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CHAPTER 14
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14.1 INTRODUCTION

For molecular magnetic resonance imaging (MRI), an amplification of the molecular la-
beling is required. This can be achieved, for example, by avidin–biotin systems in the
extracellular compartment [1]. Cellular internalization of the contrast agent is a way to
increase the labeling of targeted cells. The challenge for cellular MRI is obtaining a suf-
ficient uptake of MRI contrast agents in cells, especially nonphagocytic cells, in order to
render them distinct from the surrounding tissue. Although this approach gives less specific
results than molecular MRI, it offers suitable systems for the noninvasive and repeated in
vivo monitoring (identification and tracking) of cells by MRI. Magnetic labeling can be
realized in vitro or in vivo through specific (involving a cell surface receptor) or nonspecific
cellular internalization pathways with contrast agents considered as positive (complexes
of paramagnetic ions such as gadolinium(III) or manganese(II); shortening the T1 of their
adjacent hydrogen nuclei as a predominant effect and brightening the regions taking them
up on a T1-weighted MR image), and often with contrast agents considered as negative
(superparamagnetic particles based on a monocrystalline or polycrystalline iron oxide core,
shortening the T2 and T2* much more than the T1 of hydrogen nuclei in their neighborhood
and generating a signal darkening on T2 (T2*)-weighted MR images). Many studies have
indeed been performed in vitro and in vivo with iron oxide nanoparticles [2, 3]. Another
mandatory point about cellular MRI is that the loading of cells with contrast agents does
not have to affect normal cell function [3]. This chapter mainly focuses on the use of native
(unmodified) or unspecifically cell-targeted iron oxides as cell markers. Some examples
of cellular labeling performed with other MRI contrast agents, or obtained via specific
internalization pathways, are also given.
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14.2 SPECIFIC MAGNETIC LABELING OF CELLS

This type of magnetic labeling occurs via receptor-mediated endocytosis (Fig. 14.1), which
is a highly specific and efficient mechanism of internalization. The transferrin receptor (TfR)
pathway has been used to label cells in several studies. Transferrin (Tf), an iron chelating
protein, interacts with TfR and enters cells by receptor-mediated endocytosis, supplying
them with iron from stores in the liver. As iron is an essential element involved in cell prolif-
eration, a high number of TfRs is expressed in proliferating cells [4]. Thus, this mechanism
of iron uptake appears as an interesting marker for tumor cells, or an interesting way to label
progenitor cells. Furthermore, the high turnover rate of the TfR avoids the phenomenon
of receptor saturation [5]. Oligodendrocyte progenitors (CG-4) have been magnetically la-
beled in culture with monocrystalline iron oxide nanocompound (MION) covalently linked
to an antibody (OX-26) specific for TfR. The binding of OX-26 to TfR induced the inter-
nalization of the nanoparticles. Labeled cells were tracked by MRI after transplantation
into the spinal cord of myelin-deficient rats and were found to synthesize myelin [6].

In another study, the in vitro receptor-mediated endocytosis of Tf covalently linked
to ultrasmall superparamagnetic iron oxide (USPIO) (Tf-USPIO) by human epidermoid
carcinoma A431 was observed. Tf-USPIO was also injected intravenously (200 �mol
Fe/kg) into rats bearing implanted mammary carcinoma. Despite the fact that most of
the injected dose was captured by the liver and the spleen, MR imaging results showed
a signal reduction in the tumor only with Tf-USPIO and not with the parent compound
or a nonspecific albumin-bound USPIO, suggesting a transferrin-mediated endocytosis of
USPIO by the tumor [5]. In another approach, rat 9L gliosarcoma cells were transfected
with a modified gene coding for the human TfR, to constitutively express high levels
of the receptor protein. The engineered cells were implanted in mice flank and a strong
negative contrast was detected in the resulting tumors after intravenous injection of MION
conjugated to human holo-transferrin (Tf-MION) (3 mg Fe/animal). This result suggested
an efficient uptake of Tf-MION by tumor cells and provided the possibility to image
transgene expression [7]. The approach, consisting of the manipulation of iron metabolism
genes to provide cellular iron accumulation and subsequent MRI contrast, was further
developed in a study where coexpression of transgenic human TfR and human ferritin
H-subunit was induced in a stably transfected neural stem cell line (C17) [8]. Ferritin (FT)
is composed of H- and L-subunits. Twenty-four subunits form the apoferritin, which is able
to incorporate up to 4500 iron atoms. The H-subunit has a ferroxidase activity that promotes
iron oxidation and incorporation [9, 10]. Thus FT-bound iron has a semicrystalline structure
and acts as an endogenous cellular negative contrast agent. These studies demonstrated that
transfected cells grown in iron-rich medium incorporated significantly more iron than
control cells, inducing a contrast effect in MRI that was preserved after transplantation
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FIGURE 14.1 Schematic representation of the receptor-mediated endocytosis of a contrast agent
(CA).
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of cells into the mouse brain. After uptake through TfR, iron was stored by FT without
affecting cell viability [8]. The usefulness of FT as an endogenous contrast agent has been
reported also after inducing the overexpression of this protein by C6 rat glioma cells. Indeed,
intracellular iron is redistributed in excess FT, which generates negative contrast. As iron
chelation induces a transient decrease of intracellular iron concentration, TfR is expressed
in compensation to increase the iron uptake and restore iron homeostasis. This newly
endocytosed iron will also be sequestered by overexpressed FT, leading to an enhancement
of the contrast effect [11].

The internalization pathway of a vitamin has also been used often to shuttle iron oxides
in cells. The folate (or vitamin B9) receptor has been targeted with folic acid-linked MRI
contrast agents in order to induce an uptake of the cell tag by cancer cells overexpressing the
receptor [12]. The internalization of superparamagnetic nanoparticles bearing chlorotoxin
in the cytoplasm of 9L glioma cells has been reported. This 36 amino acid peptide indeed
renders the nanoprobe capable of targeting tumor cells expressing membrane-bound matrix
metalloproteinase-2 [13]. Prostate cancer cells could be labeled via receptor-mediated
endocytosis with iron oxides conjugated to an antibody specific for the prostate-specific
membrane antigen (PSMA) [14]. Intracellular accumulation of iron oxide nanoparticles in
cells has been achieved also by targeting hormone receptors. The single chain anti-epidermal
growth factor receptor (EGFR) antibody has been bound to iron oxide nanoparticles to serve
as an intracellular marker of EGFR-expressing cancer cells [15]. Luteinizing hormone
releasing hormone (LHRH) and luteinizing hormone/chorionic gonadotropin (LH/CG)-
conjugated iron oxide nanoprobes have been used to label breast cancer cells [16].

