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Abstract: Magnetic nanoparticle drug carriers continue to attract considerable interest for drug
targeting in the treatment of cancers and other pathological conditions. The efficient delivery of
therapeutic levels of drug to a target site while limiting nonspecific, systemic toxicity requires
optimization of the drug delivery materials, the applied magnetic field, and the treatment protocol.
The history and current state of magnetic drug targeting is reviewed. While initial studies involved
micrometer-sized and larger carriers, and work with these microcarriers continues, it is the sub-
micrometer carriers or nanocarriers that are of increasing interest. An aspect of magnetic drug
targeting using nanoparticle carriers that has not been considered is then addressed. This aspect
involves the variation in the magnetic properties of the nanocarriers. Quadrupole magnetic field-
flow fractionation (QMgFFF) is a relatively new technique for characterizing magnetic nanopar-
ticles. It is unique in its capability of determining the distribution in magnetic properties of a
nanoparticle sample in suspension. The development and current state of this technique is also
reviewed. Magnetic nanoparticle drug carriers have been found by QMgFFF analysis to be highly
polydisperse in their magnetic properties, and the strength of response of the particles to magnetic
field gradients is predicted to vary by orders of magnitude. It is expected that the least magnetic
fraction of a formulation will contribute the most to systemic toxicity, and the depletion of this
fraction will result in a more effective drug carrying material. A material that has a reduced
systemic toxicity will allow higher doses of cytotoxic drugs to be delivered to the tumor with
reduced side effects. Preliminary experiments involving a novel method of refining a magnetic
nanoparticle drug carrier to achieve this result are described. QMgFFF is used to characterize
the refined and unrefined material.
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Introduction

Nonspecificity of chemo- and radiotherapies is a major
hindrance to the effective treatment of well-defined tumors.
When cytotoxic drugs or radiotherapeutic agents are admin-
istered to the bloodstream, they are systemically distributed,
and healthy cells are attacked in addition to the tumor cells.
This limits the dose that can be safely administered to the
patient and reduces the potential effectiveness of the drug
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or radiotherapeutic agent for the tumor cells. Targeting of
the cytotoxic agent to the tumor cells offers the potential
for allowing the administration of higher localized drug doses
while reducing the dose to non targeted areas. The focusing
of magnetic drug-carrying particles using localized magnetic
fields remains a potentially effective approach to the targeting
of cytotoxic agents.

Magnetic Microcarriers for Drug Targeting. The trans-
port of fine magnetic particles carrying radioactive materials
or drugs through the vascular system with their subsequent
focusing at localized parts of the body using magnetic fields
was proposed by Freeman, Arrott, and Watson in 1960."
Meyers and co-workers™® were shortly afterward able to

10.1021/mp900018v CCC: $40.75 © 2009 American Chemical Society
Published on Web 07/10/2009



Study of Magnetic Nanoparticle Drug Carriers

reviews

demonstrate the magnetic focusing of intra-arterially injected
1 to 3 um radioactive iron (*’Fe) particles in dogs. In 1971,
Nakamura et al.* reported the localized capture of magnetic
particles introduced into the blood circulation of both rats
and dogs. Magnetic drug targeting was first explored in the
late 1970s and through the 1980s, this early literature being
reviewed in 1989 by Gupta and Hung.’ Micrometer-sized
and larger magnetic carriers, such as erythrocytes,® "’
liposomes,'*'" emulsions,'*~ '3 starch microspheres,'®!” and
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riers. The carriers were in each case loaded with magnetic
nanoparticles and a chemo- or radiotherapeutic agent. The
magnetic fields used to target the carriers were provided by
simple magnets or magnetic pole pieces placed over the
targeted area. The strength of the field was considered to be
sufficient if the induced magnetophoretic velocity of a
microsphere carrier particle exceeded the estimated mean
blood flow velocity in the arteriocapillary blood supply to
the tumor.*® Ovadia et al.*' pointed out that typical magnetic
carriers are essentially saturated at 4000 G (0.4 T) and that
the magnitude of the field gradient then governs their
focusing. This was consistent with their observation of the
focusing of magnetic carriers at the edges of their magnet
pole piece where the field gradients were highest, a phe-
nomenon they referred to as the “edging effect”. Targeting
an area with the face of a simple magnet could result in
focusing of magnetic drug carriers more strongly to cells
adjacent to the target. They proposed that the edge effect
could be used to target specific areas by careful orientation
and positioning of the magnet.

Interest in the use of these relatively large microcarriers
(i.e., magnetic carriers larger than 1 um in diameter) has
continued to the present day. They are considered by some
to be advantageous because magnetic forces due to interac-
tion with magnetic field gradients are expected to be large
enough to counter hydrodynamic forces due to blood flow
in the larger blood vessels. They could be captured from
blood flow by applying an external magnetic field.**>> The
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capture of magnetic microparticles from blood flow could
also be enhanced by implanting magnetizable needles, wires,
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magnetically labeled stem cells could be targeted to specific
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parts of the body using external magnetic fields.®> The
modeling of magnetic microcarrier capture can be carried
out by trajectory calculations (see, for example, refs 19, 47,
50—52, 54, 56—60, 62, 63, and 66), since Brownian diffusion
is negligible. In the special cases of implanted needles, wires,
or stents that are magnetized by an external magnetic field,
the theory initially developed for high gradient magnetic
separation (HGMS)®"~7! could be adapted.’® 8096263 There
are certain drawbacks associated with the use of magnetic
microcarriers, however. For example, they may be large
enough to cause blockage of smaller capillaries, and have a
greater tendency to aggregate which may exacerbate the
problem.72 Also, their circulation time tends to be shorter
than that of smaller particles, as they tend to be taken up by
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the reticuloendothelial system (RES) more quickly, as
discussed below.

Magnetic Nanocarriers for Drug Targeting. Goodwin
et al.”>7* observed extravasation of magnetic carriers (iron/
carbon particles of diameter 0.5 to 5 um, with 95% < 3 yum)
in targeted areas of the liver in pigs. This, they claimed, was
a mechanism for retention of the carriers at the targeted site
after the removal of the magnetic field. The same magnetic
carriers incorporating doxorubicin were later used for a study
of intravesical magnetic targeting of the bladder wall in
healthy pigs using an externally applied neodymium—iron—
boron (NdFeB) magnet (0.5 T).”” Following a 30 min
exposure to the magnet the carriers were found to be retained
within the layers of the epithelium at the targeted sites.
Smaller magnetic carriers tend to extravasate more easily
than microcarriers, and extravasation into tumors is aided
by the higher microvascular permeability and higher inter-
stitial diffusion observed for both carrier and drug in
neoplastic tissue.”*”’® A study of a human colon adenocar-
cinoma in immunodeficient mice indicated a vascular pore
cutoff of between 400 and 600 nm.” A later study of a
variety of tumor types has shown that most exhibit a vascular
pore cutoff size between 380 and 780 nm.* In addition, it
has also been observed that intracellular uptake of particles
increases as size is reduced, and nanoparticles are preferen-
tially taken up in comparison to microparticles.®' ~** This is
important because uptake of the carrier particles into the
tumor cells can be a contributing mechanism for the efficient
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delivery of the drug. Studies®* ™% of liposomes circulating

in the blood system (see also refs 88 and 89) had revealed
that circulation times were a function of their size as well
as the chemistry, surface charge, and rigidity of their surface
membrane. Smaller, unilamellar liposomes (<~200 nm
diameter) were not so quickly taken up by the reticuloen-
dothelial system (RES) as larger multilamellar liposomes.
A sufficiently long circulation time is also important for
maximizing the possibility of capture at the targeted site.
The various factors involved in the extension of circulation
time and transfer of drug to the cell have been reviewed.”**

