parameter space and characterize what should happen in an
idealized blood vessel in terms of applied magnetic force
strength and blood flow velocity. Liibbe and Bergemann et al
used a 0.5 Tesla, 5 cm long, 5 mm wide permanent magnet to
focus 250 nm diameter iron-oxide nanoparticles. Even for a
particle at a distance of just | mm away from the magnet (just
below skin depth), the magnetic force on this particle,
including the effect of particle magnetic saturation and using an
exact solution for the magnetic field around the magnet, is only
about 1 x 10" N. ™D By comparison, the Stokes blood
drag force on the same particle, for the slowest measured 0.1
mm/s blood-flow velocities in rat capillaries, is 7 x 10" N, a
factor of x 7 greater. !'>119

This simple comparison suggests that the field gradient near the
magnet cannot capture a 250 nm particle against even the
weakest blood flow in a rat. Dark spots of the particles were
seen in the rats. The study was carried out while the rats were

alive and their blood was flowing, and it has been repeated
even with 100 nm diameter particles where the magnetic forces
are 2.5° = 15.625 times smaller. Clearly, a crude comparison of
magnetic forces per particle to Stokes drag is insufficient to
match in vivo behavior. This mismatch is also apparent in the
literature both for in vitro and in vivo experiments. In in-vitro
studies, %9 particles were focused even when centerline
stokes drag forces exceeded magnetic forces.

In the in vivo cases, *> 3> °) Stokes drag due to the slowest
blood flow in the animals/humans exceeded maximum
magnetic forces yet particle focusing was still observed.
Above deficient is due to two main reasons. One, the blood
flow drag forces on the particle vary with its position in the
blood vessel with high velocity at the center of the vessel
hence a higher drag force, but a particle near the blood vessel
wall will have zero blood velocity. This decrease in velocity is
due to the flow resistance provided by the vessel wall, the 'no-
slip' boundary condition. “*"'® "' Thus a particle near the
vessel wall will experience a much smaller drag force and can
potentially be held by a much smaller magnetic force. Second,
the particles might agglomerate to some degree even though
they are typically engineered to minimize agglomeration, !'*''*
™ This will increase the magnetic force, which grows with
volume, much faster than the Stokes drag, which grows with
diameter, thus increasing trapping. The magnetic moments of
microspheres can be increased in three ways: - By clustering
magnetite at the center of each sphere to produce large macro
domains. By magnetizing the spheres to saturation levels prior
to vascular targeting. By substituting one of the newer
ferromagnetic materials that has high susceptibility than
Fe304.""

Conclusion

Strong magnetic field required for the ferrofluid and deposition
of magnetite the magnetic microcarriers still play an important
role in the selective targeting, and the controlled delivery of
various drugs. It is a challenging area for future research in the
drug targeting so more researches, long term toxicity study, and
characterization will ensure the improvement of magnetic drug
delivery system. Huge progress in the technology has led to the
development of manetic materials with properties that promise
breakthroughs in a vast number of potential applications such
as gene therapy, destroying built up plaque in arteries, image
and extract foreign metallic and ferric objects from the body,
and affect cancer therapies of in-vitro vesicular blockage,
targeted radiation therapy, and hyperthermia.

Furthermore, it has fostered the emergence of magnetic
microspheres & magnetic nanoparticles , with the potential for
providing revolutionary approaches to the diagnosis and
treatment of some fatal diseases. Maneuverability and control
over magnetic property allows noninvasive drug delivery and
the ability to pass through tissue and even cell walls instead of
cutting or lysing them to obtain internal access to a material or
body. There have been many uses of magnet manipulation in
the human body. However, magnetic microspheres and
magnetic nanoparticles ofanti cancer drug yet to emerge that
combines the techniques presented with various applications
used by the medical practitioners.
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