14.3 NONSPECIFIC MAGNETIC LABELING OF CELLS

This type of magnetic labeling can occur via natural mechanisms of endocytosis, which
are not receptor dependent. In this context of nonspecific magnetic labeling of cells, most
of the studies concern the in vitro labeling of nonphagocytic cells potentially useful for
cell therapy. Among these cells of interest we find mesenchymal cells, embryonic stem
cells, neural stem cells, oligodendrocyte progenitor cells, endothelial progenitor cells, and
muscle progenitor cells. In other words, undifferentiated or less differentiated cells that,
after their reintroduction in a living organism, could hopefully reach the damaged area
(ischemic lesion) of an organ and differentiate to replace dead cells or, more specifically
for endothelial precursors, reach a tumor were angiogenesis is occurring. Many in vitro
cellular magnetic labeling studies are performed also on CD34+ hematopoietic stem cells
or immune cells (lymphocytes) because the study of their in vivo trafficking could help
us to better understand the immune response and, more particularly, to improve cell-based
cancer therapies [2, 3, 17]. Thus visualization of the in vivo behavior of these cells is
crucial and depends on their prelabeling in culture. Furthermore, the study of contrast
agent accumulation in phagocytes and tumor cells can become a tool for the biological
characterization of pathologies [18, 19].

14.3.1 Fluid-Phase Endocytosis of Contrast Agents With or
Without the Help of a Transfection Agent: Influence of the
Contrast Agent Surface Charge

Gadolinium-based contrast agents have been developed for the in vitro labeling of cells.
Gd chelates coupled to fluorescent rhodamine dextran (GRID), or the combined use of Gd
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FIGURE 14.2 Structure of Eu-HP-DO3A.

and europium (Eu, fluorescent) complexed by the chelate HP-DO3A (ProHance R©, Bracco
Diagnostics, Milan, Italy) (Fig. 14.2), constitute bimodal agents. Indeed, the detection of
reimplanted labeled cells can be achieved by in vivo MRI and corroborated by fluorescent
histology [3, 20, 21].

Lanthanide ions such as Eu(III) or terbium(III) (Tb(III)) have been used to build com-
plexes called paramagnetic chemical exchange saturation transfer (PARACEST) agents.
When the mobile (exchangeable) protons of these complexes are irradiated at their ab-
sorption (resonance) frequency, they transfer saturated magnetization to the surrounding
bulk water, acting so as negative contrast agents. Thus contrast alteration on MR images is
based on a phenomenon called chemical exchange dependent saturation transfer (CEST).
As the resonance frequency of the exchangeable protons of the complex is influenced dif-
ferently according to the type of paramagnetic ion used, PARACEST agents can generate
their own specific contrast when irradiated at the specific absorption frequency of their
mobile protons. In other words, cells labeled in vitro with different PARACEST agents, by
internalization of the complex through pinocytosis, could be distinguished and separately
tracked in vivo (Fig. 14.3a) [22]. Several attempts have been made to improve the in vitro
cellular uptake of Gd chelates. Gd-DTPA has been combined with transfection agents such
as calcium phosphate or the lipofection agent LipofectamineTM, usually facilitating the
delivery of functional DNA into the cell [23].

Unmodified dextran-coated iron oxide nanoparticles can be used to label cells in vitro.
Lymphocytes or T cells in culture have been loaded with this type of contrast agent
through fluid-phase endocytosis [24, 25]. Rat bone marrow mesenchymal cells and mouse
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FIGURE 14.3 Schematic representation of the uptake of contrast agents (CAs) by cells through
nonspecific (receptor-independent) endocytic processes: (a) fluid-phase endocytosis (pinocytosis) of
the native CA, (b) endocytosis after adsorption of the CA mixed with a cell transfection reagent to the
cell surface, (c) endocytosis after adsorption of the native CA to the cell surface, and (d) endocytosis
after adsorption of a “cell penetrating peptide”-conjugated CA conjugated to the cell surface.
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embryonic stem cells were simply incubated with superparamagnetic iron oxide (SPIO)
(Endorem R©) at a relatively high concentration (around 100 �g Fe/mL in the cell culture
medium for 48–72 h of incubation) [26–29]. In both cases, the in vivo fate of labeled
cells was successfully MR imaged in vivo. However, in many studies, the cellular uptake
of SPIO (Feridex R©) is optimized by mixing the superparamagnetic contrast agent with a
cationic transfection agent such as poly-l-lysine. It is hypothesized that these dextran-coated
SPIO nanoparticles can be coated with the positively charged transfection agent through
electrostatic interactions. The citrate-containing formulation of Feridex R© (or Endorem R©)
may allow for the presence of a few carboxyl groups at the particle surface, which was indeed
found to be negatively charged (zeta potential of -41 mV for Feridex R©) [30, 31]. Thanks to
the positive charges of poly-l-lysine, the complex rapidly binds to the negatively charged
cell membrane and is shuttled into cells through endosomes, producing a cellular magnetic
labeling equivalent to the loading obtained by simply adding SPIO to the culture medium
of cells (10–20 pg Fe/cell). However, the iron incubation concentration is lower (25 �g
Fe/mL (vs. ∼100 �g Fe/mL)) and the magnetic labeling duration can potentially be shorter
(2–48 h, depending on the cell type (vs. 48–72 h)). In the case of human mesenchymal
stem cells, an iron content of 16 pg/cell has been found after a 2-h incubation [3, 32, 33].
The same approach has been developed with other commercial transfection agents, which
have been combined with iron oxide nanoparticles in order to form complexes possessing
a net positive charge that can associate with the negatively charged cell surface [34]. The
resulting increase of contrast agent uptake has allowed for an improvement of the magnetic
labeling of cultured cells.

Another polycationic amine, protamine sulfate (Food and Drug Administration ap-
proved), has been used instead of poly-l-lysine to form complexes with SPIO (Feridex R©)
and label human mesenchymal stem cells or CD34+ cells [35]. SuperfectTM consists of
activated dendrimers with a spherical architecture and branches radiating from a central
core and terminated by positively charged amino groups [36]. This commercially avail-
able transfection reagent has also been suitable for the magnetic labeling of mammalian
cells with SPIO (Feridex R©). An iron content of 30 pg Fe/cell has been obtained for hu-
man mesenchymal stem cells incubated for 2 h with the SuperfectTM–Feridex R© complex
(25 �g Fe/mL), a value twice higher than with poly-l-lysine–Feridex R© complex under
the same conditions [33, 35]. The mechanisms initiating the endocytosis of dendrimers
and polyamine-complexed iron oxide nanoparticles are thought to be of an electrostatic
origin. Indeed, the adsorption of the positively charged complex on the negatively charged
cell surface is supposed to induce membrane bending and membrane disruption. These
phenomena induce invaginations of the cell membrane, leading to the encapsulation of the
complexes in endosomes (Fig. 14.3b) [3, 32].

