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The feasibility of in vivo cellular imaging using a 1.5 T clinical
magnet was studied in the mouse. Hybridoma cells were la-
beled with anionic �-Fe2O3 superparamagnetic iron oxide nano-
particles. These were internalized by the endocytose pathway.
Both electron spin resonance and magnetophoresis as a mea-
sure of the labeled cells migration velocity under a magnetic
field were used to quantify particle uptake. A fast (<2 hr) and
substantial (up to 5 pg of iron per cell) internalization of nano-
particles by hybridomas was found, with good agreement be-
tween the two methods used. Hybridomas labeled with 2.5 pg
iron per cell were injected intraperitoneally to male Swiss nude
mice. A decrease in the spleen signal, suggesting a “homing” of
labeled hybridomas to this organ, was found 24 hr later by MRI
performed at 1.5 T. Furthermore, in labeled cells recovered from
the spleen by ex vivo magnetic sorting, a mean of 0.5 pg iron per
cell was found, i.e., a value five times lower than that of the
injected hybridomas. This finding is consistent with in vivo
proliferation of these cells. In addition, the amount of labeled
hybridomas present in the spleen was found to correlate with
MRI signal intensity. Magn Reson Med 52:73–79, 2004. © 2004
Wiley-Liss, Inc.
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Cell labeling is finding increasing applications in fields
such as cellular biology and medical imaging. Analysis
of the distribution and cellular migration, or “cellular
trafficking,” is essential for many physiological and
pathological processes (1,2). Cell migration is a key phe-
nomenon in the immune system, with continuous redis-
tribution of lymphocytes towards various anatomical
sites (3,4). Recirculation of lymphocytes facilitates their
interactions with foreign antigens and inflammatory
cells. Studies of T-lymphocyte redistribution in vivo are
limited by the small number of anatomical sites that can
be analyzed simultaneously and by the poor sensitivity
of current markers.

Conventional methods based on marker proteins labeled
with fluorescence probes or with radioisotopes (111In, 123I,

or 51Cr) can be used to study lymphocyte trafficking, but
these methods are limited by the isotope half-life, the
tracer transfer rate into cells, and the toxicity of the label-
ing process (1,5). A noninvasive method capable of follow-
ing lymphocyte migration for prolonged periods in vivo,
and particularly during the first 72 hr of the immune
response, could be highly informative.

MRI can be used to follow labeled cells using an endog-
enous or exogenous contrast agent. The agent must be
specific for a given cell type, must not affect the antigenic
properties of the cell, must induce a specific local signal
distinguishable from neighboring tissues, and persist on or
inside the labeled cell for an adequate time. The best
contrast agent for studying cellular migration is superpara-
magnetic particles (6,7), also known as superparamagnetic
iron oxide (SPIO) or ultrasmall superparamagnetic iron
oxide (USPIO). These particles have a remarkable r2 relax-
ivity which makes them particularly effective on T2-
weighted imaging. The most widely used product is dex-
tran-coated superparamagnetic particles (8–10). T-lym-
phocytes can be labeled with superparamagnetic particles
and visualized in vivo at the single-cell level (8). Cellular
uptake by spontaneous endocytosis is not very efficient,
but can be enhanced by the use of a peptide sequence of
HIV-1 transactivator protein (Tat). This protein is internal-
ized by cells when present in the extracellular medium
(11,12). Tat peptide can be conjugated with superparamag-
netic particles, resulting in nanoparticles with great stabil-
ity and cellular permeability (13). The conjugate can also
be labeled with a fluorochrome (FITC), enabling it to be
visualized by both flow cytometry and high-resolution
MRI (14). Other methods used to coat magnetic nanopar-
ticles include monoclonal antibodies (15), transfection
agents including dendrimers (16), and lipofection agents
(17).

A new class of superparamagnetic anionic nanoparticles
was recently described (18–20). They are not dextran-
coated and carry negative surface charges, offering good
stability in suspension due to electrostatic repulsion
forces. Moreover, they show a high degree of uptake by
different cell lines, secondary to their electrostatic accu-
mulation on the cell membrane (21).

