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The asymmetric transbilayer distribution of phos-
pholipids in the plasma membrane and the regulation
of phosphatidylserine (PS) exposure at the cell surface
of animal cells are of high physiological significance. It
has been shown previously that annexin V is one of the
most sensitive tools with which the presence of small
amounts of PS on the outer surface of eukaryotic cells
can be detected. We present here the covalent cou-
pling of annexin V molecules to magnetic nanopar-
ticles of maghemite. The resulting annexin V-ferro-
fluid is used in the magnetic separation of PS exposing
cells, as illustrated for human erythrocytes modified
in their phospholipid transbilayer asymmetry by the
use of a calcium ionophore. Results on stored human
erythrocytes and comparison with results obtained
using iodinated and fluorescein-labeled annexin V are

also presented. © 1999 Academic Press

The asymmetric distribution of membrane phospho-
lipids in eukaryotic cells was first described more than
two decades ago (1). It has been shown in particular
that in the normal state, PS is localized exclusively in
the cytosolic leaflet of the plasma membrane. The loss
of phospholipid asymmetry on the cell outer surface is
associated with many physiological and pathological
phenomena (2-5). For example in the case of aged cells
or during the course of apoptosis phosphatidylserine
(PS) appears on the outer leaflet. The exposure of PS on
the outer surface of platelets is also a fundamental step
during the process of blood coagulation. An important
effort has been carried out to identify the various mo-
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lecular mechanisms involved in the maintenance and
loss of this asymmetry. Understanding the mecha-
nisms that govern membrane lipid sidedness, as well
as the disease states in which unwanted PS exposure
or lack of PS exposure is observed, relies on the avail-
ability of specific and sensitive tools for the detection of
PS at the membrane surface. The calcium-dependent
binding of annexin V to PS containing membranes (6)
has been widely used, and several derivatives of the
annexin V molecule, that is fluorescent, radioactive or
biotinylated (7-9), have been developed in the last
years. We describe in this paper a new annexin V
derivative, annexin V-ferrofluid (AnxV-FF), and the
use of this probe, in which annexin V molecules are
covalently linked to magnetic nanoparticles, for the
detection of cell surface exposure of PS. Preliminary
reports were given in ref 13 and 14.

MATERIALS AND METHODS

Material. Human annexin V was either purified from human
placenta as described by Funakoshi et al. (10), from a recombinant E.
coli strain (11) or purchased from Bender (Wien, Austria). Human
erythrocytes were obtained from the Centre National de la Transfu-
sion Sanguine and stored at 4°C as globular concentrates in SAG-
mannitol (SAG-M) (anhydrous NaCl: 8.77 g/l, anhydrous adenine
base: 0.211 g/l, monohydrated glucose: 11.25 g/l, mannitol: 6.56 g/l).

Calcium and ionophore treatment of erythrocytes. Calcium and A
23187 ionophore treatment of erythrocytes was as described in ref-
erence 11.

Binding of erythrocytes to iodinated annexin V. Annexin V puri-
fied from human placenta was iodinated to a specific radioactivity of
2500 cpm/ng using the lodogen method as described in reference (8).
Red cells were incubated in 10 mM Hepes, 70 mM NacCl and 70 mM
KCI, pH 7.4 with varying amounts of iodinated annexin V (125I-
AnxV) up to 100 nM total annexin concentration, in the presence of
2.5 mM CacCl, and 0.1% BSA. The final hematocrit was between 1
and 11% depending on the sample. Red cells and unbound radioac-
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tive annexin V were separated by centrifugation through a silicone
oil layer, as described elsewhere (12). Non-specific labeling was mea-
sured with the same conditions, except for the absence of calcium and
presence of 0.5 mM EDTA, and deducted from the binding observed
in the presence of calcium. Fitting the experimental saturation
curves allowed an estimation of the average number of 1251-AnxV
specific sites per cell and their corresponding affinity.

Binding of erythrocytes to FITC-labelled annexin V. Fluorescein
isothiocyanate (FITC) labeling of recombinant human annexin V was
as described in Kuypers et al. (11). Binding of erythrocytes to FITC-
labelled annexin (FITC-AnxV), and flow cytometric analysis of the
labeled population were as reported (11).

