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Abstract

Apoptosis is one of the most important phenomena of cellular biology. Sedimentation field flow fractionation (SdFFF) has been described
as an effective tool for cell separation, respecting integrity and viability. Because SdFFF takes advantage of intrinsic properties of eluted
cells (size, density, shape or rigidity), we investigated the capacity of SdFFF in monitoring the early and specific biophysical modifications
which occurred during cellular apoptosis induction. Then, we used, as an in vitro cellular apoptosis model, the association between human
1547 osteosarcoma cells and diosgenin, a plant steroid known to induce apoptosis. Four other molecules were studied: hecogenin, tigogenin,
staurosporine and MG132. Our results demonstrated a correlation between SdFFF elution profile changes (peak shape modification and
retention ratio evolution) and effective apoptosis induction. For the first time, we demonstrated that SdFFF could be used to monitor apoptosis
induction as early as 6 h incubation, suggesting different applications such as screening series of molecules to evaluate their ability to induce
apoptosis, or sorting apoptotic cells to study apoptosis pathway.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Field Flow Fractionation (FFF) was conceptualized
and developed in the late 1960s by Giddings[1]. This
chromatographic-like separation family is described as one
of the most versatile separation techniques[2–5]. The fun-
damental principle of FFF is based on the differential elu-
tion of species in a liquid (mobile phase) flowing through
a ribbon-like capillary channel on a laminar mode[1–3].
FFF separation depends on specific particle susceptibility
to an external field applied perpendicularly to the flat sur-
face of the ribbon, and by consequence, perpendicularly
to the flow direction[1–3]. Versatility of the FFF family
is demonstrated by the wide range of external fields used
which include gravitational, cross flow, electrical, mag-
netic or thermal fields, which define each FFF sub-family

∗ Corresponding author. Tel.:+33 5 5543 5857; fax:+33 5 5543 5859.
E-mail address:battu@pharma.unilim.fr (S. Battu).

[3,4]. While gravitational-FFF (GFFF) uses earth’s gravity,
the sedimentation-FFF (SdFFF), also called centrifugal- or
multigravitational-FFF, uses a multigravitational external
field generated by the rotation of the separation channel
in a more complex device[2–5]. SdFFF appears to be
particularly well suited for isolation and characterization
of micron-sized species such as cells[3–6]. SdFFF elu-
tion mode for cells is described as “Hyperlayer”[3–5]. In
such a mechanism, cell size, density, shape and rigidity are
involved, as are channel geometry and flow rate characteris-
tics. At constant flow rate and external field strength, larger,
or less dense particles, are focused in faster streamlines and
are eluted first[5–14]. As described[4,5,15,16], by tak-
ing advantage of intrinsic cell biophysical properties: size,
density, rigidity or shape; SdFFF sorts viable cells which
can be cultured for further use without specific labeling of
any kind, in few minutes. Since the pioneering report of
Caldwell et al.[6], which defined most of the basic rules
and methodologies for cell separation, FFF, SdFFF and
related technologies have shown a great potential for cell
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separation and purification with major biomedical appli-
cations including hematology[11,17,18], cancer research
[18–20], microorganism analysis[21–27], biochemistry and
molecular biology[28–30]. More recently, we opened the
field of neuroscience with the purification of neurons from
a complex cell matrix[15], and provided sterile, usable and
purified immature neural cell fractions without induction of
cell differentiation[16].

Apoptosis, or programmed cell death, is a naturally oc-
curring process of cell death that plays a fundamental role
in the development of pluricellular organisms. Apoptosis
maintains cellular homeostasis by replacing damaged or ab-
normal cells, with the aim to ensure tissue and organ func-
tionalities and organism viability[31]. Factors that protect
against apoptosis lead to prolonged survival of abnormal
cells which favors the accumulation of genetic mutations
and tumor promotion[32]. Apoptosis is characterized by
several distinct morphological features and biochemical
processes including cell shrinkage, plasma membrane bleb-
bing, chromatin condensation, nucleosomal fragmentation
and finally, formation of apoptotic bodies[33]. Over the
last decade, many analytical tools have been developed to
detect and characterize apoptotic cells such as molecular
biology studies including p53 activation, caspase activities,
increased Bax expression and DNA fragmentation[34,35].