Here we developed a lymphocyte imaging method with
a 1.5 T clinical MRI unit. We used a hybridoma cell line as
a model and magnetically labeled the cells with the above-
mentioned anionic nanoparticles. Nanoparticle uptake by
hybridoma cells was quantified in vitro and their traffick-
ing was visualized by MRI in the mouse spleen after i.p.
injection.
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MATERIALS AND METHODS

Hybridomas

6B2 hybridomas were prepared by fusion between B lym-
phocytes and myeloma cells. They were cultured in RPMI
1640 medium (Gibco, Invitrogen Corporation) containing
10% fetal calf serum (FCS) (Gibco, Invitrogen, La Jolla,
CA), 100 IU/mL penicillin, and 100 �g/mL streptomycin
(Gibco, Invitrogen). Flat-bottomed flasks with a surface
area of 80 cm2 (Cellstar, Greiner bio-one) were sown with
500,000 cells and placed at 37°C in a saturated atmosphere
containing 5% CO2. The cells grew in suspension and
reached confluence within 3 days. The cell suspension
was then homogenized by aspiration-repression with a
sterile pipette. Viable cells were counted under a light
microscope with a Malassez cell and Trypan blue (Gibco,
Invitrogen).

Cell Labeling With Magnetic Nanoparticles

We used a colloidal suspension of iron oxide nanopar-
ticles (maghemite �-FeO3) dispersed in water (ferrofluid).
These particles were synthesized according to Massart’s
method, by alkalinization of ferrous and ferric chloride
(22). They were then chelated by adding sodium citrate
(10% per mole of iron) to the precursory acid ferrofluid,
adsorption of which to the nanoparticle surface confers a
negative total charge over a large range of pH values: the
trisodium citrate has three carboxylate functions (pKa 2.8,
4.4, and 5.65) deprotonated at physiological pH. We ob-
tained an aqueous solution of nanoparticles with negative
charges carried by the carboxylate groups of the adsorbed
citrate molecules. This conferred high stability to the col-
loidal suspension through electrostatic repulsion. The
nanoparticles consisted of monocrystals of so-called
maghemite (�-Fe2O3) with a core of mean diameter 8 nm,
carrying an effective magnetic moment meff � MsV, where
Ms is the magnetization of maghemite at saturation and V
the volume of a particle (Ms � 3.1 � 105 A/m2) (20).

Cultured hybridomas were suspended in RPMI medium
containing 5 mM sodium citrate and distributed in Petri
dishes (Cellstar, Greiner bio-one). The cells were then
incubated at 37°C with the particles by adding the citrated
solution of ferrofluid for various times (20 min to 6 hr) and
with various iron concentrations in the incubation me-
dium (0.25–15 mM). The presence of citrate in RPMI pre-
vents particle aggregation by maintaining the surface den-
sity of negative charges. After incubation the supernatant
was isolated, and two successive very mild washing steps
were performed by addition-aspiration of citrated RPMI.
The cells were then incubated with citrated RPMI for 1 hr
at 37°C to allow them to internalize the particles (chase
period). The cells were collected by scraping and resus-
pended before use in in vitro studies or injection into
animals.

Quantification of Iron Uptake

Two methods were used to quantify the uptake of citrated
nanoparticles by hybridoma cells, namely, magnetophore-
sis and electron spin resonance (ESR).

