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Abstract

Quadrupole magnetic field-flow fractionation (QMgFFF) is a separation and characterization
technique for magnetic nanoparticles such as those used for cell labeling and for targeted drug
therapy. A helical separation channel is used to efficiently exploit the quadrupole magnetic field.
The fluid and sample components therefore have angular and longitudinal components to their motion
in the thin annular space occupied by the helical channel. The retention ratio is defined as the ratio
of the times for non retained and a retained material to pass through the channel. Equations are derived
for the respective angular and longitudinal components to retention ratio.
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The field-flow fractionation (FFF) techniques are for the separation and characterization of
particulate and macromolecular materials suspended or dissolved in a liquid medium. They
are similar to chromatography in that different components of a small sample elute from a
separation channel at different times [1]. Chromatography exploits differences in partition
between mobile and stationary phases to separate sample components as they are carried along
a column, but FFF separation is achieved within the flowing mobile phase and does not utilize
a stationary phase. The separation channel optimally has a uniform thickness and a high aspect
ratio, i.e., it is much thinner than it is broad. The fluid velocity profile is therefore parabolic,
or close to parabolic, with the fastest velocity close to the center and zero velocity at the walls.
The small perturbation due to the viscous drag of the side-walls may be ignored for a channel
of high aspect ratio. A field of some type is applied across the channel thickness, perpendicular
to the direction of fluid flow. The materials to be separated (we restrict our consideration to
submicron particles in this work) interact with the field and are driven toward one of the walls,
known as the accumulation wall. The resulting increase in concentration adjacent to the
accumulation wall is opposed by Brownian diffusion, and dynamic steady-state distributions
are approached where the concentration of each species is highest adjacent to the wall and
decays exponentially away from the wall. Furthermore, the rate of exponential decay is related
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to the strength of the interaction with the field, so that particles that interact strongly occupy
thin zones close to the wall, whereas those that interact less strongly occupy more diffuse zones.
It is important to point out that the approach to steady-state occurs very quickly in the thin
channel because of the relatively small migration distances involved (typically 250 um, but
may be less). Because a steady-state zone occupies only a fraction of the channel thickness, it
follows that there is also a very rapid exchange of particles within the thickness of a zone. This
means that a collection of identical particles will be carried along the channel length as a
coherent band as they all sample different streamline velocities equally. Strongly interacting
particles are confined to slowly moving streamlines close to the wall and have a relatively long
elution time. Particles that occupy more diffuse zones are able to sample faster moving
streamlines as well as those close to the wall, and elute more quickly. Separation according to
strength of interaction with the applied field is thereby obtained.

Important aspects of this optimal implementation of the FFF separation mechanism are the thin
channel of uniform thickness across its breadth, and the transverse field applied uniformly
across the channel breadth. Quadrupole magnetic field-flow fractionation (QMgFFF) uses a
thin helical channel mounted in an axisymmetric magnetic field. Inside the aperture of the
quadrupole, the field strength increases radially from the axis. The gradient in field strength is
constant and directed radially outward from the axis. Magnetization of the particulate sample
is induced by the applied magnetic field and the particles are driven toward the outer channel
wall by their interaction with the field gradient. The helical channel has a number of advantages
over a full annular channel. An annular channel requires the carrier fluid and sample be
distributed uniformly around the annulus at the inlet and collected uniformly around the
annulus at the outlet. This is not easily achieved in practice. Multiple inlets and outlets,
distributed around the annulus are required. Partial or complete blockage of any of the multiple
inlets or outlets would disrupt flow patterns and contribute to band-spreading and loss of
resolution. Any variation in field gradient around the circumference of the annular channel
would result in variation of elution times, again leading to loss of resolution. It is also difficult
to fabricate and maintain a perfectly uniform, thin annular channel. Variations in thickness
around the circumference would offer variations in resistance to flow; in fact, mean velocity
varies with the square of the channel thickness for a given pressure drop. Again, the net result
would be a loss of resolution. On the other hand, a helical channel has a single inlet and a single
outlet, the helical path forces all particles to sample any circumferential variations in field
gradient, and the approach taken for channel assembly tends to reduce variations in channel
thickness. The helical channel is machined into the surface of a polyoxymethylene rod
(Delrin™ from DuPont) that fits tightly into an internally polished stainless steel tube [2-4].
It is therefore self-centering throughout the length of the tube. The helical nature of the
QMgFFF channel does, however, require a careful consideration of the fluid velocity profile,
as well as the influence of any secondary flow effects due to channel curvature and torsion.
This work is concerned with only the effect of fluid velocity profile on sample elution.