Recently, Moalic et al.[34] described that diosgenin, a
plant steroid, altered cell cycle and induced apoptosis in
the human osteosarcoma 1547 cell line. In a second work
[35], diosgenin was compared with two other plant steroids
(hecogenin and tigogenin) in the same cell line and it was
concluded that among these three plant steroids, diosgenin
was the most effective in inducing cell death.

In this study, we investigated the capacity of SdFFF
to be used for monitoring early and specific biophysical
cell modifications which occurred during apoptosis. 1547
cells were treated with specific apoptotic inducers: dios-
genin, staurosporine and MG132. Staurosporine is a protein
kinase inhibitor and a strong inducer of apoptosis[36].
MG132 (carbobenzoxyl-leucinyl-leucinyl-norleucinal) is a
highly potent proteasome inhibitor. It is well known that
proteasome inhibition is associated with induction of cell
death in actively proliferating cell lines[37]. Hecogenin
and tigogenin, were also tested as less effective apoptosis
inducers[35].

In this work, we demonstrated a direct correlation be-
tween effective molecular apoptosis induction and specific
elution profile changes: retention ratio shift and peak shape
modification. Our results also suggested that SdFFF is
able to discriminate between effective apoptotic inducers
depending on the mechanism of the apoptosis induction.
Among techniques (light microscopy, Coulter Counter,
ELISA) used to evaluate biophysical and biochemical
changes occurring during 1547 cells apoptosis, only SdFFF
elution appeared to be effective to take into account all
the biophysical parameters involved: size, density, shape or
rigidity.

For the first time, we demonstrated the effectiveness of
using SdFFF as a simple and rapid method to monitor cellu-
lar apoptosis, as early as 6 h incubation. Many applications
could be suggested such as the use of this model to screen
series of molecules, or such as the use of SdFFF cell sorting
ability to purify apoptotic populations to better understand
apoptotic phenomena.

2. Theory

Two models of SdFFF elution modes are described for mi-
cron sized species such as cells: “Steric” and “Hyperlayer”
[3,5–14]. In the “Hyperlayer” mode, the flow veloc-
ity/channel thickness balance generates a hydrodynamic
lift force which drives the particles away from the accu-
mulation wall. Species are then focused into a thin layer
which corresponds to an equilibrium position in the channel
thickness where the external field is exactly balanced by
the hydrodynamic lift forces[3,5–14]. At this equilibrium
position, the risk of cell-wall interactions is negligible, pro-
viding better cell separation. At equivalent density, large
particles generate more lift forces and are focused in faster
streamlines to be eluted first. The different average veloc-
ities of the different species are compared by means of
the observed retention ratioRobs which is the ratio of the
void time versus the retention time= t0/tr [10]. Under the
“Hyperlayer” elution mode, retention ratioRobs is flow rate
and external field dependent. At constant field, the increase
in flow rate induces an increase inRobs, and at constant flow
the increase in field decreasesRobs. If the external field can
be increased sufficiently, or flow rate decreased sufficiently
to offset lift forces, micron-sized particles are confined into
a very thin layer close to the accumulation wall. This elu-
tion mode is described as “Steric”[3,5–14]and appears as
a limit case of “Hyperlayer”. By driving particles close to
the accumulation wall, the “Steric” elution mode enhances
cell/channel wall interactions which lead to channel poison-
ing with harmful consequences on cell integrity, viability
and recovery[5,16].

Thus, SdFFF device setup and elution conditions were
selected to promote the “Hyperlayer” elution mode against
the “Steric” one[5].

3. Materials and methods

3.1. Cell line, cell culture and treatment

The 1547 human osteosarcoma cell line was kindly pro-
vided by Professor M. Rigaud (Laboratoire de Biochimie,
Faculté de Médecine de Limoges, France). Freshly
trypsinized cells were seeded at 6× 105 cells in 150 cm2