A carboxylated dendrimer has also been used as a coating for iron oxide nanoparticles.
The carboxylate groups gave an anionic surface to the dendrimers. The resulting magne-
todendrimer, called MD-100 (Fig. 14.4), has successfully served as a magnetic marker for
different cultured cell types, originating from mouse, rat, and human, including stem cells.
The uptake mechanism of MD-100 is also believed to result from electrostatic interactions
between the dendrimer and the cell surface. The highly charged polymers bind on multiple
sites on the cell membrane, inducing bending and disruption of the plasma membrane. An
amount of 9 pg Fe/cell has been reached for CG-4 rat oligodendrocyte progenitors after 48
hours of incubation with MD-100 (25 �g Fe/mL) [3, 37, 38]. A binding of nanoparticles
bearing negative charges to the cell surface, which is also mainly negatively charged, appears
as contradictory, and the reason for such an event is unknown. Nevertheless, a high level of
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FIGURE 14.4 Structure of magnetodendrimers (adapted from [32]).

cell internalization, comparable to the one obtained with the magnetodendrimer MD-100,
has been obtained also with anionic iron oxide nanoparticles. The negative surface charge
of these nanoparticles, due to the unbound carboxylate groups of their dimercaptosuccinic
acid coating, has been hypothesized to allow them to interact strongly and nonspecifically
with cationic sites of the plasma membrane, which are much more scarcely distributed than
anionic areas. This mechanism involving an adsorption of the nanoparticles on the cell sur-
face through electrostatic interactions, preceding their internalization, is called adsorptive
endocytosis (Fig. 14.3c) [39].

Commercially available anionic nanoparticles (carboxydextran-coated SPIO
(Resovist R©)) have been found to be more efficient than dextran-coated SPIO (Feridex R©) to
label cultured cells. Furthermore, the effectiveness of the intracellular uptake of nanoparti-
cles has been found to be dependent on the density of carboxyl groups at the nanoparticle
surface (with there being an optimum density), as well as on the cell type. The uptake of
anionic nanoparticles has indeed been observed to be more pronounced in mesenchymal
stem cells than in human cervical carcinoma (HeLa) cells, and a lower density of carboxyl
groups was necessary to obtain an effective uptake of nanoparticles by mesenchymal stem
cells compared to the latter cancer cells. Indeed, Feridex R© was captured in a higher amount
by mesenchymal stem cells than by HeLa cells. It was hypothesized that the citrate used
in the preparation of Feridex R© might allow for the presence of a few carboxyl groups at
the surface of nanoparticles, which would be sufficient to trigger an uptake of Feridex R©

by mesenchymal stem cells, but not by HeLa cells [30]. The magnetic labeling of cultured
nonphagocytic adherent cells with iron oxide nanoparticles has been found to be depen-
dent on the relative concentration of the magnetic tag and of the cells in culture, on the
nanoparticle hydrodynamic diameter, and on the coating charge (Fig. 14.5) [40].

14.3.2 Cellular Delivery of Contrast Agents by Cationic Liposomes

The same approach as for dendrimers and polyamines has been developed with liposomal
transfection reagents [34]. Several types of superparamagnetic iron oxide nanoparticles,
including Feridex R©, Endorem R©, Sinerem R© (dextran-coated), or P7228 (covered by an
anionic dextran derivative), have been incorporated into cationic transfection liposomes
(such as LipofectamineTM or FuGENETM). The lipid complex, carrying a net positive
charge, binds to the negatively charged cell surface (Fig. 14.3b). The delivery of the contrast
agent to the cytoplasm then depends on the liposome–cell membrane fusion. It has been
demonstrated that this fusion only occurred after uptake of the liposome into the endocytic



P1: OTA/XYZ P2: ABC
c14 JWBS037-Chen February 1, 2011 0:6 Printer Name: Yet to Come

NONSPECIFIC MAGNETIC LABELING OF CELLS 315

FIGURE 14.5 T2-weighted MR images (TR/TE: 3000/15 ms, 16th echo (240 ms), 5 × 105

cells/mL in 2% gelatin) of 3T6 fibroblasts, after 48 h of SPIO labeling with 50 �g Fe/mL of
Endorem R© or Resovist R© (upper row samples). Samples imaged on the bottom row (from left to
right: Resovist R© nanoparticles at 0.01 mM Fe, unlabeled cells, Endorem R© at 0.01 mM Fe, and 2%
gelatin) are for comparison (from [40]).

pathway [41]. These cationic liposome–iron oxide nanoparticle complexes have been used
to magnetically label several types of mammalian cells including mouse embryonic stem
cells, human mesenchymal stem cells, rat oligodendrocyte progenitor CG-4 cells, rabbit
skeletal myoblasts, human hematopoietic progenitor cells, mouse lymphocytes, or HeLa
cells [29, 33, 42, 43]. The iron content of human mesenchymal stem cells was 7.6 pg/cell
after a 2-h incubation with 25 �g Fe/mL of LipofectamineTM–Feridex R© complex. In other
terms, this loading was twice lower than with the poly-l-lysine-Feridex R© complex used
under the same conditions [33].

14.3.3 Cellular Delivery of Contrast Agents Through a
Cell Penetrating Peptide

Another nonspecific way of cellular internalization exists, since some natural proteins,
such as the human immunodeficiency virus (HIV) Tat (transactivator of transcription)
protein, have the ability to penetrate cell membranes directly. The basic domain of the
HIV Tat protein, formed of an arginine-rich sequence, has been identified as the domain
responsible for the translocation of this protein. The highly cationic peptide derived from
this basic domain is called a cell-penetrating peptide because of its ability to cross the
plasma membrane and consequently to drag the rest of the protein with it [44, 45]. The
mechanism by which this task is performed is based on an interaction of the peptide with
glycosaminoglycans attached to cell surface heparan sulfate proteoglycans, initiating an
adsorptive endocytic process (Fig. 14.3d) [46, 47]. Gd chelates and iron oxide nanoparticles
have been conjugated to the Tat basic domain peptide (or more simply, Tat peptide) in order
to efficiently transport the contrast agents into cells. Mammalian cells have been labeled
successfully with Tat peptide-derivatized Gd-DOTA,[48, 49] or superparamagnetic contrast
agents linked to the Tat peptide [50–52]. Human CD34+ hematopoietic stem cells labeled
for 1 h with the Tat peptide-conjugated iron oxide nanoparticles (100 �g Fe/mL) contained
from 10 up to 30 pg Fe/cell [50].
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14.3.4 Instant Cellular Delivery of Contrast Agents by Electroporation

This method, called magnetoelectroporation (MEP), circumvents a prolonged incubation
of cells and the use of a transfection agent, and allows achieving an instant magnetic
labeling of cells. Mesenchymal stem cells and neural stem cells have been labeled with
SPIO (Feridex R©) by the MEP method. The nanoparticles were taken up in endosomes and
the iron content of cells (picogram range/cell) was comparable to values obtained with
transfection agents. Furthermore, when used under properly calibrated conditions (a pulse
of 130 V for 17 ms), MEP is claimed to have no effect on cell viability, proliferation, or
differentiation [53].

