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Field-flow fractionation (FFF) is an analytical technique particularly
suitable for the separation, isolation, and characterization of
macromolecules and micrometer- or submicrometer-sized particles.
This chromatographic-like methodology can modulate the retention
of micron-sized species according to an elution mode described to
date as “steric hyperlayer”. In such a model, differences in sample
species size, density, or other physical parameters make particle
selective elution possible depending on the configuration and the
operating conditions of the FFF system. Elution characteristics of
micron-sized particles of biological origin, such as cells, can be
modified using media and carrier phases of different osmolarities.
In these media, a cells average size, density, and shape are modified.
Therefore, systematic studies of a single reference cell population,
red blood cells (RBCs), are performed with 2 sedimentation FFF
systems using either gravity (GrFFF) or a centrifugational field
(SdFFF). However, in all cases, normal erythrocyte in isotonic
suspension elutes as a single peak when fractionated in these
systems. With carrier phases of different osmolarities, FFF elution
characteristics of RBCs are modified. Retention modifications are
qualitatively consistent with the “steric-hyperlayer” model. Such
systematic studies confirm the key role of size, density, and shape in
the elution mode of RBCs in sedimentation FFF for living, micron-
sized biological species. Using polymers as an analogy, the RBC
population is described as highly “polydisperse”. However, this
definition must be reconsidered depending on the parameters under
concern, leading to a matricial concept: multipolydispersity. It is
observed that multipolydispersity modifications of a given RBC
population are qualitatively correlated to the eluted sample band
width.

Introduction

Field-flow fractionation (FFF) is a versatile family of separa-
tion techniques introduced in 1966 by J.C. Giddings (1). The

general principle of these separation technologies is based on the
coupling of a liquid (flowing in a laminar mode along a ribbon-
like channel) with a field (applied perpendicularly to the great
surface of the ribbon) (1–4). Very different applicable fields result
in the versatility of this separation family. The fields can be
thermal (5), electric (6), hydrodynamic (7,8), magnetic (9), or
sedimentation (10) and lead to an increasing interest in biolog-
ical applications (11–13). The sedimentation FFF that uses
either mere earth gravity, known as gravitational FFF (GrFFF)
(14–17), or centrifugal force, known as multigravitational FFF
(SdFFF) (18–21), appears to be particularly well-suited for the
purification, separation, and analysis of particles in the micron
range (i.e., 2–30 µm in average diameter). The pioneering work
of Caldwell et al. (12) in 1984 initiated the development of such
a technique for cell separation. In particular, they showed that
erythrocytes of different species were eluted in a size-dependent
order (12). Sedimentation FFFmethods were then used to study
red blood cells (RBCs) of different origins and monitor experi-
mental pathologies (22,23). It was also demonstrated that sepa-
rations of biological interest, such as RBC age-dependent
isolation, was possible (24), as well as the study of swelling
resistance (25). Preliminary studies on nucleated cells of
different origins were performed, and their elution characteris-
tics were compared (12,13,26). The isolation of parasites, such
as Toxoplasma gondii (27), Trichomonas vaginalis (28),
Trypanosomia (29), and bacteria (30), was also successfully
achieved. All these reports indicated that size and density played
a key role in the elution of micron-sized cellular species. These
indications were confirmed with organic particles, such as latex
(14), and inorganic particles, such as silica beads (31), of dif-
ferent size. The effects of shape were also explored on biological
material of submicron size (32) and on cellular material (12).
These numerous experimental results led to the development of
the so-called “steric-hyperlayer” elution mode of micron-sized
particles in sedimentation FFF (4). In this elution mode, for par-
ticles of the same size, those of higher density were more
retained (12,26). In the same manner but considering particles
of identical density, those of greater size were eluted first.
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By varying the cell medium and carrier phase osmolarity, RBC
size, density, and shape are modified (33). Moreover, in hypoos-
molar solutions, cell suspensions appear less polydisperse.
Therefore, using carrier phases of different osmolarities with the
sameRBC population allows the description of their elution char-
acteristics experimentally, depending on at least 2 cell parame-
ters: volume and density. The values of these parameters are
directly linked to the osmolarity of the medium if the cell mem-
brane is considered to be a semipermeable one. Moreover, one
specific feature of the human RBC (i.e., its plate shape in isotonic
conditions) makes the analysis of the cell shape modifications
possible. However, changes in the average size, density, and
rigidity values affect the polydispersity of each parameter. A global
analysis of polydispersity is possible by means of eluted popula-
tion dispersion parameter (i.e., the height to equivalent theoret-
ical plate) (HETP), leading to the concept of multipolydispersity.

