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Quadrupole magnetic field-flow fractionation is a relatively new technique for the
separation and characterization of magnetic nanoparticles. Magnetic nanoparticles are
often of composite nature having a magnetic component, which may be a very finely
divided material, and a polymeric or other material coating that incorporates this
magnetic material and stabilizes the particles in suspension. There may be other
components such as antibodies on the surface for specific binding to biological cells,
or chemotherapeutic drugs for magnetic drug delivery. Magnetic field-flow fractionation
(MgFFF) has the potential for determining the distribution of the magnetic material
among the particles in a given sample. MgFFF differs from most other forms of field-
flow fractionation in that the magnetic field that brings about particle separation induces
magnetic dipole moments in the nanoparticles, and these potentially can interact with one
another and perturb the separation. This aspect is examined in the present work. Samples
of magnetic nanoparticles were analysed under different experimental conditions to
determine the sensitivity of the method to variation of conditions. The results are shown
to be consistent and insensitive to conditions, although magnetite content appeared to
be somewhat higher than expected.
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1. Introduction

The technique of field-flow fractionation (FFF) was invented in 1966 by J. Calvin
Giddings (Giddings 1966). It is a separation and characterization technique for
macromolecules, nanoparticles and larger particles of up to around 100 pm in
diameter. As it was conceived, separation takes place within a flow of suspending
fluid passing through a thin, parallel-walled channel across the thickness of which
a field or field gradient is applied. The channel must have uniform thickness across
its breadth, and the field or field gradient must also be uniform across the channel
breadth. It is an elution technique like chromatography in that different sample
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components are carried at different rates to a detector at the channel outlet. The
mechanism of separation has been described in the literature (e.g. Giddings 1984,
1993, 2000).

Magnetic field-flow fractionation (MgFFF) is a relatively new form of FFF.
Farly attempts to develop MgFFF were not generally very successful for
various reasons principally associated with non-ideal channel geometry and field
arrangements. The literature concerning these early attempts has been described
by us previously (Carpino et al. 2005a,b; Williams et al. 2009a). It was noted
above that FFF optimally requires the field and/or field gradient to be uniform
across the breadth of the channel, and that the channel also be of uniform
thickness across its breadth. An exception to this arrangement of a thin channel
of uniform thickness with a transverse field is the axisymmetrical symmetry of
hollow fibre FFF, where a fraction of the fluid flows radially outward through the
permeable fibre wall (Jonsson & Carlshaf 1989; Wijnhoven et al. 1995; Reschiglian
et al. 2005). On the other hand, a tubular channel with transverse field is not a
suitable design for FFF, as explained by Giddings (2000). Nevertheless, attempts
at development of MgFFF based on this arrangement have been described in the
literature (Vickrey & Garcia-Ramirez 1980; Mori 1986; Latham et al. 2005).

We have taken a very different approach to development of MgFFF. For
MgFFF, it is advantageous to employ a quadrupole, or higher order, magnetic
field. Such magnet systems exhibit axisymmetrical symmetry for the magnitude
of the magnetic field within the aperture. The direction of the field changes with
characteristic periodicity, but its magnitude is constant at any radial distance
from the axis. In the case of the quadrupole magnet, the field magnitude increases
linearly from the axis so that the gradient in field magnitude is constant within
the aperture and is directed away from the axis (Zborowski 1997; Zborowski
et al. 1999). Practicality precludes the use of a tubular capillary channel with
correspondingly small quadrupole aperture. For a larger aperture quadrupole, the
channel is better confined to a thin annular space close to the pole pieces where
the field magnitude is highest. The channel may occupy the full annulus, but
such a design suffers from the associated difficulty of arranging uniform channel
flow. Very small variations in annular thickness, or non-uniform introduction or
collection of fluid around the annulus would strongly disturb the flow symmetry
and, consequently, the separation (Williams et al. 2002; Carpino et al. 2005a,b).
A solution is to confine the channel to a fraction of the annulus, or alternatively,
to use a helical channel within the annular space. We have chosen the latter
approach, as it has the benefit of compensating for any small variations in field
gradient around the aperture. In either case, a single inlet and a single outlet is
sufficient to distribute fluid to and collect fluid from the channel.