14.3.5 Fluid-Phase Endocytosis of Contrast Agents with
Micron-Sized Particles

Some advantages have been found in the use of micrometer-sized particles of iron oxide
(MPIO) to label cells, as compared to the dextran-coated iron oxide nanoparticles SPIO or
USPIO. For the latter, the endocytosis of millions of nanometer-sized particles is required to
achieve sufficient contrast, and cell division can dilute the label beyond the detection thresh-
old. MPIO (Bangs Laboratories, Fishers, Indiana, USA) are magnetite cores encapsulated
with styrene/divinyl benzene. Various sizes exist (from 0.76 to 5.80 �m in diameter). The
smallest ones (0.76–1.63 nm) also contain a fluorescein-5-isothiocyanate analog (Dragon
Green). Human CD34+ hematopoietic progenitor cells and porcine mesenchymal stem
cells have been reported to efficiently internalize 0.9-�m MPIO through endocytosis under
incubation conditions (concentration and duration) comparable to those used with dextran-
coated nanoparticles (e.g., 18 h with 45.6 �g Fe/mL), and to lead to an iron load of hundreds
of picograms per cell [54]. The styrene/divinyl benzene coating is thought to be inert inside
cells and cannot be degraded within the cell, which is not the case with the dextran coating
[55]. As the T2* effect of an iron oxide particle increases with its size, these MPIO have
a larger T2* effect than SPIO in MRI, making possible the detection of single particles by
in vitro MRI with a 50-�m resolution in agarose phantoms or in cultured cells [56]. The
possibility to MR image labeled cells by detecting single endocytosed particles overcomes
the problems related to the dilution of the magnetic label induced by cell divisions [57].
Furthermore, it has been shown that mouse hepatocytes, prelabeled with 1.63-�m MPIO,
were detectable by MRI as single cells in the liver of recipient mice 1 month after their
transplantation into the spleen [58].

14.4 MAGNETIC LABELING OF PHAGOCYTES

It has been demonstrated that dextran-coated SPIO (Endorem R©) undergo a higher
macrophage uptake than the smaller-sized dextran-coated USPIO (Sinerem R©) in vitro,
confirming their respective in vivo biodistribution; SPIO are rapidly cleared from the cir-
culation as a result of their capture mainly by liver Kuppfer cells, and USPIO have a longer
blood half-life, allowing them to reach macrophages situated in less accessible territories,
such as lymph nodes [59].

Scavenger receptors (SRs) are relatively nonspecific receptors mainly expressed by
macrophages. These receptors bind to a broad range of negatively charged macromolecules
(class A) or modified low-density lipoprotein (LDL) (class A and class B). The class A SR
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FIGURE 14.6 Schematic representation of the uptake of MRI contrast agents (CAs) by phagocytic
cells: (a) endocytosis initiated by a receptor mediating an opsonin-independent recognition of the CA
as a phagocytic target, and (b) endocytosis initiated by a receptor mediating a recognition of the CA
as a phagocytic target through opsonins adsorbed to its surface.

(SR-A) types I and II bind anionic proteins, lipids, polynucleotides, and polysaccharides
including dextran sulfate or fucose sulfate (fucoidan) and bacterial lipopolysaccharides
[59]. The SR-A types mediate an opsonin-independent recognition of microorganisms or
apoptotic cells before their phagocytosis (Fig. 14.6a) [60]. Competition experiments have
suggested that the endocytosis of SPIO by cultured macrophages was mediated by the SR-A
types. Indeed, ligands of the SR-A (fucose sulfate and polyinosinic acid) were effective
inhibitors of the SPIO capture by cultured mouse peritoneal macrophages [59]. Phago-
cytosis concerns the uptake by macrophages of large material, such as bacteria (∼1 �m)
or senescent eukaryotic cells (∼10 �m), which are much larger than the hydrodynamic
diameter of iron oxide nanoparticles. The larger-sized dextran-coated SPIO (80–150 nm)
can nevertheless initiate their macrophage endocytosis by interacting with the SR-A [59].
The macrophage uptake of dextran-coated USPIO (20–40 nm) occurs primarily through
a pinocytosis mechanism and leads to a weaker internalization of nanoparticles than with
dextran-coated SPIO [59, 61]. However, it has been demonstrated that citrate-coated very
small superparamagnetic iron oxide nanoparticles with a hydrodynamic diameter of 8 nm
(VSOP-C125) were efficiently taken up by macrophages through a mechanism involving
actin, which is the cytoskeleton component determinant for phagocytosis. This result sug-
gests that the pronounced negative surface charge of the nanoparticles could help their
macrophage endocytosis by allowing an interaction with a receptor initiating phagocytosis.
Another important point in this context is that the clustering of the nanoparticles, leading
to the formation of larger-sized particulate aggregates, can also result in different uptake
stimuli for macrophages (i.e., phagocytosis rather than pinocytosis) [61]. Particles can also
bind to nonspecific scavenger receptors after adsorption to their surface of proteins from
the heat-inactivated fetal bovine serum supplement added in culture medium [62].

In fresh plasma, MION have been covered by vitronectin, by fibronectin, and by frag-
ments of the complement fraction C3 (C3b and its fragment C3dg) bound to IgG heavy or
light chain [18]. This opsonization induced the recognition of MION by specific receptors
on the macrophages (Fig. 14.6b) [63]. Indeed, IgG heavy chain-complexed dimeric forms
of C3b and C3dg are ligands for the complement receptors CR1 and CR2, respectively [64].
The vitronectin receptor and the �2 integrins, such as the complement receptors CR3 and
CR4, usually bind the opsonin iC3b (fragment of C3b). They can also mediate the nonop-
sonic recognition of phagocytic targets [60, 63]. Iron oxide nanoparticles have been targeted
to a �2 integrin for the in vitro magnetic labeling of dendritic cells before their reimplanta-
tion and in vivo MRI monitoring. By conjugation to an antibody, iron oxide nanoparticles
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have been targeted to CD11c, the alpha subunit of the �2 integrin CR4 (CD11c/CD18),
and allowed to obtain an efficient intracellular labeling in vitro through receptor-mediated
endocytosis [64]. Gd-based contrast agents (Gd-DTPA) have been linked to long fatty acid
chains in order to form 0.5–1-�m insoluble particles. These foreign particles were captured
by dendritic cells in vitro through phagocytosis and intracellular lipases cleaved the long
aliphatic side chains, restoring the solubility of Gd-DTPA and consequently its contrast
agent activity inside the cells [65].

