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Abstract: Cellular magnetic resonance (MR) imaging is a rapidly growing field that aims to visualize and
track cells in living organisms. Superparamagnetic iron oxide (SPIO) nanoparticles offer a sufficient signal
for T2 weighted MR images. We followed the fate of embryonic stem cells (ESCs) and bone marrow
mesenchymal stem cells (MSCs) labeled with iron oxide nanoparticles (Endorems) and human CD34+

cells labeled with magnetic MicroBeads (Miltenyi) in rats with a cortical or spinal cord lesion, models of
stroke and spinal cord injury (SCI), respectively. Cells were either grafted intracerebrally, contralaterally to
a cortical photochemical lesion, or injected intravenously. During the first post-transplantation week,
grafted MSCs or ESCs migrated to the lesion site in the cortex as well as in the spinal cord and were visible
in the lesion on MR images as a hypointensive signal, persisting for more than 30 days. In rats with an SCI,
we found an increase in functional recovery after the implantation of MSCs or a freshly prepared mono-
nuclear fraction of bone marrow cells (BMCs) or after an injection of granulocyte colony stimulating factor
(G-CSF). Morphometric measurements in the center of the lesions showed an increase in white matter
volume in cell-treated animals. Prussian blue staining confirmed a large number of iron-positive cells, and
the lesions were considerably smaller than in control animals. Additionally, we implanted hydrogels based
on poly-hydroxypropylmethacrylamide (HPMA) seeded with nanoparticle-labeled MSCs into hemisected
rat spinal cords. Hydrogels seeded with MSCs were visible on MR images as hypointense areas, and
subsequent Prussian blue histological staining confirmed positively stained cells within the hydrogels. To
obtain better results with cell labeling, new polycation-bound iron oxide superparamagnetic nanoparticles
(PC-SPIO) were developed. In comparison with Endorem, PC-SPIO demonstrated a more efficient intra-
cellular uptake into MSCs, with no decrease in cell viability. Our studies demonstrate that magnetic
resonance imaging (MRI) of grafted adult as well as ESCs labeled with iron oxide nanoparticles is a useful
method for evaluating cellular migration toward a lesion site.
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Introduction

Stem cells and progenitor cells are being explored
in regenerative medicine for cell therapy in
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disorders of the central nervous system (CNS;
Park et al., 2002; McKay, 2004; Newman et al.,
2004; Roitberg, 2004; Emsley et al., 2005; Fairless
and Barnett, 2005; Pluchino et al., 2005; Zhao
et al., 2005; Uccelli et al., 2006). Crucial to the
future success of cell transplantation in the clinical
setting is the ability of transplanted cells to migrate
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from the site of transplantation to the lesioned
area and to survive, differentiate, and/or produce
growth factors and cytokines for the prolonged
periods of time necessary for the patient to benefit
from their regenerative properties. Visualizing
transplanted cells in vivo is essential for preclini-
cal studies in rodents, and the magnetic tracking of
cells appears to be a valuable tool for such studies.
Magnetic resonance (MR) imaging may also serve
to study cell migration to lesions, its timecourse,
and how long the cells persist in the target region.
Such information could help to elucidate the time
window during which the transplantation of ther-
apeutic cells may be clinically effective, the number
of cells needed, and the optimal method of their
administration. For magnetic resonance imaging
(MRI) detection, cells can be labeled with MR
contrast agents in order to make them visible in
vivo (Bulte et al., 2002; Jendelova et al., 2003,
2004; Sykova and Jendelova, 2005, 2006; Sykova
et al., 2006).
Superparamagnetic cell labels

Superparamagnetic iron oxide (SPIO) nanoparti-
cles were introduced as contrast agents shortly af-
ter the use of gadolinium-chelates (Mendonca Dias
and Lauterbur, 1986; Renshaw et al., 1986;
Pachernik et al., 2005). They are currently pre-
ferred as contrast agents primarily due to the fol-
lowing properties: (a) they provide the greatest
signal contrast change, in particular on T2 and
T2* weighted images; (b) they are composed of
biodegradable iron; (c) their surface coating makes
them soluble and stable and allows for the chemi-
cal linkage of functional groups and ligands; and
(d) they can be easily detected by both light and
electron microscopy (EM; Jendelova et al., 2003;
Bulte and Kraitchman, 2004).

Iron oxide nanoparticle stabilization in order to
prevent aggregation is most commonly accom-
plished by a surface coating of dextran. Dextran-
coated SPIO nanoparticles include the products
Feridexs and Endorems, the ultrasmall super-
paramagnetic iron oxide (USPIO) nanoparticles
Combidexs and Sinerems, monocrystalline iron
oxide nanoparticles, and cross-linked iron oxide
nanoparticles. Another approach for stabilizing
iron oxide nanoparticles is the use of carboxylated
polyamidoamine dendrimers (Bulte et al., 2001).
These highly soluble nanocomposites of iron ox-
ides and dendrimers are stable under a wide range
of temperatures and pH and have an overall size of
20–30 nm.