QMgFFF has been used to characterize magnetic nanoparticles such as those used for cell
labeling and for targeted drug therapy. These particles consist of a magnetic component with
biocompatible coatings carrying antibodies or therapeutic drugs. The coatings stabilize the
materials in suspension and also reduce the magnetic dipole-dipole interactions between
particles in a magnetic field. The force exerted on a single magnetic particle due to its
interaction with a magnetic field gradient is given by

F,=V,MVB (1)
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where Vp, is the volume of the magnetized component of the particle, M is the magnetization
of this component, and VB is the gradient in magnetic field strength B. The particle coating,
any antibodies or drugs associated with the particle, and the suspending fluid are all assumed
to be paramagnetic and will have insignificant influence on the overall force. In the channel,
the particles will be driven across the channel thickness toward the so-called accumulation wall
(the outer wall) at a velocity u given by

FIH FHI

[ 3md, @

in which fis the friction coefficient given by 3z#dp where 7 is the fluid viscosity and d, is the
hydrodynamic diameter of the particle. This creates a gradient in concentration c that is opposed
by Brownian diffusion. At every point across the channel thickness, the net radial flux J, toward
the (outer) accumulation wall is given by

J.=uc — Ddc/dr 3)

In this equation D is the particle diffusion coefficient, c is the local concentration, and dc/dr is
the local gradient in concentration in the radial direction. In the thin channel, a steady state
distribution is quickly approached and J; is then effectively zero at every point across the
channel thickness, so that

dc uc Fyc

dr D kT )

The second form on the right of eq (4) is obtained by the substitution of D by kT/f = kT/
3zndp. The friction coefficient cancels and the steady state concentration profile is therefore
independent of both the hydrodynamic diameter of the particles and the viscosity of the
suspending fluid. It is therefore only the force on the particles due to the interaction of their
magnetic component with the field gradient that determines the concentration profile. The
steady state profile is obtained by solving the integral equation

cde 17 r, P
e [Fpdr=22(F.d
Cfoc kT{ IrkT{"p ©

in which ¢ is the particle concentration adjacent to the accumulation wall, rg is the radius of
the (outer) accumulation wall, and the new variable of integration p is the dimensionless radial
distance r/rg, so that p = 1 when r = r,. The force Fp, is a function of the magnetization of the
magnetic component (see eq (1)) which is generally a function of the local field strength B.
However, the particles are confined to a thin annulus across which the field strength will vary
by, typically, a few percent. Furthermore, the particles are driven into a thin layer within the
annulus, adjacent to the (outer) accumulation wall. The force on the particles may therefore be
approximated by that at the outer channel wall radius. Solution of eq (5) then gives
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C=CoeXp (—l €=2) ) =coexp (—i)
A1 —p;) A (6)
where
_k_T_ kT _ kT
Wo Furo(1-pi) Fpw (7)

so that 4 is the ratio of thermal energy kT to the work W, required to drive a particle a distance
equal to the channel thickness w (= ry — r;) against the force experienced by the particle at the
accumulation wall. The variable & introduced in eq (6) is equal to x/w = (1—p)/(1—p;), where
x is the distance measured away from the accumulation wall toward the axis of the annular
channel. The parameter p; is the ratio of inner wall radius r; to that of the outer wall, pj = r;/
ro- To a good approximation, the concentration decays exponentially away from the
accumulation wall.

