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Over recent years, the biomedical applications of nanoparticles (NPs) (e.g. cell tracking, biosensing, magnetic resonance
imaging, targeted drug delivery and tissue engineering) have been increasingly developed. Among the various NP
types, superparamagnetic iron oxide NPs (SPIONs) have attracted a considerable amount of attention for early
detection of diseases owing to their specific physicochemical properties and their molecular imaging capability. A
comprehensive review is presented on the recent in vitro and in vivo advances in the development of SPION applications
for molecular imaging, with their possibilities and limitations. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Molecular/cellular imaging has received considerable attention
in the last two decades for its diagnostic and clinical promises
(1–3). Molecular imaging (MI) can allow the noninvasive assess-
ment of biological and biochemical processes in living subjects.
MI involves several biomedical disciplines including imaging
technology, cellular and molecular biology, chemistry, medical
physics, biomathematics and bioinformatics. The main aim of
MI is to study the biochemical processes of disease without
disturbing the integrity of the living subjects. Tracking of the
specific biomolecules in vivo can highlight the main mechanisms
involved in particular diseases. Therefore, the development of
new innovative imaging probes with enhanced sensitivity for
the molecular recognition of the target molecule looks very
promising (4–8). Different kinds of imaging techniques have
emerged for molecular imaging (4), which have their inherent
advantages and disadvantages. There are many modalities
suited to molecular imaging (see TableT1 1 for details). Nuclear
medicine techniques such as positron emission tomography
(PET) or single photon emission computed tomography (SPECT)
are well suited to MI because of their excellent sensitivity.
Receptors can be routinely imaged at nanomolar concentrations
with targeting vectors (e.g. antibodies and small molecules)
tagged with γ-ray or positron emitting nuclei. The fusion of PET
with X-ray computed tomography (CT) allows molecular imaging
information (from PET) to be superimposed on anatomical
information (from CT). Near-infrared optical agents and targeted
ultrasound microbubbles are also being explored.
Among various approaches, magnetic resonance imaging

(MRI) has many advantages as a diagnostic imaging modality. It
is noninvasive, without radiation, and has excellent (submillime-
ter) spatial resolution. Soft tissue contrast is good and MRI readily
yields anatomical information (8). The overriding challenge with
MRI is its relatively low sensitivity (9).
MI depends on the availability of suitable reporter systems that

provide a high sensitivity in order to visualize low (submicromolar)
concentrations of the molecular target expressed by the tissue or

the cell, and a high signal that allows the discrimination of the
target interaction from the nonspecific background. Among the
different imaging modalities, nuclear and optical imaging display
the highest sensitivity, followed by MRI, ultrasound and finally
X-rays (10).

In this review, we will concentrate on MRI. If the optimization
of the T1 shortening effect in new paramagnetic Gd complexes
is an important goal, superparamagnetic iron oxide nanoparti-
cles (SPIONs) have been extensively used in MR molecular imag-
ing investigations (11). These nanoparticles (NPs) provide several
advantages over traditional contrast agents, like relatively low
cytotoxicity, high magnetic signal strength and longer contrast
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enhancement. Therefore, the main focusses of this review are re-
cent advances in the early detection of various diseases using
MRI and SPIONs.

2. SUPERPARAMAGNETIC IRON OXIDE
NANOPARTICLES

There are a number of good reviews covering the different
synthesis approaches for preparation of various SPIONs together
with their diverse biomedical applications (12–16). Here, we will
provide a short overview on the characteristics of SPIONs.
Numerous parameters determine the efficiency of SPIONs,

such as the size of the iron oxide crystals, the nature of the coat-
ing, the hydrodynamic size of the coated NPs, the polydispersity
and the charge. These characteristics have a significant influence
on their colloidal stability, biodistribution, protein corona forma-
tion, cell uptake, opsonization and pharmacokinetics (17–28).
The fine synthesis of SPIONs is a relatively complex process;

the two main challenges are the monodispersity of the magnetic
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Table 1. Imaging modalities employed in molecular imag-
ing and system of detection

Molecular imaging modalities Means of detection

Computed tomography X-rays
Single photon emission computed
tomography

γ-Rays

Positron emission tomography Positrons
Magnetic resonance imaging Radiofrequency waves
Optical imaging Near-infrared light
Ultrasound Ultrasound
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core and the reproducibility of the synthesis. Various processes
have been described to produce SPIONs including classic
synthesis by precipitation, high-temperature reactions, reactions
in steric environments, sol–gel reactions, decomposition of
organometallic precursors and polyol methods (29,30). Each of
these methods has its own pros and cons. For instance, the co-
precipitation method is an easy, scalable approach but produces
SPIONs with a large size distribution (31). In contrast, mono-
dispersed SPIONs can be produced by the thermal decomposition
approach; however, the particles have hydrophobic surfaces and
need additional stages for changing them to hydrophilic (32).
After the synthesis, a magnetic core coating [with magnetite

