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Targeting of Hematopoietic
Progenitor Cells with MR
Contrast Agents1

PURPOSE: To label human hematopoietic progenitor cells with various magnetic
resonance (MR) imaging contrast agents and to obtain 1.5-T MR images of them.

MATERIALS AND METHODS: Hematopoietic progenitor cells, labeled with feru-
moxides, ferumoxtran, magnetic polysaccharide nanoparticles–transferrin, P7228
liposomes, and gadopentetate dimeglumine liposomes underwent MR imaging
with T1- and T2-weighted spin-echo and fast field-echo sequences. Data were
analyzed by measuring MR signal intensities and R1 and R2* relaxation rates of
labeled cells and nonlabeled control cells. Mean quantitative data for the various
contrast agent groups were assessed for significant differences compared with
control cells by means of the Scheffe test. As a standard of reference, MR imaging
data were compared with electron microscopic and spectrometric data.

RESULTS: For all contrast agents, intracellular cytoplasm uptake was demonstrated
with electron microscopy and was quantified with spectrometry. When compared
with nonlabeled control cells, progenitor cells labeled with iron oxides showed
significantly (P � .05) increased R2*. Cells labeled with gadopentetate dimeglumine
liposomes showed significantly increased R1. Detection thresholds were 5 � 105

cells for gadopentetate dimeglumine liposomes and ferumoxtran, 2.5 � 105 cells for
ferumoxides and P7228 liposomes, and 1 � 105 cells for magnetic polysaccharide
nanoparticles–transferrin.

CONCLUSION: Hematopoietic progenitor cells can be labeled with MR contrast
agents and can be depicted with a standard 1.5-T MR imager.
© RSNA, 2003

Progress in the field of human stem cell transplantation has reduced transplant-related
toxicities and has improved survival rates (1). To date, however, the rapidity and durability
of stem cell graft placement can be measured only indirectly, on the basis of platelet and
neutrophil counts from the peripheral blood (1). To our knowledge, direct in vivo visual-
ization of transplanted cells is not yet established in humans. Magnetic resonance (MR)
imaging contrast agents could be used to label hematopoietic cells to allow direct depic-
tion of cellular traffic, homing in the bone marrow, differentiation of immature cells, and
transplant rejection in vivo (2,3). Various investigators approached this problem and
labeled various hematopoietic cell populations—including lymphocytes, monocytes, pro-
genitor cells, and embryonic cells—with MR contrast agents (2–6).

Previously used MR contrast agents and labeling methods, however, are far from being
approved for clinical applications. Furthermore, previous studies were often performed
with MR systems with high field strength up to 14 T (2), whereas most clinical MR imagers
are operated up to 1.5 T. These previous labeling methods were used to optimize the
detectability of minimal cell numbers, which may not be a practical drawback in the
evaluation of hematopoietic stem cell transplants. In clinical practice, high cell numbers
(eg, 2 � 108 progenitor cells per kilogram of body weight) are usually transplanted, and it
is more important to follow up the majority population of the transplanted cells than it is
to follow up single cells. Therefore, we focused on labeling methods that may be applicable
in current clinical protocols and on MR contrast agents that are either approved by the U.S.
Food and Drug Administration or are expected to be approved in the near future.
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The purpose of this study was to label
human hematopoietic progenitor cells
with various MR contrast agents and to
obtain 1.5-T MR images of them.

MATERIALS AND METHODS

Cell Suspensions

The study was approved by the institu-
tional review board, and informed con-
sent was obtained from the female do-
nors before each stem cell collection.
Suspensions of human hematopoietic
progenitor cells were prepared from um-
bilical cord blood, which was collected
from the umbilical cord vein after nor-
mal delivery of a full-term infant. Umbil-
ical cord blood was collected in heparin-
flushed syringes, stored at 4°C, and
processed within 24 hours of collection.
Low-density cells were isolated with den-
sity (d) centrifugation (d � 1.077 g/mL)
(Biocoll; Biochrom, Berlin, Germany). Af-
ter centrifugation at 1,000g for 20 min-
utes, the mononuclear interphase cells
were collected and washed once in a bal-
anced salt solution (Hanks; InvitroGen,
Karlsruhe, Germany) supplemented with
2% fetal calf serum (Biochrom, Berlin,
Germany) and 10 mmol/L 4-(2-hydroxy-
ethyl)piperazine-1-ethane sulfonic acid,
or HEPES, (Gibco, Karlsruhe, Germany).
Subsequently, red cells were lysed with a
reagent (Ortholysis; Ortho). After eryth-
rolysis, the cell samples were washed
twice in the salt solution. Before incuba-
tion with contrast agents, the cells were
again centrifuged, and the cell pellet was
resuspended with 1 mL of Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco).
The number of cells was counted in a cell
counter by two investigators (H.E.D.L.,
M.R.). Both investigators performed all
counts independently. The mean of the
two counts was used for data analysis be-
fore each experiment.