Synthesis of annexin V-ferrofluid. AnxV-FF was prepared by co-
valently linking annexin V molecules to nanoparticles of maghemite,
as schematically illustrated in Fig. 1 (14). The magnetic nanopar-
ticles were synthesized as described previously (15). Briefly, this
involves coprecipitating a mixture of ferrous and ferric chlorides in
an ammoniacal solution, and oxidation of the resulting magnetite
with ferric nitrate at 90°C to yield maghemite (yFe,03). A cationic
ferrofluid with an isoelectric point at pH 7.5 is obtained by dispersing
the particles in nitric acid. The formation of a complex with meso
2,3-dimercaptosuccinic acid (DMSA) in an acidic medium, followed
by peptization of the flocculate in an alkaline medium and neutral-
ization, yields to a ferrofluid that is stable at physiological pH and
ionic conditions (16). Binding of annexin V molecules, directly to the
particle core through DMSA via a S-S bridge, using the heterobifunc-
tional reagent N-succinimidyl 3-(2pyridyl dithio)propionate (SPDP),
is followed by masking excess reactive groups at the particle surface.
The molar ratio is one annexin V molecule per nanoparticle.

Erythrocytes binding to annexin V-ferrofluid. Red cells were in-
cubated with excess AnxV-FF in Tris-buffered saline pH 7.4, con-
taining 2.5 mM CaCl, and 0.1% bovine serum albumin (BSA) (final
hematocrit 0.3%; 3 10" particles/ml). The incubation mixture was
diluted and passed through a tubing (external and internal diameter
respectively 4 and 2 mm; length: 80 cm) in a magnetic field (magnetic
field 1000G; field gradient 100 G/mm) at a flow rate of 1.2 cm® mn*
to separate annexin-bound cells from non-retained cells. Cellular
counting of the initial unfractionated, bound and non-retained pop-
ulations was performed under a microscope, and yields to the per-
centage of annexin V binding cells in the population. Under these
flow conditions, no AnxV-FF binding is observed when CacCl, is
omitted from the washing solution. A low percentage of normal
erythrocytes is retained on AnxV-FF in the presence of calcium
chloride at 2.5 mM: an average of 10.7 +/— 5.9% was measured for a
total of 13 independant samples of normal erythrocytes assayed up to
three days after collection (13).

Measurement of erythrocyte hemolysis. Erythrocyte hemolysis
during storage was measured by comparing the amount of hemoglo-
bin recovered in the first low speed centrifugation supernatant to its
total amount in the sample. Hemoglobin concentration was esti-
mated from optical density at 405 nm.

RESULTS AND DISCUSSION

Magnetic Sorting of Erythrocytes That Bind Annexin
V-Ferrofluid

Physical separation of the erythrocytes binding an-
nexin V-bearing nanoparticles relies on the sequestra-
tion of the cells in a plastic tubing under flow condi-
tions in the presence of a magnetic field gradient.
Several parameters influence the conditions of cell se-
guestration, such as the intensity of the magnetic field
gradient, the diameter of the tubing, the flow velocity
and the size of the cells submitted to sorting. The
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FIG. 1. Schematic representation of the AnxV-FF complex and
reactions involved in the coupling of the annexin V molecules to the
maghemite particle cores. DMSA: meso 2,3-dimercaptosuccinic acid;
SPDP: N-succinimidyl 3-(2pyridyldithio)propionate; Part.: magne-
mite particle; Ann.V: annexin V.

annexin V-bearing nanoparticles or annexin-ferrofluid
have an average size between 3 and 12 nm as mea-
sured by Electron Microscopy, and hence are too small
to be by themselves retained under the magnetic field
in our conditions. But when they bind to much larger
objects, as erythrocytes or cells, the magnetic and in-
ertia parameters of the nanoparticles-cell complexes
allow their sequestration in the tubing, while both
unbound particles and cells are washed out in the flow.
Cells binding to annexin V-bearing nanoparticles,
called positive cells or cells retained on annexin-
ferrofluid, are recovered by simply washing the tubing
while removing the magnetic field gradient. When the
interactions between the magnetic particles and the
cells are too weak, the cells do not get retained in the
tubing under our flow conditions. This is particularly
the case when calcium is absent from the medium used
for the physical separation of erythrocytes after their
incubation with calcium and AnxV-FF. But with the
presence of calcium in the washing buffer, the affinity
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of annexin V molecules to PS containing membranes
and the strength of the covalent binding between an-
nexin V molecules and the Fe atoms of the maghemite
nanoparticles, are high enough to retain a significant
fraction of human erythrocytes. In contrast with iodin-
ated or fluorescent annexin V derivatives, no subtrac-
tion of non-specific binding, ie occuring in the absence
of calcium, is required to quantify the binding capacity
of a given erythrocyte population to the AnxV-FF. We
have been able to measure such fractions from normal
as well as pathological human erythrocytes with a good
reproducibility having less than 10% variation for a
given sample. For the present time, 5 10° erythrocytes
are easily sorted in a few minutes using our installa-
tion. This makes the ferrofluid-based technology quite
competitive compared to cellular sorting on Fluores-
cent Activated Cell Sorters (FACS), that cannot sort
more than 5000 cells per second.