In 1997, Liibbe and co-workers carried out the first phase
I clinical trial of magnetically targeted nanoparticles to
deliver the anticancer drug 4’-epidoxorubicin to advanced
solid tumors in 14 patients”** (see also the discussion
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different size and different composition in a magnetic field.
In each case the value of the Peclet number (Pe), which is
a measure of the ratio of magnetic and Brownian forces, was
taken to determine when capture occurs. Cotten and Eldredge
took the conservative threshold of Pe > 10 to define capture.
In addition, the polydispersity in the magnetic properties of
the nanocarriers has not been considered, partly because, until
recently, there was no way of measuring the magnetic
polydispersity. (Polydispersity in overall size of the nano-
carriers was generally noted.) The consideration of the
polydispersity in the magnetic properties of the drug carrier
is critically important for the development of effective
magnetic targeting because the presence of a significant
fraction of weakly magnetic drug carriers in a formulation
will contribute to systemic toxicity. The depletion of the
weakly magnetic fraction from a polydisperse formulation
will therefore reduce systemic toxicity, and allow the use of
higher and more effective drug dosage.

In this work we report preliminary experiments involving
the depletion of the less magnetic fraction of a magnetic drug
carrier formulation using a magnetic flow-through device.
The magnetic properties of the refined and unrefined
formulations were determined using quadrupole magnetic
field-flow fractionation.

Field-Flow Fractionation. The two closely related sepa-
ration techniques field-flow fractionation (FFF)'®>~'%® and
split-flow thin channel (SPLITT) fractionation'®~'7? were
invented by J. Calvin Giddings at the University of Utah.
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The initial concept for each of the systems was based on
separation within a fluid that is driven along a thin, planar,
parallel-walled channel with a field applied across the thin
dimension of the channel, perpendicular to the flow. The
majority of systems still utilize channels of planar geometry.
The materials separated range from polymeric materials in
solution, through colloids, up to particles of tens of mi-
crometers in diameter.

Field-flow fractionation (FFF) is an analytical technique
that is similar in some ways to chromatography. As in
chromatography, a separation of a small sample into its
components is achieved within a flow of a carrier fluid along
a separation channel. Whereas chromatography exploits
differences in partition between mobile and stationary phases
to separate sample components as they are carried along a
column, FFF separation is achieved within the flowing
mobile phase alone and does not utilize a stationary phase.
The FFF channel need not be planar, but it must be thin,
and have a cross section of high aspect ratio and a constant
thickness. A field or field gradient of some type must be
applied across the channel thickness. The nanoparticles to
be separated interact with the field or field gradient and are
driven toward one of the channel walls. The increase of
particle concentration close to the wall is opposed by
diffusion and a steady-state concentration distribution is
quickly approached in the thin channel. In the ideal case, it
is assumed that there is no particle—particle or particle—wall
interaction. For a uniform collection of nanoparticles, the
steady-state concentration profile then takes the form

c(x) = ¢ exp(—%) = ¢, exp(—ﬁ) (1)

where c(x) is the local concentration at distance x from the
channel wall, ¢, is the concentration at the channel wall, |ul
is the magnitude of the particle velocity toward the wall due
to its interaction with the field, D is the particle diffusion
coefficient, w is the channel thickness, and the dimensionless
A is the so-called retention parameter. This is given by

_ D _ kI (2)

lulw |Flw

in which k is the Boltzmann constant, 7 is the absolute
temperature, and |F1 is the magnitude of the force on a single
particle toward the wall due to its interaction with the field.
The final form on the right-hand side of eq 2 is obtained by
substituting the Stokes—Einstein equation for D (D = kT/f,
where f'is the particle friction coefficient), and realizing that
u = F/f. The influence of particle friction coefficient on the
diffusion coefficient and on the field-induced velocity

(171) Gao, Y.; Myers, M. N.; Barman, B. N.; Giddings, J. C.
Continuous fractionation of glass microspheres by gravitational
sedimentation in split-flow thin (SPLITT) cells. Part. Sci.
Technol. 1991, 9 (3—4), 105-118.

(172) Giddings, J. C. Optimization of transport-driven continuous
SPLITT fractionation. Sep. Sci. Technol. 1992, 27 (11), 1489—
1504.

VOL. 6, NO. 5 MOLECULAR PHARMACEUTICS 1297



reviews

Williams et al.

cancels, and the concentration profile is seen to be a function
of only the force experienced by the particles. Particles that
interact strongly with the field form thin steady-state zones
close to the wall, while particles that interact less strongly
form more diffuse steady-state zones. With the flow of fluid
along the channel, having a parabolic velocity profile with
maximum velocity at the channel center and zero velocity
at the walls, those particles that are confined to thin zones
next to the wall are carried more slowly than those forming
more diffuse zones. The elution times for the particles are
therefore a function of the strength of their interaction
with the applied field; those that interact weakly elute before
those that interact more strongly. A chromatographic detector
at the channel outlet yields an elution curve of particle
concentration as a function of elution time that is known as
a fractogram.
For a plane, parallel-plate channel, the elution time #, for
a steady-state zone of uniform particles is given by
L £ _ P _ P _ ﬁ
" R O6A(coth(1/24) —24) 6A(1 —24) 64 )

in which #° is the time for a nonretained material to pass
through the channel, and R is the so-called retention ratio.
The penultimate form on the right-hand side is accurate to
within 0.37% for A < 0.15, while the final approximation is
the limiting form for A — 0 (in fact, it is only 10% in error
at 4 = 0.05).

As mentioned earlier, most implementations of both FFF
and SPLITT fractionation have employed plane, parallel-
plate geometry. The first FFF channels were constructed
using two flat-faced blocks, clamped around a thin spacer
(usually Teflon, Mylar, or polyimide) out of which the
channel outline had been cut. Ducts through the blocks
conveyed the carrier solution to and from the ends of the
channel. Planar channels are suited to those fields that can
be applied uniformly across the thickness of the channel.
Such channels are still in use for gravitational,'”?~'">
thermal,'’®"'7® electrical,'”®'%° and flow'®"!3? FFF. The
design was modified for sedimentation FFF where the

(173) Berg, H. C.; Purcell, E. M.; Stewart, W. W. A method for
separating according to mass a mixture of macromolecules or
small particles suspended in a fluid, II. Experiments in a
gravitational field. Proc. Natl. Acad. Sci. U.S.A. 1967, 58 (4),
1286-1291.

(174) Giddings, J. C.; Myers, M. N. Steric field-flow fractionation: A
new method for separating 1 to 100 um particles. Sep. Sci.
Technol. 1978, 13 (8), 637-645.

(175) Giddings, J. C.; Myers, M. N.; Caldwell, K. D.; Pav, J. W. Steric
field-flow fractionation as a tool for the size characterization of
chromatographic supports. J. Chromatogr. 1979, 185, 261-271.

(176) Thompson, G. H.; Myers, M. N.; Giddings, J. C. Thermal field-
flow fractionation of polystyrene samples. Anal. Chem. 1969,
41 (10), 1219-1222.