Contrast Media

MR contrast agents were selected to
target cells by means of three mecha-
nisms: fluid-phase endocytosis, receptor-
mediated endocytosis, and transfection
with liposomes.

Fluid-phase mediated endocytosis of iron
oxides.—This endocytosis was achieved
by incubating the cell suspensions with
iron oxides.

Ferumoxides (Endorem; Laboratoire
Guerbet, Aulnay-sous-Bois, France) is
made of colloid-based superparamag-
netic iron oxide (SPIO) particles with an
R2/R1 ratio (in liters per millimole per
second) of 160/40 and a diameter of 120–

180 nm (mean, 150 nm) (7,8). Ferumox-
ides particles consist of nonstoichiomet-
ric magnetite cores, which are covered
with a dextran T-10 layer (7,9). Ferumox-
ides is approved in the United States and
Europe as an MR contrast agent that is
specific to the reticuloendothelial sys-
tem.

Ferumoxtran (Sinerem; Laboratoire
Guerbet) is a prototype colloid-based ul-
trasmall SPIO (USPIO) that also repre-
sents iron oxide particles with a dextran
layer (9). However, the particle diameter
range of 20–50 nm (mean, 35 nm) is
approximately four times smaller than
that of ferumoxides. At 37°C and 0.47 T,
R1 is 22 L � mmol�1 � sec�1 and R2 is 80
L � mmol�1 � sec�1 (9–11). Clinical ap-
proval of this agent is expected in Europe
in 2004.

Receptor-mediated endocytosis of mag-
netic nanoparticles bound to transferrin.—
Magnetic polysaccharide nanoparticles
(Nanomag; Micromod, Rostock, Ger-
many) have a diameter of 50 nm and
contain approximately 35% magnetite
and cross-linked dextran. Other than the
previously mentioned iron oxides, these
superparamagnetic nanoparticles are co-
valently bound to amino acid sequences
that allow complex formation with metal
ions and organic substances. For this
study, magnetic polysaccharide nanopar-
ticles were covalently bound to human
transferrin, with a stoichiometry of 1.5
�mol of transferrin per 1 mg of iron (Fe)
(ie, one magnetic polysaccharide nano-
particle bound to one transferrin mole-
cule).

Transfection with anionic contrast agents
in liposomes.—P7228 (Laboratoire Guer-
bet) is a new second-generation USPIO.
Physicochemical characteristics, as well
as R1 and R2, are similar to those of feru-
moxtran, but P7228 particles are covered
by an anionic dextran derivative instead
of a dextran layer (9).

Gadopentetate dimeglumine (Magnev-
ist; Schering, Berlin, Germany) is the
standard MR contrast medium for clini-
cal use. It has a molecular weight of 547
Da, and the molecules are approximately
100 times smaller than those of the pre-
viously mentioned iron oxides. R1 is 3.8
L � mmol�1 � sec�1 (12,13).

As a result of their negative charge,
P7228 particles and gadopentetate dime-
glumine molecules can be encapsulated
with positively charged liposomes. For
this study, small unilamellar liposomes
with a diameter of 100–200 nm were used
to provide highly reproducible transfec-
tions by means of entrapment rather than
encapsulation of anionic molecules (14).

Two to four liposomes associate with a sin-
gle contrast agent molecule or particle;
then, the lipid complex fuses with the cell
plasma membrane and delivers the con-
trast agent to the cell cytosol (14). Trans-
fection was achieved as follows: 20 �L of
liposome formulation (Lipofectin; Invitro-
Gen), which contains 1:1 cationic lipid
N-[1-(2,3-dioleyloxy)propyl]-n,n,n-trimeth-
ylammonium chloride and dioleoyl phos-
phatidylethanol-amine (14), were dis-
solved in 100 �L of DMEM and incubated
at 37°C for 30 minutes with either P7228
or gadopentetate dimeglumine, each di-
luted in 100 �L of DMEM. These stock
solutions were further diluted in 800 �L of
DMEM.

Exposure of Cell Suspensions to MR
Contrast Agents

Suspensions of hematopoietic progen-
itor cells were transferred to 1.5-mL
tubes. Increasing cell numbers from 1 �
104 to 2 � 106 cells were exposed to the
various contrast agents. Iron oxides were
added at a dose of 250 �g Fe, P7228 lipo-
somes at a dose of 100 �g Fe, and gado-
pentetate dimeglumine liposomes at a
dose of 500 �g gadolinium per cell sus-
pension. After exposure for 2, 4, 6, 8, and
24 hours, cells were centrifuged, the MR
contrast agent containing supernatant
was withdrawn, and cells were washed at
least three times with DMEM. Cells were
again centrifuged, and the cell pellets
were evaluated at MR imaging. After the
MR experiments, the cell probes were an-
alyzed further by means of viability tests,
spectrometry, and electron microscopy.