tissue culture flasks, grown in Eagle’s minimum essential
medium (Gibco BRL, Cergy-Pontoise, France) supple-
mented with 10% fetal calf serum (FCS) (Gibco BRL),
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100 U/ml penicillin and 100�g/ml streptomycin. Cultures
were maintained in a humidified atmosphere with 5% CO2
at 37◦C. Cells were allowed to adhere and grow for 3 days
in culture medium prior to exposure to 40�M diosgenin
(Sigma, Saint Quentin-Fallavier, France), 40�M hecogenin
(Sigma), 40�M tigogenin (Sigma), 0.1�M staurosporine
(Sigma) or 3�M MG132 (Calbiochem, VWR International
S.A.S. Pessac, France) for 6, 12 and 24 h. The same amount
of vehicle was added to control cells. Adherent and floating
cells were combined, counted and cell viability was deter-
mined by the trypan blue dye exclusion method. Cells were
washed twice in phosphate-buffered saline (PBS pH 7.4)
and cell concentration was adjusted to 2× 106 cells/mL
before FFF analysis. For light microscopy, after 6 h treat-
ment, cultured cells were fixed in phosphate-buffered saline
(PBS) (pH 7.4) containing glutaraldehyde-formaldehyde
(0.25–1%) for 2 min at 37◦C and washed in PBS, and
observed by phase-contrast microscopy.

3.2. Apoptosis quantification

The 1547 cells were cultured in 6-well culture plates. Af-
ter 40�M diosgenin, 40�M hecogenin, 40�M tigogenin,
3�M MG132 or 0.1�M staurosporine treatment for 24 h,
apoptosis was quantified by “cell death” enzyme-linked
immunosorbent assay (ELISA) (Cell Death Detection
ELISAPLUS, Roche Diagnostics, Meylan, France) on pooled
fractions (adherent and floating cells). Cytosol extracts
were obtained according to the manufacturer’s protocol and
apoptosis was measured as previously described[34].

3.3. SdFFF device and cell elution conditions

The SdFFF separation device used in this study was
derived from those previously described and schematized
[15,16]. The separation channel was made up of two
870 mm× 30 mm× 2 mm polystyrene plates, separated by
a Mylar® spacer in which the channel was carved. Channel
dimensions were 785 mm× 10 mm× 0.125 mm with two
V-shaped ends of 70 mm. The measured total void volumes
(channel volume+ connection tubing+ injection and de-
tection device) were 960± 5�L (n = 15). Void volumes
were calculated after injection and retention time deter-
mination of an unretained compound (0.1 g/L of benzoic
acid, UV detection at 254 nm). Inlet and outlet 0.254 mm
ID Peek® tubing (Upchurch Scientific, Oak Harbourg,
USA) were directly screwed to the accumulation wall. The
channel-rotor axis distance was measured atr = 13.8 cm.
Sedimentation fields were expressed in units of gravity,
1 g = 980 cm/s2, and calculated as previously described
[15]. Two rotating seals were drilled to allow 0.254 mm ID
Peek® tubing to fit in. A Water 590 HPLC programmable
chromatographic pump (Waters Associates, Milford, MA,
USA) was used to pump the sterile mobile phase. A M71B4
Carpanelli engine associated with a pilot unit Mininvert 370
(Richards Systems, Les Ullis, France), controlled the rotat-

ing speed of the centrifuge basket. Sample injections were
done by means of a Rheodyne® 7125i chromatographic in-
jection device (Rheodyne, Cotati, CA, USA). Cleaning and
decontamination procedures, as well as devices involved in
these processes, have been described in a previous report
[5]. The elution signal was recorded at 254 nm by means
of a Water 484 tunable absorbance detector (Waters Asso-
ciates, Milford, MA, USA) and a 14-byte M1101 (100 mV
input) acquisition device (Keithley Metrabyte, Tauton, MA,
USA) operated at 2 Hz and connected to Macintosh com-
puter. 1547 cell elution conditions were set up from 30 to
60 g as external field strength and from 0.4 to 1.0 mL/min
as mobile phase flow rate. The optimal elution conditions
(“Hyperlayer” mode) have been experimentally determined
and were: flow injection through the accumulation wall
of 100�L 1547 cell suspension (2× 106 cells/mL), flow
rate: 0.6 mL/min, mobile phase: sterile PBS pH 7.4; ex-
ternal multi-gravitational field strength: 40.00 ± 0.03 g,
spectrophotometer detection atλ = 254 nm.