Magnetophoresis

Cells loaded with particles became magnetic and moved in
the presence of a magnetic field gradient. Magnetophoresis
consists of measuring the migration speed of magnetic
cells suspended in a medium of known viscosity (23).
After incubation and recovery, cells were centrifuged at
1200 rpm for 10 min, then diluted in RPMI (104 cells/mL),
and 400 �L of sample was placed in a Hellma chamber
1 mm thick. Cell displacement in steady-state conditions
was videotaped with a camera assembled on the micro-
scope, and the movies were treated with dedicated image
software (NIH, Bethesda, MD). The diameter and displace-
ment of 30–50 cells were analyzed per assay, yielding the
mean cell diameter and cell velocity distribution. The
number of particles per cell was calculated using the equa-
tion described in Ref. 23 with: the number N�(3��D)/
(meff(dB/dz)) v with the viscosity � � 10�3 Poiseuille, D
the cell diameter, v the cell speed, meff � 8 � 10�20 A.m
the effective magnetic moment of a particle in the field
(B � 174 mT) and the magnetic field gradient (dB/
dz)�18,5 mT/mm. The number of iron atoms per particle
being known (13,700 atoms), it was possible to calculate
the iron mass per cell, as m (pg) � N � 1.28 � 106.

Electron Spin Resonance

ESR was used as described in Ref. 23 to quantify the
number of maghemite nanoparticles in a cell sample.

After incubation with particles, cells were centrifuged
for 10 min at 1200 rpm and the cell pellet was resuspended
in 50 �L of citrated RPMI medium. Samples of 2 �L were
diluted in 98 �L of RPMI and introduced in a Malassez
slide for cell counting under a light microscope. A 2-�L
aliquot was sampled with a 10-�L diameter capillary tube
(WiretrolII, Drummond Scientific, Broomall, PA). The tube
was maintained vertically for 3 days to permit cell sedi-
mentation, then placed in a quartz tube for ESR measure-
ment. The ESR apparatus was first calibrated with fer-
rofluid samples of known concentrations. The mean iron
mass per cell was estimated from the iron mass and the
number of cells in the sample.

Quantification of Iron Load After Cell Division

On day 1, hybridomas were incubated for 20 min with
either 5 or 15 mM iron, then iron load was estimated, cells
were counted, and viability was measured with the Trypan
blue test; the cells were then cultured. The same procedure
was repeated on day 3.

Injection of Labeled Cells In Vivo

The labeling conditions were [Fe] � 8 mM, 20 min incu-
bation time, and 1 hr of chase. Hybridomas were collected
by scraping in citrated RPMI, counted, and tested with
Trypan blue. They were centrifuged at 1200 rpm for
10 min and the cell pellet was resuspended by aspiration-
repression in a volume of RPMI yielding a cell density
from 10 � 104 to 15 � 104/�L. Twenty million labeled
hybridoma cells were injected i.p. into 1-month-old male
Swiss nude mice (Iffa Credo, l’Arbresle, France). The ani-
mals were imaged 24 hr after injection. Six mice injected
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with magnetically labeled hybridomas and 7 control (not
injected) mice were used.

MRI

MRI was performed on a 1.5 T apparatus (Signa, General
Electric Medical Systems, Milwaukee, WI) at the Centre
Inter Etablissement de Résonance Magnétique (CIERM,
Hôpital Kremlin Bicêtre, Paris, France). A dedicated an-
tenna for small animals was used. Animals were anesthe-
tized with a mixture of xylazine (Rompum 2%, Bayer
pharma, Puteaux, France) and ketamine (Imalgene 500,
Merial, Lyon, France) diluted in normal saline (Rompum:
5% final volume; Imalgene: 20% final volume) and in-
jected by the i.p. route at a dose of 10 �L/g of mouse
weight. Once anesthetized, animals were placed in a tube
with an oil phantom. The tube was placed in the antenna
and then positioned at the center of the magnet. T1 (TR �
500 ms, TE � 13 ms, field of view (cm) � 4 � 4, acquisition
matrix � 256 � 192, thickness � 1 mm) and T2 (TR �
2000 ms, TE � 20 and 60 ms) weighted spin echo and
gradient echo (GRE) (TR � 20 ms, TE � 4 ms, flip angle �
30°) sequences were acquired.