Iron oxide nanoparticles also require an appro-
priate outer surface layer that induces the internal-
ization of the particles into the cytoplasm,
so that they can be nonspecifically taken up by a
variety of cultured mammalian cells, regardless of
cell origin or animal species. In magnetodendrim-
ers, the highly charged carboxylated dendrimers
bind to multiple sites on the cell membrane, in-
ducing membrane bending followed by endocytosis
(Zhang and Smith, 2000). In the case of anionic
magnetic nanoparticles, the negative surface charge
induces an uptake three orders of magnitude
greater than that of conventional dextran-coated
SPIO nanoparticles (Billotey et al., 2003). A
disadvantage of these particles, as well as of
the magnetodendrimers, is that they have not yet
been commercially developed. Another method is
based on the mixing of a commercially available
(U)SPIO formulation, Feridexs (Frank et al.,
2003) or Sinerems, and a commercially available
transfection agent, for example poly-L-lysine,
Lipofectamin, or FugeneTM (Frank et al., 2003).
We have developed new polycation-bound iron
oxide superparamagnetic nanoparticles (PC-SPIO)
that can be used for intracellular labeling (Horak
et al., 2006).
Cell labeling with dextran-coated SPIO
nanoparticles

MR tracking of stem and progenitor cells in the
lesioned CNS has been performed by several
groups that utilized different methods of adminis-
tration. The first studies of imaging cell transplants
labeled by superparamagnetic contrast agents in
rat brains were reported in 1992 (Norman et al.,
1992; Hawrylak et al., 1993). Rats received grafts
of fetal rat tissue prepared as cell suspensions and



369
labeled by incubation with reconstituted Sendai
viral envelopes containing iron oxide particles.
When magnetically labeled neurospheres were
transplanted into the ventricles of experimental
allergic encephalomyelitis (EAE) rats at the peak
of their disease, the migration of glial precursors
into white matter structures was observed on MR
images (Bulte et al., 2003). Ferromagnetic-labeled
neural progenitor cells were also transplanted into
the cisterna magna of rats that underwent experi-
mental MCAO (middle cerebral artery occlusion).
MR images showed the migration of cells through-
out the ventricular system toward the ischemic
brain parenchyma (Zhang et al., 2003). Olfactory
ensheathing cells (OECs) labeled with magneto-
dendrimers were implanted into the transected rat
spinal cord, and their distribution was followed in
vivo using MR imaging (Lee et al., 2004). In our
experiments (Jendelova et al., 2003, 2004), we have
shown that a suitable contrast agent for me-
senchymal stem cells (MSCs), embryonic stem
cells (ESCs), and OECs is a commercially avail-
able contrast agent based on dextran-coated SPIO
nanoparticles (Fig. 1A), Endorems (Guerbet,
France), which has also been approved as a blood
pool agent for human use. The contrast agent
Endorem can be easily incorporated by end-
ocytosis, and all the cells survive and further di-
vide in vitro. Therefore, Endorem uptake does not
need to be facilitated by a transfection agent,
which can damage large numbers of cells (Arbab
et al., 2004).

Bone marrow-derived MSCs are adult stem cells
that reside within the bone marrow compartment.
Recent data have presented evidence for their
multilineage differentiation potential (Pittenger et
al., 1999). More recently, MSCs have been re-
ported to have the ability to stimulate or partic-
ipate in the regeneration of diverse tissues and
organs, including the liver, myocardium, endothe-
lium, and CNS (Takahashi et al., 1999; Orlic et al.,
2001a, b; Jiang et al., 2002; Toma et al., 2002). In
addition, they can be genetically modified, and,
due to their migratory properties, they can serve as
a carrier for drug delivery in tumor therapies
(Anderson et al., 2005). In cell therapy, bone mar-
row cells (BMCs) have some advantages over
other sources of cells: (a) they are relatively easy to
isolate; (b) they can be used in autologous trans-
plantation protocols; and (c) they have already
been approved for the treatment of hematopoietic
diseases.

In our experiments, cell cultures of humanMSCs
or rat MSCs were incubated 2–3 days in media
containing Endorem. Nanoparticles were detected
by staining for iron (Fig. 1B). Transmission elec-
tron microscopy confirmed the presence of iron
oxide particles inside the cells, observed as large
membrane-bound clusters scattered within the cell
cytoplasm (Fig. 1C). On the day that nanoparticles
were withdrawn, the efficiency of MSC labeling
(i.e., how many cells of the total number of analy-
zed cells were labeled) was 50–70%.
Tracking mesenchymal stem cells in an
experimental model of stroke