It will be shown in the theory section that the force on a particle in a magnetic
field gradient is proportional to the volume of the material in the particle that
interacts with the field. This is also true of particles in a centrifugal field. The
result of this is a very high size-selectivity for both sedimentation field-flow
fractionation (SAFFF) and MgFFF separations—elution time increases with the
cube of particle diameter. More correctly, elution time increases with the cube
of the diameter of a sphere of volume equal to that of the material within a
particle that interacts with the field. This may be referred to as the equivalent
spherical core diameter where it is only the core material that interacts with the
field, and this material may be finely divided and distributed within the total
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volume of the particle. During the early development of SAFFF, it was quickly
realized that because of the high selectivity, a constant field is not suitable for the
analysis of polydisperse samples, and it is necessary to use a programmed field
decay during sample elution (Yang et al. 1974; Kirkland et al. 1981; Giddings
et al. 1987; Williams & Giddings 1987). This is also true of MgFFF, and it is
necessary to program the decay of field and field gradient using a quadrupole
electromagnet and computer control of the current supply.

It will also be explained in the theory section that in MgFFF, the induced
magnetic moments of the particles not only interact with the field gradient,
but also can potentially interact with one another. Ideal FFF retention theory
requires that particle—particle interactions are insignificant. Conditions giving rise
to significant interactions will result in perturbations to particle elution and errors
in quantitative information extracted on the assumption of ideal behaviour. A
further complication is the use of programmed field decay. Conditions may give
rise to significant particle dipole-dipole interactions at a high initial field, but
these interactions may become less significant as the field decays. The influence
of fluid shear rate on interactions between suspended magnetic dipoles will also
be discussed in §2. The shear rate at the accumulation wall is of course directly
related to the channel flow rate. It is possible that the perturbations to particle
elution times may be functions of flow rate as well as programmed field conditions.

The work described in this study involves the analysis of magnetic nanoparticle
materials using a number of different field-decay and flow-rate conditions. The
objective is to determine the consistency, or lack thereof, of the calculated
distributions in magnetite content, expressed as equivalent spherical magnetite
core diameters.

2. Theory

The ideal model of elution in the normal mode of FFF is based on a number
of assumptions that are good for most of the FFF techniques, at least when
conditions are arranged to minimize perturbations. For example, a thin channel
must have a high enough cross-sectional aspect ratio that the fluid velocity
profile is uniform across the majority of its breadth. The particles are assumed
to be of negligible size compared with the zone thickness, and therefore the
channel. It is however simple to include first-order corrections to account for
finite particle size (Giddings 1978; Giddings 1979; Williams & Giddings 1994).
It is also assumed that there are negligible particle-wall and particle—particle
interactions (Hansen & Giddings 1989; Hansen et al. 1989; Williams et al. 1997).
These may be good assumptions when sample concentration is sufficiently low,
and when carrier fluid composition is optimized in terms of pH, ionic strength,
and surfactant composition and concentration. MgFFF, however, differs from
most forms of FFF in that under the influence of the magnetic field, a magnetic
dipole moment is induced in the particles. The magnetic moments tend to be
aligned with the magnetic field, and depending on their relative positions in space
and with respect to the field direction, a pair of particles may attract or repel
one another. Under certain conditions, this effect may influence the elution of
the particles. We shall return to this aspect, but first, the equations describing
elution where there is negligible dipole—dipole interaction will be presented.
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(a) Ideal elution model for magnetic field-flow fractionation

The force Fy,, on a magnetized particle in a magnetic field gradient is given by
the equation
Fo,=V.MVB, (2.1)

where V, is the volume of magnetized material incorporated in the particle, M is
the magnetization of this material in the magnetic field and VB is the gradient in
magnetic field B. The magnetized component is typically magnetite, maghemite
or some other material that strongly interacts with a magnetic field. It is assumed
that other components such as polymeric coatings or surfactants for suspension
stabilization, as well as antibodies or incorporated drugs, and the suspending fluid
have negligible interaction with the field. Note that F,, is in bold face to indicate
that it is a vector quantity. For the thin helical channel mounted axisymmetrically
in the quadrupole field, we can assume that the force is directed away from the
axis, across the channel thickness toward the outer accumulation wall. If the
radius of the outer channel wall is represented by 7, and the magnitude of the
field at the outer channel wall by B,, then VB = B,/r,, and we have

 VuMB,

To

Fn (2.2)
Equation (2.2) shows that F,, is a function of the magnetization M of the
magnetic component, which is in turn a function of local magnetic field B.
However, the particles are confined to a thin annular space, across which
the magnitude of the field will vary by, typically, a few percent. Furthermore,
the particles are confined to a thin zone within this annular space next to the
outer (accumulation) wall. We can therefore assume the force experienced by
the particles across the zone thickness corresponds to that at the accumulation
wall, without introducing significant error. The steady-state concentration profile
across the channel thickness is found to be given by (Williams et al. 2009b)

oo (). ”

in which ¢, is the concentration next to the accumulation wall, £ is the fractional
distance across the channel thickness from the accumulation wall and

KT kT kT,
W, F,w V,MByw

The parameter A is the so-called retention parameter in FFF. It is the ratio of
thermal energy kT (k is the Boltzmann constant and 7 the absolute temperature)
to the work W, required to drive a particle across the channel thickness w against
the magnetic force Fy,. Therefore, in the ideal case, the concentration profile is
expected to decay exponentially away from the accumulation wall.