MR Imaging

MR imaging was performed with a
clinical 1.5-T MR imager (Philips Medical
Systems, Best, the Netherlands) and a
high-resolution birdcage coil (Medical
Advances, Milwaukee, Wis). To avoid sus-
ceptibility artifacts from the surrounding
air in the images, all probes were placed
in a plastic container filled with water.
For pulse sequence optimization and sub-
sequent calculation of reference R1 and
R2 curves, reference samples of each con-
trast agent were imaged with increasing
dilutions of iron oxides (0.122–250.000
�g Fe per milliliter) and gadopentetate
dimeglumine (0.244–500.000 �g gado-
linium per milliliter). Then, the test tubes
with centrifuged cell pellets were imaged.
Each subset of imaged progenitor cells
contained labeled cells and nonlabeled
control cells.

MR pulse sequences included T1- and
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T2-weighted two-dimensional spin-echo
(SE) and three-dimensional fast field-
echo sequences. For measurements of R1,
a mixed inversion-recovery SE sequence
was initiated with an inversion-recovery
experiment (repetition time msec/echo
time msec/inversion time msec of 5,000/
18/600) followed by an SE experiment
(repetition time msec/echo time msec of
600/24). For measurements of R2*, a T2*-
weighted fast field-echo echo-planar im-
aging sequence was performed with a
repetition time of 2,000 msec, 20 increas-
ing echo times from 4 to 36 msec, and a
flip angle of 90°. Both sequences were
performed with a field of view of 160 �
48 mm, a matrix of 256 � 256 pixels, and
a section thickness of 1.5 mm. In addi-
tion, two-dimensional T1-weighted SE
(500/15) and T2-weighted SE (2,500/100)
sequences were performed with a field of
view of 130 � 65 mm, a matrix of 256 �
256 pixels, two signals acquired, 17 sec-
tions, and a section thickness of 1.5 mm.
Three-dimensional T1-weighted (25/2.7
with flip angle of 40°) and T2*-weighted
(25/12 with flip angle of 20°) fast field-
echo sequences were performed with a
field of view of 200 � 160 mm, a matrix
of 400 � 400 pixels, two signals acquired,
and an effective section thickness of 1.5
mm. We did not perform fast SE se-
quences because they have a well-known
lower sensitivity to iron oxides compared
with that of conventional SE and gradi-
ent-echo sequences (7–11,15). MR imag-
ing experiments were performed six
times for each contrast agent.

In some experiments, one set of cells of
each contrast agent, as well as nonlabeled
control cells, were cultured after the ini-
tial MR examination. Cells were cultured
in serum-free medium: 20% BIT, or BSA/
insulin/transferrin (BIT9500; StemCell
Technologies, Vancouver, British Colum-
bia, Canada), 80% Iscove’s modified Dul-
becco’s medium (Gibco), 10�4 mol/L
�-mercaptoethanol, 40 �g of low-density
lipoproteins (Sigma) and supplemented
with the following growth factors: stem
cell factor (100 ng/mL [R&D Systems,
Minneapolis, Minn]), Fll2/Flt3 ligand
(100 ng/mL [R&D Systems]), and throm-
bopoietin (20 ng/mL, [R&D Systems]).
Follow-up MR studies were performed for
up to 7 days.

Viability Tests

Cell viability was determined by means
of exclusion with trypan blue dye. Pro-
genitor cells (2.5 � 105) of each contrast
agent, as well as nonlabeled control cells,
were exposed to trypan blue dye, and the

relative number of nonstained viable
cells to the number of stained nonviable
cells was calculated. These tests were per-
formed four times for each contrast agent
by an independent observer (R.A.J.O.),
who was blinded to the labeling proce-
dures.

Spectrometry

The iron concentration within cells la-
beled with the various iron oxide–based
contrast agents was quantified with
atomic absorption spectrometry by using
a polarized atomic absorption spectrom-
eter (Zeeman spectrometer model Z-8200;
Hitachi, Tokyo, Japan). If necessary, the
cell suspensions were diluted with 0.05
mol/L HCl. For iron measurements, the
spectrophotometer was set to 248.3 nm
and calibrated with six standards, which
contained from 89.55 to 3,582 �mol/L Fe
in 0.05 mol/L HCl. For quality control,
normal and abnormal control cells
(Lyphochek; Bio-Rad Laboratories, Mu-
nich, Germany) were used. Gadolinium
concentration within the cells was mea-
sured with inductively coupled plasma
atomic emission spectrometry.