Recognition of PS Cell Surface Exposure by Annexin
V-Ferrofluid

In a preliminary report high binding of AnxV-FF to
erythrocytes from patients with sickle cell anemia
was measured (13). This result was in agreement
with previous observations of enhanced PS exposure
on these cells (11, 17, 18), and indicated that
AnxV-FF recognizes and binds to PS containing
membranes. To demonstrate at a more quantitative
level that AnxV-FF can be used in the detection of PS
exposure at the surface of erythrocytes, we prepared
samples containing variable proportions of control
erythrocytes and calcium/ionophore-treated erythro-
cytes. Calcium influx is known to destroy the nor-
mal transbilayer asymmetry of phospholipids in the
erythrocyte membrane, and leads to a random dis-
tribution of PS between both leaflets with exposure
of this phospholipid at the cell surface (11, 19). Nor-
mal fresh erythrocytes were submitted to calcium
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FIG. 2. AnxV-FF binding to mixtures of fresh and ionophore-
treated erythrocytes. lonophore A23187 and calcium treatment of
erythrocytes and incubation with AnxV-FF were as indicated under
Materials and Methods. Abscissa: proportion of ionophore-treated
erythrocytes in the sample; ordinate: percent of cells retained on
AnxV-FF.
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FIG. 3. Evolution of cellular hemolysis and binding to AnxV-FF
during storage. Erythrocytes from a given donor were stored under
blood bank conditions in SAG-M and periodically assayed over a
three month period, as indicated under Materials and Methods.
Abscissa: period of storage; ordinate: percent of cells retained on
AnxV-FF (empty circles); cellular hemolysis (hollow diamonds).

and ionophore treatment, long enough to ensure
maximal PS exposure, as checked both by FITC-
AnxV FACS analysis and measurement of prothrom-
binase activity. After removal of the calcium iono-
phore, such cells were mixed to normal untreated
erythrocytes in various proportions and submitted to
AnxV-FF binding and magnetic separation in the
presence of calcium. 16% of untreated cells used in
this experiment bound to AnxV-FF. As illustrated in
Fig. 2, the fraction of cells retained on AnxV-FF in
the various mixtures, after deduction from the cor-
responding part of normal untreated erythrocytes,
equals the fraction of calcium/ionophore-treated
erythrocytes in the mixtures, which validates the
separation of the PS exhibiting cells in the magnetic
sorting as the fraction of cells retained on AnxV-FF.

Stored Erythrocytes

Blood storage leads to increasing PS exposure at the
erythrocyte surface, as illustrated by binding to iodin-
ated annexin V (12). Erythrocytes are collected and
stored in blood banks as globular concentrates in
SAG-M at 4°C up to a legal period of 45 days in France.
Binding to iodinated, FITC-labelled annexin V and
AnxV-FF were tested for various samples at different
times of storage. As shown in Fig. 3, the fraction of cells
retained on Anx-FF increases during storage, and
reaches a plateau of 45% after two months of storage,
when hemolysis increases beyond 1%. Labeling with
iodinated annexin V shows an increase in exposure of
binding sites on the red cells during prolonged storage,
as presented in Fig. 4. This increase is less important
than reported by Tait and Gibson (12), likely due to the
absence of calcium in our storage medium. This PS
exposure parallels the increase in osmotic fragility.
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FIG. 4. Evolution of cellular hemolysis and binding to iodinated
annexin V during storage. Data obtained from a given donor are
represented by the same symbol (plain circle refers to samples from
the donor presented in Fig. 3).