For an elution technique, elution times are recorded rather than elution
velocities, and the elution time, or alternatively, the retention time is predicted in
terms of the retention ratio R. This is the ratio of the mean time ¢° for the fluid
to pass through the channel (known as the void time) to that for the retained
material .. This is equivalent to the ratio of the velocity of the retained material
v, to the mean velocity of the fluid (v). The assumption of a parabolic fluid

A=

(2.4)
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velocity profile across the thin channel leads to the familiar equation for the FFF
retention ratio,

0
R= % - %’) — 6A(coth(1/22) — 22) ~ 6A(1 — 22, (2.5)

where the final approximate form is accurate to 0.36 per cent for A up to 0.15 or
R up to 0.63. The consideration of a first-order correction for finite particle size
(Giddings 1978) yields the equation

R=06a(l —a)+ 64 {(1 — 2a) coth (1 ;/12“) - 21}
~6a(l — o) + 6A(1 — 2a — 22), (2.6)

in which « is the ratio of particle radius to channel thickness, or d;,/2w, and the
final approximate form is again accurate for small A.

(b) Field and field-gradient programming for magnetic field-flow fractionation

It was already mentioned that field-gradient-decay programming is generally
necessary for magnetic nanoparticle analysis by MgFFF. The magnetic field and
field gradient are generally related, and in the quadrupole field, the relationship
is very simple: VB = B,/r,. A programmed decay of the field at the channel
accumulation wall results in a proportional decay of the field gradient. For reasons
that we do not have to go into here, the field-decay program for analysis of a
polydisperse sample should ideally approach zero field asymptotically (Williams
et al. 1987). Such programs include the exponential and power programs
(Kirkland et al. 1981; Yau & Kirkland 1981; Giddings et al. 1987; Williams &
Giddings 1987, 1991, 1994). We choose the power program for its flexibility and
potential for uniform relative resolution over a wide range. This takes the form

5.0 =5,0) (12 (27)

t—t,

in which B,(t) is the field at the accumulation wall at time ¢, B,(0) is the initial
field that is held constant for a pre-decay time ¢, f, is a second time constant
that is commonly set to —pt; and p is some positive number.

Equation (2.2) shows that the force on a particle is a function of both the field
gradient and the magnetization of the material that responds to the field. This
is unlike other forms of FFF where optimization of programming conditions,
including the value of the power p, is more straightforward. For example, in
SAFFF where A is inversely dependent on the cube of particle diameter, the
optimum p giving constant diameter-based fractionating power (a measure of
relative resolving power) may be shown to be eight (Williams & Giddings 1987).
This would be true of MgFFF if magnetization was not also a function of
applied field (see equations (2.2) and (2.4)). However, we are not concerned
with the optimization of programmed conditions in this work. This will be
considered elsewhere.
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(¢) Data reduction for magnetic field-flow fractionation

Data reduction for FFF is concerned with the transformation of an elution
profile of detector response versus elution time into a distribution in terms of a
selective parameter such as particle size. A generalized approach to data reduction
for FFF has been described in the literature (Williams et al. 2001). The approach
for MgFFF is a little more complicated than for other forms of FFF because of
the dependence of magnetization on the applied field. Nevertheless, the general
approach may be followed, with calculations taking into account the continuous
changes in A and therefore R for the range of Vy,, or alternatively, equivalent
spherical core diameters d,, where dy, = (6 Vy,, /7).

From equation (2.5), we have the zone velocity for particles of some given d,,
at some instant during elution given by

vp = R(v), (2.8)

where R is a function of A, which is in turn a function of B, and M, which is
also a function of B,. The zone will elute from the channel at some elution time
t., and the distance travelled in this time must correspond to the length of the
channel L. It follows that

b LS
L=J Up dt=J R(v) dt. (2.9)
0 0

The experiments reported in this work involve the programming of only the field,
and the channel flow rate was held constant. The void time #° is simply the channel
length L divided by the mean fluid velocity (v), and equation (2.9) reduces to

tr
J Rdt—t"=0. (2.10)
0

If we include the specific functional dependencies on the experimental parameters,
we have

r R(B,(t), M(By(t)), dy) dt — t° =0, (2.11)
0

where it is assumed that T, r, and w are known and are fixed. If a steric correction
for R is to be considered, then an assumption concerning its dependence on dy,
must be made.