Electron Microscopy

Hematopoietic cells (1 � 106) incu-
bated with each of the contrast agents, as
well as nonlabeled control cells, under-
went MR imaging and subsequent evalu-
ation with electron microscopy. These
specimens were fixed in 3% glutaralde-
hyde-cocadylate buffer at 3°C overnight.
Then, after 1 hour in 1% OsO4, they were
dehydrated in graded dilutions of etha-
nol, embedded in artificial resin (Epon;
Merck, Darmstadt, Germany), and pro-
cessed for electron microscopy. Thin sec-
tions of the cell probes were evaluated
unstained (ie, without double staining
with uranyl acetate and lead citrate) to
prevent false-positive findings. In addi-
tion, probes of each contrast agent (with-
out cells) were examined with electron
microscopy to obtain a standard for the
particles to be detected in the cells. Elec-
tron microscopy (EM 10 CR; Zeiss,
Oberkochen, Germany) was performed at
60–80 kV. One investigator (U.H.) eval-
uated the cells for any structural changes
as a result of the labeling procedure, as
well as presence and localization of intra-
cellular contrast agent particles.

Data Analysis

Mean signal intensities (SIs) for the cell
pellets were measured in the central sec-

tion of the imaging volume by one inves-
tigator (H.E.D.L.) with use of operator-de-
fined regions of interest. The size of the
regions of interest depended on the diam-
eter of the cell pellets, with a minimum of
10 pixels per region. The SI data were di-
vided by the background noise to yield the
signal-to-noise ratio (SNR): SNR � SI/noise
(16). The difference in SI (�SI) of labeled
cells and nonlabeled control cells was cal-
culated as �SI � (SIlabeled cells � SIcontrols)/
noise (16).

T1 maps were used as calculated with
the imager software without further
modification, as described previously
(17). On these maps, The T1s (in millisec-
onds) of labeled cells, which were derived
by means of region-of-interest measure-
ments of cell pellets on these maps, were
converted to R1s (per second). For T2*
mapping, the multiple-echo fast field-
echo MR images were exported as digital
imaging and communications in medi-
cine, or DICOM, images to a personal
computer with a Linux operating system.
A self-written IDL program (Interactive
Data Language; Research Systems, Boul-
der, Colo) was used to calculate R2* (per
second) as the negative slope of the log-
arithm of the SIs, assuming a monoexpo-
nential decay of the free induction decay
(18). Care was taken to analyze only data
points with SIs that were significantly
above the noise level. Thus, for the high-
est iron concentrations (R2* � 200
sec�1), only the first three to five echo
times could be used, which led to rela-
tively large SDs in those cases.

Statistical Analysis

�SI data were presented as means and
standard errors of the means. To compare
differences in �SI data between various
MR contrast agents and pulse sequences,
analysis of variance for repeated mea-
surements was used. Mean data were
compared with the Scheffe test. Linear
regression analysis was performed to
compare iron uptake in the cells with
increasing cell numbers and increasing
incubation times. A P value of less than
.05 was considered to indicate a statisti-
cally significant difference (Statview, ver-
sion 4.1; Abacus, Berkeley, Calif).

RESULTS

Cell Viability and Electron
Microscopy

Cell viability was not significantly im-
paired after 2 hours of exposure to any
MR contrast agent. There was a tendency

762 � Radiology � September 2003 Daldrup-Link et al

R
a

d
io

lo
gy



toward slightly lower viability of cells af-
ter transfection with liposomes com-
pared with that with the other labeling
methods (Table 1).

Electron microscopy did not reveal any
structural changes of labeled cells com-
pared with nonlabeled control cells (Fig

1). Intracellular cytoplasmatic accumula-
tion in vesicles was seen with all MR con-
trast agents. Iron oxide particles were
preferentially localized in lysosomes. Ga-
dopentetate dimeglumine liposomes
were localized freely in the cytoplasm or
near the Golgi apparatus.

Labeling Efficiency

Cellular uptake of iron oxides was
highest for magnetic polysaccharide
nanoparticles–transferrin, followed by
ferumoxides, P7228 liposomes, and feru-
moxtran, in decreasing order (Table 1).