Experimental

Theory
Osmosis phenomenon
Extensive descriptions of osmosis phenomenon have been

published (34,35). Its consequences on RBC size and density can
be formalized if the RBC membrane is supposed to ideally be
semipermeable. In that case, in different osmolarity media, only
pure water can flow through the membrane. Therefore, the cell
volume can be calculated using the osmotic pressure definition
(35). The RBC physical characteristicmodifications in relation to
themedium osmolarityω (33) can be herein described bymeans
of the following equations:

V = A – kω Eq. 1

D =B/(A – kω) Eq. 2

where V is the particle volume expressed in µm3; D is its density;
and A, B, and k are constants defined for human RBC with A =
168.4 µm3, B = 104.5 µg, and k = 244.6 µm3/Osm at 25°C (33).
Likewise, particle sphericity can be studied using the

sphericity index (36), described as follows:

I = 4.84(V2/3)/S Eq. 3

where S is themembranemean surface (estimated to be 140 µm2

in isotonic conditions) (33). It was reported that I = 0.7 for
normal RBC in isoosmolar solution (33). As RBC size increased
in hypoosmolar media, the sphericity index increased up to a
value of I = 1. In that situation, the particles become perfectly
spherical without any change in the membrane surface (S). The
RBC volume corresponding to a sphericity index of I = 1 using
Equation 3 can be calculated at 155 µm3. The medium osmo-
larity calculated by combining Equations 2 and 3 (for which RBC
is totally spherical) is 170 mOsm. For osmolarity values lower
than 170mOsm, the particle is spherical. If osmolarity decreases,
the cell membrane surface increases with evident consequences
on density and volume.

RBC elution mode
It is now well established that in sedimentation FFF, most

micron-sized species of biological origin elute according to a
mechanism described as “steric-hyperlayer” (11,12). In such a
mechanism, particles are focused into an equilibrium position in
the channel thickness by the balance between the external field
and opposite hydrodynamic lift forces. Because of the parabolic
profile of the flow velocity, species in motion closer to the wall
are more retained (11,12). The most important feature of this
elution mode is the dependence of retention ratio to flow rate
caused by the lift forces (3,4,12,13,37) whose specificities are not
totally assessed to date. However, their influence and qualitative
description have been investigated intensively (3,4,38,39).
Previous experiments in SdFFF with RBCs have supported this
elution mode (14,15,40,41). It was proved that in the steric-
hyperlayer elutionmode, cell characteristics such as density, size
(28,26), or membrane rigidity (42) are involved, as are channel
dimensions and flow characteristics (43). Therefore, cell modifi-
cations in size, density, and shape may lead to different elution
positions in the channel thickness, leading to different elution
characteristics whose results are described in this report.

FFF system
Three FFF systems were used for osmolarity-dependent RBC

elutions. Two GrFFF (channels 1 and 2) systems, whose instru-
mental design has already been described (40), were used. The
channel dimensions and system void volumes were 50 × 2 × 0.01
cm and 1.13 ± 0.07 mL (2 s, n = 5), respectively, for channel 1
and 50 × 2 × 0.025 cm, 2.52 ± 0.05 mL (2 s, n = 4), respectively,
for channel 2. An SdFFF separator (channel 3), whose instru-
mental characteristics have already been reported (26), was also
set up. Its rotor axis distance was 13.8 cm. The dimensions of
channel 3 were 78.5 × 1 × 0.025 cmwith a system void volume of
2.11 ± 0.09 mL (2 s, n = 4).
For all FFF experiments, a Gilson pump model 302 (Gilson

Medical Electronics, Middletown, WI) connected to a pressure
damper allowed flow rates ranging from 0.05 to 5 mL/min. A V
100L switching valve (Upchurch Scientific, Oak Harbour, WA)
was used during the relaxation stage to divert the flow away from
the channel for 4 min. Samples were introduced into the
channel by means of a Rheodyne valve model 7125i (Rheodyne
Incorporated, Cotati, CA) placed at the channel inlet. A Waters
440 photometer (Waters Corporation, Milford, MA) set at the
channel outlet and operated at 365 nm allowed the detection of
eluted particles. Signals were recorded on a Daewoo computer
(Daewoo Europe, Roissy Charles de Gaulle, France) using a Soft
30160 card with lab-made software, allowing 16-byte precision,
and operated at a frequency of 3 Hz.