Images were analyzed with eFilmLite software (Merge
eFilm, Netherlands). Several regions of interest (ROIs)
were positioned manually at the level of the spleen, giving
the signal intensity (SI). The relative signal intensities (RI)
were calculated by dividing the SI values by those of the
oil phantom: RIspleen�SIspleen/SIoil . The enhancement
(ENH) was calculated as: ENH (%)�(RIspleen�R� Icontrol)/
R� Icontrol�100.

Ex Vivo Recovery of Labeled Cells

After image acquisition, the animals were killed by anes-
thetic overdose. The spleen was removed and maintained
in RPMI at 4°C, then dissociated in this medium using a
Potter homogenizer. The cell suspension was filtered on
medical gauze saturated with RPMI medium. The cells
were washed with RPMI by two centrifugation steps at
1200 rpm for 10 min, and erythrocytes were eliminated by
adding hypertonic buffer (NH4Cl 0.155 M; KHCO3 0.01 M;
EDTA 10�4 M) for 5 min. The reaction was stopped by
adding a large volume of complete medium and the cells
were washed again as described above. A mouse spleen
yields from 60 to 100 million splenocytes (leukocytes).
The collected cell population was analyzed by magneto-
phoresis and ESR. Magnetophoresis gave the quantity of
iron in labeled cells and ESR the total quantity of iron in
the sample. Knowing the number of cells contained in the
sample measured by ESR, we calculated the proportion of
labeled cells present in the spleen.

RESULTS

Cellular Uptake: Concentration and Time Dependence

In each experimental condition, magnetophoresis showed
a homogeneous velocity distribution, consistent with ho-
mogenous labeling of the cell population.

Quantitative studies showed, for each incubation time
(20 min and 2 hr), that the number of particles in cells was
dependent on the iron concentration in the incubation

medium. Cells showed saturable uptake: up to 2.8 � 0.4 pg
per cell at 20 min and up to 4 � 0.6 pg per cell at 2 hr (Fig.
1a). Cell labeling was carried out in the same conditions on
a population of splenic cells (data not shown). As with
hybridomas, the number of particles internalized by
splenocytes increased with the iron concentration in the
incubation medium, and then reached a plateau. By com-
parison with hybridomas, maximum masses of iron incor-
porated in splenocytes were lower (1.1 � 0.2 pg vs. 2.8 �
0.4 pg per cell at 20 min, 1.4 � 0.1 pg vs. 4 � 0.6 pg per cell
at 2 hr).

For a given iron concentration in the incubation me-
dium (1 mM or 15 mM), the iron mass incorporated by
hybridoma cells increased with time, towards an equilib-
rium value of 3.1 � 0.4 pg per cell at [Fe] � 1 mM, and 5 �
0.5 pg per cell at [Fe] � 15 mM (Fig. 1b).

In all these studies, viability exceeded 98% in the
Trypan blue exclusion test. Only in extreme labeling con-

FIG. 1. Magnetophoresis (MP) and ESR quantification of magnetic
nanoparticle uptake by hybridoma cells. a: Iron mass internalized
per cell after 20 min and 2 hr of incubation, as a function of the
extracellular iron concentration [Fe]. b: Time course of nanoparticle
internalization (iron mass per cell) for [Fe] � 1 mM and 15 mM.
Exponential guides are shown as solid lines.
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ditions (4 hr and 6 hr with 15 mM iron) was cell viability
lower (96% and 93%, respectively).

In both time- and concentration-effect experiments, iron
mass measured by magnetophoresis and ESR gave very
similar quantitative results (Fig. 1a,b).