The corresponding binding sites to iodinated annexin
nevertheless correspond to PS sites on the remnant
cells: although vesicles produced during storage do ex-
hibit prothrombinase activity and binding to annexin V
(data not shown), the corresponding sites are not taken
into account in our estimation because the vesicles do
not cross the silicone oil layer used for the separation of
bound and free iodinated annexin in our binding ex-
periments. The nature of PS containing sites appearing
on the erythrocyte surface during storage, as detected
by iodinated annexin, does not vary over a three month
period nor is dependent on the blood sample tested,
and the corresponding K, averages 18+8 nM for 14
measurements. Only a very small fraction of these
stored cells, less than 1% up to three months of storage,
bind to FITC-labelled annexin V. Interestingly, some of
our SAG-M erythrocyte concentrates, obtained during
the legal period of storage from the blood bank, exhib-
ited high AnxV-FF binding level, although they did not
appear different from their counterparts on the basis of
binding to iodinated or FITC-labelled annexin V. The
fact that these samples also promoted high prothrom-
binase activity strongly favors the hypothesis that they
indeed correspond to PS containing sites. Thus, it may
well be that various PS containing sites exist at the
surface of human erythrocytes, not all of them being
detected similarly by the different annexin V deriva-
tives.

Several studies carried out on artificial liposomes
indicates that, although PS is preferentially detected
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by annexin V molecules, the binding to other phospho-
lipids can not be ignored, especially at higher calcium
concentration such as the 2.5 mM final concentration
used in this study (6). In cellular plasma membranes,
not only can phospholipids other than PS participate in
the binding to annexin V molecules; membrane pro-
teins may also influence the binding of annexin V mol-
ecules. lonophore and calcium treatment of erythro-
cytes, presumably corresponding to phospholipid
scrambling only, would lead to PS containing sites of
different nature than those detected on prolonged stor-
age of erythrocytes in SAG-M. As these last sites would
be detected by AnxV-FF as well as by binding to FITC-
labelled or iodinated annexin V, some binding sites to
AnxV-FF also appear early during storage but remain
undetectable by the iodinated or FITC-labelled an-
nexin V derivatives. Discrepancy in the detection of PS
surface exposure was also observed between FITC-
AnxV binding and a prothrombinase assay on cells
undergoing apoptosis (20). We cannot speculate on the
exact nature of the binding sites to AnxV-FF detected
in the various pathologies for which binding to
AnxV-FF was reported higher than for normal control
erythrocytes (13). But, the fact that this higher binding
was detected in other pathologies than sickle cell ane-
mia or thalassemia, already well identified for abnor-
mal PS exposure, points on the potential interest of
AnxV-FF binding level as a relevant parameter in
the estimation of the benefit/risk ratio in blood trans-
fusion.

Perspectives

Further studies should be aimed at a more quanti-
tative exploration of the relation between parameters
and results of the magnetic separation on the one hand
and number of exposed sites at the surface of erythro-
cytes submitted to sorting on the other hand. In this
regard, the use of partial scrambling of phospholipids
should prove useful, because it results in variable ex-
tents of PS exposing cells.

The magnetic isolation of PS exposing erythrocytes
has been already carried out using magnetic beads
covered with an anti-FITC antibody commercialyzed
by Myltenyi Biotec (11). The isolation of apoptotic hu-
man BL60 Burkitt lymphoma cells using similar beads
was described recently (21). We think that a more
direct isolation of such cells can be performed using our
annexinV-coated nanoparticles. Due to the increased
sensitivity of this annexin derivative towards PS con-
taining sites (see above), it is possible that some PS
harboring cells escape selection by the dual procedure
using FITC-AnxV and anti-FITC coated particles.
Moreover, the anti-FITC beads used in the previous
studies are made of iron oxyde and dextran, and no
covalent binding exists between the coated antibody
and the core of the particle. We expect a greater sta-
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bility, particularly appreciable for in-vivo studies, for
our annexin V-coated particles compared to the dual
system of FITC-AnxV and dextran anti-FITC coated
particles.

Regarding cell and tissue imaging, the maghemite
nanoparticles are easily observed in Electron Micros-
copy, and the superparamagnetic nature of these par-
ticles actually makes them more and more frequently
used as negative staining agent in Magnetic Resonance
Imaging. Detection of apoptosis in situ during embry-
ogenesis was already studied using a biotinylated an-
nexin V (22). A similar approach could be achieved
using the AnxV-FF. As a complement, ferromagnetic
resonance measurements are sufficently sensitive to
detect ferrofluids in biological samples.

Finally, magnetocytolysis, which is the destruction
of ferrofluid-bearing cells following incubation in an
alternating magnetic field, may open new therapeutic
approaches, and deserves more studies.
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