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ABSTRACT

Humanmesenchymal stem cells (hMSCs) have strong potential for cell therapy after stroke. Tracking
stem cells in vivo following a graft can provide insight into many issues regarding optimal route
and/or dosing. hMSCs were labeled for magnetic resonance imaging (MRI) and histology with mi-
crometer-sized superparamagnetic iron oxides (M-SPIOs) that contained a fluorophore. We as-
sessed whether M-SPIO labeling obtained without the use of a transfection agent induced any cell
damage in clinical-grade hMSCs and whether it may be useful for in vivo MRI studies after stroke.
M-SPIOs provided efficient intracellular hMSC labeling and did not modify cell viability, phenotype,
or in vitro differentiation capacity. Following grafting in a rat model of stroke, labeled hMSCs could
be detected using both in vivo MRI and fluorescent microscopy until 4 weeks following transplan-
tation. However, whereas good label stability and unaffected hMSC viability were observed in vitro,
grafted hMSCs may die and release iron particles in vivo. STEM CELLS TRANSLATIONAL MEDI-
CINE 2012;1:333–340

INTRODUCTION

Stroke is the leading cause of acquired disability
in human adults. There is currently no effective
treatment after the acute stage. Thus, therapeu-
tic strategies need to be developed to enhance
brain plasticity after stroke onset. It has been
shown that cell therapy can achieve this goal
[1, 2].

Human mesenchymal stem cells (hMSCs)
have strong clinical potential because they do
not originate from a tumoral or a modified cell
source [3] and are poorly immunogenic [4–6].
They can be used for cell therapy under autolo-
gous conditions after stroke [7, 8]. The use of
hMSCs for tissue repair relies on their ability to
survive long enough in the tissue of interest and
to undergo differentiation into numerous cell
types [9]. hMSCs have to be able to differentiate
in vitro into chondrocytes, osteoblasts, and adi-
pocytes. They can also differentiate into neurons
[10, 11] and may promote structural and func-
tional repairs in brain, in rodentmodels of stroke
[5, 12–19].

Tracking labeled stem cells in vivo follow-
ing local graft or i.v. injection can provide in-
sight into many issues regarding optimal rout-

ing and/or dosing. hMSCs can be efficiently
radiolabeled for nuclear imaging [20–27].
However, radiation-induced stem cell damage
can then occur, notably on cell proliferation
[25] and differentiation [28].

To avoid radiation damage, stem cells can be

labeled for magnetic resonance imaging (MRI)
with paramagnetic particles [29–31]. MRI-
labeled stem cells have been detected in vivo, in
animal models, in kidney [32, 33], in the heart
[27, 34, 35], and in the brain [36–39]. Labeling
may be achieved with superparamagnetic iron
oxides (SPIOs). These areMRI contrast agents re-
ducing signal intensity in T2-weighted spin-echo
(SE) and T2*-weighted gradient-echo (GE) mag-
netic resonance (MR) images. They are thus
sometimes called “negative” contrast agents in
opposite to “positive” contrast agent (gadolin-
ium chelates) [40]. SPIO contrast agents are par-
ticles composed of an iron-oxide core coated
with dextran (ferumoxides) or carboxydextran
(ferucarbotran). They also exist in the nanometer
size (ultrasmall SPIOs [USPIOs], such as ferumox-
tran) and in the micrometer size (micrometer-
sized SPIOs [M-SPIOs]), such as iron fluorescent
particles (IFPs; Bangs Laboratory, Fishers, IN,
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http://www.bangslabs.com). IFPs contain a fluorophore
enabling eventual histology and evaluation of labeling efficiency
[31, 34, 41, 42].