During a sample analysis, the values of detector response h(i) and applied field
B,(1) are recorded to a data file at discrete intervals of time ¢(7). The approach
then requires equation (2.11) be solved numerically for ¢ for a set of discrete
values of d,, taking into account the recorded dependence of B, on ¢, and a real
or assumed dependence of M on B,. An adaptive method is followed to ensure
an even distribution of these discrete d, across the range of eluted material (see
Williams et al. 2001). It is then a matter of interpolation to associate a value of
di (1) with every discrete elution time #.(7) in the data file for which a solution
is found. (Note that the discrete times #(7) correspond to discrete elution times
t:(7) when associated with a detector response.) Finally, the transformation to a
particle mass distribution in d, must be made.
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Suppose m(dy(i)) represents the mass of particles having equivalent spherical
core diameters between dy, (7) and dy,(7) + ddy,. It follows that

bt
m{d (i) = e(i) V505,

where c¢(i) is the mass concentration of particles eluting at time t.(7), and 6t(4)
is the difference in elution time for particles of dy,(i) and dy, (i) 4 6dy, and V is
the volumetric channel flow rate. Note that the transformation corresponding
to equation (2.12) does not account for the band broadening that occurs
during sample elution. However, the high selectivity of the FFF separation,
even under the programmed field-decay conditions, means that the breadth of
a peak for a polydisperse sample is dominated by the polydispersity (Martin
et al. 1979). Furthermore, it has been shown that correction of peak shape by
deconvoluting the non-equilibrium band broadening (the dominant contribution
to system dispersion) has relatively little effect on the calculated distributions
of polydisperse samples (Schimpf et al. 1989). Note also that for the work
reported here, a UV detector was used and the relationship between detector
response h(i) and mass concentration of particles c(i) is not known. However,
the objective of this work is the comparison of equivalent spherical core-diameter
distributions obtained under differing programmed field and flow conditions, and
the comparison is perfectly valid without the conversion of h(7) to ¢(7). Equivalent
distributions will have equivalent biases in core sizes.

(2.12)

(d) Magnetic dipole interactions in magnetic field-flow fractionation

As we have explained, MgFFF differs from most other forms of FFF in that
a magnetic moment is induced in the particles by the applied magnetic field,
and the magnetic moment interacts with the field gradient to induce particle
migration. The particle magnetic dipoles have the potential to interact with one
another, and this may perturb particle elution.

Ferrofluids are composed of colloidal, single-domain ferromagnetic particles
suspended in a fluid. It is energetically favourable for magnetic materials to be
divided into small domains having uniform magnetizations aligned in different
directions. Particles tend to be single domain when smaller than some critical
size where energy considerations no longer favour their division into more than
one domain. They therefore contain no domain walls, and within a particle,
atomic magnetic moments are all aligned with one another. The particles have
zero coercivity and the direction of magnetization can randomly flip, even under
the influence of thermal energy. The particles do have permanent magnetic
moments that may interact with one another, and they are commonly stabilized
in suspension by thin, molecular coatings. It was predicted that such particles
would interact to form chains even at zero applied magnetic field, and that
under an applied field, they would form longer chains which align with the field
(de Gennes & Pincus 1970; Jordan 1973). Such chains were observed by Hayes
(1975) and by Chantrell et al. (1982).

The magnetic nanoparticles analysed by MgFFF in this study contain multiple,
single-domain magnetite crystals. When not subjected to a magnetic field, the
crystal dipole moments will be randomly oriented and be constantly changing
direction under the influence of thermal energy. The particles do not then carry an
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overall magnetic dipole moment. When a magnetic field is applied, the individual
dipoles tend to align with the field and the composite nanoparticles acquire
a magnetic dipole moment. They become magnetically saturated when all of
the individual dipoles become aligned with the field, and this tends to occur at
relatively low fields of around 0.1-0.2'T.