In FFF, the retention time, or alternatively, the elution time, may be given in terms of the
retention ratio R which is defined as the ratio of the time tO for a non-retained material to pass
through the channel to that of the retained material t,. Alternatively, R may be defined as the
ratio of the time for a material to pass through the channel when no field is applied to the time
taken when the field is applied. This is equivalent to the ratio of the velocities of the retained
material to a non-retained material:

Vp _ <cv>

R= =
<> <e><v> (8)

where the angle-brackets indicate the mean of the enclosed quantity over the channel cross
section. The velocity of the non-retained material is therefore assumed to be equal to the mean
fluid velocity in a cross section of the channel, and the retained material has a velocity that
weights local velocity by local particle concentration, so that v, = <cv>/<c>. It must be
remembered that in the thin FFF channel the dynamic exchange of particle positions within
the steady-state concentration profile allows them to sample fluid velocities across the channel
thickness. In the parallel-plate systems, the time spent at any position across the velocity profile
is proportional to local steady-state concentration. The influence of the side-walls is commonly
ignored and the mean is taken across channel thickness, so that, for example

0 (9)

The fluid velocity for a helical channel may be considered to be, to a first approximation, the
summation of two orthogonal components: the longitudinal and the angular velocity
components. The longitudinal component is in the direction parallel to the axis of the annulus,
and the angular component circles around the axis. The two components of sample velocity

J Magn Magn Mater. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Williams et al.

Page 5

may be given in terms of the two fluid velocity components and the two respective retention
ratios. The retention ratio R, for longitudinal flow in an annular channel is given by

Vap <cv.>
R.= o~
<> <e><v> (10)

where v, is the sample velocity along the length of the annulus and <v,> is the mean fluid
velocity along the length of the annulus. For the annular channel, the mean concentration, for
example, over the channel cross section takes the following form

2nfrcdr lfipcdp
To 1

<c>= - =
- Pi

ZJT’frdr fp dp
To 1 (11)

Solving the integral in the denominator and changing the variable of integration in the
numerator to &, results in

1
2f(1 - &0 - py)) c dé

0

<c>=
(1+p0:) (12)

The retention ratio for the angular component to flow is given by

wp  <cw>

R, = =
T cw>  <e><w> (13)

where wy, is the angular component to sample velocity and <> is the mean angular fluid
velocity.

Analytical solutions for the longitudinal v,, angular o, and azimuthal v4 velocities of a
Newtonian fluid in an annulus may be obtained by solution of the relevant Navier-Stokes
equations [5]. For purely longitudinal, steady fluid flow (ignoring the influence of gravity), we
have

o_ (10 (o
02—77 ror\ or (14)

in which dp/dz is the pressure drop in the z-direction, and # is the fluid viscosity. Double
integration, and imposing the no-slip boundary conditions at the walls, results in
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_Aproz

(2 -1
V.= 1-p°+ Inp
4nlL Inp; (15)

where Ap is the pressure drop along the annulus and L is the length of the annulus.
Determination of <v,> by integration of v, over the annular cross-section and dividing by the
cross-sectional area (analogous to eq (11)) yields

Agpr"z (1+p;z i’ — 1))

Ino; (16)

Making the appropriate substitution into eq (15) gives the final result

. =2<L>(1 — p*+Aslnp)

A (17)

in which

(i’ = 1), A -1
7’ 2_
Inp; Inp; (18)

Ai=l+p -

This result has been presented earlier by us [6-9] and by Davis and Giddings [10]. For purely
azimuthal, steady fluid flow, the relevant Navier-Stokes equation may be written as

Lop_ (9 (130w)
r(?(-)_n or\r Or (19)

and since vy = re, we can write

rani( (5

r%_n or\r OJr (20

Following the same approach as for v,, we obtain

2 1
w= ~w> (1 - —2+Bzmp)
P

B, (21)

in which
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31:(4 - pH)Inp; 2:(1 - pi%)
(1-p? ~ pi*lnp; (22)