3.4. DAPI labeling

After 24 h treatment with 40�M diosgenin, nuclear con-
densation was studied with DAPI (0.5�g/ml) on 1547 cells
before and after SdFFF analysis as described before[32].
For SdFFF, DAPI analysis was performed on cells specifi-
cally eluted in the 1547 cell peak (Fig. 1).

3.5. Coulter counter

A 256 channel Multisizer II Coulter Counter (Beckman
Coulter, Fullerton, CA) was used to determine the mean cell
population diameter. The cell suspension (2×105 cells) was
diluted in Isoton® to a final volume of 15 mL. The counting
conditions were: 500�L sample volumes, cumulating three
successive assays. Results are displayed as the mean± S.D.
for three different experiments.

Fig. 1. Representative fractogram of 1547 osteosarcoma cells after SdFFF
elution. Elution conditions: flow injection of 100�L cell suspension
(2 × 106 cells/mL), flow rate: 0.6 mL/min (sterile PBS pH 7.4); exter-
nal multi-gravitational field: 40.00± 0.03 g, spectrophotometric detection
at λ = 254 nm. ER corresponds to the end of channel rotation, in this
case the mean externally applied field strength was equal to zero gravity,
thus RP, a residual signal, corresponds to the release peak of reversible
cell-accumulation wall sticking.
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3.6. Statistical analysis

The median and standard deviation (S.D.) were calculated
using Excel software (Microsoft, Version 98). Statistical
analysis of differences was carried out by analysis of vari-
ance (ANOVA test) using Statview (Version 5.0). AP-value
of less than 0.05 (Fisher’s PLSD test) was considered to
indicate significance.

4. Results and discussion

Over the past decade, SdFFF and related technologies
have demonstrated an important potential for cell sorting
in major biomedical applications such as hematology, can-
cer research or molecular biology[18–20,28–30]or more
recently, neurosciences[15,16]. During the same decade,
apoptosis appeared as the one of the most studied phenom-
ena in life sciences, and many analytical tools have been
developed to detect and characterize the cellular apoptosis
pathway[34,35].

In this work, in which SdFFF is not used as a cell sorter,
we investigated for the first time, the SdFFF effectiveness
in monitoring early and specific biophysical modifications
(size, density, shape or rigidity) which occurred during cel-
lular apoptosis induction. To achieve this goal, we selected
the human 1547 osteosarcoma cell line/diosgenin associ-
ation as an in vitro cellular apoptosis model. Four other
molecules were studied: hecogenin, tigogenin, staurosporine
and MG132.

4.1. SdFFF 1547 cell elution

When SdFFF is used for simple cell elution, as well as
for cell sorting[5,15], many considerations must be taken
into account such as (1) the respect of cell functional in-
tegrity; (2) providing a high level of cell viability without
induction of apoptosis; and (3) providing high repeatability,
reproducibility and recovery. To achieve these goals, spe-
cific SdFFF methodologies have been developed[5]. Thus,
SdFFF elution conditions: flow injection of cell suspension,
mobile phase flow rate: 0.6 mL/min; external field strength:
40.00 ± 0.03 g, carrier phase composition (sterile isoos-
motic buffer: PBS pH 7.4), polystyrene channel walls, as
well as cleaning and decontamination procedures, are se-
lected to promote the “Hyperlayer” elution mode and reduce
particle-channel wall interactions[5].

Fig. 1 displays a representative elution fractogram ob-
tained for control 1547 cells after 24 h culture. Two major
peaks were observed: the first corresponded to unretained
species (void volume peak:Robs ≈ 1), and the second
(Robs = 0.421± 0.007, n = 15) corresponded to the cell
type. After total cell elution, the external field was stopped
(ER, Fig. 1), and we can observed a residual signal (RP,
Fig. 1) which corresponded to cell release from the sep-
arating channel. The absoluteRobs values depended on

the culture conditions and more precisely to the culture
time.