To facilitate ex vivo stem cell labeling with USPIOs [38, 43] or
with SPIOs [27, 35, 44–47], transfection agents are generally
used. The deleterious effects of these agents on cells have not
yet been fully investigated.Marked inhibition of chondrogenesis
differentiation [46] and alteration of osteogenic differentiation
[48] were observed after SPIO labeling of hMSCs, using transfec-
tion methods. SPIO labeling of hMSCs, without the use of trans-
fection agents, was reported by Hsiao et al. [49]. Encouraging
results were obtained in the attempt to detect hMSCs in vitro
using MRI (1.5 T). The chondrogenic differentiation ability of the
labeled cells was, however, not assessed in that study.

M-SPIOs coupled with a fluorescent marker, such as IFPs,
have been used for MRI tracking of labeled macrophages intra-
venously injected in a rat model of brain tumor [42]. These par-
ticlesmodify neither the viability nor the differentiation ability of
porcine MSCs [31]. Moreover, labeled porcine MSCs injected
into infarcted myocardium of swine could be followed by MRI
[34]. Given these limited data available about the effects of M-
SPIOs on stem cells, these particles are not currently approved
for clinical cell-therapy trials.

The aim of our study is thus to assess to what extent fluores-
cent M-SPIO labeling applied without transfection agent inter-
acts with cell viability, proliferation, and differentiation of clini-
cal-grade hMSCs and whether such labeling may be of interest
for in vivoMRI cell tracking and histology in a ratmodel of stroke.

MATERIALS AND METHODS

hMSC Culture
hMSCs were isolated from bone marrow aspirates of a healthy
donor who gave informed consent. All of the isolation and cul-
ture procedures were conducted in the authorized Cell Therapy
Unit (Biotherapy Team of General Clinical Research Center;
French Health Minister agreement TCG/04/O/008/AA) at the
Grenoble University Hospital. Clinical-grade hMSCs were pro-
duced according to a procedure of expansion approved by the
French Health Products Safety Agency for the clinical trial
(NCT00875654). The hMSCs were expanded in a fully closed sys-
tem using the usual reagents (culture medium, trypsin, and fetal
bovine serum) and materials. Quality controls were realized on
the seeded bone marrow, during the process (at the first pas-
sage), and on the final harvested hMSCs. The quality controls
included cell viability, hMSC identity (phenotypage), hMSC func-
tionality (colony-forming fibroblast unit and in vitro differentia-
tion in adipocytes, osteoblasts, and chondrocytes), tumoroge-
nicity (soft-agar test and telomerase activity), and cytogenetic
stability (karyotype).

The cells were cultured following the procedures previously
described [6, 50]. Briefly, hMSCs were isolated following plastic
adhesion, and they were then cultured at 37°C in a humidified
atmosphere containing 5% CO2. Minimum essential medium
with �-modification (MEM�) was used, supplemented with 100
�g/ml penicillin, 100 �g/ml streptomycin, and 10% fetal calf se-
rum (FCS) (all reagents from Invitrogen, Saint Aubin, France,
http://www.invitrogen.com).

hMSC Magnetic Labeling with M-SPIOs (Iron
Fluorescent Particles)
Early passage (second passage) hMSCs (50%–60% confluence)
were incubated with M-SPIOs for 20 hours at 37°C in 5% CO2.
Twelve microliters (i.e., 76.1 �g of iron) of the M-SPIO solution
(IFPs; Bangs Laboratory) was used per 75-cm2 culture flask con-
taining 6 ml of culture medium (i.e., 2 �l/ml; 12.7 �g of iron per
ml). Particles (diameter� 0.9 �m; 63.4%magnetite, wt/wt) had
a polydisperse carboxylated iron-oxide core and carried Dragon
Green fluorophore (excitation wavelength � 480 nm; emis-
sion � 520 nm). After incubation, hMSCs were washed twice
with phosphate-buffered saline (PBS) to remove the particles
that had not been taken up and then cultured or trypsinated.