Endorem-labeled MSCs were co-labeled with
bromdeoxyuridine (BrdU) and grafted into rats
with a cortical photochemical lesion (Jendelova
et al., 2003). Rats were examined weekly for a
period of 3–7 weeks post-transplantation using a
4.7 T Bruker spectrometer. Single sagittal, coronal,
and transversal images were obtained by a fast
gradient echo sequence for localizing subsequent
T2 weighted transversal images measured by a
standard turbospin echo sequence. The lesion was
clearly visible on MR images 2 h after lesioning
as a hyperintense signal and remained visible
during the entire measurement period. No recog-
nizable hypointense signal in the lesion was
detected during the first 2 days after implantation.
A decrease in the MR signal was found only at the
injection site in animals with cells injected contra-
laterally to the lesion. One week after grafting,
we observed a hypointense signal in the lesion,
which intensified during the second and third
weeks (Fig. 1D). Histology confirmed that a large
number of Prussian blue-positive cells had entered
the lesion. No hypointense signal was found in
other brain regions. The hypointense signal oc-
curred only in damaged areas populated with
MSCs, and its intensity corresponded to Prussian



Fig. 1. (A) Scheme of an iron oxide nanoparticle. The contrast agent Endorem consists of a superparamagnetic Fe3O4 core coated by a

dextran shell. (B) Rat mesenchymal stem cells (MSCs) in culture labeled with superparamagnetic nanoparticles (blue dots). The cell

nuclei are counterstained with hematoxylin. (C) Transmission electron microphotograph of a cluster of iron nanoparticles surrounded

by a cell membrane. (D) An implant of Endorem-BrdU co-labeled MSCs (in the hemisphere contralateral to the lesion, arrow) and the

lesion (arrowhead) itself are both hypointense in an MR image taken 2 weeks after implantation. (E), (F) A hypointense signal (black

arrowhead) was observed in the lesion 6 days after the intravenous (i.v.) injection of Endorem-BrdU co-labeled MSCs, becoming more

hypointense and persisting for 47 days (F). (G, H) Massive invasion of rat MSCs (Prussian blue staining counterstained with

hematoxylin) into a photochemical lesion 7 weeks after i.v. injection into a rat with a photochemical lesion. (I) Serial section stained for

BrdU, 7 weeks after i.v. injection. (Adapted with permission from Jendelova et al. (2003).)
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blue or BrdU staining. Only a few (less than 3%)
of the MSCs that migrated into the lesion ex-
pressed the neuronal marker NeuN when tested 28
days post-implantation. No GFAP-positive cells
were found in the lesion.

After the intravenous injection of MSCs, we
found a similar hypointense MR signal in the le-
sion site. The signal was observed 6 days after cell
infusion and persisted for 7 weeks (Figs. 1E, F).
Prussian blue and anti-BrdU staining confirmed
the presence of iron oxide-BrdU co-labeled cells in
the lesion, which densely populated the borders of
the lesion (Figs. 1G–I).

Only a few cells weakly stained for Prussian blue
were found in photochemical lesions without any
implanted cells. The staining represents iron,
which most likely originated in hemorrhages and
iron degradation products released from iron-
containingproteins (such as hemoglobin, ferritin,
and hemosiderin) and phagocytized by microglia/
macrophages. We did not observe any BrdU-
positive cells in the brains of nongrafted animals.
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Tracking embryonic stem cells in an experimental
model of stroke

ESCs are pluripotent cell lines with a capacity for
self-renewal and broad differentiation plasticity.
They are derived from embryos and can be prop-
agated as a homogeneous, uncommitted cell pop-
ulation for an almost unlimited period of time
without losing their pluripotency and their stable
karyotype. Mouse ES cell-derived glial precursors,
transplanted into rats with myelin disease, inter-
acted with the host neurons to produce myelin in
the brain and spinal cord (Brustle et al., 1999). Re-
tinoic acid-treated embryoid bodies from
mouse ESCs, when transplanted into rat spinal
cord 9 days after traumatic injury, differentiated
into astrocytes, oligodendrocytes, and neurons and
promoted recovery (McDonald et al., 1999).
Bjorklund et al. (2002) reported that undifferenti-
ated mouse ESCs can become dopamine-producing
neurons in the brain in a rat model of Parkinson’s
disease and can lead to partial functional recovery.