In the “Hyperlayer” elution mode, micron-sized species
show anRobs that is flow rate and external field dependent.
First, we measured theRobs pattern of the specific cell peak
for 3 days cultured 1547 cells (cultured cells prior incuba-
tion) under different elution conditions. At a constant field
40.0 ± 0.1 g, the increase in flow rate induced an increase
in Robs: Robs = 0.388± 0.005 at 0.4 mL/min andRobs =
0.424± 0.008 at 1.0 mL/min (mean± S.D. for n = 3).
An increase of field at a constant flow rate (0.6 mL/min)
decreasedRobs with Robs = 0.444± 0.006 at 30.0 g and
Robs = 0.344± 0.005 at 60.0 g (mean± S.D. forn = 3).

In the “Hyperlayer” mode, particles are driven away from
the accumulation wall. Then, by using the following equa-
tion [12]:

R = 6s

ω
(1)

in which R is the retention ratio,ω the channel thickness
(125�m), s the distance of the center of the focused zone
from the channel wall[12], could be calculated. Using the
Robs value measured for 24 h control cells (0.421± 0.008,
n = 15), the average cell elevation s was 8.77�m. The
mean diameter of 24 h control cells was 14.20 ± 0.35�m
(n = 3, Coulter Counter). Thus, the estimated cell radius
(7.10± 0.17�m) is less than the approximate average cell
elevation value (s = 8.77�m). Finally, the effectiveness of
this mode to reduce particle-accumulation wall interactions
is shown in part by the low level of the corresponding cell
release peak at the end of the fractogram (Fig. 1).

4.2. SdFFF monitoring of apoptotic cells

In this work, the association osteosarcoma 1547 cell
line/diosgenin (plant steroid) is used as a model of cellular
apoptosis induction in vitro. In this model, the mechanism
and the biochemical pathway of apoptotic induction, which
defined diosgenin effectiveness, have been described in
previous reports[34,35]. Two other plant steroids were
tested: hecogenin and tigogenin. In a recent report[35], we
demonstrated that a minor difference in molecular structure
between diosgenin and these two steroids (desaturation, ad-
dition of an hydroxyl group), led to a dramatic decrease in
apoptosis induction compared to diosgenin[35]. These two
molecules could be considered as weak apoptosis inducers.
Finally, we also used two other well known apoptosis induc-
ers in many cell lines: staurosporine and MG132[38–44].

Before and after SdFFF elution, the percentage of cellular
apoptosis was measured by nuclear DAPI staining, either in
control or in treated 1547 cells. Our results show (Table 1),
that SdFFF did not induce or modify the percentage of apop-
tosis.

It is well known that apoptosis is characterized by
chromatin condensation and DNA fragmentation. In our
study, quantitative determination of cytoplasmic histone-
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Table 1
The percentage of cellular apoptosis was measured by nuclear DAPI
staining, before and after SdFFF elution, either in control or in treated
1547 cells

Before SdFFF elution After SdFFF elution

Control 1547 cells 5.90± 1.30% 6.75± 1.25%
Diosgenin 40�M (24 h) 19.77± 4.09% 23.00± 2.45%

Results are displayed as mean± S.D. (n = 3).

associated-DNA fragments (mono- and oligonucleosomes)
was performed using ELISA after 24 h incubation. Results
showed that DNA fragmentation was enhanced 1.2±0.3-fold
for hecogenin, 2.7± 0.3-fold for tigogenin, 5.0± 0.65-fold
for diosgenin, 32.4 ± 2.2-fold for staurosporine and
4.25 ± 1.6-fold for MG132 compared to controls (n = 3,
P < 0.05). Fig. 2 shows representative pictures of cell
layers incubated for 6 h with the three major apoptosis in-
ducers: diosgenin, staurosporine and MG132; for which we
observed many morphological changes (Fig. 2), but no mor-
phological changes were observed in cell cultures after 6 h
incubation with tigogenin or hecogenin (data not shown).

Taken together, results of the ELISA apoptosis detection
kit and cell culture observations demonstrated that, as previ-
ously described[34,35,38–44], diosgenin, staurosporine and

Fig. 2. Cellular morphological modifications. Microscopic observations of 1547 cell culture incubated for 6 h in the absence (control) or in the presence
of 40�M diosgenin, 0.1�M staurosporine or 3�M MG132 (magnification 400×). Cytoplasm condensation (black arrows); cytoplasmic filaments (white
arrows); N= nucleus; C= cytoplasm.

MG132 were effective apoptosis inducers, and that heco-
genin and tigogenin were less effective.