FFF eluent
The eluents were phosphate buffer saline solutions

(Biomerieux , Marcy-l’Etoile, France) of different osmolarities
supplemented by 0.1% (w/w) bovine albumin (number A-4503,
Sigma Chemical Company, St. Louis, MO). Eluents with osmo-
larities varying from 150 to 600 mOsm were prepared as follows:
hypoosmolar solutions were made up from dilutions of an initial
isoosmolar eluent, whereas hyperosmolar solutions were pre-
pared using a reduced volume of sterile water (Biosedra Pharma,
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Louviers, France) for a given amount of phos-
phate buffer saline. The osmolarities were con-
trolled using a Vapro vapour pressure os-
mometer model 5520 (Wescor, Logan, UT).

RBC samples
Blood was drawn from a healthy volunteer

with his informed consent. Fresh samples were
collected in sterile Vacutainer tubes (Becton
Dickinson Vacutainer System, Meylan, France)
containing potassium ethylene diamine tetra-
cetic salt (K3EDTA) as anticoagulant and refrig-
erated at 4°C. Within 2–3 days, the appropriate
blood samples were diluted with the carrier
phase 1 h prior to elution.

Results and Discussion

Channel thickness
The steric-hyperlayer elution mode predicts that in a thin

channel (≈ 100 µm), size is the dominant separation parameter
(11,12). If the channel thickness increases, density differences
will play an increased role (4,37,41,43).
Preliminary studies using GrFFF devices and fresh 100-fold

diluted samples were performed with 2 channel thicknesses (100
µm and 250 µm). Typical signals obtained with channel 2 (frac-
tograms) are shown in Figure 1. It is observed that RBCs diluted
and eluted in a solution of reduced osmolarity (200 mOsm) were
less retained. Such results are in accordance with the volume
increase and the slight decrease in density of the RBC in the
medium of reduced osmolarity. Peak parameters (retention
ratio, asymmetry factor, HETP) were calculated according to the
procedures published by Bidlingmeyer and Warren (44), and the
data obtained are shown in Figure 2. As predicted (12,40), reten-
tion ratio increases to the flow rate increase. This increase is
more intense in the thinner channel. The systematic increase of
HETP with flow rate is linked to nonequilibrium elution charac-
teristics, whatever limited role the injection procedure played as
the sample was introduced in the vicinity of the accumulation
wall. The thicker the channel, the larger the HETP, and in FFF
for polydisperse particles, the wider the HETP, the more efficient
the system can be (26). Therefore, channel 1 appears more effi-
cient than channel 2. In any case, when the ratio of RBC size to
channel thickness increased, HETP increased as described for
other particles by Williams (3). The asymmetry factor is reduced
as the flow rate increases and channel thickness decreases.
Again, when comparing both channels, identical asymmetry
factor values were associated with different flow and osmolarity
conditions. Therefore, the use of SdFFF was chosen for an
increased versatility provoked by the use of modular external
field.

Injection procedures and FFF device
Since the early development of FFF techniques, 2 injection

procedures have been described: flow and stop-flow modes (45).
In the study of the appropriate injection procedure to monitor

Figure 1. RBC fractograms in GrFFF: 200mOsm hypoosmolar (A), 300 mOsm isoosmolar (B), 530
mOsm hyperosmolar (C). Conditions for channel 2: flow rate, 0.23 cm/s; stop-flow, 4 min; injec-
tion loop, 50 µL; red blood cells injected, 2.5 • 106; carrier phases, phosphate buffer saline solu-
tions of different osmolarity supplemented with 0.2% (w/w) bovin albumin.