Iron Load After Cell Division

In this study the labeling conditions were [Fe] � 5 mM and
15 mM, for 20 min and 1 hr of chase. The iron load per cell
was measured by magnetophoresis and ESR on the day of
labeling (day 1) and after 48 hr (day 3). In the two labeling
conditions, cells showed a Gaussian velocity distribution
on day 1, with a mean velocity of 24.6 � 2.3 �m/s at 5 mM
and 28.8 � 2.2 �m/s at 15 mM (Fig. 2a). On day 3 the
velocity distribution shifted towards lower values, with
mean velocities of 5.9 � 2.8 �m/s and 6.9 � 3.7 �m/s at
5 mM and 15 mM, respectively (Fig. 2a). A slight broad-
ening of the velocity distribution was observed in each
case. The iron mass per cell fell between day 1 and day 3
by a factor of 4 (2.4 � 0.2 pg vs. 0.6 � 0.3 pg per cell at
5 mM, 2.8 � 0.2 pg vs. 0.7 � 0.4 pg per cell at 15 mM) (Fig.

2b). The cell population always increased by a factor of 16
between the first and third day of study, corresponding to
about four divisions (24), a value in keeping with the
known division time of hybridomas. The proliferation of
labeled cells in both conditions was the same as that of
unlabeled control cells. Cell mortality (Trypan blue test)
never exceeded 2–3%. In addition, magnetophoresis and
ESR measurements of the iron mass per cell correlated
well (Fig. 2b).

In Vivo Studies

Twenty-four hours after injection of magnetically labeled
hybridomas (2.5 pg iron per cell), a dark spleen signal was
observed on 1.5 T MRI images relative to noninjected
control mice (Fig. 3). The quantitative study showed a
significant decrease in signal intensity on all sequences.
On average, the signal decrease ranged from –29.2 �
13.6% on T1, –24.3 � 13.4% on GRE, and –31.6 � 15.9%
and –47.3 � 23.8% (first and second echoes) on T2-
weighted sequences. This suggested a “homing” of mag-
netically labeled hybridomas to the spleen.

Ex Vivo Studies

After imaging studies, spleens were harvested and splenic
cells were studied by magnetophoresis. Two populations
were identified. The first population, with a diameter cor-
responding to splenocytes (7–8 �m), was static and ad-
hered quickly to the bottom of the Hellma chamber. The
second population migrated in the magnetic field gradient
and had a diameter corresponding to that of hybridomas,
albeit slightly smaller than in vitro (10 �m, vs. 12 �m in
vitro). The migration speed of these cells appeared homo-
geneous from one spleen to another. Iron mass per cell
averaged 0.78–0.96 pg, depending on the sample (Table
1). This value corresponded to the iron mass for a hybrid-
oma after labeling (2.5 pg iron per cell), and after 1 to 2
cellular divisions.

Total iron mass was deduced from ESR values (Table 1).
The number of cells in the sample and the iron mass per
cell being known (from the magnetophoresis assay), it was
possible to calculate the percentage of magnetically la-
beled cells in the spleen. This value ranged from 2.3% for
mouse 3–17.4% for mouse 4. The total number of cells in
the spleen being known, it was possible to calculate the
number of hybridomas present within the spleen at the
time of excision (Table 1). The spleen negative enhance-
ment correlated with the proportion of labeled cells in the
spleen (Table 2).

DISCUSSION

This study shows that anionic superparamagnetic nano-
particles are efficiently internalized by hybridoma cells,
allowing them to be tracked in the spleen by 1.5 T MRI
after i.p. injection.

Nanoparticle internalization was saturable and depen-
dent on the incubation time and the extracellular particle
concentration. After 2 hr incubation with 15 mM [Fe], iron
load was 4 � 0.6 pg for hybridomas and 1.4 � 0.1 pg for
splenocytes. The kinetics were consistent with a mecha-

FIG. 2. Effect of cell division on magnetic load. a: Cell velocity
measurements by magnetophoresis. Two conditions of magnetic
labeling were carried out with hybridomas cells, [Fe] � 5 mM and
15 mM (not shown in a) in the incubation medium, for 20 min. There
was a shift towards lower velocities on day 3, indicating homoge-
neous distribution of the magnetic load in daughter cells. b: Iron
quantification on day 1 and day 3 by magnetophoresis (MP) and
electron spin resonance (ESR) in the two labeling conditions.