Labeling Efficiency, Cell Phenotype, and Viability
Labeling efficiency was assessed using epifluorescence micros-
copy and fluorescence-activated cell sorting (FACS) analysis
(FACSCalibur; Becton, Dickinson and Company, Franklin Lakes,
NJ, http://www.bd.com) on 25,000 cells. One and 4 days (two
cell divisions) afterM-SPIO labeling, hMSCswere immunopheno-
typed by FACS. The cells were detached with trypsin-EDTA,
washed in PBS, and immediately stained with the following la-
beled antibodies: CD45-cychrome, CD73-PE, CD90-PE, and
CD105-PE (BD Pharmingen, Franklin Lakes, NJ, http://www.
bdbiosciences.com).

Flow cytometrywas also used to check viability of the labeled
cells using 7-aminoactinomycin D (7-AAD; BD Pharmingen). To
evaluate the in vitro stem cell proliferation of labeled hMSCs, we
performed a colony forming assay.

Cell Iron Content
The iron content of labeled and unlabeled (control) hMSCs was
measured on three different hMSC cell cultures. Two days after
hMSC labeling, the cellswerewashed three timeswith 0.9%NaCl
and mineralized, for about 12 hours, in 30% HCl at 120°C. Iron
concentration of the cell lysate was measured using inductible
coupled plasma/atomic absorption spectroscopy (28270 spec-
trometer; Hitachi, Tokyo, http://www.hitachi.com/).

hMSC Differentiation
To define functional capacities of hMSCs as required for clinical
use, we assessed in vitro adipocyte, chondrocyte, and osteoblast
differentiations of labeled and unlabeled hMSCs. To induce adi-
pocyte differentiation, hMSCs (labeled as well as unlabeled)
were plated at 20,000 cells per cm2 in 12-well plates, in MEM�
containing 10% FCS, 1�Mdexamethasone, 10�g/ml insulin, 0.5
mM 3-isobutyl-1-methylxanthine, and 100 �M indomethacin
(Sigma, Saint Quentin Fallavier, France, http://www.
sigmaaldrich.com). The medium was changed twice a week. Af-
ter 3 weeks of adipogenic stimulation, the cells were rinsed once
with PBS, fixed for 2 minutes with methanol at �20°C, rinsed
with 50% ethanol, incubated for 10minutes with Red Oil to stain
lipid vacuoles, and rinsed again with 50% methanol.

To induce osteoblast differentiation, hMSCswere cultured in
MEM�with 10% FCS, 10mM�-glycerophosphate, 10�7Mdexa-
methasone, and 0.1mMascorbic acid. Themediumwas changed
twice a week. After 3 weeks, the cells were fixed for 2 minutes
with methanol at �20°C and washed for 10 minutes in 100 mM
Tris, pH 9.5, 100 mM NaCl, and 10 mM MgCl2 buffer. The cells

334 MRI Labeling of Human Mesenchymal Stem Cells

STEM CELLS TRANSLATIONAL MEDICINE



were then stained for 5–10 minutes with 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (Sigma) and rinsedwith
distilled water.

For chondrogenesis, hMSCs were differentiated in a high-
density pellet culture (2.5 � 106 cells per pellet) in MEM� sup-
plementedwith 10�7Mdexamethasone, 0.17mMascorbic acid,
40 �g/ml L-proline, 1 mM sodium pyruvate, 1� insulin, transfer-
rin, sodium selenite, linoleic acid, and 10 ng/ml transforming
growth factor-�3. After 3 weeks, with medium changes twice a
week, the cell pellets were cryosectioned at 10-�m thickness,
fixed with 4% paraformaldehyde, stained 2 hours with 0.5% Al-
cian Blue in 0.1 N HCl, and rinsed with distilled water.

Animal Model of Stroke
Animal procedures conformed to the French guidelines (Re-
searcher License 380806 for O.D. and A3851610008 for animal
care facilities). Anesthesiawas inducedby 5% isoflurane (Forène;
Abbott Animal Health, Abbott Park, IL, http://www.
abbottanimalhealth.com) in 30%O2 and 70% air andmaintained
throughout the procedure with 2% isoflurane in a facial mask.
Rectal temperaturewasmaintained at 37.0� 0.5°Cwith an elec-
trical heating blanket (water blanket for MRI) connected to a
rectal probe.