14.5 TOXICITY

From the toxicity point of view, iron oxides are generally well tolerated by cells. No signif-
icant short-term toxicity of iron oxide nanoparticles has been reported [3, 26, 33, 37, 42].
Several studies have shown that the endosomal incorporation of iron oxide nanoparticles
did not affect cell viability or proliferation, but it was found that Feridex R© complexed
to poly-l-lysine had an effect on the human mesenchymal stem cells’ differentiation into
chondrocytes [66]. Furthermore, the same complex significantly affected the viability of
marrow stromal cells as compared to unlabeled control cells when incubations were done
for long periods (24 or 72 h) with relatively high concentrations (100 and 250 �g Fe/mL).
On the contrary, a labeling with Feridex R©–poly-l-lysine complexes at 25 �g Fe/mL did
not induce any significant mortality of mesenchymal stem cells, even after a 72-h incuba-
tion period, and long-term toxicity studies performed after a 16–18-h incubation period of
mesenchymal stem cells with the same amount of complex did not show any significant cell
death as compared to unlabeled control cells until 15 days postlabeling [67]. The metabolic
fate of internalized iron has not been well determined in current studies. It is assumed that
iron atoms are integrated in the normal iron turnover inside the cell [3]. Nonetheless, incu-
bation with iron oxide at high concentrations (1 mgFe/mL for 24 h) has been found to cause
the generation of free radicals, a decrease in proliferation, and cell death [43]. VSOP were
massively taken up by macrophages and were reported to induce a transient oxidative stress
in these cells [68]. Human neural precursor cells that were labeled for 72 h with Sinerem R©

(800 �gFe/mL) did not show any loss of short-term viability. However, a decrease in their
subsequent survival and a reduction in their neurosphere-forming capacity were observed
when cells were dissociated and plated in culture under standard growth conditions after
incubation with the USPIO (more than 80% of cell death at the first subculturing passage
postlabeling). This phenomenon was avoided with lower incubation concentrations (e.g.,
400 �gFe/mL) and shorter incubation times (e.g., 48 h). Poly-l-lysine has been found to
improve the labeling efficiency of both Sinerem R© and Endorem R©without impairing cell
survival, even surprisingly increasing the short-term survival of the human neural precur-
sor cells at high iron incubation doses (100 �gFe/mL for Endorem R©, and 200 and 400
�gFe/mL for Sinerem R©) [69]. Higher Sinerem R© incubation concentrations (up to 22 mg
Fe/mL) and a shorter incubation time (12 h) have been used to perform a cationic liposome
(Metafectene R©)-helped labeling of D3 embryonic stem cells [70]. Toxicity was mainly in-
duced by the transfection agent (50% of immediate cell death at 25 �L Metafectene R©/mL).
A small influence of Sinerem R© alone on cell proliferation was only observed at the highest
iron incubation concentration. In the same study, comparisons between different cell lines
(D3 embryonic stem cells, C17.2 neuronal progenitor cells, and dendritic cells) were also
performed: just as the uptake of a given superparamagnetic cell tag is cell line specific, the
tolerance to the transfection agent was also observed to be dependent on the cell type [70].
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14.6 APPLICATIONS OF CELLULAR MAGNETIC LABELING WITH
UNMODIFIED OR UNSPECIFICALLY CELL-TARGETED MRI
CONTRAST AGENTS

The main application of cellular magnetic labeling is the in vivo tracking of cells by
the noninvasive MRI technique, principally in the context of cell therapies. This method
provides the possibility to visualize the migration of cells such as lymphocytes during the
immune response. It also allows for the monitoring of the in vivo fate and behavior of
cells (e.g., stem or progenitor cells) transfused in a diseased living organism, or directly
transplanted in a damaged organ. Cellular imaging of phagocytes infiltrated in inflammatory
areas has also been reported, as well as the magnetic labeling of tumors. In many studies,
iron oxide nanoparticles have been chosen for cell labeling in vitro or in vivo and have been
effective as magnetic tags to follow the cells in vivo by MRI [3].

14.6.1 MRI Monitoring of Cells Transplanted or Transfused In Vivo After
In Vitro Magnetic Labeling

The in vivo distribution of magnetically labeled cells from the hematopoietic lineage has
been studied by MRI. Hybridomas (a fusion between B lymphocytes and myeloma cells)
internalized anionic nanoparticles in vitro and were intraperitoneally injected in the mouse.
MRI suggested a homing of the labeled cells in the spleen 24 h postinjection. These cells
were also found to proliferate in the spleen [71]. Magnetically labeled human hematopoietic
progenitor cells were intravenously injected in athymic mice. MRI monitoring showed sig-
nal attenuations in spleen, liver, and bone marrow. Histology confirmed the homing of the
labeled cells in these recipient organs [72]. Tat peptide-derivatized iron oxide nanoparticles
have also been applied to image cell trafficking in vivo after intravenous injection of CD34+

cells into immunodeficient mice. These cells, prelabeled with superparamagnetic–Tat pep-
tide conjugates, were detected in the bone marrow by MRI [50]. The MRI tracking of
prelabeled lymphocytes (T cells) has also been performed in the context of the mouse
experimental autoimmune encephalomyelitis (EAE) model, allowing researchers to collect
information about the pathogenesis of this dysmyelinating disease [73].

Because of its high relevance for immune cell-based anticancer therapies, the in vivo
trafficking of tumor-targeted lymphocytes has been studied in several models. Iron oxide
nanoparticles conjugated to a large number of Tat peptides were used to label CD8+

cytotoxic T lymphocytes stimulated with the ovalbumin-derived immunogenic peptide.
Ovalbumin-transfected B16 melanoma cells were subcutaneously implanted in mice and
intraperitoneally injected with the labeled cells. The tumoral recruitment of these cells
was visualized by MRI and confirmed by histological analysis [74]. In a similar type
of animal model, ovalbumin-specific splenocytes, labeled with iron oxide nanoparticles,
were injected into mice with ovalbumin-expressing tumors. MRI results suggested that
cells went first to the spleen (homing, 24 h postinjection) before being recruited by the
tumor (48–72 h postinjection) [75]. The in vivo MRI monitoring of the accumulation
of immune cells in tumors was also reported in a study performed with human natural
killer cells directed against HER2/neu receptors, expressed by mammary tumors. Cells
were magnetically labeled with iron oxide nanoparticles and intravenously injected into
mice bearing HER2/neu-positive mammary tumors. The tumoral signal decay in MRI,
confirmed by histology results, demonstrated the presence of the labeled natural killer
cells in the tumors [76]. These different reports have shown the usefulness of MRI as
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a noninvasive method for the monitoring of cell-based immunotherapies. Furthermore, a
human approach to therapeutic cell tracking appeared as clinically safe. Dendritic cells,
which can play the role of an antitumor cellular vaccine since they are antigen-presenting
cells, were SPIO-labeled and detected by MRI after injection in the lymph nodes of patients
suffering from melanoma. MRI showed how accurate the nodal delivery was of the iron
oxide-loaded autologous dendritic cells [77].