Figure 2. Effect of channel thickness on RBC elution: retention ratio (A),
HETP (B), asymmetry factor (C). Conditions for channels 1 and 2: flow rate,
ranged from 0 to 0.33 cm/s (0.13, 0.17, 0.20, 0.23, 0.25, 0.28, 0.30, 0.33);
stop-flow, 4 min; 50-µL loop; red blood cells injected, 2.5 • 106; carrier
phase, phosphate buffer saline solution (300 mOsm, pH 7.2) with 0.2%
(w/w) bovine albumin.
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RBC purification using channel 3, fresh 5-fold diluted blood sam-
ples were injected either directly into the established flow (flow
injection) or while the flow was stopped for 4 min (stop-flow
injection). Both procedures were tested at different flow veloci-
ties. Peak parameters were calculated, and the results are dis-
played in Figure 3. When the flow velocity increases, retention
ratio and HETP increase and the asymmetry factor decreases, as
shown in Figure 3. The decrease in the asymmetry factor was
perhaps caused by a loss of resolution (HETP increase) when
flow velocity increases. The differences observed between the 2
injection procedures decrease when the field increases or when
the flow rate decreases. Although the samples are injected into

the channel through the accumulation wall in this modified
device, the RBCs were systematically more retained when using
the stop-flow procedure, regardless of the flow rate and field
intensity.
The extrapolated values of HETP for channel 3 at 0.30 cm/s are

2.21 ± 0.53, 1.13 ± 0.47 and 0.44 ± 0.21 for 3, 5, and 7 G, respec-
tively. Then, at a given flow rate, channel 3 HETP values are in
the same range as those of channel 1 (0.54 ± 0.17), particularly
when the external field is increased (7 G). In addition, frac-
tograms obtained from channel 3 appear to bemore symmetrical
(low asymmetry factor) than those of channel 1. Therefore,
channel 3 can be considered at least as efficient as channel 1.
Furthermore, channel 3 (multigravitational system) appeared
more convenient because of the reduced time required to mon-
itor RBC separation.

RBC elution process
To determine the effects of the cells physical characteristics on

their retention in FFF, experiments were performed using 7 solu-

Figure 3. Effect of injection procedure on RBC fractogram characteristics:
retention ratio (A), HETP (B), asymmetry factor (C). Conditions for channel
3: injection volume, 2.5 µL; flow rate, ranged from 0.47 to 2.00 cm/s
(0.47, 0.67, 0.83, 1.00, 1.17, 1.33, 1.50, 1.67, 1.83, 2.00); carrier phase,
phosphate buffer saline solution (300 mOsm, pH 7.2) with 0.2% (w/w)
bovin albumin; stop-flow, 4 min.

Figure 4. Effect of eluent osmolarity on RBC retention at 0.67 cm/s (A) and
1.33 cm/s (B). Conditions for channel 3: external field intensity, ranged
from 5 to 30 G (5, 10, 15, 20, 30); stop-flow, 4 min; 2.5 µL loop; RBCs
injected, 2.5 • 106; eluent osmolarity, ranged from 150 to 600 mOsm
(150, 188, 225, 263, 300, 450, 600).
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tions of different osmolarities as eluents: 4 hypoosmolar solu-
tions (150, 172, 200, and 240 mOsm), 2 hyperosmolar carrier
phases (400 and 600 mOsm), and an isoosmolar phase at 300
mOsm. Experiments were monitored at 5 field intensities (5, 10,
15, 20, 30 G) using the SdFFF system (i.e., channel 3). For each
external field, 5 flow rates (0.47, 0.67, 1.00, 1.33, and 1.67 cm/s)
were used. Retention ratios were calculated and plotted in Figure
4 for flow-velocities of 0.67 (Figure 4A) and 1.33 cm/s (Figure
4B). It can be observed in Figure 4 that the RBC retention ratio
at a given flow rate and field intensity is osmolarity-dependent.
The sphericity index calculated using Equations 1 and 3 showed
that when the carrier phase osmolarity decreases, the RBC shape
ismodified from any shape in hyperosmolar solutions to a spher-
ical shape in a solution of 150 mOsm. These results are in total
accordance to those described 14 years ago by Caldwell et al.(12),
who systematically studied retention properties of RBC in
SdFFF. As RBC size decreases with the increase of the carrier
phase osmolarity, the decrease in retention ratio observed is also
in accordance with the steric-hyperlayer elution mode, which