The azimuthal velocity is obtained in the same manner from the starting point of eq (19):

2 1
Vo= <v0>p(l - —2+Czlnp)
1 (23)
in which
4pi° = 1) 8 (1-p?)
I - ; Cr=Bry=—
9oi*lnp;  3(1+p;) pi*Inp; (24)

This result may be shown to be equivalent to that derived by Davis [11]. Figure 1 shows a
comparison of the three normalized velocity profiles v,/<v,>, w/<w>, and vy/<vy> with the
parabolic profile that is obtained for a parallel-plate channel. The parameter p; was set to 0.5
to better illustrate the differences. Typically, annular FFF channels have p; that are greater than
0.95 for which the differences between the curves would be less apparent.

The forms of eqgs (17) and (21) preclude the derivation of analytical solutions for R, and R,,,.
There are other FFF techniques where the velocity profile deviates from parabolic and for
which an analytical solution for R cannot be derived. For example, in thermal FFF atemperature
gradient is maintained across the channel thickness and this leads to a distortion of the velocity
profile because of the effect of temperature on fluid viscosity. A first order correction has been
proposed [12,13] to account for this distortion of the velocity profile that allows derivation of
a good analytical approximation for R. The profile is approximated by the cubic equation in &

v=6<v> ((14v)é — (1+30)E>+2v&" ) 25)

In this equation, v is an adjustable parameter that allows for deviation of the shear rate at the
accumulation wall from that of the isoviscous, parabolic profile. The equation also has the
required property of predicting zero velocity at each of the walls. The region close to the
accumulation wall is important for predicting particle elution and the parameter is adjusted so
that 6<v>(1+v)/w is a good fit to the true shear rate at the wall. This approach may be adapted
to the velocity profiles for an annular channel. In this case, a second parameter x must be
included that is a function of the ratio pj of the inner to the outer radii. The cubic equation has
the general form;

v=6<v> ((14+0)¢ = ()& +u - Hve) (26)

This has the same adjustable parameter » for the shear rate at the accumulation wall. The
equation also retains the required property of giving zero velocity at each of the walls. The
value for u is obtained from the required identity (recalling eq (12)):
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1
2f(1 - &0 - p)yvdé
0

<y>=
(1+pi) (7)

Solution of this equation reveals that, for all v # 0, x is given by

7+8p,'
IJ:
2+3p; (28)

The parallel-plate system corresponds to pj = 1 in which case x = 3, and eq (26) becomes
consistent with the parallel-plate solution given by eq (25). At the other extreme where p;
approaches zero, u is seen to approach 3.5. The parameter « does not therefore vary over a
wide numerical range.

We can obtain cubic approximations to each of the velocity profiles in the annulus as follows.
For the longitudinal velocity profile, we have

ve=6<v,> (1+v)¢ = (1) +(u = Due) (29)

The parameter o, must be adjusted to equate 6<v,>(1+v,)/w with the accurate shear rate at the
accumulation wall (consistent with eq (17)), which is the outer wall for magnetized particles.
The result is given by

-y
N 3A, (30)

The same exercise may be carried out for the cubic approximations for angular and azimuthal
velocity profiles. These results are given by

w=6<w> ((1+v,)E — (IHpav)E+ (i — Dugé) 31)
in which
Uw:(pi — DBa+2)
3B (32)
and
Vg=6<vy> ((1+U(;)$ — (14+uvg)é*+(u — 1)Uof3) (33)
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in which

(o= DG+

Vg= 1

3¢ (34)

Figures 2a, b, and ¢ show the plots of the first differentials of the normalized profiles with
respect to & for the true profiles and the cubic approximations to the profiles. Also shown are
the % errors of the first differentials of the cubic approximations compared to thoseof the true
profiles. A ratio pj of 0.5 was chosen, as for Figure 1, in order to show significant deviation of
the approximate equations from the true values. It may be seen that the first derivative of the
cubic approximation for angular velocity is significantly worse than those for longitudinal and
azimuthal velocities. This is simply because the angular velocity profile deviates further from
parabolic than the other two, as shown in Figure 1.