Transient focal brain ischemia was induced by intraluminal
middle cerebral artery occlusion (MCAo) [51, 52] in 14 adult
Sprague-Dawley male rats (Janvier, Le Genest-Saint-Isle, France)
weighing 300 g. Briefly, a cylinder ofmelted adhesive (length� 2
mm, diameter � 0.38 mm) attached to a nylon thread (diame-
ter� 0.22mm) was pushed from the lumen of the right external
carotid artery into the internal carotid artery, up to 5 mm after
the skull base. The rats were then awakened, and the threadwas
left in place for 90minutes. The ratswere tested for spontaneous
circling and forelimb flexion during this occlusion period. After
90 minutes, the rats were reanesthetized, and the thread was
removed.

Intracerebral Grafting and Experimental Groups
At day 1 (D1) afterMCAo, the rats were randomly separated into
two groups: treated rats (n � 7), which were grafted with an
intracerebral (IC) injection of 400,000 labeled hMSCs (resus-
pended in 10�l of 2mMPBS-glutamine) into the damaged hemi-
sphere, and control rats (n� 7), which received an IC injection of
PBS-glutamine (cell suspension medium, 10 �l). The rats were
fixed in a stereotaxic frame. Using a 25-gauge Hamilton (Reno,
NV, http://www.hamiltoncompany.com) syringe, 7 �l of hMSC
suspension (or PBS-glutamine) was injected into the right stria-
tum (0mmanteroposteriorly frombregma; 3mm laterally; 6mm
deep) [53], and 3 �l was injected into the right cortex (0 mm
anteroposteriorly from bregma; 3 mm laterally; 2 mm deep) at 1
�l/minute. No immunosuppressant was administrated.

Behavioral Tests and Follow-Up
To assess functional effects of the hMSC grafts, the rats were
subjected to somatosensory tests that are widely used in stroke
models: themodified neurological severity score (mNSS) and the
adhesive removal test (ART) [14, 19]. The mNSS rates a combi-
nation of motor, sensory, balance, and reflex tests, between 0
(normal) and 18 (maximal deficit). The ART scores the time
needed by the rat to remove two adhesive-backed paper dots (1
cm2) applied on its wrists. To establish this score, three such
experiments were done, separated by at least 5 minutes.

The rats were familiarized with the testing environment and
trained for 3 days before surgery. ART and mNSS were assessed at
D2, D7, D14, and D21 after MCAo. The data were expressed as the
means� SD. A repeated measure analysis of variance was applied
after the homogeneity-of-variance hypothesis was tested (Levene
test). A p value below .05 was considered significant.

In Vivo Brain MRI
MRI experiments were conducted at 2.35 T (horizontal magnet;
Surrey Medical Imaging System Console). Immediately after
MCAo (D0), the ischemic lesion was assessed using SE and SE
diffusion-weighted MRI (SE-DW; repetition time/echo time [TR/
TE] � 2,000/80 milliseconds, voxel size � 234 � 234 � 1,000
�m3, b � 700 seconds/mm2, two averages). The ischemic lesion
was manually delineated on the SE-DW images obtained at D0.
Lesion volumes were calculated by multiplying the number of
pixels by pixel surface area and slice thickness.

After hMSC transplantation, SE-DW, SE MRI, and GE T2*-
weightedMRI (TR/TE� 400/25milliseconds, voxel size� 234�
234 � 469 �m3, one average) were performed at D1, D15, and
D28. The MRI sessions lasted approximately 40 minutes per rat.