(177) Hovingh, M. E.; Thompson, G. H.; Giddings, J. C. Column
parameters in thermal field-flow fractionation. Anal. Chem. 1970,
42 (2), 195-203.
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channel is wrapped around a centrifuge basket.'®* However,
the centrifugal field in this case still acts uniformly across
the channel thickness. There has been some success in
development of hollow fiber flow FFF which uses a perme-
able capillary tube as the channel.'®* '8¢ In this case the
out-flow through the tube walls exerts a radial drag force on
the particles. Quadrupole magnetic FFF (QMgFFF) uses a
quadrupole magnetic field in which field increases linearly
from the axis in all directions. Such a field is axisymmetric,
implying no dependence on angular direction. A channel
occupying an annular space within the aperture of the
quadrupole field is therefore optimum.

Magnetic Field-Flow Fractionation. Prior to the devel-
opment of quadrupole magnetic FFF there were several
attempts to develop magnetic FFF, but, for various reasons,
they did not result in much success. Vickrey and Garcia-
Ramirez,'®” Mori,'®® and, more recently, Williams and co-
workers'® used tubular channels with transverse field
gradients. Such an arrangement is far from ideal.'®”'*°
Mori'®® demonstrated only slight retardation of Ni** com-
plexes with BSA, egg albumin, and EDTA. Williams et al.'®’
were able to show some retention of 12.5 nm CoFe,O,
particles relative to the suspending fluid.

(178) Giddings, J. C.; Martin, M.; Myers, M. N. High-speed polymer
separations by thermal field-flow fractionation. J. Chromatogr.
1978, 158, 419-435.

(179) Caldwell, K. D.; Kesner, L. F.; Myers, M. N.; Giddings, J. C.
Electrical field-flow fractionation of proteins. Science 1972, 176
(4032), 296-298.

(180) Caldwell, K. D.; Gao, Y.-S. Electrical field-flow fractionation
in particle separation. 1. Monodisperse standards. Anal. Chem.
1993, 65 (13), 1764-1772.

(181) Giddings, J. C.; Yang, F. J. F.; Myers, M. N. Flow field-flow
fractionation: A versatile new separation method. Science 1976,
193 (4259), 1244-1245.

(182) Giddings, J. C.; Yang, F. J.; Myers, M. N. Theoretical and
experimental characterization of flow field-flow fractionation.
Anal. Chem. 1976, 48 (8), 1126-1132.

(183) Giddings, J. C.; Yang, F. J. F.; Myers, M. N. Sedimentation field-
flow fractionation. Anal. Chem. 1974, 46 (13), 1917-1924.

(184) Jonsson, J. A.; Carlshaf, A. Flow field flow fractionation in
hollow cylindrical fibers. Anal. Chem. 1989, 61 (1), 11-18.

(185) Wijnhoven, J. E. G. J.; Koorn, J. P.; Poppe, H.; Kok, W. T.
Hollow-fibre flow field-flow fractionation of polystyrene sul-
phonates. J. Chromatogr. A 1995, 699 (1—2), 119-129.

(186) Reschiglian, P.; Roda, B.; Zattoni, A.; Min, B. R.; Moon, M. H.
High performance, disposable hollow fiber flow field-flow
fractionation for bacteria and cells. First application to deactivated
Vibrio cholerae. J. Sep. Sci. 2002, 25 (8), 490-498.

(187) Vickrey, T. M.; Garcia-Ramirez, J. A. Magnetic field-flow
fractionation: theoretical basis. Sep. Sci. Technol. 1980, 15 (6),
1297-1304.

(188) Mori, S. Magnetic field-flow fractionation using capillary tubing.
Chromatographia 1986, 21 (11), 642—644.

(189) Latham, A. H.; Freitas, R. S.; Schiffer, P.; Williams, M. E.
Capillary magnetic field flow fractionation and analysis of
magnetic nanoparticles. Anal. Chem. 2005, 77 (15), 5055-5062.

(190) Giddings, J. C., The field-flow fractionation family: Underlying
principles. In Field-Flow Fractionation Handbook; Schimpf,
M. E., Caldwell, K., Giddings, J. C., Eds. John Wiley & Sons:
New York, NY, 2000; pp 3—30.
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Schunk, Gorse, and Burke'®!'"? used a parallel-plate
channel with a magnetic field provided by an electromagnet.
A maximum field of about 275 G (0.0275 T) and field
gradient of about 21 G/mm (2.1 T/m) were obtainable, with
less than 1% variation in field along the length of the channel.
They were able to separate singlet from doublet 0.8 um rod-
shaped iron oxide particles used in the recording industry
(i.e., fairly large, high susceptibility particles). The relatively
weak field and field gradient would be insufficient to retain
particles that are much smaller than those separated.

In 1986, Semenov and Kuznetzov'®® suggested a very
different approach to the design of a magnetic FFF system.
They proposed that a ferromagnetic wire be placed at the
axis of a tubular channel mounted perpendicular to a uniform
magnetic field. The field magnetizes both the wire and the
particles to be separated. They presented calculations that
suggested that retention of both paramagnetic and diamag-
netic particles would be possible in such a system. The
coaxial channel geometry is also not ideal for FFF, however.
The force on retained particles would rapidly increase as the
wire is approached, which would tend to induce particle
capture. Also, the force is not axisymmetric around the wire,
but alternates between attraction and repulsion at 90-degree
intervals. Therefore, only a fraction of the small surface of
the wire would serve as the accumulation wall, which would
make the system highly susceptible to overloading. In the
same year, Semenov'?* proposed a parallel-plate magnetic
FFF channel in which the field would be provided by the
induced magnetization of parallel ferromagnetic wires ar-
rayed uniformly in the surface of one of the walls. The wires
were to lie in the direction of flow, and the field was to be
applied across the channel thickness. He presented a theoreti-
cal study of the proposed system and concluded that it would
be more efficient than the coaxial system. Such an arrange-
ment would help to alleviate overloading, although the strong
spatial variation in force on the particles would remain. It
will be appreciated that the use of ferromagnetic wires in
a magnetic field results in very short-range high gradient
magnetic fields, on the order of the wire diameter, that are
more suited to particle capture as in the high gradient
magnetic separation (HGMS) systems.%”+15%:161

(191) Schunk, T. C.; Gorse, J.; Burke, M. F. Parameters affecting
magnetic field-flow fractionation of metal oxide particles. Sep.
Sci. Technol. 1984, 19 (10), 653—-666.

(192) Gorse, J.; Schunk, T. C.; Burke, M. F. The study of liquid
suspensions of iron oxide particles with a magnetic field-flow
fractionation device. Sep. Sci. Technol. 1984—1985, 19 (13—
15), 1073-1085.

(193) Semenov, S. N.; Kuznetsov, A. A. Flow fractionation in a
transverse high-gradient magnetic field. Russ. J. Phys. Chem.
1986, 60 (2), 247-250.

(194) Semenov, S. N. Flow fractionation in a strong transverse
magnetic field. Russ. J. Phys. Chem. 1986, 60 (5), 729-731.

From 1994, Ohara and co-workers'*>~2°* have pursued
an approach to magnetic FFF similar in concept to that
proposed by Semenov.'”* The majority'*>~2°% of their
publications describe theoretical studies and simulations.
They refer to the technique as magnetic chromatography,
even though no partition between phases is involved. In 2002,
Mitsuhashi et al.?** reported an experimental implementation
with which they were able to show slight retention of some
transition metal salts, although band spreading was extremely
high.

A theoretical study of a system referred to as magnetic
FFF was presented in 2001.2** However, although the system
involved a flow of fluid in a parallel-plate channel with a
transverse magnetic field, the model did not describe FFF
in its accepted sense.