(Fe3O4) or maghemite (γ-Fe2O3) as the main structure] is required
to prevent agglomeration of the colloidal suspension (33). Many
natural and synthetic polymers have been used as coatings, such
as dextran and carboxymethylated dextran (34–39), alginate (40–
43), starch (44,45), polyethylene glycol (PEG) (46–51), poly(D,L-
lactide-co-glycolide) (52–54) and organosilane (33,55–57). Some
small charged molecules have also been used as coatings: citrate,
aminoacids, hydroxamate and dimercaptosuccinid acid (58–61).
The stable colloidal suspension is, then, fully characterized by

different analytical methods (62–64). The size of the crystals is
measured by techniques such as transmission electron micros-
copy or X-ray diffraction and the hydrodynamic size (the global
size of the particle with the coating) is obtained by photon
correlation spectroscopy. The charge on the surface of the NPs
is given by the ζ -potential obtained from measuring the electro-
phoretic mobility. To characterize MR efficiency, measurements
of magnetization and relaxation rate are performed. Magnetom-
etry confirms the superparamagnetic properties of the particle
and provides information on the specific magnetization and
the mean diameter of the crystals (29,30,65). It is now well
known that the surface of NPs is covered by various proteins
upon their entrance into biological fluids (66). The type and
composition of the associated proteins (so called ‘protein
corona’) at the surface of NPs can define their in vivo responses
(67,68). There are several methods to evaluate the protein co-
rona at the surface of NPs, including liquid chromatography,
mass spectrometry, gel electrophoresis and differential centrifu-
gal sedimentation (69).
The efficiency of a contrast agent is its ability to accelerate the

proton relaxation rate, the relaxivity, which is defined as the
increase in the relaxation rate of the protons of the solvent (water)
induced by 1mmol l�1 of the active ion. In the case of magnetite,
the relaxivity is the relaxation rate enhancement observed for an
aqueous solution containing 1mmol of iron per liter:

Ri obsð Þ ¼ 1
Ti obsð Þ

¼ 1
Ti diað Þ

þ riC; i ¼ 1 or 2 (1)

where Ri(obs) and 1/Ti(obs) are the global relaxation rates of the
aqueous system (s�1), Ti(dia) is the relaxation time of the system
before addition of the contrast agent, C is the concentration of
the paramagnetic center (mmol L�1) and ri is the relaxivity
(s�1mmol�1 L).
The nuclear magnetic relaxation properties of a compound are

ideally obtained by the study of its nuclear magnetic resonance
dispersion profile, which gives the evolution of the relaxivity with
respect to the external magnetic field. The fitting of the nuclear
magnetic resonance dispersion curves according to the relevant
theories gives the mean crystal size, the specific magnetization
and the Néel relaxation time.

SPIONs allow pathological tissues to be distinguished from
healthy tissue. Their preferential accumulation in one type of
tissue decreases the T2 MRI signal to provide enhanced image
contrast. Some NPs targeting cancerous tissues have been
developed. Targeting methods are divided in two categories:
passive targeting based on the physiological differences be-
tween pathological and normal tissues (70); and active targeting
based on ligands grafted onto the NP surface to recognize
specific receptors or markers on diseased tissues (71,72).
However, recent results showed the extensive effect of protein
corona on active targeting (73). More specifically, the protein
corona may cover the targeting ligands and considerably reduce
the targeting yield (74). In addition, protein corona have the
capability to affect the relaxivity and MRI contrast efficiency of
SPIONs (75).

Passive targeting methods are generally based on the en-
hanced permeability and retention (EPR) effect or on the specific
uptake of the particles by healthy tissues of the reticulo-endo-
thelial system (RES), such as the liver and the spleen (76–78).
SPIONs can be used for detecting diseases in tissues rich in mac-
rophages (79,80). Upon intravenous injection, NPs are easily and
rapidly sequestered by macrophages, resulting in hypointensity
on T2-weighted images. Since tumor tissues are devoid of macro-
phages, in comparison with normal tissue, the tumors are visual-
ized with increased intensity (81).