The dipole—dipole interaction energy for a pair of identical spherical
magnetized particles, aligned with the applied field, is given by (Rosensweig 1997)

wquI3d3
Bau=57—53>
9 (I+2)

where ug is the magnetic permeability of free space (g =4m x 10-"Hm™!), M,
is the particle magnetization, d is the particle diameter and [ =2sd~!, with s
being the surface to surface separation distance. It follows that for two identical
magnetized particles, having magnetic and non-magnetic components, in contact
and aligned with the applied field, the dipole—dipole interaction energy is given by

(2.13)

B ™ ,LL()]MZCZI?1
2 4

in which M is the magnetization of the magnetic component of equivalent
spherical diameter dy,, and d, is the overall diameter of the particles. A so-called
coupling constant has been defined as the ratio of this Fyq to thermal energy kT
(de Gennes & Pincus 1970), and from the point of view of FFF, unfortunately
given the symbol A. We shall define the coupling constant A.. as
_ Edd N ™ ,qungl

kT 72 KT a3 '

Faq (2.14)

Acc (2.15)

It may be assumed that particle chaining may be significant when A.. exceeds
unity, and that chains are disrupted by thermal energy when A, is much less
than unity.

There is another aspect to dipole-dipole interaction that must be considered
in the case of MgFFF. The particles are driven close to the accumulation wall
and are carried along the channel by a shear flow of fluid. For a spherical particle
in an unbounded shear flow, the rotation rate (angular velocity) is equal to half
the shear rate (Jeffery 1922). When the particle is close to a bounding wall, the
rotation rate is reduced (Goldman et al. 1967). The magnetic field has only a
small component in the direction across the channel breadth and any chains of
magnetized particles will tend to align with the field in a plane perpendicular
to the direction across the channel breadth. The shear flow will therefore exert
a torque on a chain of magnetized particles and the magnetic field will exert
an opposing torque when the chain is out of alignment with the local field. The
related situation of magnetized particle chains subjected to rotating magnetic
fields has been studied by Melle and co-workers (Calderén & Melle 2002; Melle
et al. 2000, 2001, 2002a,b, 2003). These studies involved magnetorheological
fluids composed of a suspension of approximately 1 um diameter latex particles
that incorporated randomly oriented 1-20 nm magnetite crystals. They had zero
magnetic moment in the absence of a magnetic field. Under the applied fields
used in experiments, the values of A.. (see equation (2.15)) typically fell in the
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range of 200-700. At low rotation frequencies, the chains rotated at the same
frequency with a small lag behind the magnetic field. With increasing frequency,
the average length of the chains decreased and the lag behind the field increased.
At still higher frequency, the hydrodynamic friction forces overcame the dipolar
magnetic forces, and this caused the chains to break up. They were also able
to relate the phase lag of a rotating chain and the chain length to the Mason
number, which is a dimensionless number that compares the viscous and the
magnetic forces. The Mason number was initially introduced to describe chain
formation in electrorheological fluids under shear flow (Gast & Zukoski 1989;
Martin & Anderson 1996; Volkova et al. 1999). It is defined by Melle et al. as

122
Ma = e

= 2.16
HOMS ( )

where w is the frequency of the rotating field. It follows that for particles having
magnetic and non-magnetic components

Ma = 121 ( by )6 , (2.17)

~ wo? \ dy,

in which M is the magnetization of the magnetic material having an equivalent
spherical diameter of d,,, and d, is the overall particle diameter. They showed
through simulations that the average chain length decreases approximately with
the square root of Ma and falls to around 2 when Ma ~1. These simulations were
in agreement with scattering dichroism experiments (Melle et al. 2002a) and
with direct microscopic observations (Melle et al. 2003). As mentioned above, for
a spherical particle entrained in a shear flow, the rotation rate w is equal to half
the shear rate ¥ (Jeffery 1922). For the case of magnetized particles entrained in
a shear flow, we may therefore transform equation (2.17) to

7215 0
Ma = m;\’; (%) . (2.18)

3. Experimental

The quadrupole magnetic field-flow fractionation (QMgFFF) system has been
described previously (Carpino et al. 2005a,b, 2007; Williams et al. 2009a).
The quadrupole electromagnet was designed and assembled in our laboratory.
It consisted of four American Wire Gauge 18 coated copper wire coils, each
of nominally 1900 m length, wound around 1018 low-carbon, cold-rolled steel
plates, 15.24 cm tall and 2.54 cm thick. The coils were wound by Coil Winding
Specialist (CWS, Santa Ana, CA, USA). One end of each plate was machined
at the Cleveland Clinic Prototype Laboratory to the required hyperbolic pole-
piece profile. The four poles were arranged with opposed N to N and S to S to
generate an axisymmetric field gradient in an aperture of 16 mm diameter. The
electrical resistances of the copper wire coils were measured and found to be
between 35.6 and 35.8 Q. The coil wire lengths were fine tuned to equalize field
at the pole tips, rather than to equalize resistance. The field-return paths were
facilitated with a square yoke of 1018 low-carbon, cold-rolled steel. This was also
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Figure 1. (a) The quadrupole electromagnet with the FFF channel held above the aperture and
(b) the channel inserted into the aperture for sample analysis with the injection valve above.