predicts qualitatively that in the equivalent conditions (field,
flow-velocity, channel thickness), the hydrodynamically gener-
ated lifting force is higher for a particle of larger size. Such inter-
pretation is complicated by the associated density decrease.
Some reports analyzing the elution order of erythrocytes from
different species have suggested that particle size is a major
factor in determining the elution position (12,46). However,
other studies evaluating samples from different individuals of the
same species have acknowledged that size is not a major con-
trolling factor (22,40). In the present study, a correlation
between erythrocyte retention times and cell characteristics (i.e.,
size and density) is found, even if the part played by each param-
eter in the elution process is not evident. FFF elution character-
istics of erythrocyte population appear to be controlled by several
different cell characteristics, such as cell size and shape, cell den-
sity, membrane rigidity, and other features that are all con-
tributing factors to a complex mechanism that determines the
rate of retention through the FFF channel.
At a given medium osmolarity, the lift forces depend on the

flow velocity and the external field, as shown in Figures 5 and 6,
respectively. These results are in total accordance with the steric-
hyperlayer elutionmode (3,12,14). The retention ratio is system-
atically lower in hyperosmolar conditions when RBCs have a
reduced volume and increased density.

Figure 5. Effect of flow velocity on red blood cells retention at 300 mOsm
(A) and 600 mOsm (B). Conditions for channel 3: external field intensity,
ranged from 5 to 30 G; stop-flow, 4 min; 2.5 µL loop; RBCs injected, 2.5
• 106; flow rate, ranged from 0.47 to 1.67 cm/s (0.47, 0.67, 1.00, 1.33,
1.67).

Figure 6. Effect of external field intensity on RBC retention at 1.00 cm/s (A)
and 1.67 cm/s (B). Conditions for channel 3: external field intensity,
ranged from 5 to 30 G; stop-flow, 4 min; 2.5 µL loop; RBCs injected, 2.5
• 106; eluent osmolarity, ranged from 150 to 600 mOsm.
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The steric-hyperlayer focusing effect has been evidenced for
nonbiological particles, such as latex beads (47), and for fixed
RBCs (12). One of the major interests of this model in biology is
that retention has been proved to depend on a large number of
particle characteristics.

Efficiency
The channel efficiency described herein can be compared with

those already published (12,26). The most interesting feature of
the systematic study shown in Figure 3B is that under the same
flow range conditions, RBC HETP values increase systematically
when the flow rate increases. Calculated HETP values shown in
Figure 3B are very similar to those found by Metreau et al. (26).
Such results point out that living RBCs are more polydisperse in
size, density, and shape (among others parameters) than fixed
ones, as described by Caldwell et al. (12).
However, under the same retention conditions, such as the

same retention ratio (that is the same sample average velocity),
the higher HETP values for a polydisperse populationmay corre-
spond to a secondary distribution of particles in the channel
thickness due to slight differences in their physical parameters.
In this case, polydisperse particles elute in thicker layers in the
channel thickness than monodisperse ones. A question arose:
will the medium osmolarity affect the RBC polydispersity?
HETP values can be linked to the polydispersity of a given

sample population as described by Giddings et al. (48) and
Karaiskakis et al. (49). HETP equations are now well-established
and have been experimentally validated (49). Therefore, an
osmolarity-dependent study of RBC polydispersity becomes pos-
sible. A given RBC sample is eluted at a given flow rate with
media of different osmolarities, and the external field is chosen to
obtain a given retention ratio. Experiments shown in Figure 7
were performed at 2 different average velocities and modified
external field to obtain constant retention ratios of 0.20 and 0.25.
At a given retention ratio, HETP increases with the carrier phase
osmolarity value, suggesting strongly that the RBC population
polydispersity was modified by the osmolarity of the medium.
However, the polydispersity definition was set up for polymer
analysis (49), and it is possible to reconsider the RBC population