Many attempts of stem cell transplantation have been performed with the aim of repair-
ing central nervous system (brain or spinal cord) disorders, and promoting anatomical and
functional recovery. The magnetic prelabeling of these cells allows visualization of their
presence and their migration by MRI. In order to provide a strategy of cell therapy to re-
verse dysmyelinating diseases, stem cell-derived oligodendrocyte progenitors (CG-4) were
magnetically labeled and were observed to migrate after transplantation in the spinal cord
of 7-day-old myelin deficient rats. Furthermore, histological analysis identified iron-loaded
cells as oligodendrocytes, and detected newly formed myelin in areas corresponding to the
localization of labeled cells on MR images [6]. Oligodendroglial progenitors derived from
neural stem cells were also magnetically labeled in vitro and transplanted intraventricularly
in the brain of neonatal rats for a successful in vivo MRI tracking [37]. The possibility
to repair spinal cord injuries has been investigated also by studying the migration and
behavior of transplanted labeled stem cells. Marrow stromal cells (multipotent progenitor
cells extracted from bone marrow) were labeled with SPIO (Endorem R©) and intravenously
injected into rats 1 week after induction of a spinal cord injury. It was observed that the
paraplegic rats showed good scores of recovery from the locomotor and the hind limb
sensitivity points of view during the 5 weeks following marrow stromal cell injection. Hy-
pointense areas observed in ex vivo MRI suggested a migration of the SPIO-labeled cells
to the lesion site, and histology confirmed the presence of iron-loaded cells in the lesion.
Furthermore, a reduction of the lesion size was noticed in marrow stromal cell-injected
animals, suggesting tissue regeneration due to these cells. As the regeneration of axons can
be affected by the formation of scar tissue in the injured region, biocompatible macroporous
hydrogels (pore size: 10–50 �m) have been used to anatomically replace a removed part
of the spinal cord and prevent scarring. A block of hydrogel seeded with SPIO-labeled
marrow stromal cells was inserted in the place of the right half of a spinal cord segment and
was visible by MRI. Hydrogels create an environment where intrinsic growth factors can
diffuse and promote marrow stromal cell migration. Indeed, 6 weeks after implantation, the
hydrogel was adherent to the spinal segments and neurofilaments were stained inside by
immunohistochemistry, demonstrating the growth of axons into the hydrogel [28]. Another
central nervous system injury requiring a replacement of lost cells is cerebral stroke. In
the context of brain lesions, the fate (migration and differentiation) of in vivo implanted
stem cells, after magnetic labeling in culture, has been monitored by the noninvasive MRI
technique. The behavior of marrow stromal cells, embryonic stem cells (ESCs), and CD34+

hematopoietic progenitor cells in the injured brain has been studied using a model of corti-
cal photochemical lesion. On T2-weighted MR images, SPIO-labeled marrow stromal cells
were visible as a hypointense signal at the level of their implantation site, in the hemisphere
contralateral to the lesion. A signal darkening was noticed within 1 and 3 weeks in the
damaged cortical tissue, around the necrotic part of the lesion, suggesting a migration of
labeled cells. Immunohistochemistry revealed that a small proportion (less than 3%) of the
large population of iron-loaded cells present in the lesion expressed the neuronal marker
NeuN. Intravenously injected SPIO-labeled marrow stromal cells infiltrated the damaged
hemisphere at the border of the lesion. The presence of labeled cells was visible by MRI
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and confirmed by histology [26, 28]. The same type of experiment was performed with
ESCs. However, to avoid the risk of forming embryonic tumors once grafted in vivo, ESCs
were differentiated into neural stem cells before implantation. These ESCs were SPIO-
labeled and intravenously or intracerebrally (contralateral to the lesion) injected into rats
1 week after the induction of a photochemical cortical lesion. In both cases, MRI revealed
a hypointense signal in the lesion 1–2 weeks after injection or implantation. As ESCs were
modified to express a fluorescent marker (green fluorescent protein, GFP), fluorescence
microscopy performed on histological slices confirmed the presence of labeled cells in this
injured site. MRI and histology results also suggested that intracerebrally implanted cells
were migrating across the corpus callosum to reach the lesion. Iron-loaded ESCs found
in the injured region after intravenous injection were observed to achieve a final differ-
entiation and were identified as mostly astrocytes (70%), but also oligodendrocytes (1%)
and neurons (5%) [27, 28]. Under the same experimental conditions, magnetically labeled
human CD34+ cells were observed to reach the lesioned target 24 h after contralateral
implantation [28]. In other studies, ESCs magnetically labeled with USPIO (Sinerem R©)
combined to lipofection agent have been implanted in the brain of rats suffering from a
focal cerebral ischemia. Two weeks after this induced stroke, labeled cells were implanted
in the contralateral hemisphere and observed by MRI. A line of hypointense signal was
visualized along the corpus callosum 6 days after grafting of the cells, suggesting a migra-
tion of the cells toward the lesion. Indeed, 2 days later, the ischemic hemisphere became
darker, suggesting that labeled cells had moved from the injection site and accumulated
in the damaged area. Once again, other techniques, such as immunocytochemistry, con-
firmed the presence of implanted cells in the areas of MR signal darkening. Furthermore,
changes in the labeled cells’ shape suggested that their differentiation occurred during their
migration. Neuron-like cells were observed in the ischemic area [42]. This phenomenon
of transplanted stem cells attracted by an ischemic site in the brain has also been observed
with neural stem cells labeled using a bimodal contrast agent, the GRID, which allowed
for the detection of cells by MRI and fluorescent microscopy [78]. The migration of iron
oxide-labeled marrow stromal cells and neural progenitor cells toward another type of brain
injury, a gliosarcoma, also has been observed by MRI after the injection of cells in a tail vein
or in a subarachnoid space: the cisterna magna [79]. Stem cell transplantation can also be
important as a therapy for neurodegenerative diseases. GRID-labeled neural stem cells were
intracerebrally transplanted in a rat model of Huntington disease and observed to infiltrate
the damaged hemisphere, migrating from their contralateral transplantation site [3].