We used mouse ESCs transfected with the pEG-
FP-C1 vector (Pachernik et al., 2005) and labeled
with SPIO nanoparticles (Jendelova et al., 2004).
Since undifferentiated ESCs may form embryonic
tumors when grafted into a host animal, we in-
duced neural differentiation by culturing enhanced
green fluorescent protein (eGFP) ESCs in serum
containing DMEM (Dulbecco’s modified Eagle
medium)/F12 without leukemia inhibitory factor
(LIF) for 2 days and then transferred the cells into
serum-free media supplemented with insulin, trans-
ferrin, selenium, and fibronectin for further culture
(Pachernik et al., 2005). Feeder-free eGFP ESCs
were labeled with Endorem (112.4mg/ml) during
three passages (Fig. 2A). Cell counting of Prussian
blue stained cells in suspension revealed that the
labeling efficiency was �80%. Cells were trans-
planted intracerebrally or intravenously on the 8th
day of differentiation into adult Wistar rats with a
cortical photochemical lesion 1 week after lesioning
(Jendelova et al., 2004), and were detected by
staining for iron and by GFP fluorescence. When
we implanted the ESCs 7 days post-lesion, we
found a massive migration of Endorem-labeled
GFP-positive cells into the lesion site regardless of
the route of administration (Fig. 2D). We observed
very similar MR images to those obtained after the
implantation of MSCs. In rats with a photochemi-
cal lesion and contralaterally injected cells, the cell
implants were visible as a hypointense area at the
injection site. Two weeks after grafting, a hypoin-
tense signal was also observed in the corpus callo-
sum and in the lesion (Fig. 2B). At the same time,
histology showed that a large number of Prussian
blue-positive cells had entered the lesion. Many
labeled cells were also detected in the corpus callo-
sum, suggesting a migration from the contralateral
hemisphere toward the lesion (Fig. 2C). When the
ESCs were injected intravenously into lesioned
rats, we found a hypointense MR signal only at the
site of the lesion. However, the extent of the dif-
ferentiation of eGFP ESCs labeled with nanopar-
ticles, and found in the lesion, was much greater
than with grafted MSCs. Of all the eGFP ESCs
containing nanoparticles found in the lesion, 70%
of them proved to be astrocytes, very few (less than
1%) were oligodendrocytes, and �5% of nanopar-
ticle-labeled eGFP ESCs had differentiated into
neurons (Jendelova et al., 2004). Electron micro-
scopy revealed mature astrocytes, neurons, and
oligodendrocytes in the lesion site containing iron
oxide nanoparticles, providing strong supporting
evidence that these cells differentiated in the lesion
from implanted embryonic cells (Figs. 2E, F).
Tracking mesenchymal stem cells in a rat model of
spinal cord injury

Evaluating the effect of different BMC populations
on morphological and functional recovery after spi-
nal cord injury (SCI) is an important aspect of our
preclinical research. In rats with a balloon-induced
spinal cord compression lesion, we studied the effect
of an intravenous injection of Endorem-labeled
nonhematopoietic MSCs (Urdzikova et al., 2006).
The results obtained were compared with those
following the implantation of a freshly isolated
mononuclear fraction of bone marrow containing
stromal cells, hematopoietic and nonhemato-
poietic stem and precursor cells, and lymphocytes
(BMCs). Furthermore, we studied the effect of
granulocyte colony stimulating factor (G-CSF) mo-
bilization of endogenous BMCs containing mainly



Fig. 2. (A) Trypsinized nanoparticle-labeled suspensions of ESCs after the third passage. (B) The cell implant (in the hemisphere

contralateral to the lesion) and the lesion are hypointense in MR images 2 weeks after implantation. A hypointensive signal is also

found in the corpus callosum. (C) Dense Prussian blue staining of the injection site in the contralateral hemisphere, the corpus

callosum, and the photochemical lesion, 4 weeks after grafting. (D) Invasion of GFP-labeled cells showing GFP-positive ESCs in the

lesion 4 weeks after the i.v. injection of eGFP ESCs (serial section to the slice shown in Fig. 2C). (E) Astrocyte from the brain tissue of

a rat with nanoparticle-labeled eGFP ESCs implanted contralaterally to the lesion; the nanoparticles are visible in small dense clusters

in the cell cytoplasm (arrowhead). (F) Neuron with nanoparticles marginated to the nuclear membrane. (Adapted with permission

from Jendelova et al. (2004).)
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hematopoietic stem cells, along with progenitor
cells and lymphocytes (Sasaki et al., 2001; Akiyama
et al., 2002).

MSCs labeled with Endorem were injected in-
travenously into the femoral vein 1 week after le-
sioning. MR images were taken ex vivo 4 weeks
after implantation using a standard whole body
resonator. Functional status was assessed weekly
for 5 weeks after spinal cord lesioning, using the
Basso-Beattie-Bresnehan (BBB) locomotor rating
score and the plantar test. Our data indicated that
lesioned animals with grafted MSCs had higher
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locomotor scores as indicated by their BBB scores
and showed better responses in sensitivity testing
using the plantar test than did control animals.
Particularly, the plantar test showed the recovery
of sensitivity in the hind limbs. On MR images we
observed the lesion as an inhomogeneity in the
tissue texture with a hyperintense signal only in the
area of the SCI (Fig. 3A). Images of longitudinal
spinal cord sections from animals grafted with
nanoparticle-labeled MSCs showed the lesion as a
dark hypointense area (Fig. 3B). Prussian blue
Fig. 3. (A) Longitudinal MR image of a spinal cord lesion 5 weeks a