TABLE 1
Results after 2-hour Exposure to MR Contrast Agents

Cells (�106)

MR Contrast Agent Cell Pellet
Cell Viability

(%)Added Internalized R2* (sec�1) R1 (sec�1)

Controls None 0.001 � 0.002 �g Fe 60.3 � 4.4 0.57 � 0.12 93.7 � 5.1
Ferumoxides 250 �g Fe 2.4 � 0.7 �g Fe* 144.1 � 23.5† 8.14 � 0.32* 90.4 � 7.9
Magnetic polysaccharide nanoparticles–transferrin 250 �g Fe 9.8 � 2.4 �g Fe‡ 166.7 � 29.5† 7.56 � 0.45* 82.3 � 12.4
Ferumoxtran 250 �g Fe 1.1 � 0.4 �g Fe* 121.7 � 7.3† 1.98 � 0.24* 89.2 � 8.1
P7228 liposomes 100 �g Fe 1.8 � 0.5 �g Fe* 135.1 � 19.4† 3.89 � 0.37* 81.0 � 11.1
Gadopentetate dimeglumine liposomes 40 �g Gd 12.5 � 2.3 �g Gd† 83.5 � 9.8 1.13 � 0.14‡ 80.6 � 11.4

Note.—Data are �SI. Differences between control cells and MR contrast agent–labeled cells were analyzed. Gd � gadolinium.
* P � .01.
† P � .05.
‡ P � .001.

Figure 1. Electron microscopic images of hematopoietic progenitor cells. A, Nonlabeled control cell. B–F, Labeled cells are shown with inserts of
contrast medium containing cytoplasmatic vesicles (which are not in all cases taken from the section of the image). In B, gadopentetate
dimeglumine liposomes (arrow) are clustered within the cytoplasm. In C–F, intracellular accumulations of iron oxides form clusters in secondary
lysosomes (arrows). The amount of internalized particles appears to be maximal for magnetic polysaccharide nanoparticles–transferrin (C), followed
by ferumoxides (D), and ferumoxtran (E). In F, the relatively small amount of internalized P7228 can be increased substantially by means of
transfection with liposomes.
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Results of simple endocytosis of both US-
PIO, ferumoxtran and P7228, were not
significantly different (P 	 .05), but there
was a significant difference between US-
PIO uptake due to simple endocytosis
and that due to the liposome-transfec-
tion method (P � .05). Compared with
P7228 liposomes, gadopentetate dime-
glumine liposomes accumulated in a
higher quantity within the cells. The
smaller size and stronger negative charge
of the gadopentetate dimeglumine mol-
ecule may have facilitated the encapsula-
tion with cationic liposomes, with subse-
quent improved transfection. The uptake
of all MR contrast agents increased lin-
early with increasing cell numbers (Fig 2).

The iron oxide uptake could be in-
creased with prolonged incubation
times: for ferumoxides and ferumoxtran,
the uptake increased linearly up to an
incubation time of 24 hours (r2 � 0.86
and 0.90, respectively). For receptor-me-
diated endocytosis of magnetic polysac-
charide nanoparticles–transferrin, a pla-
teau was reached after an incubation of 4
hours. For transfection with P7228 lipo-
somes and gadopentetate dimeglumine
liposomes, uptake was saturated after 2
hours. However, cell viability decreased
with increasing incubation time. There-
fore, an incubation time of 2–4 hours for

all contrast agents was considered a good
compromise between loading effective-
ness and cell preservation.

MR Imaging

R1 and R2*.—Validation curves for the
R1 and R2* measurements are shown in
Figure 3. All cells labeled with iron oxide
contrast agents showed significantly dif-
ferent R1 and R2* measurements com-
pared with those for nonlabeled control
cells (P � .05, Table 1). Even with very
short inversion and echo times, R1 was
dominated by R2*. In accordance with
the iron oxide concentrations, R2* was
maximal for cell pellets labeled with
magnetic polysaccharide nanoparticles–
transferrin, followed by ferumoxides,
P7228 liposomes, and ferumoxtran (Ta-
ble 1). After incubation with gado-
pentetate dimeglumine liposomes, cell
pellets showed significantly different R1
and R2* values compared with those for
nonlabeled control cells (P � .05, Table 1).

SI.—All cell pellets labeled with iron
oxides showed a markedly decreased SI
on T2-weighted MR images (Fig 4). On
T1-weighted MR images, the SI was in-
creased for ferumoxtran-labeled cells and
decreased for cells labeled with the other
iron oxides. As expected, �SI data were
significantly different between T2*- and
T1-weighted MR sequences (P � .05, Ta-
ble 2, Fig 4). While the actual size of the
cell pellet approximately matched the
size of the cell pellet depicted on SE MR
images, the T2* effect on gradient-echo
MR images exceeded the border of the
cell pellet and test tube (Fig 4). Therefore,
the highest sensitivity for cell detection

was obtained with T2*-weighted gradi-
ent-echo MR images. They depicted a
minimum of 1.0 � 105 cells labeled with
magnetic polysaccharide nanoparticles–
transferrin, 2.5 � 105 cells labeled with
ferumoxides and P7228 liposomes, and
5.0 � 105 cells labeled with ferumoxtran
(Fig 2).