Another possibility to track magnetically labeled stem cells in the context of ischemic
injury has been tested in a model of swine myocardial infarction. Mesenchymal stem cells
labeled with fluorescent micrometer-sized particles of iron oxide (MPIO) were percuta-
neously injected into the intact or infarcted myocardium. Signal darkening was detected
in the beating normal or infarcted heart using cardiac MRI (fast gradient echo (FGE)
or steady-state free precession (SSFP)) until 3 weeks after the cells’ implantation (con-
firmed ex vivo by MRI and histology). Fluorescence microscopy performed on histological
slices showed that implanted mesenchymal stem cells were elongated and aligned with
the host myocardium, suggesting their in vivo differentiation [80]. Using a similar model,
SPIO-labeled mesenchymal stem cells were injected in the infarct and could be visualized
by in vivo MRI until 1 week postimplantation. However, MRI also suggested that the size
of the lesion increased and that the negative contrast decreased. Possible explanations for
the loss of contrast were division of mesenchymal stem cells inducing a SPIO dilution,
a migration of labeled cells, or eventually both [81]. In the same myocardial infarction
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model, SPIO-labeled myogenic precursor cells were injected in the infarcted area of pig’s
heart. The necrotic region was identified in the left ventricle through endoventricular elec-
tromechanical mapping, as the part of the myocardium with the most reduced electrical and
mechanical activity. Implantation sites of labeled myogenic precursor cells were detected
in vivo by cardiac MRI and ex vivo by iron staining on histological slices [82]. Other
experiments have been performed in rats or mice. Rat smooth muscle cells labeled with
dimercaptosuccinic acid-coated particles (anionic particles) were implanted in rat hearts
with ischemic injury. MR imaging of implantation sites was performed ex vivo on the
heart excised from 2 to 48 h after grafting of cells. An anatomical correlation between
the hypointense signal in myocardium (in T2- or T2*-weighted MRI) and the labeled cells
detected in histology or immunohistochemistry was observed [83]. SPIO-labeled ESCs
have also been visualized in vivo by T2-weighted MRI of the left ventricle of the intact rat
heart [84]. Magnetically labeled cardiac progenitor cells have been transplanted into the
healthy or injured myocardium of mice. High-resolution MRI allowed the precise determi-
nation of the location of labeled cells in the mouse’s heart. It was observed that a cardiac
ischemic lesion appeared as a hyposignal area, similarly sized on both T2*-weighted and
proton density-weighted MR images. However, after transplantation of iron oxide-loaded
cardiac progenitor cells to the infarcted mouse myocardium, the signal attenuation area
noticed on proton density MR images reflected only the lesion size, while it was larger
on T2*-weighted MR images because of the higher detection sensitivity of magnetically
labeled cells allowed by the latter parameter weighting [85].

In order to target other potentially damaged organs with stem cells, the fate of SPIO-
labeled mesenchymal stem cells injected into the portal veins of rats treated with carbon
tetrachloride to induce centrolobular liver necrosis, as well as into the renal arteries of
healthy rats, has been studied by MRI and correlated to the histological observation of the
iron-loaded cells’ distribution in the liver or kidney [86]. However, further experiments have
shown that SPIO-labeled mesenchymal stem cells systemically injected (i.e., intravenously
and not through the feeding artery) in rats with kidney mesangiolysis homed to the injured
kidney but were below the in vivo MRI detection threshold. Only ex vivo images of the kid-
neys showed areas of lower intensity that were correlated to iron staining by histology [87].

Type 1 diabetes mellitus has been treated experimentally with another kind of cell
therapy. Instead of stem cells, pancreatic islets containing �-cells (producing insulin) were
transplanted into the liver of diabetic rats through injection in the portal vein. The pancreatic
islets were magnetically labeled with SPIO (Resovist R©) and their hepatic location was
visualized by MRI. The labeled pancreatic islets, situated in the liver sinusoids, were
observed as hypointense areas homogeneously distributed in the liver. Furthermore, a
normal glycemia was restored in previously diabetic rats 1 week after transplantation of
the islets [88].

14.6.2 MRI Monitoring of Cells After Magnetic Labeling In Vivo

Visualizing cells in vivo by MRI without any in vitro magnetic prelabeling requires a
sufficient cellular uptake of the MRI contrast agent provided by the blood circulation after
intravenous administration.

Inflammation Hepatic MRI using iron oxides is based on the capture of nanoparticles
by the resident macrophages of the liver: the Kupffer cells. As inflammatory diseases are as-
sociated with monocyte/macrophage activity, this macrophage targeting approach has been
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further developed to visualize inflammatory lesions in the body. Thus following intravenous
injection of iron oxide nanoparticles, inflammatory foci can be visualized by MRI. This
has been achieved in experimental models of brain inflammatory diseases. After adminis-
tration of USPIO (Sinerem R©) at a concentration of 300 �mol Fe/kg, macrophage activity
was imaged in rats with experimental autoimmune encephalomyelitis (EAE), thanks to
the capture of the nanoparticles by peripheral macrophages (blood monocytes or lymph
node macrophages) subsequently invading the inflamed brain. However, the injected iron
dose was about seven times higher than the appropriate dose for human use (45 �mol
Fe/kg (2.6 mg/kg)). This was explained by the fact that a high iron dose is necessary to
saturate the uptake capability of liver, spleen, or bone marrow macrophages. Furthermore,
at the normal dose, the blood half-life of Sinerem R© in rats is only 2 h, while it is 20–24 h
in humans [89]. In rat models of cerebral stroke, infiltration of macrophages in ischemic
lesions has also been visualized by MRI following USPIO uptake. The localization of these
hypointense areas on T2-weighted MR images was correlated to the histological detection
of iron and to the immunohistological labeling of macrophages postmortem [90, 91]. In
this context of brain damages associated with inflammatory events, macrophage activity
has been studied by MRI after USPIO infusion also in human patients suffering from stroke
[92]. In vivo cellular MR imaging of USPIO-labeled macrophages has found successful
applications in other animal models of disease, such as in kidney injuries (nephropathies)
induced by a nephrotoxic drug (puromycin aminonucleoside) or in organ graft rejection
(e.g., after renal allograft transplantation without any immunosuppressive drug) [3, 93, 94].
The accumulation of long-circulating USPIO in monocytes and macrophages recruited to
atherosclerotic plaques has been demonstrated also in hyperlipidemic rabbits [95, 96]. Fur-
thermore, USPIO-enhanced MRI has also been used for in vivo detection of macrophages
in human plaques. The strongest signal decreases, due to iron-loaded macrophage accumu-
lation, were observed in ruptured and rupture-prone human atherosclerotic lesions rather
than in stable lesions, allowing for a differentiation between low-risk and high-risk plaques
on MR images [3, 97]. MPIO also have been intravenously injected into rats with the aim
of labeling macrophage infiltrates in the rejection site of cardiac graft, allowing for the
noninvasive monitoring of organ transplant rejection by MRI [98].