made of 15.24 cm tall plates, but of 1.91 cm thickness. A schematic of the cross
section of the electromagnet plates and coils has been shown in the literature
(Carpino et al. 2005b). A photograph of the quadrupole electromagnet is shown
in figure 1a. 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. Figure 1b shows the channel in position for sample analysis.
The electrical current to the coils was provided by a Xantrex HPD60-5 regulated
DC power supply having a nominal maximum current of 5A at 60V (Xantrex
Technology Inc., BC, Canada). It was controlled by computer using a general
purpose interface bus interface (also from Xantrex Technology Inc.). The decay
of the field during sample analysis could be programmed according to any desired
function of time from a maximum of 0.71T at the pole tips. The magnitude of
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, USA). 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
analogue-to-digital converter (DI-154RS, Dataq Instruments, Akron, OH, USA)
and the company’s WINDAQ LITE software.

The channel was machined to a depth of 250 pm into the surface of a precision-
turned Delrin (du Pont) rod of 1.488 cm diameter and 15.49 cm length. The helical
path made four complete revolutions around the rod. It had an overall length of
23.5cm, 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, USA). The Delrin rod was inserted into a tightly fitting,
internally polished stainless-steel (316 grade) tube of outer diameter 1.588 cm and
wall thickness 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.
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A Waters 515 high-performance liquid chromatography (HPLC) pump (Waters
Corp., Milford, MA, USA) was used to provide the flow of fluid to the channel.
The samples for analysis were introduced to the channel using a 7725i Rheodyne
injection valve (Rheodyne, Cotati, CA, USA) with a 20pul injection loop. A
model VUV-12 HPLC UV detector (fixed wavelength 254 nm, HyperQuan, Inc.,
Colorado Springs, CO, USA) was used to detect the eluting particles at the
channel outlet. The detector output was recorded to the data file using the same
12 bit analogue-to-digital converter as used for the Gauss meter.

The magnetic nanoparticle materials were kindly provided by Jurg Rohrer
of BD Biosciences Pharmingen. They were obtained from Skold Technology,
and are the type of particle used to manufacture the commercial IMag line
of products used for cell separation. Two different lots (no. 78 and no. 80)
of dextran-coated magnetite nanoparticles and one lot of uncoated magnetic
nanoparticles suspended in 10 mM 2-( N-morpholino) ethanesulphonic acid (MES)
buffer at pH 6.1, were examined. The dextran-coated particles had a nominal
diameter range of 230 & 150 nm, determined by dynamic light scattering. They
were composed of single-domain magnetite nanoparticles distributed within the
dextran coating. The uncoated particles were presumably the single-domain
nanoparticles dispersed in the suspending medium, although there may have
been some association. Before analysis, the coated samples were diluted 7:1 and
the uncoated 14:1 in the phosphate buffered saline (PBS) used as carrier fluid.
The PBS was degassed and filtered using a 0.22 um pore Millipore filter prior
to use. Every sample was sonicated for 1 min before analysis to help break up
any aggregates that may have formed. To carry out an analysis, the field-decay
program was set up on the computer, and the initial high field was applied to
the channel. A 20 ul sample would then be introduced to the channel using the
injection valve and a loading flow rate of 0.10 mlmin~! for 2 min to pass through
the connecting tubing and onto the channel. The flow was then stopped for 15
or 30 min (depending on the initial field) to allow the particles to relax to their
steady-state distributions. The carrier flow was then re-established at the desired
flow rate for analysis, and the field-decay program initiated. Note that the pre-
decay time #; of the conventional power program described by equation (2.7) was
over-ridden and set to a time ¢, for the reported experiments. For lot no. 80,
the time ¢, was fixed at 2min, and for lot no. 78, 4, was fixed at 16 min. The
field-decay program then followed the equation

b —ta g
B,(t)=B,(0) | ——— 3.1
(=500 (== ) (3.)
and the time constants #; and ¢, are no longer independent parameters. The
various flow rates and the field-decay parameters used for the set of analyses are
listed in table 1. As explained earlier, the actual field was monitored during each
sample analysis.

