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Abstract

Flow field-flow fractionation (FFF) and photon correlation spectroscopy (PCS) were used to determine the size
distribution of magnetic cell sorting (MACS) microbeads. The nominal 50 nm microbeads, when coupled to monoclonal
Anti-Fluorescein isothiocyanate (FITC), have an average diameter of 125 nm. FFF results showed that two different
batches of microbeads had similar average diameters. ( 1999 Elsevier Science B.V. All rights reserved.
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Field-flow fractionation (FFF) is a group of elu-
tion-based separation techniques capable of simul-
taneously separating and characterizing particles
and macromolecules ranging in size from 1 nm to
100 lm [1—4]. Field-flow fractionation has been
used to analyze biological, pharmaceutical, envir-
onmental, food, and industrial materials. Examples
of biological and pharmaceutical materials include
proteins and protein aggregates, antibodies and
antibody—antigen complexes, lipoproteins, viruses,
bacteria, parasites, cells, blood substitutes, lipo-
somes, and parenteral emulsions. The separation
aspect of FFF provides a major advantage over
non-separation techniques because complex sam-
ples can be analyzed and changes in individual
sample components can be monitored.
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The applicability of FFF to sample species in the
nanometer-to-micrometer size range arises from
the open channel structure (no packing material).
The separation process is carried out in the thin
rectangular channel shown in Fig. 1. The flow pro-
file between the two parallel walls is parabolic with
the highest flow velocity located near the center of
the channel and decreasing flow velocity towards
the walls. An external field is applied to drive the
sample to the accumulation wall at the same time
that diffusion causes migration of the sample away
from the region of higher concentration at the accu-
mulation wall. At equilibrium, there is no net flux of
sample across the channel (despite continuous dif-
fusion and interaction with the field) and each
sample component forms a layer with a character-
istic thickness. Components A and B occupy differ-
ent transverse positions because each component
has a different diffusion coefficient and degree
of interaction with the external field. The faster
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Fig. 1. Separation mechanism of normal mode FFF. Compon-
ent B is displaced further towards the center of the channel and
will elute prior to component A.

diffusing component B is positioned in the faster
flow streamlines and will elute earlier than com-
ponent A. This represents the normal mode of
separation and usually applies to materials with
diameters less than 1 lm. (For greater than 1 lm,
the steric and hyperlayer modes of separation pre-
vail [5].)

Different external ‘fields’ have been used includ-
ing centrifugal [6], thermal gradient [7], crossflow
[8], electric [9], dielectric [10], and magnetic [11].
These fields give rise to different FFF techniques
and equations relating retention time to various
sample properties. The ‘field’ used in this work is
a crossflow of fluid. Sample is transported to the
accumulation wall via positive displacement by the
crossflow. This particular field-induced transport
mechanism is independent of sample properties.
Hence, any variations in particle charge or density
(e.g., different ratios of iron oxide and polysacchar-
ide in magnetic particles) have no effect on the size
measurement [12].

For normal mode separations, diffusion causes
the transport of sample away from the wall. Using
the Stokes—Einstein equation for a spherical par-
ticle (D"k¹/3pgd, where k is Boltzmann constant,
¹ is the temperature, g is the carrier liquid viscos-
ity, and d is the hydrodynamic diameter), it is pos-
sible to write the following expression relating
retention time t

3
to d [12]:

t
3
"

ngw2»Q
#
d

2k¹»Q
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The term w is the channel thickness, »Q
#

the cross
flowrate, and »Q the channel flow rate. The retention

time is proportional to d (i.e., small particles elute
first) and can be varied by changing »Q and »Q

#
. Eq.

(1) is a valid approximation for sample components
that are well retained (t

3
'5t0 where t0 is the void

time) [13].
Photon correlation spectroscopy (PCS) is an

analytical method that extracts diffusion coefficient
information from the fluctuations in light scattering
intensity caused by the motion of particles in the
path of a laser beam [14—18]. This is an ensemble
technique that measures all particles in the sample.
Unless the sample components differ in size by at
least 2 times, PCS results will show a single broad
peak and an average diameter for the peak. PCS
has also been reported to yield inaccurate particle
sizes for mixtures of monodispersed suspensions
spanning a large size range [16]. The resolution
and polydispersity limits in PCS vary somewhat
depending on the intensity of the laser used.

Strengths of PCS and FFF differ: high speed for
PCS and high resolution for FFF. Thus, the choice
of technique depends on the complexity of the
sample and the information sought. The rapid
measurements make PCS well suited for quality
control work. The separation capabilities of FFF
allow detailed size information to be obtained for
complex or polydisperse samples, facilitate studies
involving monitoring the fate of specific sample
components, and allow fractions to be collected at
the detector outlet for analysis by other methods.