Histology
At D1, D15, and D28, whole brains were removed after decapi-
tation under isoflurane anesthesia, stored at �80°C, and cut us-
ing a cryostat (10-�m sections). Transplanted hMSCs were iden-
tified with a human-specific monoclonal antibody to nuclear
antigen (MAB1281; 1/2,000; Chemicon, Temecula, CA, http://
www.chemicon.com). This primary antibody was incubated
overnight at 4°C before the tetramethylrhodamine B isothiocya-
nate-fluorescent anti-mouse secondary antibody (1/500; Jack-
son Laboratory, Bar Harbor, ME, http://www.jax.org) was ap-
plied for 1 hour. The green fluorescence of M-SPIO (IFP) labeling
was directly visualized and all cell nuclei were counterstained
blue with Hoechst prior to examination under microscopy
(Eclipse E600; Nikon, Tokyo, http://www.nikon.com).

RESULTS

hMSC Labeling and Viability
Preliminary experiments (exposure times from 30 minutes to 20
hours, with different concentrations of M-SPIO; data not shown)
indicated the need for a long exposure of the hMSCs to M-SPIO to
load cytoplasmwith these particles. Therefore, we exposed hMSCs
toM-SPIO for20hours, resulting inhigh-efficiencycell labelingwith-
out any modification of the cell’s appearance (Fig. 1A). Fluorescent
microscopy analysis indicated a cytoplasmic accumulation of the
particles (Fig. 1A). Flow cytometry data showed that 1 day after
M-SPIO labeling, 99%of thehMSCswereefficiently labeledand that
4 days later after two cell divisions, they remained labeled (Fig. 1B).
Two days after cell labeling, iron concentration was 32.6 � 10.1
nmol (1.8�0.6�g) in the lysateof 106 labeledhMSCs (correspond-
ing to 1.8 pg or 6.6 IFPs per cell) versus 0.5� 0.1 nmol (0.03 �g) in
the lysate of 106 unlabeled control hMSCs (0.03 g per cell).

Cell viability (flow cytometry with 7-AAD) remained stable
following IFP labeling (Fig. 1C). The percentage of dead cells was
7.6% for control hMSCs and 5.1% for IFP-labeled hMSCs. The
hMSC capacity to form colonies was similar for labeled (30
colony-forming units [CFUs] per 100 cells) and unlabeled cells (29
CFUs per 100 cells).
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Labeled hMSC Phenotype and Differentiation
M-SPIO labeling did not affect the baseline characteristics of the
hMSCs (Fig. 2). More than 96% of labeled hMSCs expressed
CD73, CD90, and CD105, whereas they did not express hemato-
poietic markers, such as CD45.

M-SPIO labeling did not significantly affect the capacity of
hMSCs to differentiate into adipocytes, osteoblasts, and
chondrocytes. Lipid vesicles, alkaline-phosphatase activity,
and collagen II could be detected in labeled as well as unla-
beled cells (Fig. 3).

Functional Effects of Intracerebral hMSC Grafts
All of the rats exhibited neurological deficits during the artery
occlusion period (90minutes). No adverse eventwas observed in
both groups during the 3-week follow-up. Somatosensory recov-
ery was better for the grafted group than for the control group.
Significant benefit was observed according to ART (mean � SD;
treated group vs. control: D2, 67.6 � 47.5 vs. 95.2 � 24.1 sec-
onds; D7, 61.7 � 45.6 vs. 65.7 � 36.8 seconds; D14, 41.5 � 33.3
vs. 58.0 � 41.1 seconds; and D21, 45.9 � 30.7 vs. 63.0 � 46.2
seconds; p� .031). No significant differencewas noted formNSS
(treated group vs. control: D2, 9.3 � 5.6 vs. 6.9 � 4.1; D7, 4.9 �
3.5 vs. 3.0 � 2.0; D14, 3.3 � 3.0 vs. 4.0 � 2.8; D21, 3.3 � 1.5 vs.
3.6 � 1.8).