Fractograms inFig. 3 were representative of SdFFF elu-
tion of the different 1547 cell populations incubated in the
absence (control cells) or in the presence of the three ma-
jor apoptosis inducers, after 6, 12 or 24 h incubation. In
all the cases, we observed a modification of the elution
profile with a change inRobs values: decreased with dios-
genin, or an increased with staurosporine and MG132 (peak
b, Fig. 3). Moreover,Robs differences could be associated
with peak shape modification such as the emergence of a
new peak after MG132 incubation (Fig. 3, cases G and H,
peak c). These changes were seen as early as 6 h incuba-
tion, while no significant cellular apoptosis could be mea-
sured by the ELISA apoptosis detection kit (data not shown).
As SdFFF elution did not modify the percentage of apop-
totic 1547 cells (Table 1), we concluded that these mod-
ifications (Fig. 3) were linked to specific cellular apopto-
sis induction, and were not due to non specific phenomena
such as instrumental cell destruction or trapping. Concerning
hecogenin and tigogenin, only small changes in the elution
profiles were observed after 24 h incubation for tigogenin
(Fig. 4), a more efficient apoptosis inducer than hecogenin
[35].
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Fig. 3. Elution profiles obtained during apoptosis. Representative fractograms of 1547 osteosarcoma cells incubated for 6, 12 or 24 h in the absence
(control) or in the presence of 40�M diogenin, 0.1�M staurosporine or 3�M MG132 (effectors). Elution conditions: flow injection of 100�L cell
suspension (2× 106 cells/mL), flow rate: 0.6 mL/min (sterile PBS pH 7.4); external multi-gravitational field: 40.00± 0.03 g, spectrophotometric detection
at λ = 254 nm. A, B and C: diosgenin for 6, 12 and 24 h incubation, respectively. D, E and F: staurosporine for 6, 12 and 24 h incubation, respectively.
G, H and I: MG132 for 6, 12 and 24 h incubation, respectively; a corresponds to the void volume peak, b corresponds to the 1547 cell elution peak and
c corresponds to the new peak.

Thus, as no complex sample preparation is needed, SdFFF
appeared to be a good method to quickly evaluate and dis-
criminate (less than 10 min) between apoptotic potentials
for different molecules by the observation of elution profile
modifications in comparison to control populations.

The measurement ofRobs changes could be used to mon-
itor global apoptosis evolution in a cell population, but, we
also observedRobs shifts and peak shape modifications de-
pending on the inducer used (Fig. 3). For example, dios-

Fig. 4. Elution profiles evolution during apoptosis. Representative fractogram of 1547 osteosarcoma cells incubated for 24 h in the absence (control) or in
the presence of 40�M hecogenin or 40�M tigogenin (effectors). Elution conditions: flow injection of 100�L cell suspension (2×106 cells/mL), flow rate:
0.6 mL/min (sterile PBS pH 7.4); external multi-gravitational field: 40.00±0.03 g, spectrophotometric detection atλ = 254 nm; A: hecogenin, B: tigogenin.

genin led to a decrease inRobs, while MG132, which in-
duced apoptosis to the same extent (ELISA detection kit),
led to the appearance of a new population with an increase
in Robs values (Fig. 3A–C versus G–I). Thus, results dis-
played inFig. 3 suggested that diosgenin, staurosporine or
MG132 did not modify the intrinsic biophysical cell prop-
erties in the same manner.

We demonstrated, in the first part of this study, that 1547
cells were eluted under the “Hyperlayer” mode. As described
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before [3,5–14], at equivalent densities, the “Hyperlayer”
elution mode predict a size dependant cell elution order:
large cells are eluted first; and at equivalent size, a density
dependant cell elution order: denser cells are eluted last.
Moreover, cell shape and rigidity influence the cell elution
order[11].