Quadrupole Magnetic Field-Flow Fractionation. Quad-
rupole magnetic field-flow fractionation (QMgFFF)?*>~2%°
makes use of a quadrupole magnetic field that has the

(195) Ohara, T.; Mori, S.; Oda, Y.; Yamamoto, K.; Wada, Y.;
Tsukamoto, O. FFF using high gradient and high intensity
magnetic field: process analysis. Presented at the Fourth Inter-
national Symposium on Field-Flow Fractionation (FFF94), Lund,
Sweden, 1994.

(196) Tsukamoto, O.; Ohizumi, T.; Ohara, T.; Mori, S.; Wada, Y.
Feasibility study on separation of several tens nanometer scale
particles by magnetic field-flow-fractionation technique using
superconducting magnet. /[EEE Trans. Appl. Supercond. 1995,
5 (2 Part 1), 311-314.

(197) Ohara, T.; Mori, S.; Oda, Y.; Wada, Y.; Tsukamoto, O.
Feasibility of using magnetic chromatography for ultra-fine
particle separation. Proc. IEE Jpn.—Power Energy 1995, 161—
166.

(198) Ohara, T.; Mori, S.; Oda, Y.; Wada, Y.; Tsukamoto, O.
Feasibility of magnetic chromatography for ultra-fine particle
separation. Trans. IEE Jpn. 1996, 116-B (8), 979-986.

(199) Wang, X.; Ohara, T.; Whitby, E. R.; Karki, K. C.; Winstead,
C. H. Computer simulation of magnetic chromatography system
for ultra-fine particle separation. Trans. IEE Jpn. 1997, 117-B
(11), 1466-1474.

(200) Ohara, T., Feasibility of using magnetic chromatography for ultra-
fine particle separation. In High Magnetic Fields: Applications,
Generations, Materials; Schneider-Muntau, H. J., Ed.; World
Scientific: Hackensack, NJ, 1997; pp 43—55.

(201) Ohara, T.; Wang, X.; Wada, H.; Whitby, E. R. Magnetic
chromatography: Numerical analysis in the case of particle size
distribution. Trans. IEE Jpn. 2000, 120-A (1), 62-67.

(202) Karki, K. C.; Whitby, E. R.; Patankar, S. V.; Winstead, C.; Ohara,
T.; Wang, X. A numerical model for magnetic chromatography.
Appl. Math. Modell. 2001, 25 (5), 355-373.

(203) Mitsuhashi, K.; Yoshizaki, R.; Ohara, T.; Matsumoto, F.; Nagai,
H.; Wada, H. Retention of ions in a magnetic chromatograph
using high-intensity and high-gradient magnetic fields. Sep. Sci.
Technol. 2002, 37 (16), 3635-3645.

(204) Berthier, J.; Pham, P.; Massé, P. Numerical modeling of magnetic
field flow fractionation in microchannels: A two-fold approach
using particle trajectories and concentration; 2001 International
Conference on Modeling and Simulation of Microsystems, Hilton
Head Island, SC; 2001; pp 202—205.

(205) Williams, P. S.; Moore, L. R.; Chalmers, J. J.; Zborowski, M.
The potential of quadrupole magnetic field-flow fractionation for
determining particle magnetization distributions. Eur. Cells
Mater. 2002, 3 (Suppl. 2), 203-205.
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property of being axisymmetric. Inside the aperture of the
quadrupole, the magnitude of the magnetic field increases
in direct proportion to the distance from the axis. The
gradient in magnetic field is therefore constant within the
aperture and is directed away from the axis. A thin helical
channel is used to exploit the axisymmetric field. The channel
is machined into the surface of a precision-turned, hard
polymer rod (Delrin from du Pont) that fits tightly into an
internally polished stainless steel tube.?’°>°® The channel
is mounted in the aperture of the quadrupole magnet such
that the tube makes close contact with the pole pieces. The
channel is thereby held axisymmetrically with the field. The
magnitude of the magnetic field is therefore constant and
maximized at the outer channel wall, and the field gradient
across the channel thickness is constant throughout the
channel. If it is assumed that there is no interaction between
particles, as for other forms of FFF, then the dependence of
R on A for the helical channel would deviate only to a small
extent from that shown in eq 3 which is valid for the parallel-
plate channels.?® The dependence converges to the relation-
ship in eq 3 as w/r, — 0.

QMgFFF separates magnetic nanoparticles according to
their response to the magnetic field gradient. It is precisely
this property that is exploited for magnetic targeting, and
the range of variation of the response is of critical importance
when highly cytotoxic drugs are to be confined to specific
areas of the body. The force F,, (vector quantities are
depicted in boldface) on a magnetized particle in a magnetic
field gradient is given by the equation

F, = V,MVB @)

in which V,;, is the volume of magnetized material incorpo-
rated in the particle, M is the magnetization of this material
in the magnetic field, and VB is the gradient in the magnetic
field (a vector). The other components making up the
nanoparticle, including coatings and cytotoxic drugs, will
generally have insignificant response to the magnetic field.
In a quadrupole field, the gradient of the magnetic field is
directed away from the axis and, as mentioned above, is
constant and equal to B,/r, where B, is the magnitude of the
field at the outer wall of radius r,. In the quadrupole field,

(206) Carpino, F.; Moore, L. R.; Chalmers, J. J.; Zborowski, M.;
Williams, P. S. Quadrupole magnetic field-flow fractionation for
the analysis of magnetic nanoparticles. J. Phys.: Conf. Ser. 2005,
17, 174-180.

(207) Carpino, F.; Moore, L. R.; Zborowski, M.; Chalmers, J. J.;
Williams, P. S. Analysis of magnetic nanoparticles using
quadrupole magnetic field-flow fractionation. J. Magn. Magn.
Mater. 2005, 293 (1), 546-552.

(208) Carpino, F.; Zborowski, M.; Williams, P. S. Quadrupole magnetic
field-flow fractionation: A novel technique for the characteriza-
tion of magnetic nanoparticles. J. Magn. Magn. Mater. 2007,
311 (1), 383-387.

(209) Williams, P. S.; Carpino, F.; Zborowski, M. Theory for nano-
particle retention time in the helical channel of quadrupole
magnetic field-flow fractionation. J. Magn. Magn. Mater. 2009,
321 (10), 1446-1451.
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the magnitude of force F, on a magnetized particle is
directed away from the axis, and is given by

F, =V _MBJr, Q)

Consideration of eqs 2, 3, and 5 shows that, with
knowledge of the dependence of M on B, the fractogram
may be transformed into a volume or mass distribution curve
of magnetite (or any other magnetic material) among the
particles.’®® The polydispersity of the particulate material
with respect to magnetic material content is therefore
obtained. The transformation requires only knowledge of the
magnetization curve (magnetization M as a function of
magnetic field B) for the magnetic material incorporated into
the particles. More importantly, the volume or mass distribu-
tion of magnetic material is directly related to the distribution
in the strength of the response of the magnetic drug carriers
to a nonuniform magnetic field. It is important to point out
that QMgFFF yields the distribution in the strength of
interaction with a magnetic field without any assumption
regarding the shape of that distribution, such as a normal or
log—normal distribution. This property is of critical relevance
to the effectiveness of magnetic targeting where it is the least
magnetic fraction that is expected to contribute most to
systemic toxicity.