In Vivo MRI Cell Tracking
Immediately after MCAo and before hMSC grafting (D0), SE-DW
MR images revealed a right corticostriatal lesion in all rats

Figure 1. Micrometer-sized superparamagnetic iron oxide (M-SPIO) labeling of humanmesenchymal stemcells (hMSCs)without transfection
agent. (A): The iron content of M-SPIOs was observed by light microscopy and confirmed by fluorescence (M-SPIO in green and Hoechst
counterstained in blue), indicating a cytoplasmicM-SPIO accumulation. (B): Flow cytometric analysis. One day afterM-SPIO labeling (with iron
fluorescent particles), 99% of cells contained particles, which remained labeled 4 days later, after two cell divisions. The decrease in fluores-
cence intensity corresponds to the redistribution of particles during cell divisions. (C): Flow cytometric analysis of cell viability (7-aminoacti-
nomycin D) showing that cell viability was not affected byM-SPIO labeling. Scale bars� 50 �m. Abbreviations: ctrl, control; D�1, 1 day after
M-SPIO labeling; D�5, 5 days after M-SPIO labeling; �IFP, with iron fluorescent particles.

Figure 2. Phenotype of human mesenchymal stem cells (hMSCs)
after micrometer-sized superparamagnetic iron oxide (M-SPIO) la-
beling. The cells were harvested and labeled with antibodies against
CD45, CD73, CD90, CD105, or control IgGs as indicated and analyzed
by fluorescence-activated cell sorting. Plots show isotype control
IgG-staining profile (gray) versus specific antibody staining profile
(thick line). More than 96% of the labeled cells expressed CD73,
CD90, and CD105 and did not express the hematopoietic marker
CD45. M-SPIO (iron fluorescent particle) labeling did not modify the
phenotype of the hMSCs.
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(volume � 109 � 64 mm3). GE T2*-weighted MR images did not
reveal any hemorrhage.

Following hMSC grafting, labeled cells were detected at D1,
D15, and D28 after MCAo in injection sites (right damaged stria-
tum and cortex) (Fig. 4). Iron particles induced a magnetic sus-
ceptibility artifact (signal void) in the T2* MR images, preventing
us from determining lesion volume, after grafting.

Histology
Merging cellular images from human nuclei and cytoplasmic
green fluorescence allowed us to observe, over the course of the
experiment (until D28), viable labeled human cells derived from
hMSCs in the infarcted tissue around both injection sites (Fig. 4).
M-SPIO concentration at the graft site decreased steadily over 28
days but remained detectable (Fig. 4).

DISCUSSION

Our results indicate that (a) without using transfection agent,
M-SPIOs (IFPs) provide an efficient intracellular labeling of clini-
cal-grade hMSCs; (b) in vitro, these particles modify neither cell
viability nor proliferation, phenotype, or differentiation; (c) fol-
lowing IC grafting after stroke, labeled hMSCs can be detected by
both in vivo MRI and fluorescence microscopy; and (d) a func-
tional benefit from the grafts was observed during the 3-week
follow-up.

Efficient and Safe Cell Labeling
Cellular MRI is useful to study the ability to migrate of hMSCs
before their use in clinical trials of cell therapy. MRI was success-
fully applied to track migration of SPIO-labeled MSCs that had
been IC grafted [39, 54] or injected intra-arterially [47] or intra-
venously [39, 47].

hMSCs labeled with fluorescent M-SPIO can be detected in
vivo by MRI and ex vivo by fluorescence microscopy. The latter
imaging modality (microscopy) permits assessment of the intra-
cellular particle location after grafting. The former imaging mo-
dality (MRI) allows the detection of few cells, because of the
large iron core of these particles strongly affecting the homoge-
neity of the static magnetic field [55–57].