In contrast, cell pellets labeled with ga-
dopentetate dimeglumine liposomes
showed increased SI on T1-weighted MR
images and decreased SI on T2-weighted
SE MR images (Fig 4). For these cells, �SI
data were significantly different on T1-
compared with T2-weighted MR images
(P � .05, Table 2). With use of T1-
weighted SE- and T1-weighted gradient-
echo MR images, a minimum of 5.0 �
105 cells could be depicted (Fig 2).

Results of follow-up studies showed a
normal proliferation of all cell cultures
with persistent positive enhancement of
gadopentetate dimeglumine liposomes–
labeled cells on T1-weighted MR images
and gradually decreasing negative en-
hancement of iron oxide–labeled cells on
T2*-weighted MR images up to 7 days
after the labeling procedure (Fig 5). Cells
labeled with P7228 liposomes, ferumox-
ides, and magnetic polysaccharide nano-
particles–transferrin showed an inverted
increased SI on T1-weighted MR images
at day 7 (Fig 5).

DISCUSSION

Results of this study show that human
hematopoietic progenitor cells can be la-
beled with MR contrast agents that are
approved by the U.S. Food and Drug Ad-

Figure 2. Curve depicts cellular uptake of MR
contrast agents with increasing cell number, as
quantified with spectrometry for iron oxides
(micrograms of iron) and with inductively cou-
pled plasma atomic emission spectrometry for
gadopentetate dimeglumine (micrograms of
gadolinium). F, E � gadopentetate dimeglu-
mine liposomes; �, ▫ � ferumoxides; Œ, ‚ �
P7228 liposomes; �, ƒ � P7228; and �, � �
magnetic polysaccharide nanoparticles. Solid
keys � cell pellets visible on either T1- or T2-
weighted MR images. Open keys � cell pellets
that could not be detected at MR imaging.

Figure 3. Validation curves of measurements as a function of contrast agent concentration in 1
mL of DMEM. A, T2* measurements. B, T1 measurements. In A, curve shows increasing concen-
trations (micrograms of iron) of P7228, as a representative iron oxide contrast agent, displayed
against R2*, which was measured with a fast field-echo echo-planar MR imaging sequence. In B,
curve shows increasing concentrations (micrograms of gadolinium) of gadopentetate dimeglu-
mine displayed against R1, which was measured with a mixed inversion-recovery SE MR se-
quence.
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ministration (ferumoxides, gadopentetate
dimeglumine) or are being evaluated for
approval (ferumoxtran, P7228), and these
labeled cells can be visualized in a clinical
MR imager with a minimal detectable
quantity of 1.0 � 105 cells.

Our results confirm those in previous
experimental approaches for cell target-
ing with iron oxides performed in tumor
cells (3), lymphocytes (5,6), neural pro-
genitor cells (2,19), and hematopoietic
progenitor cells (2). Numerous studies
were focused on the design of new opti-
mized probes with high labeling effi-
ciency to improve MR depiction of la-
beled cells (2,4,20). However, such new
probes become more and more compli-
cated, are not readily available for other
researchers, and are not yet approved for
clinical applications. In the present
study, we focused on simple labeling
methods that could be applied in any
hospital. We selected labeling probes that
are commercially available and poten-
tially applicable in humans.

Though the labeling efficiency of sim-
ple incubation with iron oxides is rela-
tively low (3,6), this would be the most
feasible technique to be applied for hu-
man cells. Ferumoxides and ferumoxtran
are designed for cellular uptake; the up-
take mechanisms (3,6), subsequent iron
metabolism (11), and potential side ef-
fects and toxicities have been investi-
gated in humans (11). We optimized this
simple incubation method by using two
approaches: (a) We used progenitor cells
from umbilical cord blood. They have
higher metabolic, endocytotic, and
phagocytic activity compared with those
in progenitor cells from bone marrow (2).
(b) We varied the size of the iron oxide
particles because their phagocytic and
endocytotic cellular uptake increases
with particle diameter. SPIO particles,
with a diameter of about 100–150 nm,
were more efficient for cell targeting than
were monocrystalline iron oxide nano-

particles, or MIONs, and USPIO nanopar-
ticles, which have diameters of 20–40
nm (3,6). Ferumoxides is approved by the
U.S. Food and Drug Administration and
could be applied in humans. For autolo-
gous bone marrow transplantation, a
much higher number of cells are admin-
istered than were investigated in this

study (ie, 2.0 � 108 cells per kilogram, or
140.0 � 108 cells in a 70-kg patient). Fur-
ther studies are needed to show whether
the sensitivity achieved with our labeling
method is sufficient for cell detection in
vivo.