Active targeting uses NPs grafted with targeting ligands to
promote selective binding to receptors on target tissues. The
principal aim of active targeting is the acquisition of information
regarding the molecular profile of cells, which gives a more accu-
rate diagnosis for tailoring therapeutic treatments for individual
patients. This strategy also allows the monitoring of drug effi-
ciency during the treatment. To prepare molecular probes based
on SPIONs, two prerequisites must be fulfilled: (a) RES-evading
properties of the particles; and (b) the preservation of the bioac-
tivity of targeting molecules through coupling reactions. Many
studies have already described the ability of active targeting to
identify biomarkers of cancer (72,82–84), apoptosis (85,86), car-
diovascular disease (87–93), inflammation (94–97), etc.

3. MOLECULAR IMAGING

Nanoparticles are composed of thousands of iron atoms, which pro-
vide a large T2 effect. After coating, chemical grafting is possible via
functional groups. The first strategy used to vectorize NPs was ad-
sorption of antibody (98,99) or protein (100,101) onto the SPIONs’
surface. The problem is the difficulty of controlling the reproducibil-
ity of this noncovalent grafting. Another strategy based on
streptavidin-coated- or biotinylated-SPIONs and streptavidin protein
able to bind biotinylated ligands has also been used (102–105).

Several covalent conjugation strategies involving reactions
with amino, carboxylic, aldehyde or thiol groups have been
developed (106). Glutaraldehyde bioconjugation (107) and
amide formation in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDCI) on carboxylated SPIONs have been described
for peptide (108–110) and protein (111–113) grafting. Another
method is based on an oxidative conjugation process,
which produces aldehydes on a polysaccharidic coating, such as
dextran (114–121). Oxidative processes have also been used by
Sonvico et al. to graft amino PEG-folic acid onto nanoparticles
and by Zhang et al. to obtain pegylated SPIONs coated by folic
acid (122,123).

SPIONS FOR MOLECULAR AND CELLULAR IMAGING
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The vector molecules (e.g. peptides, antibodies, and proteins)
can be covalently linked through a three-step reaction sequence,
as described by Josephson et al. (124). A peptide or protein was
attached to the amino group of cross-linked dextran SPIONs
using different classical heterofunctional linkers, such as
N-succinimidyl 3-(2-pyridyldithio)propionate, named SPDP
(125–130) (disulfide bound formation), succinimidyl iodoacetate
(124,127,131–137) (carbon–thiol formation), activated suberic
acid (138–141) (amide formation), succinic anhydride (142)
(amide formation), EDCI (106,128,142,143) (amide formation),
thionyl chloride (128) (ether formation) or epoxide (128)
(carbon–nitrogen-bound formation). One of the main advan-
tages of utilizing SPDP is that it can be used to determine the
number of reactive amines on the particle: as pyridine-2-thione
is released upon reaction with dithiothreitol, it can be detected
by spectrophotometry and thus quantified. The reaction of
ligands with SPDP functionalized particles also liberates pyri-
dine-2-thione, thus allowing the number of conjugated species
to be determined. This technology has been successfully applied
to develop an NP library that recognizes apoptotic cells thanks to
different synthetic small ligands (106,142) grafted on the NPs.
Other research groups have used dextran NPs cross-linked by
epichlorohydrin and direct substitution by terminal amino
groups of a pharmacophore (97,144,145).

The coupling of biovectors on the particles can be performed
also with 2,3-dimercaptosuccinic acid (DMSA) and SPDP (146).
The particle is coated with DMSA and the vector is linked to SPDP
through a peptide bond. These units are joined by an S–S bridge
between DMSA and SPDP. This technology has been used to graft
antibodies and annexin V to DMSA NPs (59,147–152).

The silane-coupling materials [such as 3-aminopropyltri-
methoxysilane (153) or triethoxysilanepropyl succinic anhy-
dride (154)] are able to covalently bind to iron oxide and then
to form covalent bonds with biological vectors through
organo-functionalities. Magnetite NPs coated with silica have been
used to conjugate folic acid (123,155) and bovine serum albumin
(33,156). After surface modification with an aminosilane coupling
agent, the amino group of the biovector was covalently linked
using glutaraldehyde as a cross-linker. Amine-coated NPs are easily
modified also by ligands containing NHS-modified carboxylic acids
or isothiocyanates. Epoxides and anhydrides also can react easily in
sodium bicarbonate buffer at pH 8.6 (106). Alternatively, vectors
with carboxylic functions can be directly grafted on the silica-
coated particles using EDCI to activate the carboxyl groups.
Carboxylic acid-coated particles require activation prior to conju-
gation. Amine containing ligands are typically conjugated to
carboxylic acid-functionalized particles in the presence of EDCI
and sulfo-NHS to yield the corresponding amide.