The experimental procedure in FFF commences
with the injection of a sample plug, which is initially
spread out across the entire channel thickness. The
channel flow is turned off, the crossflow remains
on, and the sample components are relaxed to their
equilibrium positions by the accumulation wall.
This stopflow period is approximately equal to the
time needed to displace one channel volume. After
relaxation, the channel flow is resumed and the
various sample species are eluted from the channel.
An alternate method to stop-flow relaxation is hy-
drodynamic relaxation [19]. The channel flowrate
is not stopped and sample relaxation is accomp-
lished on-the-fly.

Varying amounts of MACS Anti-FITC
microbeads (Miltenyi Biotec Inc., Auburn, CA)
were injected into a flow FFF channel to check for
overloading. Ten to fifteen microliters were injected
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Table 1
Different combinations of flow FFF channels and Anti-FITC
microbead lots analyzed

Combination Channel Lot No. »Q (ml/min) »Q
#

(ml/min)

1 1 NE5087 1.07 0.77
2 2 NE5894 0.97 0.84
3 2 NE5894 1.07 0.77

Fig. 2. Flow FFF fractogram of Anti-FITC microbeads.
»Q "0.97 ml/min, »Q

#
"0.84 ml/min.

in subsequent FFF experiments. Two lots (NE5087
and NE5894) were examined. The sample suspen-
sion also contained 0.1% bovine serum albumin
(BSA) and 0.02% sodium azide. The carrier liquid
used in the separation was 0.15 M phosphate buf-
fered saline (PBS), pH 7.32. A UV-Vis detector
(Model 757, Applied Biosystems, Ramsey, NJ) was
used to monitor the elution of the separated sample
components. Two flow FFF channels were used to
examine reproducibility. Channel 1 had dimensions
of 28.3 cm tip-to-tip length, 2.0 cm breadth, and
0.0105 cm thickness; it had a 30 nm pore polycar-
bonate membrane (Osmonics, Livermore, CA) as
the accumulation wall and utilized hydrodynamic
relaxation. Channel 2 had dimensions of 26.5 cm]
2.0 cm]0.0182 cm; it had a 30-kDalton cut-off
regenerated cellulose membrane (Millipore,
Bedford, MA) and utilized stopflow relaxation.
The three combinations of flow FFF channels and
Anti-FITC microbead lots are summarized in
Table 1.

Photon correlation spectroscopy (PCS) was
done using a Brookhaven Instrument ZetaPlus
equipped with a 15 mW He—Ne laser (632.8 nm).
The sample was prepared by diluting the
microbeads 60], 20], and 7] with PBS buffer.
The reported results are averages of sets of three
runs, 2—10 min data acquisitions per run. The frac-
tion collected after separation in an FFF channel
was subjected to a 60 min data acquisitions per run
because of the low particle count.

The flow FFF fractogram (Fig. 2) shows the
presence of two peaks. The symbol t0 refers to the
void time or the time taken for an unretained ma-
terial to be transported through the channel. The
first peak represents the elution of small-size com-
ponents that are not well retained under the flow
rate conditions employed. The second peak, eluting

at &12 min, represents elution of the Anti-FITC
microbeads.

The fractogram is readily converted to a particle
size distribution (PSD) using established FFF the-
ory [1,2]. Four PSDs are superimposed in Fig. 3 to
demonstrate the good reproducibility of flow FFF
in this study. These results were obtained on differ-
ent days, in different channels, and under different
flowrates (combinations 2 and 3 of Table 1). The
first peak occurs at &12 nm and is due to BSA
and/or unassociated Anti-FITC antibodies. Under
similar conditions to that used in this work, BSA
and immunoglobulin G have hydrodynamic
diameters of &8 nm [20] and 12 nm [21], respec-
tively. The second and major peak corresponds to
Anti-FITC microbeads. The data derived from
these curves are summarized in Table 2. The
diameters at peak maxima d

.!9
and at the first

moment d
.1

are listed. The d
.1

value corresponds
to the diameter at the center of gravity of the size
distribution curve. The difference between these
two diameters is due to peak asymmetry. The two
lots of Anti-FITC microbeads are of similar size.
The polydispersity of the sample is reported
as a percent coefficient of variation (%CV). The
%CV values are mostly less than 40%.
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Fig. 3. Superimposed particle size distribution curves of Anti-
FITC microbeads obtained using different flow FFF channels
and flowrate conditions (combinations 2 and 3 in Table 1).