We applied two methods to increase
cell labeling efficiency: (a) The attach-

TABLE 2
Comparison of Results with Iron- and Gadolinium-based Contrast Agents

MR Contrast Agent
T1-weighted
SE (500/15)

T1-weighted Gradient Echo
(25/2.7 with 40° flip angle)

T2-weighted
SE (2,500/90)

T2-weighted Gradient Echo
(25/12 with 20° flip angle)

Ferumoxides �41.2 � 10.4 �43.1 � 2.2 �61.8 � 9.1 �105.6 � 9.7*
Magnetic polysaccharide nanoparticles–transferrin �45.3 � 10.8 �46.7 � 5.1 �66.8 � 9.0 �124.0 � 17.7*
Ferumoxtran 23.0 � 19.9 24.8 � 14.9 �58.7 � 9.1* �60.6 � 6.9*
P7228 liposomes �40.1 � 10.0 �41.3 � 8.3 �61.7 � 9.8 �86.5 � 9.4*
Gadopentetate dimeglumine 111.4 � 23.2† 129.9 � 32.5‡ 12.0 � 9.3‡ 4.9 � 3.1†

Note.—Data are �SI. Differences between T1- and T2-weighted pulse sequences and those between iron- and gadolinium-based MR contrast agents were analyzed.
* T1-weighted versus T2-weighted pulse sequences, P � .05.
† Gadolinium versus iron, P � .05.
‡ Gadolinium versus iron, P � .01.

Figure 4. Representative MR images of centrifuged cell pellets in test
tubes placed in a water bath. Each cell pellet contains 106 cells after
exposure to the various contrast agents: SPIO � ferumoxides, Nano-
Tf � magnetic polysaccharide nanoparticles–transferrin, USPIO �
ferumoxtran, USPIO-Lipos. � P7228 liposomes, Gd-DTPA-Lipos. � ga-
dopentetate dimeglumine liposomes. Each probe was imaged with
the following sequences: T1-weighted SE (T1-SE) (500/15), T1-
weighted fast field echo (T1-FFE) (25/2.7 with 40° flip angle), T2-
weighted SE (T2-SE) (2,500/90), and fast field echo (T2*-FFE) (25/12
with 20° flip angle). Note decreased SI in ferumoxides-labeled cell
pellets on T2-weighted images and increased SI in gadopentetate
dimeglumine liposomes (Gd-DTPA-Lipos.)–labeled cell pellets on T1-
weighted MR images. The supernatant above the cells in the test tubes
shows identical SI compared with that of the surrounding water bath.
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ment of iron oxides to transferrin in-
creased the quantity of iron internalized
into progenitor cells. This was also ob-
served for other cell types (21). (b) The
transfection method provided cellular
uptake of gadopentetate dimeglumine,
which is usually not phagocytosed. Fur-
thermore, the transfection method can
be applied to cells without phagocytic
activity (14,22). Our reason for selection
of transferrin and liposomes as carriers
for the MR contrast agents was that these
probes could be applied in human cells.
Liposomes are used as carrier systems for
cytotoxic drugs (23), gene therapy targets
(19,24), and radioactive imaging agents
(25). The iron oxides ferumoxides and
ferumoxtran could not easily be used for
these methods because they have no
functionalized group on the dextran coat
to facilitate an interaction with other bi-
omolecules. The dextran could be acti-
vated for such functionalization (26), but
this may impair the stability of the coat-
ing. Therefore, we used alternative iron
oxides, magnetic polysaccharide nano-
particles and P7228, which have func-
tionalized groups. P7228 will be investi-
gated in clinical trials soon.

For clinical applications, it is desirable
to have the choice of depicting labeled
cells with either high or low SI on MR

images, depending on the background SI
of the target organ, where the engraft-
ment of transplanted cells would occur.
As a positive contrast agent, one of the
small molecular gadolinium chelates ap-
proved by the U.S. Food and Drug Ad-
ministration would be preferred. As
shown by our data, the standard contrast
agent gadopentetate dimeglumine could
be internalized into hematopoietic pro-
genitor cells because the molecule has
two negative net charges (one Gd3


group and five COO� groups), which can
be associated with positively charged li-
posomes. Alternatively, the negatively
charged gadoterate meglumine (Dot-
arem; Laboratoire Guerbet, Aulnay-sous-
Bois, France) could be used because it has
one negative net charge (one Gd3
 group
and four COO� groups).

A potential limitation of the present
study is that the MR contrast agents were
administered to the cells in abundance.
The minimal quantity of added iron ox-
ides that would provide maximal cellular
uptake cannot be calculated from our
data because we evaluated the labeling
efficiency in the saturation part of the
“uptake- versus–added concentration
curve.” The contrast agent doses were se-
lected on the basis of data from other cell
types obtained at our laboratory (unpub-

lished data) and previously reported data
about cell labeling with other iron oxides
(6) and optimized transfection protocols
(14,22).