Volume distributions of magnetite V,, in the particles may
be transformed into distributions of equivalent spherical
diameters d,, of magnetite. It may be seen from eqgs 2, 3,
and 5 that, under a given set of experimental conditions, the
elution time for particles increases in almost direct proportion
to the volume of magnetite V,,, and therefore, with the cube
of the equivalent spherical diameter of magnetite d,,. In the
terminology of separation science, the separation is consid-
ered highly selective with respect to d,,. The selectivity with
respect to dy, is defined by the equation

dlnz,  d, dr,
dind_ ~ 1 dd

r m

Sdy,) = (6)

and we see that S(d,,) approaches 3. This high selectivity
presents a problem for the analysis of polydisperse materials
under constant conditions. Particles having a 3-fold difference
in d,, would have a 27-fold difference in elution time. It is
not only the inconvenience of widely differing elution times
that is the problem; the more strongly retained fractions
become increasingly diluted in the outlet stream. The dilution
of the more strongly retained fractions reduces their detect-
ability. A technique to circumvent this problem is to
gradually reduce the field gradient during the elution of a
sample. This is known as field decay programming, or simply
field programming. It is analogous to solvent programming
in liquid chromatography or temperature programming in gas
chromatography.

The procedure for analysis of a polydisperse nanoparticu-
late sample is briefly described as follows. A small sample
of a suspension of the nanoparticles is introduced to the
sample loop of an injection valve. The current to the
electromagnet is set to some initial level, and the sample is
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carried onto the channel using a relatively slow flow rate of
carrier fluid. The carrier fluid flow is then interrupted, and
the sample particles are allowed to reach their steady-state
distribution across the channel thickness under stopped flow
conditions. The carrier fluid flow is then reestablished at
some flow rate selected for the elution. At the same time,
the programmed decay of current to the electromagnet, which
produces the desired decay in field gradient, is initiated. This
may consist of some initial period where the field gradient
is held constant, followed by a decay of field gradient that
follows some mathematical function of time. This results in
a timely elution of the more magnetic fractions of a sample,
while adequately retaining the lesser magnetic fractions at
the initial high field gradient. The nanoparticles are eluted
in the order of increasing strength of interaction with the
magnetic field gradient.

Adaptation of QMgFFF to Refinement of Magnetic
Drug Carrier Formulations. The very high selectivity of
QMgFFF may be exploited to carry out small, batchwise
binary, or indeed higher order, fractionations of polydisperse
magnetic particulate materials. Such fractionations may be
accomplished by employing step functions in magnetic field
gradient. A single step yields a binary fractionation, two steps
a ternary fractionation, and so on. The concept may be
explained as follows for a simple binary fractionation.
Suppose the sample is introduced to the channel at some
initial magnetic field gradient that is sufficient to retain a
fraction of the particle population at a retention ratio of less
than 0.1 (corresponding to 4 < 0.0173), for example. The
majority of this fraction will be retained to a much stronger
degree, of course. However, those particles carrying less
magnetite will be retained to a much lesser degree. If the
channel is then flushed with around 10 channel volumes of
carrier fluid, the retained fraction will remain in the channel.
In fact, the more strongly retained material in this fraction
will remain close to the channel inlet. The particles carrying
less magnetite will be carried off the channel by the flow of
carrier fluid, and these may be collected if desired. The
removal of the channel from the magnetic field gradient then
allows the retained particles to redistribute across the channel
thickness (a process known as secondary relaxation in the
FFF terminology) and be carried from the channel by the
continuing flow of fluid and be collected in a second fraction.
The stepwise reduction in field gradient may be carried out
under stopped flow conditions or without interruption of flow.

This relatively crude methodology constitutes a significant
advance in selection for the more magnetic fraction of a
nanoparticle drug formulation. The approach to steady-state
distribution across the channel thickness is relatively fast
because of the small thickness of the channel. The magnetic
field and field gradient are uniform throughout the channel.
The volume of sample that may be loaded on the channel
can be relatively large. For analytical purposes, where
separation efficiency is important, sample volumes are
usually small compared to channel volume. However, a
simple binary fractionation does not require high efficiency.
The sample particles carrying larger amounts of magnetite

will start to relax to the wall during sample loading, and
this is facilitated by loading at slow carrier flow rates. If the
object of the fractionation is to collect only the more
magnetic fraction, then it is possible to load a sample having
a volume comparable to the channel volume, or even
exceeding the channel volume. There will tend to be a
buildup of magnetic particle concentration in the channel,
particularly close to the channel inlet, but this should not
adversely affect the fractionation. Some of the less magnetic
particles may be carried out of the channel during the period
of sample loading, but if the interest is in collecting only
the more magnetic fraction, then this is unimportant.

Experimental Section

Materials. The magnetic nanoparticle drug carrier was
kindly provided by the laboratory of Dr. Vinod Labhasetwar
(Department of Biomedical Engineering, Lerner Research
Institute, Cleveland Clinic). The preparation of the material
has been described in the literature.'!'*?'%?!! The particles
were water-dispersible oleic acid-Pluronic-coated iron oxide
magnetic nanoparticles. They may be loaded with hydro-
phobic anticancer agents that partition into the oleic acid
coating around the iron oxide core. The outer coating of
Pluronic F-127 on the particles served to stabilize their
suspension in water. The particles used in this study did not
carry a drug, but the mechanism of fractionation of the
magnetic nanoparticles is not influenced by the inclusion or
absence of drug.

The preparation of the magnetic nanoparticles involves
several steps. First, the iron oxide nanoparticles are prepared.
These are coated with oleic acid, and, being unstable in
aqueous suspension, form a precipitate. Excess oleic acid is
removed by washing with deionized water. Plurionic is added
to an aqueous dispersion of the particles, and this is stirred
overnight in a closed container to avoid oxidation of the
magnetic iron oxide. Finally, the magnetic nanoparticles are
captured by placing a 12,200 G (1.22 T) magnet on the side
of the vessel. This allowed repeated washing with deionized
water to remove excess Pluronic. The vessel typically
contained 45 mL of suspension. The migration distances
across the vessel were therefore substantial, and the field
and field gradient consequently varied widely across the
vessel. This approach to capture of magnetic particles is not
unusual, but there would be no discrimination between
capture of strongly or weakly magnetic particles.

The mean hydrodynamic diameter of the magnetic nano-
particles was determined by dynamic light scattering to be
193 nm with a distribution corresponding to a relative

(210) Jain, T. K.; Reddy, M. K.; Morales, M. A.; Leslie-Pelecky, D. L.;
Labhasetwar, V. Biodistribution, clearance, and biocompatibility
of iron oxide magnetic nanoparticles in rats. Mol. Pharmaceutics
2008, 5 (2), 316-327.

(211) Jain, T. K.; Richey, J.; Strand, M.; Leslie-Pelecky, D. L.; Flask,
C. A.; Labhasetwar, V. Magnetic nanoparticles with dual
functional properties: Drug delivery and magnetic resonance
imaging. Biomaterials 2008, 29 (29), 4012-4021.
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Figure 1. The quadrupole electromagnet of the field-flow
fractionation system. The helical channel, held above
the magnet in the photograph, is lowered into the
quadrupole aperture below for particle analysis.

standard deviation of 0.262. The diameter of the iron oxide
core particles was determined by transmission electron
microscopy (TEM) to be 11 4 2 nm.'"?