Simply adding the iron particles to the culturemedium (4.7�
107 particles permilliliter; i.e., 2�l/ml),we achievednearly 100%
labeling of clinical-grade hMSCs. Mean iron content per cell was
approximately 1.8 pg (or 6.6 particles), less than what has been
obtained with monocytes/macrophages labeled with a similar
method (2.9 pg per cell) [42]. Also, without the use of transfec-
tion, labeling performance with a nonfluorescent SPIO in rat
MSCs was 17.5 pg per cell after 72 hours of incubation [39],
whereaswith ferucarbotran in hMSCs it was 23.4 pg per cell after
24 hours of incubation [49]. When labeling porcine MSCs with a
M-SPIO similar to that used in our study (IFPs), larger cell iron
contents were reported over a significant range (20–380 pg per
cell after 18 hours of incubation of 10 �l of IFPs per ml of me-
dium). A more concentrated IFP solution was therefore used
(23.5 � 107 particles/ml) [34]. The level of M-SPIO labeling of
hMSCs, weaker than that of porcine MSCs or macrophages,
might be ascribed to a lower phagocytic ability. To our knowl-
edge, no study has reported direct comparisons between M-
SPIO-labeled stem cell types.

After multiple cell divisions (in vitro hMSC doubling time �
50 hours), M-SPIO distributed well among daughter cells. hMSCs
were still labeled after 4 days in culturemedium. The decrease of
fluorescence intensity reflects redistribution of the particles dur-
ing cell divisions. Similar results were reported in other studies: a
progressive decrease of fluorescence per cell over time consis-
tent with porcine MSC divisions [31] or the detection of single-
cell-stage mouse embryos following a large number of cell divi-
sions [41]. These converging results open interesting prospects
regarding in vivo tracking of proliferative cell populations.

Despite iron uptake, phenotype, proliferation, and differen-
tiation potential of hMSCs remained unaffected and led to a
functional benefit after stroke. Using larger M-SPIOs (1.63-�m
diameter) for rat MSC labeling, Nohroudi et al. [57] showed that
2 �l of M-SPIO per milliliter of culture medium (as used in our
study) was a “subcritical” dose, providing a preservation of cell
function andmigration and a sufficientMRI contrast. In contrast,
higher concentrations (5 or 25 �l/ml) altered cell viability and
migratory potential of labeledMSCs. This suggests that “asmuch
as possible” labeling is not useful and could lead to cell necrosis
and biased results for in vivo studies.

The labeling method with a subcritical dose and without us-
ing a transfection agent appears safe. It presents the advantage
of great simplicity. Transfection labeling procedures, in contrast,
appear to alter hMSC chondrogenesis [46] and osteogenic differ-
entiation [48].We therefore conclude that simple labelingmeth-
ods without transfection have to be preferred in future cell ther-
apy experiments. Moreover, as suggested for USPIO labeling of

Figure 3. Human mesenchymal stem cell (hMSC) differentiation
capacity after micrometer-sized superparamagnetic iron oxide (M-
SPIO) labeling. Differentiation ability was assessed on control and
labeled (�IFP) hMSCs. (A): Red Oil staining of the lipid vesicles per-
formed 3 weeks after adipogenic stimulation demonstrates an on-
going adipogenesis. (B): Alkaline-phosphatase activity detected by
5-bromo-4-chloro-3-indolyl phosphate staining performed 3 weeks
after osteogenic differentiation. (C):Collagen II detectionwith Alcian
Blue after chondrogenic differentiation. M-SPIO (IFP) labeling did
not significantly affect adipogenesis, osteogenesis, or chondrogene-
sis. Scale bars � 25 �m. Abbreviation: �IFP, with iron fluorescent
particles.
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mouseMSCs [58], it is necessary to assess the labeling efficiency
but also the viability and the complete phenotype of labeled cells
for each new contrast agent and each cell type.

Cell Tracking
SPIOs decrease T2* and providemarked signal loss on T2* GEMR
images. The sensitivity of T2* GEMRI allows detecting as little as
a few labeled cells [41]. This high detection sensitivity is particu-
larly useful to observe cell migration following intra-arterial [47]
or i.v. [39] stem cell injections in stroke models. Because of their
larger size, the magnetic susceptibility effects in the MR images
are stronger with M-SPIOs than with SPIO nanoparticles (feru-
moxides) [31], leading to a decreased cell detection threshold.
The strong magnetic susceptibility effects of M-SPIOs induce an
important signal void and geometrical distortions in T2* GE MR
images, immediately after the IC graft (Fig. 4). These effects need
to be carefully considered for MRI studies performed shortly
after IC grafting. They weaken with time as a result of the pro-
gressive decrease of theM-SPIO concentration at the graft sites.