strong hyperintensive signal (arrow). (B) Longitudinal MR image 4 w

cells is visible as a dark hypointensive area (arrow). (C) Prussian blue

(blue dots). (D) Magnified region from Fig. C. (E) Intravenously injec

membrane florescent dye PKH 26. Serial section to D. (F) Immunosta

the lesion (white arrows). The majority of Prussian blue-positive cells

phages were Prussian blue-positive (black arrowheads). (Adapted wit
staining confirmed a large number of positive
cells present in the lesion site (Fig. 3C). On serial
sections, Prussian blue-positive cells corresponded to
cells labeled with PKH 26, as seen in (Figs. 3D, E).
To exclude the possibility that free nanopar-
ticles were taken up by macrophages, we per-
formed immunohistochemical and Prussian blue
staining to co-localize iron in activated microglia/
macrophages. Although we found strong positive
staining for macrophages in the lesions using
ED1 antibody, Prussian blue staining did not,
fter induction. The formation of the lesion cavity is visible as a

eeks after MSC grafting. The lesion with nanoparticle-labeled

staining of a lesion populated with nanoparticle-labeled MSCs

ted MSCs were also detectable in the spinal cord lesion using the

ining with ED-1 antibody revealed a number of macrophages in

did not co-localize with ED-1 staining; however, a few macro-

h permission from Urdzikova et al. (2006).)
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for the most part, co-localize with the ED1 staining
(Fig. 3F).

Morphometric measurements of the spared
white and gray matter were performed in the cen-
ter of the lesions. The spared cross-sectional area
of the white matter, as well as the volume of spared
white matter, was significantly greater in MSC-
treated animals. The spared cross-sectional area of
the gray matter was also significantly larger in
MSC-treated animals. In further studies, lesioned
animals grafted with BMCs or injected with G-
Fig. 4. (A) Behavioral open field BBB motor scores of MSC, BMC,

saline-injected (control) animals, 14, 21, 28, and 35 days after SCI (po
were not significantly different from one another at any time point. (B

with the plantar test in treated and saline-injected rats. In all treated ra

most pronounced effect was seen in MSC treated rats. The latency time

days survival period. Data are averaged between right and left hind lim

group. (Adapted with permission from Urdzikova et al. (2006).)
SCF also had higher scores in BBB testing than
did control animals and also showed a faster
recovery of sensitivity in their hind limbs using the
plantar test. However, the functional improvement
was more pronounced in MSC-treated rats
(Figs. 4A, B). Morphological measurements of
the spared cross-sectional area of the white matter
showed a statistically significant increase in groups
treated with BMCs or G-SCF, compared to con-
trols, cranially to the lesion center; a statistically
significant increase in the volume of spared white
and G-CSF treated rats were significantly higher than those of

0.05). The scores of the MSC, BMC, and G-CSF treated animals

) Time course of the animals’ response to radiant heat measured

ts, the latency times decreased as their recovery progressed. The

in the saline-injected (control) rats did not change during the 35

bs and expressed as mean7SEM. *po0.05 compared to control



Fig. 5. (A) The total volume of the white matter in 11mm long segments of the spinal lesion in MSCs, BMCs, and G-CSF-treated and

saline-injected animals. (B) The total volume of gray matter in 11mm long segments of the spinal lesion in MSCs, BMCs, and G-CSF-

treated and saline-injected animals. No statistically significant differences were observed between treated and saline-injected animals.

All data are presented as means7SEM. *po0.05 compared to saline-injected (control) rats. (Adapted with permission from Urdzikova

et al. (2006).)
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matter was observed in the BMC-treated group.
The spared white matter volume in the G-CSF-
treated rats was also increased, but the increase did
not reach statistical significance (Fig. 5).
Stem cell labeling with polycation-bound
nanoparticles

In all the above-described experiments, dextran-
coated SPIO nanoparticles (the contrast agent
Endorem) were used as an intracellular label.
However, the efficiency of the cell labeling was
maximally 70%. In addition, on the day of particle
withdrawal a decrease in cell viability (using the
WST1 colorimetric assay) was observed. We
therefore developed new polycation-bound SPIO
nanoparticles (Fig. 6A; Horak et al., 2006). We
compared the influence of both types of nanopar-
ticles on cell viability and labeling efficiency in rat
and human MSCs. The PC-SPIO nanoparticle sus-
pension was used at a much lower iron concentra-
tion per milliliter of culture media (15.4mg/ml), and
the cells were incubated with PC-SPIO for 3 days.
The results were compared with Endorem labeling
(Tables 1 and 2). The measurements were per-
formed on the day of withdrawal of the nanopar-
ticles (day 3) and 4 days later (day 7).

Labeling cells with PC-SPIO nanoparticles was
more efficient than labeling with Endorem, i.e.,
more cells from the total number of analyzed cells
were labeled with PC-SPIO nanoparticles than



Fig. 6. (A) Schematic illustration of a polycation-bound superparamagnetic iron oxide nanoparticle. (B) Transmission electron

photomicrograph of MSCs labeled with PC-SPIO showing clusters of iron nanoparticles (arrows) in the cell cytoplasm, which are not

surrounded by a cell membrane. (C) Prussian blue staining of MSCs in culture labeled with PC-SPIO. (D, E) Axial and coronal (E) MR

images of a rat brain with 1000 cells labeled with PC-SPIO implanted to the left hemisphere and 1000 Endorem-labeled cells implanted

to the right hemisphere. MR images were taken 3 days after implantation.