Sun et al. (157) have suggested a ‘click chemistry’ process
(azide–alkyne reaction) for vectorization of SPIONs with small
molecules. Thorek et al. evaluated the efficiency of conjugations
between antibodies and SPIONs using click chemistry and
showed a better efficiency of labeling compared with other con-
jugation methods (Q1 157). These reactions have several advan-
tages over the above bio-conjugations: (a) click reaction can
occur under relatively mild conditions in aqueous solutions; (b)
these reactions are also highly specific, occur with high yields
and do not produce undesirable side products; and (c) triazoles
are biocompatible entities. The Cu(I)-catalyzed reaction between
azide and alkyne results in the formation of a stable triazole
linker. SPIONs can be functionalized with azide or alkyne moie-
ties by reaction of carboxylic acid-functionalized particles with

azido propylamine or propargylamine in the presence of activat-
ing reagents, such as EDCI and sulfo-NHS in 2-(N-morpholino)
ethanesulfonic acid buffer at pH 6.0. Conjugation reactions
between the functionalized NPs and ligands occurred in aque-
ous solution at 37 °C for 5–8 h, resulting in >90% conversion.
In several studies, magnetoliposomes were used as a platform

to incorporate antibodies or peptides in the lipidic membrane
(158–164). Nitin et al. (165) developed a PEG-modified phospho-
lipid micelle coating for functionalization of SPIONs. This PEG-
phospholipid coating results in high water solubility, and the
functional groups of modified PEG allow for bioconjugation of
various moieties, including proteins, oligonucleotides, or
peptides. Multifunctional polymeric micelles incorporating NPs
and RGD peptides to target cancer cells have been recently
described (166).
Numerous examples of molecular imaging applications have

been reported in the literature; for more information readers are
encouraged to read these comprehensive reviews (4,167–173).

3.1. Inflammation Imaging

Inflammation occurs owing to a reaction of the body to injury
(174). The noninvasive diagnosis and monitoring of inflamma-
tion processes are very important, since these are involved in nu-
merous pathologies such as infection, ischemia, rheumatoid
arthritis, atherosclerosis, graft rejection and formation of tumor
metastasis (36,174–179). Molecular markers for imaging are
thus needed in diseases where the inflammatory action of
misdirected leukocytes can destroy healthy tissues. Inflammatory
cells, such as macrophages, can be tagged with SPIONs. Macro-
phages are indeed able to take up SPIONs by phagocytosis,
and to subsequently invade tissues through inflammatory pro-
cesses. This has been achieved in a model of central nervous sys-
tem (CNS) inflammation (180,181). Microglial cells can internalize
SPIONs and are detected by in vivo MRI (182,183). However, this
type of cellular MRI requires high doses of SPIONs to saturate the
macrophages located in lymph nodes, liver, spleen or bone
marrow. Importantly, one should note that the predetermined
SPION uptake by macrophages is valid for those SPIONs
that have a major contribution of opsonins in their corona
compositions (22). Labeling of macrophages with SPIONs in
atherosclerotic plaques has also been achieved (184,185).
An alternative approach is to develop specific MR contrast

agents that selectively target receptors involved in the inflam-
matory process (186,187). Cell adhesion molecules (CAM), like
E-selectin, are overexpressed on leukocytes and endothelial cells
during the inflammatory process (188). The natural ligand of
E-selectin is sialyl Lewis X (sLeX), a tetrasaccharide (189). This
carbohydrate structure is linked to certain leukocyte surface pro-
teins by specific glycosylation enzymes (190). MRI of E-selectin
expression in human endothelial cell cultures was assessed with
cross-linked SPIONs functionalized with antihuman E-selectin
antibodies (185). Boutry et al. (191) described a molecular
imaging strategy to target E-selectin with a mimetic of sialyl
Lewis X. This mimetic molecule, reported in the literature (192),
keeps its E-selectin affinity thanks to the conformation of a
2-(α-D-mannopyranosyloxy)-biphenyl structure (193). This mimetic
has previously been coupled with other magnetic reporters, such
as gadolinium complexes, and successfully used to detect inflam-
mation (36,194–196). The specific contrast agent, obtained by
grafting the synthetic mimetic of sLeX on the dextran coating of
SPIONs, was tested in vitro on cultured human umbilical vein
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endothelial cells (HUVECs) stimulated to express inflammatory
adhesion molecules, and in vivo on a mouse model of hepatitis
induced by injection of concanavalin A. In vitro results showed an ex-
tensive retention of specific SPIONs on TNF-α stimulated HUVECs. In
vivo, SPIONs are known to pass through the fenestrae of the liver
and to be captured by Kupffer cells, inducing a loss of signal intensity
on T2-weighted MR images. Unexpectedly, when injected to Con
A-treated mice, SPIONs-g-sLeX induced a significantly lower attenu-
ation of liver signal intensity than SPIONs, suggesting that the
specific contrast media is retained extracellularly by an interaction
with E-selectin overexpressed on the vascular endothelium.
Rademacher et al. used a multimodal molecular approach,