76 Smirnov et al.



nism involving iron binding to the cell surface. As binding
capacity is limited by the cell surface area, iron endocyto-
sis should itself be a function of this area (21). This could
explain why hybridomas showed a substantially higher
maximal iron load than splenocytes, which are smaller.
More generally, different cell types should display differ-
ent iron load capacities as a function of their surface area.
Iron uptake obtained with our anionic particles was much
higher than previously reported with dextran-coated par-
ticles (i.e., Sinerem) in various tumor cell lines and mouse
macrophages, i.e., 0.01–0.12 pg per cell and 0.97 pg per
cell, respectively, after 1 hr incubation at 37°C in a sus-
pension containing 2 mM Fe3	 (24–26). Thus, within the
same short range of labeling periods, we obtained substan-
tial iron mass per cell. The higher internalization capacity
of uncoated nanoparticles compared to electrically neutral
dextran-coated nanoparticles could be explained by the
anionic charge of the former. Electrostatic interactions be-
tween charged entities and plasma membranes have been
studied for macromolecules such as ferritins (27,28) and
liposomes (29–31). Positively charged liposomes were

found to more efficiently bound than their negatively
charged counterparts. This is consistent with the results of
electrophoresis studies showing that the plasma mem-
brane has a total negative charge. However, it has been
shown that small anionic tracer peptides can nevertheless
label the cellular membrane and be internalized by the
endocytosis pathway, proving the existence of cation sites
on the cell surface (32). Cation site-bound anionic nano-
particles are thought to form clusters due to electrostatic
repulsion by the negative charges of the plasma mem-
brane, before being internalized by the endocytosis path-
way. Indeed, endosomes containing nanoparticles are ob-
servable by electron microscopy (23).

Although based on different physical principles, magne-
tophoresis and ESR gave similar nanoparticle uptake val-
ues. Magnetophoresis measures the velocity of magneti-
cally labeled cells in suspension. Its main limitation con-
cerns cells with a low iron load. These cells descend in the
Hellma chamber, forming a deposit of nonmigrating cells.
Another limitation is that measurement requires high di-
lution of the sample. Indeed, the hydrodynamic flow

FIG. 3. In vivo 1.5 T MRI. MRI of the spleen of a Swiss nude mouse 24 hr after i.p. injection of magnetically labeled hybridomas (20 � 106)
(bottom row), in comparison with uninjected control mice (top row). Sequence weightings (T1; GRE; T2 first and second echo, respectively)
are indicated on the image. The spleen is indicated by an ellipse. A dark spleen signal was obtained relative to the control.

Table 1
Iron mass per hybridoma cell in the spleen (ex vivo studies)

Mouse number 1 2 3 4 5 6

Iron mass per cell (pg) (magnetophoresis) 0.96 0.89 0.86 0.78 0.87 0.87
Total iron mass (pg) in ESR sample 79,750 95,700 14,200 66,400 69,800 69,800
Labeled hybridomas (%) in the spleen 13.8 13.3 2.3 17.4 13.6 9.5
Number of labeled (�106) hybridomas in the spleen 8.4 9.1 1.3 13.6 14.5 6.0

Iron mass, as measured by magnetophoresis (MP), was consistent with hybridoma division after incubation for 20 min in the presence of
[Fe] � 8 mM. The proportions of labeled hybridomas in the spleen were deduced from ESR and MP values, knowing the total number of
cells in the spleen and in the sample. The number of labeled hybridomas in the spleen was calculated from the total splenocyte population.
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formed by cells in migration can disturb the migration of
neighboring cells. In practice, we were able to assay sam-
ples containing as few as 30–50 cells/�L and about 0.2 pg
of iron per cell, moving at a minimum speed of 2 �m/s.
ESR can be used to quantify the electron spins contained
in a small sample of low volume with a detection thresh-
old of 2 � 109 ferromagnetic particles or 2 � 103 pg of iron
particles per sample. We found a good correlation between
the two methods as regards cellular quantification. This
provides indirect evidence that the migration speed of
nanoparticles under the magnetic field is related to the
number of internalized particles. Thus, magnetophoresis
could be a simple and precise method to quantify the
uptake of any kind of magnetic particle internalized by a
variety of cells. Similarly, ESR can be used to quantify iron
not only in cells but also in tissue samples to study marker
biodistribution.