Table 1. The percentage of cells labeled with nanoparticles af-

ter 3 days incubation

Endorem-labeled

cells (%)

PC-SPIO-labeled

cells (%)

Rat MSCs 59.3 92.2

Human MSCs 65.2 87.5
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with Endorem (Table 1; Fig. 6C). In Table 2 the
cell viability of labeled cells is expressed as a per-
centage of the number of viable unlabeled cells
(taken as the control value and defined as 100%).
In Endorem-labeled humanMSCs, on day 3 the cell
viability dropped to 50%; however, within 4 days it
recovered to 87%. This transient decrease in cell
viability might be due to the relatively high con-
centration of iron in the culture media (112.4 g/ml),
to which some cell cultures might be sensitive. The
average amount of iron present in rat MSCs
was determined by spectrophotometry after min-
eralization of iron-labeled cell suspensions. In PC-
SPIO-labeled cells, even though the concentration
of iron in the culture media was 10 times lower
(15.4mg/ml culture media), the average amount of



Table 2. Cell viability (in %) after incubation with nanopar-

ticles (day 3) and 4 days after withdrawal (day 7)

Endorem-labeled

cells (%)

PC-SPIO-labeled

cells (%)

Day 3 Day 7 Day 3 Day 7

Rat MSCs 68.9 72.9 92.8 89.7

Human MSCs 49.0 87.0 97.2 98.9
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iron was 38pg/cell, while in Endorem-labeled cells
only 17pg/cell. Transmission electron photomicro-
graphs confirmed that more PC-SPIO nanoparticles
were taken up by the rat MSCs than were Endo-
rem nanoparticles (Fig. 6B). Moreover, Endorem
was observed as membrane-bound clusters within
the cell cytoplasm, indicating an endocytotic proc-
ess of nanoparticle uptake. The higher cellular
uptake of PC-SPIO nanoparticles is possible due
to the interaction of the surface coating with the
negatively charged cell surface and subsequent
endosomolytic uptake. Nanoparticles are trans-
ported in endosomes and finally fused with lyso-
somes, a process during which the vesicle
membranes disappear.

To check the sensitivity of the MRI technique
and to mimic signal behavior in CNS tissue, sus-
pensions of unlabeled cells and cells labeled with
PC-SPIO were imaged in vitro. MR images of
1.7% gelatin phantoms containing iron-labeled
MSCs were obtained using a 4.7 T Bruker spectro-
meter equipped with a standard resonator coil.
Even the sample containing the lowest concentra-
tion (200 cells/ml, which corresponds on average to
2 cells per image voxel) provided visible contrast
compared to a control phantom containing the
same number of unlabeled cells. A similar set of
experiments was performed in earlier work
(Jendelova et al., 2003), in which MR images of
gelatin phantoms showed a hypointense signal at
concentrations above 625 labeled cells/ml.

For in vivo imaging, rats were examined 3 days
post-transplantation in an MR imager. Figure 6
shows that PC-SPIO labeled cells are also clearly
recognizable in vivo. The iron oxide-labeled cell
implants are visible as a hypointense area at the
injection site. Cells labeled by PC-SPIO provide
stronger contrast change in the signal than do
Endorem-labeled cells (Figs. 6D, E). Labeling with
PC-SPIO thus enables the detection of a lower
number of cells in the tissue.
Cell labeling with magnetic MicroBeads

The disadvantage of an intracellular label is that it
can affect cell metabolism and subsequently cell
viability. In addition, these labels are rather non-
specific; they can be loaded by virtually any cell
present in the medium. The possibility of labeling
only selected cell types would therefore be very
useful. In addition, cells labeled and separated by
means of immunomagnetic selection would not
require in vitro culturing, since the label is at-
tached during separation. This would also allow
the immediate clinical use of labeled cells. The first
experiments using contrast agents bound to an
antibody that can specifically bind to a single cell
type were performed by Bulte et al. (1992). They
described experiments with human lymphocytes
labeled with biotinylated anti-lymphocyte-directed
monoclonal antibodies (mabs), to which streptavi-
din and subsequently biotinylated dextran-mag-
netite particles were coupled. We tested a new
type of specific cell labeling using commercially
available cell isolation kits for the magnetic sep-
aration of CD34+ cells. CD34+ cells are known as
hematopoietic progenitor cells. The cells were sep-
arated by means of immunomagnetic selection
with anti-CD34 antibodies. For sorting, a SPIO
core coated with a polysaccharide that is linked to
an antibody is bound to the respective cell
(Fig. 7A). The size of the label is comparable to
commonly used superparamagnetic MR contrast
agents; thus it can provide sufficient contrast on
MR images.