The deionized water at the Lerner Research Institute,
Cleveland Clinic, is supplied by an in-house reverse osmosis
system, maintained by Western Reserve Water Systems, Inc.
(Cleveland, OH) and Cleveland Clinic Facilities Engineering.
This water is subsequently passed through a Milli-Q water
system (Millipore Corp., Billerica, MA). The carrier fluid
used for sample dilution and for sample elution from the
QMgFFF system was Milli-Q water. The magnetic nano-
particles were very stable in suspension in deionized water.

Equipment. The QMgFFF system has been described
previously.?°°72% The quadrupole electromagnet was de-
signed and assembled in our laboratory. It consisted of four
AWG 18 coated copper wire coils, each of nominally 1900 m
length, wound around 1018 low carbon, cold rolled steel
plates, 6.00 in. (15.24 cm) tall and 1.00 in. (2.54 cm) thick.
The coils were obtained from Coil Winding Specialist (CWS,
Santa Ana, CA). One end of each plate was machined to
the necessary hyperbolic profile to generate an axisymmetric
field gradient in an aperture of 16 mm diameter. This was
carried out by the Cleveland Clinic Prototype Laboratory.
The copper wire coils had measured electrical resistances
of between 35.6 and 35.8 Q. The field return paths were
facilitated with a square yoke of 1018 low carbon, cold rolled
steel. This was also made of 6.00 in (15.24 cm) tall plates,
but of 0.75 in (1.91 cm) thickness. A schematic of the cross
section of the electromagnet plates and coils has been shown
in the literature.?®” A photograph of the quadrupole electro-
magnet is shown in Figure 1. The stainless steel tube housing
the helical FFF channel is shown above the quadrupole
aperture. It is lowered into the aperture during experiments
for particle analysis. The power for the electromagnet was
provided by a Xantrex HPD60-5 regulated dc power supply
having a nominal maximum current of 5 A at 60 V (Xantrex
Technology Inc., British Columbia, Canada). The electro-
magnet was capable of generating a maximum field of 0.71
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T at the pole tips. The power supply was controlled by
computer using a GPIB interface (also from Xantrex
Technology Inc.). The decay of field during sample analysis
could be programmed according to any desired function of
time. The field at the position of the outer channel wall was
monitored using a model 6010 gauss/tesla meter (SYPRIS,
Test & Measurement, F. W. Bell, Orlando, FL). The field
was recorded during the elution of samples at a position
adjacent to the channel and a correction applied to obtain
the field at the channel wall. The output of the gauss meter
was recorded to a data file using a 12-bit analog-to-digital
converter (DI-154RS, Dataq Instruments, Akron, OH) and
the company’s Windaq Lite software.

The channel was machined to a depth of 250 #m into the
surface of a precision-turned Delrin (du Pont) rod of 0.586
in. (1.488 cm) diameter and 6.20 in. (15.49 cm) length. The
helical path made four complete revolutions around the rod.
It had an overall length of 23.5 cm, and a breadth of about
1.6 cm, giving a nominal volume of 0.94 mL. The inlet and
outlet ports were machined into the ends of the rod, and
tapped for chromatography fittings. This work was carried
out by Criterion Tool & Die, Inc. (Brook Park, OH). The
Delrin rod was inserted into a tightly fitting, internally
polished stainless steel (316 grade) tube of outer diameter
0.625 in. (1.588 cm) and wall thickness 0.020 in. (0.051 cm).
This was accomplished by cooling the two components in
liquid nitrogen, assembling them, and allowing the assembly
to return to room temperature.

A Waters 515 HPLC pump (Waters Corp., Milford, MA)
was used to drive the carrier fluid. The samples for analysis
were introduced to the channel using a 77251 Rheodyne
injection valve (Rheodyne, Cotati, CA) with a 20 uL injection
loop. The 20 uL loop was replaced with a 100 uL loop for
the refinement experiments. A model VUV-12 HPLC UV-
detector (fixed wavelength 254 nm, HyperQuan, Inc.,
Colorado Springs, CO) was used to detect the eluting
particles at the channel outlet. The detector output was
recorded to data file using the same 12-bit analog-to-digital
converter as used for the gauss meter.

Characterization of Magnetic Nanoparticles Using
Programmed QMgFFF. The magnetic nanoparticle suspen-
sion, as supplied by the laboratory of Dr. Labhasetwar, was
diluted 1:10 using Milli-Q water (Millipore Corp., Billerica,
MA). Iron content before dilution was 2.58 mg/mL. The
water was degassed and filtered using a 0.22 um pore
Millipore filter prior to use for sample dilution and as carrier
fluid. An initial field of 0.592 T at the outer channel wall
was applied. Before introducing a sample to the QMgFFF
channel, it was sonicated to disrupt any aggregates that may
have formed. The suspension was remarkably stable, and
no sedimentation was ever observed. A 20 uL sample of
the diluted suspension was introduced to the channel using
the injection valve and a loading flow rate of 0.10 mL/min
for 2 min. This period was required to carry the sample
through the connecting tubing and onto the channel. The flow
was stopped for 30 min to allow the sample particles to relax
to their steady-state distributions across the channel thickness.
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The carrier flow was then reestablished at 0.5 mL/min, and
the field gradient decay program initiated at the same time.
The current to the electromagnet was controlled to obtain a
field gradient decay according to the power program
function:*'?

t

tl - ta P
VB(@) = VB(O)(I — ) 7
a

in which VB(0) is the initial field gradient, VB(7) is the field
gradient at time f, #; is a predecay period where the field
gradient is held constant, ¢, is a second time parameter, and
p is a number greater than zero. For the experiments repor-
ted here, t{ = 16 min, z, = —40 min, and p = 6.

Magnetic Refinement of Drug Carrier Formulation. In
this case, the supplied magnetic nanoparticle suspension was
diluted 1:2 with Milli-Q water before introduction to the
system. Two different initial field gradients were employed,
corresponding to 82 mT and 43 mT at the outer channel wall.
For these experiments, a 100 L sample loop was filled with
the sonicated suspension. The sample loading was therefore
25 times higher compared to the analytical experimental runs.
The sample was carried onto the channel at a loading flow
rate of 0.10 mL/min for 3 min. A stop flow period of 30
min was given for sample relaxation. The carrier fluid flow
was then reestablished at 0.50 mL/min. An intense sharply
fronted peak would be detected by the UV-detector due to
the elution of weakly retained material. The peak decayed
slowly back to the baseline over a period of, typically, around
15 to 20 min, corresponding to 8 to 10 channel volumes.
The channel was then removed from the quadrupole magnet
and the eluent corresponding to a second strong peak
collected. The collected volume was typically around 2.5
mL.

For analysis of the collected, refined material by QMgFFF
it was necessary to reconcentrate the suspension. This was
accomplished by evaporation. The carrier fluid was deionized
Milli-Q water, and the dilution of the material did not
introduce any surfactants or salts that could be concentrated
by evaporating the water. Evaporation was achieved by
blowing a stream of clean, filtered air across the surface of
the suspension at room temperature for around 3 h. The
conical base of a 50 mL BD Falcon tube was used to contain
the sample. The tube was cut at about 0.5 cm above the
conical base.