as a “multipolydisperse” one (that is, polydisperse in different
directions, such as size, density, and shape). Therefore, the RBC
population polydispersity can be described by a matrix of poly-
dispersities (at least in size, shape, density) whose dimension def-
inition can be complex. In the conditions described in this
report, the medium osmolarity modifies the RBC population
average characteristics and polydispersity. With decreased
medium osmolarities, the sphericity index and cell volume of
RBC increases, whereas the particle density decreases. Such a
process modifies the average values. For example, in reduced
osmolarity conditions, sphericity and volume average values are
increased, and their polydispersity index is decreased, whereas
that of density is increased. Therefore, the global HETP shows a
reduced value. Using an analogy, the increase of HETP for high
osmolarity can be explained. In terms of osmolarity, and because
of the biophysical characteristics of the cell, 3 domains must be
considered: the isoosmolar between 290 and 310 mOsm, the
hypoosmolar above 310 mOsm, and the hyperosmolar below
290. In the isoosmolar region, the cell multipolydispersity
matrix can be associated with a given HETP (i.e., 1.0–1.5 cm) as
observed in Figure 7. This HETP value can be considered the
global probe of the multipolydispersity of the cell in physiolog-
ical conditions. On any side of the isoosmolar region, cell char-
acteristics are modified. In hyperosmolar conditions, the cell’s
loss of water reduces its volume, increases its density, and modi-
fies its shape. RBCs appeared as characteristic “echynocytes”. It
is highly difficult to discuss the polydispersity of the “echyno-
cyte” shape, so only the volume and density polydispersity will be
discussed.
Assuming the hypothesis that in isoosmolar conditions, RBC

are associated with an average volume and density, and assuming
that the density and volume polydispersity are given, some con-
clusions can be drawn from the curve characteristics of Figure 7.
If the mean values of the parameters (e.g., size and density)
decrease or increase, polydispersity index increases or decreases,
respectively. This is what is observed when HETP values under
hyperosmolar conditions are compared with isoosmolar ones.
Under hyperosmolar conditions, the cell volume polydispersity
increases, whereas its density polydispersity decreases. In the

same manner, under hypoosmolar conditions,
cell volume increases, reducing the volume poly-
dispersity index as the density polydispersity
increases. In hyperosmolar conditions, density
seemed to play a major role, whereas in hypo-
osmolar conditions, size played the major role.
This paradoxical situation is an image of some
previous works that discussed the balance of the
role played by size and density during FFF elu-
tions (38,46). In light of the experimental situa-
tion described in Figure 7, there is some
evidence that the polydispersity concept is not
accurate enough. Its multidimensional exten-
sion that is the “multipolydispersity” matrix
seemed essential for a mechanistic approach of
the complex elution features of biological
species. However, one can state that for a given
species’ average velocity in the FFF channel,
cells are focused in a thinner “hyperlayer” in

Figure 7. HETP evolution in function of flow osmolarity. Experimental conditions are the same as
in Figure 5.
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hypoosmolar conditions. This result strongly supports the global
elution mechanism described by Giddings (50) and Caldwell et
al. (12) as “steric-hyperlayer”.

Conclusion

Whatever the sedimentation subtechnique used, the RBC elu-
tion profiles in different osmolar carrier phases showed analo-
gous retention and band spreading properties. Retention
increased systematically with osmolarity decrease, associated
with the concomitant size increase and density decrease.
Therefore, RBC osmolarity-dependent elution is mass depen-
dent. Moreover, at a constant retention ratio that is equivalent to
hydrodynamic conditions, RBC osmolarity band spreading
increased with the increase of mass, size, and density polydisper-
sity. Finally, in all the experimental conditions, the RBC osmo-
larity-dependent elution mode appeared to follow the RBC size-
and density-dependent elution mode described as “steric-hyper-
layer”. Specific size-dependent and carrier-flow-rate independent
elution modes described as “steric” were not experimentally
observed under the experimental conditions described herein.
The results described in this report generated basic rules to build
an empirical elution model in SdFFF based on the balanced
effects of size, density, mass, shape, and rigidity of the RBC. To
assess the specific effects of these parameters and osmolarity-
dependent size, shape, mass, density, and rigidity, average and
polydispersity models must be set up whose basic hypothesis is
as follows: the RBCmembrane is a pure semipermeable one, and
no RBC components (out of pure water) are released or inte-
grated during the osmolar shock. If these conditions are fulfilled,
it is possible by means of bibliographic data to evaluate average
and polydispersity values of the volume, density, and conse-
quently the mass of RBC, as well as the sphericity and rigidity.
Purely empirical chemometric techniques based on these
models will allow the discrimination of the relative effects of
these parameters on the RBC osmolarity-dependent elution.
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