We used these two methods to study particle distribu-
tion during the course of cell division. With magneto-
phoresis, cell velocity histograms suggested that internal-
ized nanoparticles were equally distributed among daugh-
ter cells during division. The cell population increased by
a factor of 16 in both labeling conditions, corresponding to
four cell divisions (24). In theory, if labeling endosomes
are divided equally between daughter cells, iron mass per
cell should be reduced by a factor 16, i.e., 0.15 pg and
0.17 pg per cell at day 3 in 5 mM and 15 mM Fe labeling
conditions, respectively. However, we only found a 4-fold
reduction. Several factors might explain this result. First,
the quantification methods used here are more efficient for
strongly labeled cells and are not sensitive to low values.
An iron load of 0.15 pg is close to the detection threshold
of 0.2 pg. Second, strongly labeled cells may divide more
slowly than weakly labeled cells. No cell toxicity was
observed in the Trypan blue exclusion test up to 3 days
after labeling. Beyond this time, iron mass became unde-
tectable by magnetophoresis. In addition, no difference in
antibody secretion between labeled and control hybrid-
omas was observed by FACS analysis (data not shown).
This result supports that cell function is not affected by
cell labeling. Owing to the rapid division of hybridomas,
further viability studies were not performed, iron no
longer being detectable. The potential long-term toxicity of
iron labeling should be studied at later times using more
slowly dividing cell types.

Once magnetically labeled, hybridomas were detectable
in vivo by MRI after i.p. injection. Injection of labeled
hybridomas resulted in a darkening of the spleen on all
sequences, both T2- and T1-weighted. This darkening was
more pronounced on T2-weighted images. The negative

enhancement obtained after homing of labeled hybrid-
omas to the spleen was attributed to the effect of magnetic
nanoparticles on T2 and T2* contrasts. Indeed, anionic
nanoparticles are compartmentalized in endosomes and
lysosomes and behave as aggregated particles. Aggregated
particles exhibit a decrease in r1, and a slight decrease in r2

relaxivities compared to free particles, resulting in nega-
tive contrast on T1- and T2-weighted images (33). We used
GRE-weighted images to optimize the darkening of the
spleen.

Magnetically labeled cells were recovered from the
spleen in order to confirm that the negative MRI enhance-
ment was effectively due to labeled hybridomas and not to
free nanoparticles present in the spleen. Moreover, these
labeled cells retained their proliferative capacity in vivo,
as the iron content of hybridomas recovered from the
spleen was much lower than that of the hybridomas ini-
tially injected. As shown in Table 2, we found a correla-
tion between MRI results and the percentage of labeled
cells found in the spleen after ex vivo measurement by
ESR and magnetophoresis. The spleen of the mouse show-
ing weak negative MRI enhancement contained an esti-
mated 2.3% of labeled cells. In contrast, the spleen of the
mouse with strong negative enhancement contained
17.4% of labeled cells. The hyposignal resulting from in-
teraction of the anionic nanoparticles with the local mag-
netic field in the spleen was not optimized, but corre-
sponded to about 2.3% (1.3 million cells) in the spleen, as
determined using a clinical imaging system. Thus, quan-
titative MR imaging data can be obtained with the tech-
niques capable of quantifying the number of labeled cells
in a target organ.

CONCLUSION

From the present results on hybridomas, we suggest that
anionic nanoparticles (�-Fe2O3) could serve as an efficient
and useful marker for in vivo quantitative imaging of in-
jected tracer cells on a 1.5 T MRI device. The suitability of
our labeling technique to approach lymphocyte and stem
cell tracking in vivo will be the matter of future studies.
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