Tumors The in vivo tumoral accumulation of iron oxide nanoparticles has been investi-
gated given the great interest of detecting tumors by MRI. In a rat model of intracerebrally
implanted glioma, MION were intravenously injected (10 mg Fe/kg) and induced a signal
increase of the tumor on T1-weighted MR images and a signal decrease on T2-weighted MR
images, particularly at the tumoral periphery, 24 h after injection. Microscopic and histo-
logical examinations showed that the nanoparticles were intracellularly and extracellularly
distributed in the tumor, with a higher level of accumulation in the periphery. Indeed, the
highest microvascular density of a tumor is found in this area, which is consequently a re-
gion of preferential extravasation. Tumor-associated macrophages and vascular endothelial
cells were observed to take up the nanoparticles, but the majority of nanoparticle-containing
cells were tumor cells. Furthermore, the cellular uptake of the nanoparticles seems to be
directly related to the tumor growth—in other words, directly related to the cellular cycle
[19]. The same type of MION distribution in the tumor cells adjacent to the hyperpermeable
tumor–brain interface has been reported in another study [99]. USPIO were injected intra-
venously into rats bearing intracerebral tumors (LX-1 small-cell lung carcinoma) and did not
show the same distribution pattern as MION. Within 24 h postinjection, T1-weighted MR
images showed an enhancement of the signal at the periphery of the tumor, surrounding a
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brighter region corresponding to a necrotic core. Histological analysis allowed for the detec-
tion of iron in and around necrotic areas, and at the tumor margin, but only in macrophages,
reactive astrocytes, or gliosis (scar made of a dense fibrous network of neuroglia). Regard-
ing LX-1 small-cell lung carcinoma, other tumor types exhibited a weaker T1-enhancement
pattern with USPIO and consequently showed a sparser iron staining in histology, but con-
firmed the distribution of the nanoparticles in cells infiltrated at the brain–tumor interface
and in areas of necrosis. It was noticed that bigger nanoparticles (SPIO, Feridex R©), rapidly
captured by spleen or liver macrophages, were ineffective for imaging brain tumors [100].
MION and USPIO are long-circulating iron oxide nanoparticles, able to passively target
tumors by extravasation through the leaky tumoral capillaries. This interstitial accumula-
tion of USPIO has also been suggested by a tumoral signal enhancement in T1-weighted
MRI, 12 h after intravenous injection of the nanoparticles in mice bearing nonnecrotic
subcutaneously implanted tumors (human prostatic adenocarcinoma). However, a signal
decrease of the tumor was generated in T2-weighted MRI by dimercaptosuccinic acid-
coated anionic iron oxide nanoparticles, 24 h postinjection. It suggested an intracellular
tumoral distribution of these nanoparticles [101]. Magnetic labeling of tumors has also
been achieved by magnetically targeting liposomes loaded with iron oxide nanoparticles to
human prostatic adenocarcinoma implanted in mice. A preferential accumulation of these
polyethylene glycol-coated long-circulating magnetoliposomes (200 nm in diameter) was
induced by placing a magnet on the skin above the tumor during the circulation of the
intravenously injected magnetoliposomes. MRI showed a strong signal darkening of the
tumor exposed for 24 h to the magnet, compared to nonexposed tumors. It was observed
that, due to a higher global magnetic moment, the magnetoliposomes could be magnet-
ically driven to a tumor more efficiently than nonencapsulated USPIO. The mechanism
of tumoral accumulation of magnetoliposomes is diffusion to the interstitium, through the
leaky vasculature. Histological analysis revealed the presence of magnetoliposomes mainly
in the most highly vascularized zones: in capillaries, interstitium, and cells (macrophages,
fibroblasts, endothelial cells), but not in tumor cells. Iron was also found in liver and spleen
[102]. Paramagnetic contrast agents have also been used as tumor-specific contrast agents
in vivo. Gd-based metalloporphyrins, such as Gadophrin-2 (Bayer Schering Pharma AG),
can selectively accumulate in tumors because of their high affinity to necrotic tissues. It
has been suggested that their ability to bind plasma albumin is responsible for their slow
extravasation and subsequent accumulation into the necrotic tumor interstitium [103, 104].

14.7 CONCLUSION AND PERSPECTIVES

Iron oxide particles, made of polymer- or monomer-coated iron oxide crystals, are well
known in clinical applications as intravenously injected negative MRI contrast agents. In
vivo, they are sooner (for larger ones) or later (for smaller ones) taken up by cells of the
mononuclear phagocyte system. Iron oxide particles have been presented as an interesting
tool for cellular magnetic labeling because of their greater effect on the MR signal as com-
pared to paramagnetic ions, allowing their MRI detection at relatively low concentrations
(nanomolar) in tissues and thus opening the field of cellular MRI research. The ability
of iron oxide particles to be taken up by phagocytic cells after intravenous injection has
been further exploited to image macrophage-invaded areas in the context of inflamma-
tory pathologies or tumors. MRI monitoring of nonphagocytic cells is often possible by a
magnetic labeling of these cells performed in vitro, prior to their in vivo implantation. In
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other terms, iron oxide particles must be internalized by cultured cells in an optimal way. In
many cases, particles are used unmodified (polymer- or monomer-coated iron oxide crys-
tals) or they can be unspecifically cell-targeted (mixed with DNA transfection reagents,
conjugated to a cell-penetrating peptide), triggering their endocytosis via nonspecific path-
ways. Iron oxide nanoparticles can also be linked to a ligand specific for a certain receptor
at the cell surface, allowing their receptor-mediated uptake. In brief, the magnetic labeling
of cells with MRI contrast agents, in particular, with iron oxide nanoparticles, is receiving
increasing attention since in vivo applications exist in different pathological contexts. Since
they are taken up by phagocytic cells, SPIO (Feridex R© (Endorem R©), Resovist R©) were
originally developed and approved for clinical MRI to increase the lesion-to-liver contrast
in malignancies where Kupffer cells are absent. It is worth mentioning that these SPIO
were recently taken off the market due to lack of sales in that context. Nevertheless, they
were used for cellular magnetic labeling studies in patients, suggesting that a great deal of
future research and development will be driven in the field of cellular magnetic labeling
and cellular MRI [105].
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65. Himmelreich, U.; Aimé, S.; Hyeronymus, T.; Justicia, C.; Uggeri, F.; Zenke, M.; Hoehn, M.
A responsive MRI contrast agent to monitor functional cell status. Neuroimage 2006, 32,
1142–1149.

66. Kostura, L.; Kraitchman, D. L.; Mackay, A. M.; Pittenger, M. F.; Bulte, J. W. Feridex labeling
of mesenchymal stem cells inhibits chondrogenesis but not adipogenesis or osteogenesis. NMR
Biomed. 2004, 17, 513–517.

67. Arbab, A. S.; Bashaw, L. A.; Miller, B. R.; Jordan, E. K.; Bulte, J. W.; Frank, J. A. Intra-
cytoplasmic tagging of cells with ferumoxides and transfection agent for cellular magnetic
resonance imaging after cell transplantation: methods and techniques. Transplantation 2003,
76, 1123–1130.

68. Stroh, A.; Zimmer, C.; Gutzeit, C.; Jackstadt, M.; Marschinke, F.; Jung, T.; Pilgrimm, H.; Grune,
T. Iron oxide particles for molecular magnetic resonance imaging cause transient oxidative stress
in rat macrophages. Free Radic. Biol. Med. 2004, 36, 976–984.

69. Neri, M.; Maderna, C.; Cavazzin, C.; Deidda-Vigoriti, V.; Politi, L. S.; Scotti, G.; Marzola, P.;
Sbarbati, A.; Vescovi, A.L.; Gritti, A. Efficient in vitro labeling of human neural precursor cells
with superparamagnetic iron oxide particles: relevance for in vivo cell tracking. Stem. Cells
2008, 26, 505–516.
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