Human CD34+ cells from peripheral blood
were selected by CliniMACS CD34 Selection
Technology (Miltenyi). On EM images, we deter-
mined that after cryopreservation, the nanoparti-
cles remained bound to the cell surface, and we
observed several iron labels attached to the cell
surface (Fig. 7B). Purified CD34+ cells were im-
planted intracerebrally into rats with a cortical



Fig. 7. (A) Scheme of MicroBeads. A superparamagnetic iron oxide core coated with a polysaccharide is linked to an antibody, which

in turn is bound to a cell via an antigen–antibody complex. (B) Transmission electron microphotograph of MicroBeads binding to the

cell surface. (C) Human cells (positive staining for human nuclei) found in the lesion 4 weeks after the grafting of CD34+ cells. (D)

Staining with anti-CD34 revealed CD34+ cells in the subventricular zone. (Adapted with permission from Jendelova et al. (2005).)
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photochemical lesion, contralaterally to the lesion
(Jendelova et al., 2005; Sykova and Jendelova,
2006). The average iron content per cell, deter-
mined by spectrometry, was 0.275 pg. This value is
lower by two orders of magnitude than in the
case of cell labeling using Endorem or PC-SPIO,
which enter the cell (17 or 38 pg, respectively);
nevertheless, it still provides sufficient MR con-
trast (Jendelova et al., 2005).

The cells were detected as a hypointense spot
on T2 weighted images 24 h after grafting. The
hypointensity of the implant slightly decreased
during the first week and then remained without
significant changes for the entire measurement pe-
riod (4 weeks). During the second week, we ob-
served a weak hypointense signal in the lesion that
persisted for the next 2 weeks. Prussian blue and
anti-human nuclei staining (Fig. 7C) confirmed
the presence of magnetically labeled human cells
in the corpus callosum and in the lesion. CD34+

cells were detected not only in the corpus callosum
and in the lesion, but also in the subventricular
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zone (Fig. 7D). Finally, human DNA was detected
in the lesioned brain tissue using polymerase
chain reaction (PCR), confirming the presence of
human cells.
Labeling of stem cells in polymer hydrogels as stem
cell carriers

In the case of large lesions, cells alone are not able
to repair the injury. It is necessary to bridge the
gap left by the lost cell population in order to
provide support for tissue restoration, reduce the
glial scar, and create a permissive environment for
cellular ingrowth and for the diffusion of neuro-
active molecules. To bridge such a lesion, we have
used biocompatible polymer hydrogels based on
poly-hydroxypropylmethacrylamide (HPMA) in
combination with stem cell grafting. Before trans-
plantation into a lesion, the hydrogels were seeded
in vitro with MSCs. In this case the hydrogels form
an inert environment, allowing for the free diffu-
sion of intrinsic growth factors, in which the cells
start to differentiate and migrate. The inert and
biocompatible environment of the hydrogels also
provides an adequate standard background for
MR imaging of the cells (Sykova and Jendelova,
2005; Sykova et al., 2006). We employed these
cell-polymer constructs in order to facilitate the
regeneration of injured spinal cord (Lesny et al.,
2006). The right half of a spinal cord segment was
removed by hemisection, and a block of HPMA
hydrogel seeded with Endorem-labeled MSCs was
inserted (Fig. 8A; Sykova and Jendelova, 2005).
Six weeks after implantation, the hydrogel had
formed a continuous bridge between the hem-
isected spinal segments, reestablishing the anatom-
ical continuity of the tissue. The hydrogel
was visible on MR images as a hypointense area
(Fig. 8B), and Prussian blue staining confirmed
positively stained cells within the hydrogel
(Fig. 8C). Immunostaining for blood vessels
(Reca-1, Abcam, UK) confirmed neovascularizat-
ion of the hydrogel implant (Fig. 8D). Staining for
neurofilaments (NF160, Sigma, St. Louis, USA)
showed axonal ingrowth into the hydrogel (Fig.
8E; Sykova and Jendelova, 2005; Sykova et al.,
2006). Hydrogels seeded with stem cells may
therefore serve as an alternative to the conven-
tional grafting of dissociated cells, benefiting from
advances in surface chemistry and the cell–cell or
cell–matrix interactions that occur during deve-
lopment or regeneration.
Discussion and conclusion