R2* was measured instead of R2, be-
cause the value of R2 depends on the
diameter of the iron oxide particle, the
diffusion coefficient, and the echo spac-
ing (18). R2* is not dependent on these
parameters for particles with a diameter
of more than 10 nm (which applies to the
iron oxides investigated in the present
study). Moreover, the SI of the cell probes
on the pulse sequences is mainly deter-
mined by the R2* effect of the iron ox-
ides.

We cannot exclude the possibility that
multiple mechanisms may have contrib-
uted to the cellular uptake of each con-
trast agent. Previous investigators found
that the main cellular uptake mechanism
is phagocytosis and fluid-phase endocy-
tosis for both SPIO and USPIO (3,6), re-
ceptor-mediated endocytosis for trans-
ferrin-bound iron oxides (21), and
transfection for anionic agents entrapped
with cationic liposomes (22–25). In the
latter two mechanisms, however, addi-
tional simple phagocytosis of contrast
agent particles may have occurred.

Scintigraphic techniques would pro-
vide a much higher sensitivity than that
achieved with our MR imaging method.
Although the sensitivity of scintigraphy
is high, however, the spatial resolution is
limited, and radiotoxic cell damage could
occur (27).

Results of follow-up studies showed a
persistent MR enhancement of labeled
cultured progenitor cells for at least 7
days. The iron oxide–labeled cells
showed a gradual decline of the suscepti-
bility effect with increasing time after the
labeling process. This may be explained
by the well-known progressive iron oxide
metabolism and subsequent vanishing of
iron quantity within the cells (11). The
inversion of the SI on T1-weighted im-
ages may be a result of changes in the
molecular structure of the iron oxide par-
ticles: The dextran coat undergoes pro-
gressive degradation, and iron oxide par-
ticles are released from the iron oxide
core. These can freely interact with water
protons through an outer-sphere mecha-
nism and thereby provide a T1 effect (9–
11). On the other hand, cells labeled with
gadopentetate dimeglumine did not
show any decline in SI up to 1 week after
the labeling process. This may be due to a
lack of metabolism of this chelate
(12,13). The coating with liposomes
might prevent the diffusion of the agent
back into the extracellular space. Further

Figure 5. Follow-up MR images of human hematopoietic progenitor
cells in test tubes that were obtained before (pre) and 4 hours, 5 days,
and 7 days after labeling with gadopentetate dimeglumine liposomes
(Gd-DTPA-Lipos.) or P7228 liposomes (USPIO-Lipos.). Gadolinium-la-
beled cells show a persistent T1 effect over 7 days, whereas iron
oxide–labeled cells show a gradually declining T2 effect. T1-FFE �
T1-weighted fast field echo, T2*-FFE � T2*-weighted fast field echo.
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studies are needed to define the interval
to the time that iron oxide– and gadolin-
ium-labeled progenitor and stem cells
can be detected in vivo. Findings in pre-
vious studies with other cell types show
detectable in vivo MR enhancement of
iron oxide–labeled lymphocytes up to 48
hours (6) and of iron oxide–labeled neu-
ral progenitor cells up to 42 days (19).

In the present study, no impairment of
cell vitality or proliferation was observed
up to 7 days after the labeling procedure.
Further in vivo studies about the biology
of labeled umbilical cord cells in mice are
in progress at our institution. Previous in
vivo investigations of hematopoietic pro-
genitor cells from the peripheral blood
and neural progenitor cells did not show
any impairment of cell viability, differen-
tiation, proliferation, and biodistribution
due to labeling with iron oxides (2,19).

In summary, findings in this study
show that human hematopoietic progen-
itor cells can be labeled with MR contrast
agents that are approved by the U.S. Food
and Drug Administration or those that
are being evaluated for approval. Thus,
these probes are either readily applicable
or will become available for clinical ap-
plications in the near future. Future stud-
ies at our institution will focus on the
clinical application of these new tech-
niques.

Practical applications: Potential prac-
tical applications of these labeling meth-
ods include MR depiction and follow-up
studies of autologous and allogeneic
bone marrow transplantation (1), stem
cell transplantation to repair and regen-
erate injured myocardium (28), natural
killer cell accumulation in tumors during
therapy (29), and tracking of genetically
engineered progenitor cells (24). Poten-
tial applications for stem cell transplan-
tation include in vivo tracking of stem
cell subtypes or manipulated stem cells to
modulate homing specificity and assess-
ment of therapy effects on stem cell dif-
ferentiation outcomes (2).
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