We are now in a position to derive approximate expressions for the longitudinal and angular
retention ratios. For the longitudinal retention ratio

Pi 1
[pev.dp  [(1=EQ0 - pp))cv. dé
R.=— =

z pi 1

<v>[pedp <v> [(1-&(1 - py))edé
1 0

(35)

Substitution for p; using a rearrangement of eq (28), and for ¢ and v; using egs (6) and (29),
respectively, yields the solution

R.=61 (3 — 8)(14+v.)+24(23 — 8u+3(5 — (u — Dp)vs)
+6A2(5(u — 3)+2(4+(4u — 13)u)v.) — 1203 (u — 3)(u — Dv.

+exp(—1/){(7 = 2u)(1+(2 — v )+24(22 = Tu+3(17+3(u — S)wv,)

+642(5(3 — )+2(26 — 3(9 — 2w )+1203(u — 3)(u — D] /

[3p— 8 — 5A(u — 3) — exp(=1/A)(7 — 20 = 5A(u — 3))] (36)

For material that is acceptably well retained where 4 is less than about 0.15, the terms in exp
(=1/2) are insignificant, and the expression reduces to

R.=61] (3 — 8)(1+v.)+24(23 — 8u+3(5 — (u — Dp)vs)
+642(5(u — 3)+2(4+(4u — 13))v) — 12043 (u = 3)(u — Dy | /
[3u—8—51(u—3)] @7

Figure 3a shows the comparison of the true longitudinal retention ratio calculated by numerical
integrations involving the true velocity profile given by eq (17) (full line) with that given by
eq (36) (short-dashed line). A ratio of inner to outer channel radii p; of 0.5 was selected to show
avisible error. The percentage difference is shown by the longer-dashed line and this refers to
the right hand axis, and is seen to be less than 0.6% in the range of A up to 0.2.
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As a check on consistency, it may be shown that if x is set to 3 in eq (36), the equation does

indeed reduce to the expected parallel-plate solution with first order correction for deviation
of the velocity profile from parabolic, given by [12,13]

R=61v(1 — Ry)+R; (38)

in which Ry is the retention ratio for an ideal parabolic velocity profile:
Ry=64(coth(1/22) — 22) (39)
Similarly, when w in eq (37) is set to 3, the equation reduces to the form given by eq (38), but

with R, given by the approximate parallel-plate solution for retention ratio, accurate to better
than 0.4% for A < 0.15:

Ry=6A(1 - 21) (40)

In the case of the angular retention ratio, we take a similar initial approach:

Pi
fp cwdp
<cw> 1
w= = -
<c><w> pi
<w> f pcdp
1 (41)

Substitution using egs (6), (28), and (33), yields the following solution;

Ro=61] Bt — 8)(1+v,)+2A(23 — 8u+3(5 — (u — Dp)ve,)
+62(5(u — 3)+2(4+(4u — 13)u)v,,) — 12003 — 3)(u — D,

+exp(—1/) {(7 = 2u)(1+(2 — Wvu,)+24(22 = Tu+3(17+3(u - S)wv.,)

+62(5(3 — )+2(26 — 3(9 = 2))u)+ 12003 — 3)(u — D )| /

[3p— 8 — 5(u — 3) — exp(—1/A)(7 = 2 = 54 — 3))] (42)

This has exactly the same form as eq (36), but incorporates the parameter v, rather than v,.
We can modify our approach by noting that the azimuthal velocity vy is related to the angular
velocity w as follows

Ve=FW=r,pW (43)

and we can advantageously substitute for pw in eq (41). It is advantageous because the cubic
approximation for vy was found to be better than that for w. It can also be shown that <vy> is
related to <w> by

1 C| o

<w> By <vp> (44)
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Making these two substitutions into eq (41), changing the variable of integration to &, and
substituting for p; using a rearrangement of eq (28) results in