For clinical studies it is obvious that traditional
histopathological methods for cell detection are not
sufficient to inform us about the migration and fate
of the grafted cells in the host tissue. Because of its
high spatial resolution, MR imaging is suitable for
imaging the distribution of magnetically labeled
cells. Labeling methods that use the internalization
of iron oxide nanoparticles have some limitations.
To label cells with commercially available contrast
agents, such as Endorem, a relatively high concen-
tration of iron in the culture media is necessary
(Jendelova et al., 2003, 2004). This may cause a
transient drop in cell viability, which can be de-
pendent on the type of labeled cell. For improved
uptake of magnetic nanoparticles, the surface of
the contrast agent needs to be optimized, so that it
can induce the internalization of the particles into
the cytoplasm. One approach is to use internalizing
mabs. The mouse anti-Tfr mab OX-26 induces the
internalization of Tft upon binding. Nanoparticles
have been conjugated to OX-26 to deliver them to
cells by receptor-mediated endocytosis (Bulte et al.,
1999). A disadvantage of the use of internalizing
mabs, however, is that they are species-specific, and
a newly synthesized antibody is required when per-
forming studies in a different animal. In addition,
for eventual clinical use, there will be regulatory
issues regarding the use of a xenogeneic (i.e.,
mouse) protein. Recently, a combination of dext-
ran-coated SPIO nanoparticles with a transfection
agent has been used (Kalish et al., 2003). When the
complexes are added to a cell culture, the transfect-
ion agent effectively transports the nanoparticles
into the cells through electrostatic interactions.
However, each combination of transfection agent
and iron oxide nanoparticle has to be carefully tit-
rated and optimized for different cell cultures, since
lower concentrations may result in insufficient cel-
lular uptake, whereas higher concentrations may



Fig. 8. (A) Endorem-labeled cells seeded into a hydrogel. (B) On MR images 6 weeks after implantation, the hydrogel was visible as a

hypointensive area. (C) Prussian blue staining confirmed the presence of Endorem-labeled cells in the hydrogel. (D) Neovascularization

of the implant (Reca-1). (E) Ingrowth of NF160-positive axons into the gel.
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induce the precipitation of complexes or may be
toxic to the cells. In addition, although it has been
reported that a poly-L-lysin-Feridex labeling com-
plex does not appear to affect the viability or pro-
liferation of human MSCs, it was found that their
differentiation into chondrocytes was markedly in-
hibited (Kostura et al., 2004), while adipogenic and
osteogenic differentiation were not affected. PC-
SPIO combine a low concentration of iron in the
cell culture media with the high efficiency of
transfection agents and thus have a broad poten-
tial for in vivo studies. However, for any intracel-
lular label, detailed studies examining the possible
biological side effects, which may vary among dif-
ferent cell types, are necessary.

On the other hand, particles that do not inter-
nalize do not cause any metabolic alternations and
do not have any influence on cell viability or cell
proliferation (Jendelova et al., 2005). Their disad-
vantage is that particles that do not internalize and
thus stay attached to the outer cell membrane are
more likely to interfere with cell surface interac-
tions (including cell homing into tissues), may de-
tach easily from the membrane, or may be
transferred to other cells.

MR tracking may serve in experimental models
to study how certain lesions target cell migration,
at what speed the cells migrate, and for how long
they persist in the target organ. High contrast ef-
fects on MR images are easily detected within an
experimental time frame of �1–2 h per animal,
which is ideal for short and repetitive in vivo MRI.
In lesioned tissue, hemorrhage products give rise
to Prussian blue-positive deposits that are difficult
to distinguish from iron-containing nanoparticles
(Urdzikova et al., 2006). The hemorrhage degra-
dation products may also be partially localized to
macrophages because macrophages constitute the
major cellular pathway for the redistribution of
iron in mammals. Furthermore, hemorrhage con-
tributes to T2 weighted hypointensity, thus inter-
fering with the detection of labeled cells and
complicating the interpretation of MR images.
Therefore, it is important to determine whether
cell labels remain co-localized with cell trans-
plants, especially under pathological conditions.

With proper attention to the limitations desc-
ribed above, labeling cells with superparamagnetic
agents would enable us to follow the migration of
such cells when transplanted into humans, establish
the optimal number of transplanted cells, define
therapeutic windows, and monitor cell growth and
possible side effects (malignancies). Currently, the
described immunolabeling of specific cell types with
clinically approved MicroBeads may help to eluci-
date the fate of implanted stem cells and evaluate
the effect of cell therapy in patients with various
diseases of the brain or SCI.
Abbreviations

BBB Basso-Beattie-Bresnehan
BMCs bone marrow cells
BrdU bromdeoxyuridine
CNS central nervous system
DMEM Dulbecco’s modified Eagle medium
eGFP enhanced green fluorescent protein
EM electron microscopy
ESCs embryonic stem cells
G-CSF granulocyte colony stimulating fac-

tor
HPMA hydroxypropylmethacrylamide
LIF leukemia inhibitory factor
Mab monoclonal antibody
MCAO middle cerebral artery occlusion
MR magnetic resonance
MRI magnetic resonance imaging
MSCs mesenchymal stem cells
OECs olfactory ensheathing cells
PCR polymerase chain reaction
PC-SPIO polycation-bound iron oxide super-

paramagnetic nanoparticles
SCI spinal cord injury
SPIO superparamagnetic iron oxide
USPIO ultrasmall superparamagnetic iron

oxide
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