Table 2
Summarized flow FFF results for two lots of Anti-FITC
microbeads obtained using the different conditions listed in
Table 1. d

.!9
— diameter at peak maxima; d

.1
— diameter at first

moment of peak. %CV — % coefficient of variation"(peak
standard deviation/average d

.1
)]100

Combination d
.!9

(nm) d
.1

(nm) %CV

Lot No. NE5087
1 105 128 38

110 127 35
105 130 39

Average 107 128 37

Lot No. NE5894
2 101 127 38

90 126 44
3 98 123 33

99 124 39
Average 97 125 39

Fig. 4. PCS size distribution.

Photon correlation spectroscopy yielded average
diameters ranging between 123 and 145 nm de-
pending on the dilution of the sample suspension
and the data acquisition time per run. An example

of a PCS result is shown in Fig. 4. Trends that were
observed included improved reproducibility with
increased run duration and smaller diameter par-
ticles with increased concentration. These trends,
while expected, are complicated by the absorption
of the laser light by the colored MACS Anti-FITC
microbeads. (This color originates from the iron
oxide that form part of the beads.) In the presence
of light absorbing species, the transmitted light is
attenuated and the signal is weakened. In this
case, we observed count rates on the order of
2.4—5.9 kilocounts per second (kcps); far below the
ideal count rate of 50—300 kcps [14,16]. Using the
60] diluted microbeads, data-acquisition times
were increased from 2 to 10 min resulting in an
improved run-to-run reproducibility from 26%
to 3% (in diameter). The 10 min run yielded
a microbead diameter of 134 nm. In some runs,
a very small peak is observed at &17 nm. Longer
data acquisition times need to be used to improve
the reproducibility of this peak. An alternative to
increasing the data acquisition time is to increase
the sample concentration. Microbeads dilutions of
20] and 7] yielded average PCS diameters of 139
and 124 nm, respectively. The drawback to this
approach is the increased probability of par-
ticle—particle interactions and multiple scattering
both of which lead to erroneous diffusion coeffi-
cients [14,17] and hence, diameters.

In general, the PCS diameters are higher than
those obtained by flow FFF. The two techniques
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Fig. 5. (a) Flow FFF fractogram showing region over which
sample was collected for further analysis by PCS and (b) super-
imposed PCS and FFF size measurements.

should yield comparable results because they are
both based on the measurement of diffusion coeffi-
cients D followed by the use of the Stokes—Einstein
equation to calculate the hydrodynamic diameter.
Particle sizing techniques that measure diameters
on the basis of different principles will often yield
different results.

A fraction of the FFF separated sample was
collected at the detector outlet for further analysis
by PCS. The shaded region of the fractogram in
Fig. 5a represents the sample collection interval.
Sixty minutes of data acquisition were used because
of the very low concentration of the sample suspen-
sion. The flow FFF particle size distribution, corre-
sponding to the fractogram of Fig. 5a, is super-
imposed with the PCS diameter measurements in

Fig. 5b. Large ('5 lm) dust particles present in
this collected fraction (not shown here) contribute
to the large intervals between reported diameters.
The PCS and FFF results are in good agreement.

An Anti-FITC microbead consists of an iron
oxide particle and a 40 kDalton dextran shell with
attached Anti-FITC molecules. The nominal dia-
meter of the MACS microbeads is approximately
50 nm [22]. The Stokes diameter of 40 kDalton
dextran is about 9 nm [23]. If the Anti-FITC mol-
ecule is approximately the same size as Immunog-
lobulin G (12 nm) and monolayer coverage of
dextran and Anti-FITC is assumed, the microbead
Anti-FITC complex will have a diameter of
&92 nm. This is comparable to the FFF average
diameter at peak maximum d

.!9
of 107 and 97 nm

for two different batches. Higher FFF and PCS
d
.1

values indicate the presence of a significant
fraction of large MACS beads. These large beads
can be attributed to polydispersity of the iron oxide
particles or multiple layers of dextran and Anti-
FITC molecules. This question can be resolved by
performing FFF or PCS on the uncoated and
coated microbeads or by visual inspection using
electron microscopy.

In this study, flow FFF and PCS yielded similar
particle diameters for the MACS Anti-FITC
microbeads. PCS provides rapid size measurements
for simple and sufficiently concentrated samples and
good scatterers. However, for dilute samples, light-
absorbing samples, or samples in an absorbing me-
dium, studies must be done to determine the appro-
priate data acquisition time and the concentration
needed to obtain accurate and reproducible data.

Techniques such as FFF and PCS facilitate in-
vestigative studies on the effect of size and aggreg-
ate formation on the efficiency of cell labeling. In
addition, FFF can be coupled with an elemental
detector to obtain additional information on the
distribution of iron oxide as a function of particle
size. Whether this plays an important role in the
efficiency of magnetic cell sorting remains to be seen.
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