1
fC Vo df
0

Cy
@ Bi<vyg> 1

S =5 —-3)/Gu~8)) cdé
0 (45)

and on substituting eq (6) for ¢ and eq (33) for vy gives the solution

R,=%040D | 106 = 24(1+109)+622(u — 1y
+exp(=1/2) {1+(2 = wvg+24(1+(3 = 2u)vg) — 622 (1 — Dwy)}| /
[3u—8 = 5A(u — 3) —exp(=1/) {7 = 2 — 54 - 3)}] (46)

Again, for relatively well retained material where 4 is less than about 0.15, this reduces to

614G - 8) | 106 = 241+ 4209)+6. % (1 — Dy

R,
B [3u—8—54(u—-3)] (47)

Figures 3b and ¢ show the comparison of the results based on eqs (42) and (46), respectively,
with the true angular retention ratio based on numerical integrations involving the true angular
velocity profile given by eq (21). As expected, the result given by eq (46), obtained by
consideration of the better cubic approximation to the azimuthal velocity profile, is a better
match to the true retention ratio. The result given by eq (42) deviates from the true retention
ratio by over 5% at A around 0.1, whereas eq (46) deviates by only about 1.2%.

The eqgs (36) and (46) have been shown to be good approximations for R, and R, respectively.
It is interesting to note that for a given value for p; and any given /, the magnitudes of the two
retention ratios differ; R, is generally larger than R,,. The consequence of this is that a sample
zone will not migrate directly along the helical path of the channel, but will tend to migrate at
some angle to this direction. Figure 4 shows plots of the ratio R,/R,, as functions of A for
different values of the ratio pj. Numerical calculations of the retention ratios were performed
using the true velocity profiles. The ratio increases with p;, so that when p; = 0.5 the ratio R,/
R, approaches almost 1.5 at small 2. Such a great difference between the retention ratios could
interfere with the FFF separation mechanism. The sample particles would be driven quite
strongly toward one of the side walls during elution (the lower side wall when the channel is
arranged vertically with downward flow). This would result in a build-up of concentration
close to the side wall which could lead to overloading effects (particle-particle interactions),
but would place a significant fraction of the sample in the region of the channel where fluid
velocities are retarded by the viscous drag of the side wall. Fortunately, for typical helical FFF
channels, the value for p; exceeds 0.95. For example, the channel used in our most recent work
[4] had a nominal thickness of 250 um and an outer wall radius of 0.743 cm, so that p; = 0.966.
For this value of pj, the ratio of R,/R,, approaches a maximum of only 1.023 at small /. We can
conclude that this phenomenon would not be expected to be problematic for the typical helical
FFF channel.
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Figure 1.

Comparison of the normalized velocity profiles v,/<v,>, vy/<vg>, and w/<w> for the annular
channel with the ratio p; of inner to outer radii of 0.5, and v/<v> for the parallel-plate channel.
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Figure 2.

The first derivative of the normalized fluid velocity profiles with respect to & in the region of
the accumulation (outer) wall. The approximate curves are based on the respective cubic
approximations to velocity profiles. The curves of % errors refer to the right-hand axes. a)
Longitudinal velocity, b) Angular velocity, ¢) Azimuthal velocity. In all cases p; = 0.5 in order
to better illustrate the relative goodness of the fits.
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Figure 3.

Comparison of numerically determined retention ratios based on true velocity profiles with

results based on cubic approximations to velocity profiles. a) Longitudinal retention ratio R,,
approximate result by eq (36); b) Angular retention ratio R,,, approximate result by eq (42); c)
Angular retention ratio R, approximate result by eq (46). The curves of % errors refer to the

right-hand axes. In all cases p; = 0.5.
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Figure 4.
Ratios of R,/R,, as functions of retention parameter /. for p; 0f 0.5, 0.8, 0.9, and 0.95. Numerical
solutions for R, and R, were obtained using the true velocity profiles.
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