4. Results and discussion
Figure 2 shows an elution of the uncoated magnetic material. The field was
programmed from an initial 46.1 mT at the accumulation wall, held constant for

2 min, and decreased to 4.8 m'T over a period of 48 min. At this point, the channel
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Figure 2. Elution of the uncoated magnetic nanoparticles under the programmed field decay. The
magnetic field at the accumulation wall is plotted as the dashed curve and refers to the right-hand

axis. Channel flow rate is 0.5 mlmin—!.

Table 1. Parameters used for the reported experimental analyses.

B,(0) (mT) P tp (min) (t1 — ta) (min) V (mlmin~t)

lot no. 80

(a) 55.0 4 2 20 1.0

(b) 53.1 4 2 20 0.5

(c) 53.8 12 2 104 0.5

(d) 56.7 8 2 108 0.5
lot no. 78

(a) 54.1 6 16 56 0.5

(b) 232 6 16 56 0.5

(c) 560 6 16 56 0.5

was removed from the quadrupole aperture and the field dropped to effectively
zero. The field at the accumulation wall is plotted as the dashed line in the figure
and refers to the right-hand axis. A channel flow rate of 0.5 mlmin~! was used.
The material does not elute as a broad peak, but as a series of spikes. This is
an indication of strong aggregation of the material in the magnetic field. Data
reduction would be meaningless for this sample.

Figure 3 shows the field-decay programs for the four analyses of lot no.
80. The field was recorded during each analysis at a point adjacent to the
channel, and an adjustment made to estimate the magnitude of the field at
the accumulation wall. It is these adjusted values of the measured field that
are shown in the figure. The field-decay parameters for curves (a) and (b) were
identical (table 1), and the small differences in measured field may be attributed
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Figure 3. The field-decay programs monitored during analyses of lot no. 80. The field was measured
adjacent to the channel, and an adjustment made to estimate the field at the channel accumulation
wall. The curves correspond to the experimental parameters listed in table 1.
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Figure 4. Fractograms for lot no. 80 obtained under the different experimental conditions listed
in table 1.

to uncertainty in the precise positioning of the probe of the Gauss/Tesla meter.
The channel flow rates for experiments (a) and (b) were different; a flow rate
of 1.0mlmin~! was used for (a), while 0.5mlmin~! was used for (b), (¢) and
(d). In all four experiments, the field B, decayed to a final level of between
3 and 4mT. This corresponds to the remnant field of the quadrupole magnet
pole tips, and so remained when the electrical current had dropped to zero.
(Methods have since been developed to avoid this limitation, but these will
be discussed elsewhere.) The four elution curves, or fractograms as they are
known in the FFF literature, are shown in figure 4. For runs (a) and (b),
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Figure 5. Distributions in equivalent spherical magnetite core diameter for lot no. 80 calculated
from the fractograms shown in figure 4.

the field-decay program was almost identical, but the sample was eluted more
quickly in run (a). This is due to the higher flow rate used for run (a) as
compared with run (b). Run (c¢) shows a slower elution than run (b), and
run (d) is slower than run (c). This is as expected and is due to the more
slowly decaying field program used for these analyses. Each of the fractograms
shows a sharp initial peak known as the void peak corresponding to the elution
of non-retained material in the sample. This is followed by a broad peak
corresponding to the elution of the particle sample. The material eluted in
the void peak is too weakly retained to yield meaningful data, and the data
reduction effectively starts from the bottom of the valley between the two
peaks. The precise approach to selection of the initial data point is described
by Williams et al. (2001).

Figure 5 shows the calculated mass distributions as functions of the equivalent
spherical magnetite core diameters for the four analyses. Note that no light-
scattering corrections were made, as explained earlier, so that the detector
response is effectively assumed to be proportional to particle mass concentration.
Also, a magnetization curve was assumed in order to carry out the data reduction.
This is given by the equation

B 9.152 x 10°B
14 27.30B —0.9229B2’

(4.1)

where M has units of Am~' and B units of T. The curve was taken from
the literature (Yamaura et al. 2004), and is representative for magnetite
nanoparticles. (The conversion of units to SI was made as follows: lemug™! =
pmemuml™! = p, x 10° Am~!, where p,, is the density of magnetite, taken to be
5.24gml™! and 10* Oe = 1T.) Again, the same magnetization curve was assumed
for all transformations, so that the results may be compared directly with one
another. The mass distributions are very similar. There is no trend in calculated
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Figure 6. Fractograms for lot no. 78 obtained under the conditions listed in table 1. The dashed
curves refer to the right-hand axis and show the decay of the field at the channel accumulation wall.

size distributions for runs (b), (c) and (d), for example, for which the flow rate
is identical, but the field decay becomes successively slower. The differences may
be explained by uncertainty in the placing of the Gauss/Tesla meter probe, and
consequent uncertainty in the field measurement.