Results

Figure 2 shows the elution profile for a binary fraction-
ation. The first peak corresponds to the fraction of particles
that are weakly retained in the channel at the applied field
gradient. These particles start to elute almost immediately
upon start of the flow of carrier fluid. The peak exhibits a
long tail that extends over about 15 min. The tail corresponds

(212) Williams, P. S.; Giddings, J. C. Power programmed field-flow
fractionation: A new program form for improved uniformity of
fractionating power. Anal. Chem. 1987, 59 (17), 2038-2044.
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Figure 2. Binary fractionation of the magnetic
nanoparticle sample. The first peak is eluted at the
initial magnetic field gradient and corresponds to the
less magnetic fraction. The second peak is obtained
when the channel is removed from the aperture of the
quadrupole magnet, and corresponds to the more
magnetic fraction.
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Figure 3. Elution curves for the supplied magnetic
nanoparticle sample (peak maximum at around 60 min),
and for the fraction retained in the channel at 82 mT
(peak maximum at around 75 min). The dashed line
shows the decay of magnetic field at the outer channel
wall (see right-hand axis).

to those particles that are retained to some extent at the
applied field gradient. Increasing elution time corresponds
to greater retention and to greater dilution in the outlet stream.
At about 26 min, when the particle concentration in the outlet
stream had fallen to a relatively low level, the channel was
removed from the magnet and the second peak was obtained.
This corresponds to the material that was retained in the
channel at the initially applied field gradient. This material
would be collected for reconcentration by evaporation.
Figure 3 shows the QMgFFF elution curves obtained under
conditions of programmed field gradient decay for the
original sample and for the refined fraction of the original
sample that was retained at a field of 82 mT at the channel
wall. The narrow peaks at the start of each elution curve are
the void peaks. These are routinely exhibited in FFF
fractograms, and correspond to the elution of nonretained
material. The narrow peaks at the ends of the elution curves
are obtained when the channel is removed from the quad-
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Figure 4. Elution curves for the original magnetic
nanoparticle sample (peak maximum at around 60 min),
and for the fraction retained in the channel at 43 mT
(peak maximum at around 80 min). The dashed line
shows the decay of magnetic field at the outer channel
wall (see right-hand axis).

rupole magnet. They correspond to strongly retained par-
ticles, possibly including aggregates. The dashed line shows
the variation of field at the outer channel wall as a function
of time (this refers to the right-hand axis). The original
sample has a peak maximum at around 60 min, while the
refined fraction has a peak maximum at around 75 min. More
importantly, the refined fraction is seen to start to elute at a
much lower field gradient than the original sample. This is
the desired result. It indicates that the original sample has
been depleted of lesser magnetic particles.

Figure 4 shows the equivalent results for refinement using
a field gradient corresponding to a field of 43 mT at the outer
channel wall. In this case, the peak maximum for the refined
material lies at about 80 min: a little later than for the material
refined at 82 mT. This is as expected. To be retained on the
channel at 43 mT, the particles must contain more magnetite
than those retained at 82 mT. The small shoulder on the
leading part of the elution curve is unexpected and was
probably an artifact. Note that the heights of the peaks for
the refined samples relative to that of the original are not
significant. There was no control of the degree of concentra-
tion of the refined samples following collection.

The calculated mass distributions in logarithm of equiva-
lent spherical core diameter for the original and refined (at
82 mT and at 43 mT) samples are shown in Figure 5. The
transformation is carried out using a computer program based
on a general approach to data reduction for FFF.?!* Data
reduction takes into account the actual decay of field gradient
as calculated from the continuously monitored field at the
outer channel wall. It is assumed that particles elute via the
ideal mechanism of FFF where there are assumed to be no
significant particle—particle interactions. To carry out the
transformation, a magnetization curve was assumed. A
function was fitted to a typical, published magnetization

(213) Williams, P. S.; Giddings, M. C.; Giddings, J. C. A data analysis
algorithm for programmed field-flow fractionation. Anal. Chem.
2001, 73 (17), 4202-4211.
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Figure 5. The calculated equivalent spherical core
diameter distributions on a logarithmic scale for the
original magnetic nanoparticle sample, and for the
samples collected after retention in the channel at 82
mT and 43 mT.

curve for magnetite nanoparticles.”’* The relationship is
given by

_ 9.152 x 10°B
1 + 27.30B — 0.9229B°

®)

where M has units of A/m and B units of T. Equation 8 may
differ from the magnetization curve for the magnetic nano-
particles incorporated into the drug carriers. The difference
however is likely to be very small. Jain et al.''® measured
the magnetization for a batch of the oleic acid-Pluronic-
coated nanoparticles and found a magnetization of 59.2 +
0.8 emu/g of magnetite at a field of 1.2 T. The amount of
magnetite was determined from the iron content as measured
by atomic absorption spectroscopy, assuming all iron was
in the form of magnetite. Equation 8 predicts a magnetization
of 64.6 emu/g of magnetite at a field of 1.2 T. (The
conversion of units: 1 emu/g = p emu/mL = p x 10* A/m,
where p is the density of magnetite, taken to be 5.24 g/mL.)
The difference in this case is less than 10%. Figure 6 shows
the same data transformed into mass distributions in loga-
rithm of magnetite core mass.

It must be pointed out that no light scattering corrections
were applied for the response of the UV-detector, and the
mass distribution curves may have some associated error.
The differences between mass distribution curves may
however reveal useful information. We note that the calcu-
lated diameters are far larger than the 11 nm mean iron oxide
particle size determined by TEM. This would suggest that
many of the iron oxide nanoparticles are incorporated into
each of the nanoparticle drug carriers, or that the sample
particles are strongly aggregated. We shall return to this point
in the Discussion. The polydispersity of the samples is also
very high, which also suggests that there is a distribution in

(214) Yamaura, M.; Camilo, R. L.; Sampaio, L. C.; Macédo, M. A.;
Nakamura, M.; Toma, H. E. Preparation and characterization of
(3-aminopropyl) triethoxysilane-coated magnetite nanoparticles.
J. Magn. Magn. Mater. 2004, 279 (2—3), 210-217.
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Figure 6. The calculated magnetite core mass

distributions on a logarithmic scale for the original

magnetic nanoparticle sample, and for the samples

collected after retention in the channel at 82 mT and 43

mT.

the number of 11 nm iron oxide particles incorporated into
the cores. The mean core diameter is seen to be increased
by the refinement procedure. The more important observation
is that the particles containing less magnetite are very
strongly depleted in the refined material. The refinement of
a magnetic drug targeting formulation in this way would
significantly impact the efficiency of drug targeting.

Discussion

The apparent equivalent spherical magnetic core diameters
were calculated to be much larger than the 11 nm mean
diameter of the iron oxide particles as determined by TEM.
This is not surprising. Consider the fact that the refinement
procedure retained particles on the channel at field gradients
corresponding to 82 mT and 43 mT at the outer channel wall,
corresponding to B,/r, = 0.082 T/0.00744 m = 11 T/m, and
Bo/r, = 5.8 T/m, respectively. At a field of 82 mT, the
assumed magnetization of magnetite (given by eq 8) is
230,000 A/m. We would then expect the retention parameter
A, as given by eq 2, to be equal to 9.2 for a particle having
a single 11 nm magnetite particle at its core. This is far too
large for such a particle to be retained in the channel to any
significant degree. For example, a retention ratio of 0.1
corresponds to A of less than 0.018.