Our results indicate that M-SPIO-labeled hMSCs can be de-
tected by MRI up to 28 days after IC grafting. This observation is
in accordance with the results from a previous study on SPIO
labeling of hMSCs grafted by the IC route [54].

When considering long-term follow-up of iron-labeled cells,
the issue of in vivo label stability needs to be addressed. Al-

though good label stability and unaffected hMSC viability are
observed in vitro, grafted hMSCs may die and release iron parti-
cles in vivo. Released iron particles taken by other cells (such as
by macrophages; data not shown) or remaining in the extracel-
lular space are equally detected by MRI. Thus, histological anal-
ysis is needed to assess the intracellular location and/or the re-
lease of the particles. M-SPIOs therefore present the advantage
of being fluorescent, allowing easy assessment under micros-
copy. For future experiments, it could be relevant to correlate
theMRI images by the sensitive measure of a human gene in the
brain by polymerase chain reaction [59]. Histological control fur-
thermore permits detection of intracerebral hemorrhages that
may occur after ischemia/reperfusion and that may also lead to
signal loss (usually at the site of the lesion) in T2*-weighted MR
images [42].

Concerning potential side effects of the iron release, a con-
centration-dependent toxicity of SPIOs has been suggested, in
vitro, at high concentration (300–500 �g/ml) on murine macro-
phages (viability reduced to 55%–65%) but not at lower concen-
trations (25–200 �g/ml) [60]. The initial increase in oxidative
stress (after SPIO uptake bymacrophages) seems to be only tran-
sient (less than 1 day) [61]. On brain structures, no cytotoxicity or
proinflammatory effect of SPIOs was observed on brain-derived
endothelial cells, microglial cells, and differentiating three-di-
mensional aggregates [62]. These data suggest that a lowdose of

Figure 4. Labeled humanmesenchymal stem cell (hMSC) detection by in vivomagnetic resonance imaging (MRI) and histology. Immediately
after middle cerebral artery occlusion (D0), SE-DW images (first row) revealed the right corticostriatal ischemic lesion without any hemor-
rhage on gradient echo T2*-weighted image (second row). After hMSC intracerebral grafting, at D1, D15, andD28, labeled cellswere identified
in vivo into both sites of injection (right damaged striatum and cortex) using SE-DW and T2* imaging. Amagnetic susceptibility artifact is seen
as a signal void (dark area) on T2* images caused by iron particles. For fluorescencemicroscopy, all of the cell nuclei were counterstained blue
with Hoechst. Micrometer-sized superparamagnetic iron oxide (M-SPIO) green fluorescence is directly visualized and merged with a human-
specific antibody to nuclear antigen (MAB1281) to identify human cells derived from hMSCs (in red). High-magnification images (bottom two
rows) show the colocalization of this staining, corresponding to the presence of viable human cells with intracellular M-SPIO labeling at every
time. M-SPIO concentration in the graft sites decreased for 28 days but remained notably detectable by MRI at D28. Scale bars � 50 �m (or
25 �m as noted). Abbreviations: D, day; DW, diffusion-weighted; GE, gradient echo; L, left; R, right; SE, spin echo.
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M-SPIO for ex vivo cell labeling is safe, although an in vivo release
can occur.

CONCLUSION
Clinical-grade hMSCs can be labeled by fluorescent M-SPIO par-
ticles without using any transfection agents. This simple method
yields stable labeling without affecting hMSC viability, pheno-
type, and differentiation potential. Following IC grafting after
stroke, labeled hMSCs can be detected both by in vivo MRI and
by fluorescence microscopy. The hMSC grafting furthermore
provides a functional benefit. Thus, this cell labeling method is
useful to assess hMSC migration and homing in experimental
studies of cell therapy.
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