In order to verify the impact of cell size changes on SdFFF
profile modifications, and therefore the impact of density
modification, we measured the mean cell diameter by Coul-
ter Counter. The difference between the mean cell diame-
ter (Fig. 3) after incubation in the presence of apoptosis in-
ducers minus the mean control cell diameter was, after 6
and 24 h incubation: 0.53 and 1.37�m for diosgenin 40�M,
1.04 and 1.80�m for MG132 3�M, 0.33 and 2.15�m for
staurosporine 0.1�M. It is shown, that, whatever the in-
ducer studied (diosgenin, staurosporine or MG132) or incu-
bation time, we observed an increase in cell diameter. For
staurosporine and MG132, results were in agreement with a
size dependent elution order for “Hyperlayer” for which the
increase in cell size is correlated with an increase inRobs,
assuming no modifications of cell density.

Fig. 5shows the particle size distribution (PSD) obtained
by Coulter Counter for control and 1547 cells incubated for
12 h with MG132. These results confirm that the shift of
peak b inFig. 3 (Fig. 3, cases G and H), is due to a size
increase. However, the Coulter Counter results do not show
a size population that corresponds with peak c (Fig. 3, cases
G–I).

SdFFF retention is based on size and density, and in the
absence of a size difference, diosgenin results suggest an in-
crease in density[3,5–14]. The size and PSD results obtained
using Coulter Counter are not sufficient to explain SdFFF
profile evolutions and to monitor apoptosis induction.

If mean size and PSD modification are easy to determine
using a Coulter Counter, the role of cell density, shape or
rigidity are more difficult to discriminate. Nevertheless, the
SdFFF elution profile modification suggested either a major
change in the size/density balance with a first order influ-

Fig. 5. Comparison of representative particle size distribution profiles.
Particle size distribution profiles were performed by using Coulter Counter
on 1547 osteosarcoma cells incubated for 12 h in the absence (control)
or in the presence of 3�M MG132.

ence, or a complex, with second order influence, of cell rigid-
ity or shape. For example, as shown inFig. 2, we observed
that three different apoptotic inducers led to important but
different morphological changes after 6 h incubation.

Our results showed a direct correlation between SdFFF
elution profile modifications and cell apoptosis induction in
vitro. Among techniques used to evaluate the biophysical
and biochemical changes in apoptotic 1547 cells: DAPI
staining, light microscopy, Coulter Counter, ELISA cell
death detection kit; SdFFF appeared as an effective tool
to study apoptosis by taking into account the major bio-
physical parameter changes occurring during apoptosis
induction. By comparison with classical techniques used
to shown apoptosis induction in the 1547 cell line: DAPI
staining, light microscopy, and ELISA detection kit; we
demonstrated that SdFFF could be used at a very early stage
of apoptosis induction when microscopy was not specific
or when DAPI or ELISA tests are insufficiently sensitive.
The other advantages for using SdFFF are that (1) SdFFF
is a simple technique (no complex mobile phase and no
long or expensive cell preparation); (2) SdFFF is faster in
comparison to other techniques (fractionation in less than
10 min); and (3) that the device is easily and quickly setup
for each new separation problem.

Thus, after acquisition of a reference profile, SdFFF alone,
as early as 6 h incubation, could be used to monitor and
screen cell apoptosis induction by series of molecules.

Finally, as previously described[4,5,15,16], SdFFF sorts,
in few minutes, viable, sterile and usable cells which can
be cultured for further applications without specific labeling
of any kind. Thus, we can suggest using in a future work,
SdFFF cell sorting to purify apoptotic cells, in particular
the new cell population observed after MG132 incubation,
in order to better understand and identify the biochemical
processes of apoptosis.

5. Conclusion

Taken together, our results demonstrated a direct correla-
tion between SdFFF elution profile modifications (retention
ratio shift, emergence of a new peak) and cellular apoptosis
induction in vitro.

As SdFFF takes advantage of intrinsic biophysical prop-
erties of eluted cells, it appeared to be a good tool to study
many life-science domains because (1) no complex mo-
bile phase and no long, expensive cell preparation or la-
beling are needed; (2) elution is fast; and (3) the device is
easily and quickly setup for each new separation problem.
Thus, in comparison to other methods used to follow apop-
tosis, SdFFF performed under strictly defined conditions
(“Hyperlayer” elution mode), is a rapid, simple and useful
device to monitor complex apoptosis induction, as early as
6 h incubation.

These results also suggested different applications such
as screening the in vitro apoptotic potential for series of
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molecules, or sorting apoptotic cells in order to study com-
plex apoptotic phenomenon.
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