We could speculate that particle dipole—dipole interaction
causes particle chaining and aggregation. Rosensweig?'’
gives the energy of interaction between two identical
spherical magnetized particles as

_ E#oMzd3
9+ 2)°

&)

dd

where p is the magnetic permeability of free space (uy =
47 x 1077 H/m), M is the particle magnetization, d is the
particle diameter, and [ = 2s/d, with s as the surface to

(215) Rosensweig, R. E. In Ferrohydrodynamics; Dover Publications,
Inc.: Mineola, NY, 1997.

surface separation distance. We can transform this equation
to give the dipole—dipole interaction energy between two
identical core—shell magnetized particles in contact. The
shells are assumed to be effectively nonmagnetic, and have
thickness s/2. The overall particle diameter d,, is therefore
equal to d, + s, where d,,, is the diameter of the cores having
magnetization M. The result is given by

E.. = EM (10)
R I
p
For the same conditions of 82 mT and 11 nm cores, and
assuming overall mean particle diameters of 193 nm (as
determined by dynamic light scattering), we calculate Ey4
of 7.1 x 107% J. Compared to thermal energy kT at 298 K,
4.1 x 1072 ], this is extremely small. Thermal energy would
therefore prevent any aggregation by dipole—dipole interaction.

It is a fact that significant fractions of the magnetic
nanoparticles are strongly retained in the channel at the field
gradients of 11 and 5.8 T/m. If we assume an ideal FFF
mechanism, where there is no particle—particle interaction,
we can calculate the minimum core diameter to obtain
retention. Suppose we require R < 0.10, or 4 < 0.018, at B,
= 82 mT and B,/r, = 11 T/m. Solving eq 2 we obtain the
requirement that d,, > 88 nm. This is the correct order of
magnitude for consistency with Figure 5. The distribution
for particles retained in the channel at these conditions
extends for somewhere over 100 nm and up. Note that an
88 nm core is equivalent in mass to a core consisting of
over 500 of the 11 nm iron oxide nanoparticles.

Suppose we now consider the threshold core diameters
for significant dipole—dipole interaction at 82 mT. This is
given by equating Eyq as calculated by eq 10 with thermal
energy kT, assuming d, of 193 nm. The result is 47 nm,
equivalent to a core consisting of 80 of the 11 nm iron oxide
nanoparticles. We see that, for the conditions under consid-
eration and the mean overall particle size, the core diameter
corresponding to critical dipole—dipole interaction is of the
same order of magnitude as the core diameter required for
retention according to the ideal FFF mechanism. This is, of
course, coincidental.

There is another approach we can take to estimate the size
of the cores. Jain et al.'" reported the mass composition of
the drug carrier determined by thermogravimetric analysis
(TGA). They were reported to be 70.1 wt % iron oxide, 15.4
wt % oleic acid, and 14.5 wt % Pluronic F-127. An 11 nm
sphere of magnetite has a volume of 6.97 x 1072 m?, and
therefore a mass of 3.65 x 1078 g. Assuming a single iron
oxide nanoparticle occupies the core, the particle must
incorporate 8.02 x 107" g or 8.96 x 1072 m? of oleic acid
(density of 0.895 g/mL). The oleic acid is hydrophobic, and
would form a coat with thickness 1.75 nm, having an outer
diameter of 14.5 nm. The particle must also include 7.55 x
107" g of Pluronic F-127, which has a dry density of 1.05
g/mL. Pluronic F-127 is a triblock copolymer of poly(eth-
ylene oxide)os-poly(propylene oxide);o-poly(ethylene ox-
ide) 06, having a mean molecular weight of 12600. Studies
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of Pluronic F-127 micelles in water*'® suggest a volume

fraction of poly(ethylene oxide) in the corona of 0.15, the
remaining 0.85 being water. To take into account that only
the two end-chains occupy the corona, we can estimate the
Pluronic as being present at an overall volume fraction of
0.20, and its volume including the water component would
then be 3.60 x 107>* m?, giving a total particle volume of
5.19 x 1072* m?. This corresponds to a particle diameter of
just 21.5 nm, while the measured mean hydrodynamic
diameter by dynamic light scattering was 193 nm. This is a
discrepancy that amounts to a factor of 9.0 in diameter or
720 in volume. This would indicate a core diameter of 99
nm, and a core mass of 2.6 x 107° ng.

We can consider the expected coating thickness for
Pluronic F-127. Lin and Alexandridis®'” carried out dynamic
light scattering studies of carbon black (CB) nanoparticles
and CB particles coated with Pluronic F-127. The CB
particles had a mean diameter of 104 nm. In a 1% Pluronic
F-127 solution at room temperature, their mean diameters
were measured to be 142.5 nm. The Pluronic coating was
therefore 19 nm thick. Our calculations based on composition
by weight, and a single 11 nm iron oxide core particle,
suggested a Pluronic coating of only 3.5 nm thickness. If
we assume that the Pluronic forms a coating of 19 nm
thickness and adjust the quantities of the other components
in the particle in proportion, the overall particle diameter
would be 117 nm. This is much more in agreement with the
193 nm dynamic light scattering result. The volume dis-
crepancy amounts to a factor of 160. This would suggest a
core containing 160 of the 11 nm iron oxide nanoparticles.

The effectiveness of the refinement approach is most
clearly shown by the results in Figure 6. Even if we do not
assume accuracy of the absolute values for core mass, the
relative differences in the curves indicate that the particles
that interact with the magnetic field the least are strongly
depleted by the refinement. There is more than an order of
magnitude difference in the core mass and therefore in the
strength of interaction with the field of the smallest core
particles of the unrefined and refined materials.

Conclusions

All of the evidence suggests that the drug carriers are much
more strongly magnetic than would be expected if their cores

(216) Kurumada, K.-i.; Robinson, B. H. Viscosity studies of pluronic
F127 in aqueous solution. Prog. Colloid Polym. Sci. 2004, 123,
12-15.

(217) Lin, Y.; Alexandridis, P. Temperature-dependent adsorption of
Pluronic F127 block copolymers onto carbon black particles
dispersed in aqueous media. J. Phys. Chem. B 2002, 106 (42),
10834-10844.
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were composed of single 11 nm iron oxide nanoparticles.
The broad polydispersity could also be attributed to a wide
distribution in the number of 11 nm iron oxide particles
incorporated into the nanocarriers. The mechanism for
particle retention in the FFF channel may not be fully
understood. It may be that during analysis using field gradient
decay, one obtains a programmed release of particles from
interaction with other particles on the wall. However,
previous work has demonstrated the extremely good repro-
ducibility of magnetic nanoparticle elution under pro-
grammed field gradient conditions.”*® The release would have
to occur in an extremely reproducible way. An interesting
observation regards the very fast release of the retained
material on removal of the channel from the quadrupole field.
No stopped flow period was required for the secondary
relaxation to occur. The retained material was resuspended
into the carrier fluid and swept from the channel by passage
of only about 3 channel volumes.

The elution profiles for the refined and unrefined magnetic
nanoparticles indicate that the samples are indeed depleted
of the less magnetic fractions using the procedure described
in this manuscript. Whatever the mechanism of particle
retention, the observed retention and elution of the particles
from the channel must reflect their behavior in a magnetic
field gradient. This behavior is of direct relevance to the
magnetic targeting of cytotoxic agents in the body. The
refined material starts to elute at lower field gradients than
the unrefined material. Lower field gradients would therefore
be required to focus the refined material. Also, the depletion
of the less magnetic fraction would have the beneficial
consequence of reducing systemic toxicity.

The refinement experiments were carried out using samples
of 100 uL. As discussed earlier, it should be possible to load
sample volumes exceeding the channel volume. Experiments
are planned to explore the loading capacity of the current
channel while obtaining the desired refinement. Experiments
are also planned in which both the retained and nonretained
fractions will be analyzed by QMgFFF and dynamic light
scattering.
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