Figure 6 shows three fractograms for lot no. 78, obtained at the same flow
rate of 0.5mlmin~', identical time constants and power for the field decay, but
different initial fields. The conditions are listed in table 1. The identical program
time constants and power means that the relative change in field with time is
identical for each run. It is not surprising that run (a), corresponding to the
lowest field conditions, shows the fastest elution, followed by (b) and (c). For these
experiments, the field at the accumulation wall approached a level of between 2
and 3mT, even from the highest initial field of 560 mT. However, in each case,
the channel was removed from the magnet aperture at a time indicated by the
spike on each fractogram. The field may be assumed to drop effectively to zero at
this point, and in every case, a small amount of material was subsequently eluted
from the channel. This must represent strongly retained and perhaps aggregated
material. The majority of the material eluted during the programmed field decays,
however, and the fractograms were transformed to the mass distributions shown
in figure 7. Again, the distributions do not differ from one another significantly,
except in the region of the lower core sizes. This is to be expected because, at the
lowest initial field, the field gradient is not sufficient to retain the particles having
the smallest magnetite content. These would be eluted with the void peak, and
would not be included in the data-reduction procedure. At the highest initial field,
particles containing less magnetite are retained in the channel, and elute under
the conditions of the programmed field decay. They are therefore represented
in the distribution curves. The differences at the higher extreme of magnetite
content are a little more complicated to explain. The data reduction included
a simple steric correction consistent with equation (2.6) where a was assumed
to be the ratio of dy/2w. This is a first-order correction for finite particle size,
and does not even account for the dextran component. At high elution times, the
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Figure 7. Distributions in equivalent spherical magnetite core diameter for lot no. 78 calculated
from the fractograms shown in figure 6.

contribution to retention ratio owing to the steric correction is most significant,
and the association of core diameters to these high elution times will therefore
be most uncertain. The differences in the distributions at the upper extremes of
core diameters are almost certainly an artefact of the first-order steric correction.

5. Conclusions

The aggregation of the uncoated magnetite nanoparticles in the magnetic field
is evident from the intermittent elution of material shown in figure 2. Equation
(2.15) may be used to calculate a coupling constant A, for 10nm magnetite
particles (estimated size of the single-domain particles). If we assume a saturation
magnetization of magnetite of 360kAm™, and thermal energy kT of 4.1 x
10721 J, the value of A is calculated to be 1.7. The particles are single domain
and will have permanent magnetization of around 360kA m~!. They could be
expected to interact with one another without applying a magnetic field. They
are kept in stable suspension only with the aid of surfactant. It is not surprising
that dipole-dipole interaction of these particles occurs in the magnetic field.
The experiments involving the dextran-coated samples did not indicate any
strong influence of experimental parameters on the calculated distributions in
magnetite content. In fact, the results were remarkably consistent. The absolute
ranges for the calculated core diameters do seem to be somewhat larger than
expected, however, given the nominal hydrodynamic diameter range of 80—
380 nm. The calculations were based on an assumed magnetization curve, but the
actual magnetization could not have been significantly higher than this assumed
curve. The results could be interpreted as evidence for magnetic dipole interaction
of the particles in the magnetic field, particularly for those particles incorporating
the highest amounts of magnetite. These may interact at the high initial field
and become immobilized on the channel wall. As the field decreased, the particle
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magnetic moments would decrease and their interaction become weaker. At some
point, they may be released from their interaction at the wall and start their
migration along the channel. In this way, their elution times would be longer
than predicted by ideal FFF theory (which does not account for particle-particle
interactions). The longer elution times would result in the calculated magnetite
content being higher than expected. If this is the case, however, the interactions
and capture and release of the larger particles would have to occur in a very
reproducible manner. It is apparent that further experiments are required in order
to determine the extent and nature of perturbations to elution in QMgFFF.

This work was supported by grants CTS-0125657 from the National Science Foundation and R01
CA62349 from the National Institutes of Health. The authors also thank Jurg Rohrer of BD
Biosciences Pharmingen for kindly supplying the magnetic nanoparticle samples used in this work.
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