with MRI and EPR to detect inflammation (197,198). The sLeX
mimetic was grafted on SPIONs-PEG to prolong the plasma
circulation time and minimize the nonspecific accumulation of
SPIONs in tissues (198,199). These functionalized particles were
evaluated in an in vivo model of local inflammation in muscle in-
duced by injection of Freund’s complete adjuvant (local stimula-
tion of TNF production). The quantitative detection of iron oxide
particles in the tissues was carried out ex vivo using EPR spectros-
copy and the efficacy of the targeted SPIONs was evaluated
using in vivo EPR spectroscopy and T2-weighted imaging.
Funovics et al. (200) prepared SPIONs grafted with a fluores-

cent Cy 5.5 peptide (CDSDSDITWDQLWDLMK), which allows to
image E-selectin expression in mouse xenograft models of Lewis
lung carcinoma by fluorescence reflectance imaging. Internaliza-
tion by activated HUVEC was rapid and mediated by E-selectin,
indicated by the lack of uptake of NPs bearing similar numbers
of a scrambled peptide. To demonstrate the specificity of
E-selectin targeting in vivo, the authors co-injected peptide-Cy
5.5-SPION and scramble-peptide-Cy3.5-SPION and demonstrated
a high Cy5.5/Cy3.5 fluorescence ratio. They concluded that
peptide-Cy 5.5-SPION is a useful probe for imaging E-selectin
associated with the Lewis lung carcinoma tumor.

3.2. Molecular Tumor Imaging

Many studies have been reported using targeted NPs for in vitro
and in vivo tumor imaging. Antibodies have been grafted owing
to their high specificity (201–203). Human epidermal growth
factor receptor 2 (Her-2/neu receptor) is a well-known tumor
target. Yang et al. (204) conjugated about 8 Her-2/neu antibodies
per poly(amino acid)-coated NPs. The T2-weighted MR images
confirmed that Her-2/neu antibody-conjugated NPs have specific
targeting ability for Her2/neu receptors: a significant difference
was observed between the NP-Ab-treated and untreated cells
overexpressing Her-2. The team of Cheon reported the in vivo
imaging of breast cancer using the SPIONs–herceptin probe.
Herceptin as a specific antibody can target breast cancer cells
overexpressing Her-2/neu (148).
Some studies have reported targeted NPs with single chain

antibodies (scFv) or peptides with small molecular weight.
Compared with intact antibodies, there are many advantages
of using scFv as tumor targeting ligands: (a) relatively small size;
(b) no loss of antigen binding capacity; (c) no immune response
owing to lack of Fc constant domain; and (d) low cost. ScFvEGFR
was conjugated to NPs and the results confirmed that the NPs
specifically bind to EGFR (epidermal growth factor receptor), as
shown by a decrease in MRI signal in the tumor site (Fig.F1 1)
(211,212)Q2 . These specific NPs accumulated selectively within
the pancreatic tumors while nontargeted NPs did not cause
MRI signal changes in tumor. Although an antibody is a good

choice for tumor targeting, the antibody-targeted NPs suffer
from their large hydrodynamic size and diffuse poorly through
biological barriers, and may also lead to easy uptake by RES
(213,214). Small targeting molecules become alternative choices.

The luteinizing hormone releasing hormone (LHRH) (215) is a
decapeptide. More than half of human breast cancers express
binding sites for receptors for LHRH. Leuschner et al. (216)
prepared LHRH NPs that were selectively accumulated in primary
tumor cells and metastatic cells. These NPs can be used for
detecting metastatic breast cancer cells in vivo.

Transferrin (Tf) is another example of a targetable protein,
since some tumors are known to overexpress transferrin recep-
tors (Tfr). Tf-SPIONs have been used for specific labeling and
detection of gliosarcoma (217–219) and breast carcinoma (114).
Synaptotagmin I protein-conjugated iron oxide, specific for an-
ionic phospholipids present in apoptotic cells, has been shown
to provide specific contrast enhancement of apoptotic tumor
cells treated with chemotherapeutics.

The folate receptor (FR) is generally overexpressed in cancerous
tissues. Folatemolecules (folic acid, FA) have been grafted on several
iron oxide NPs coated differently with dextran, PEG, 2-carboxyethyl
phosphoric acid, or 2,2′-(ethylenedioxy)bisethylamine. There are
many advantages of using FA as a targeting ligand: (a) high binding
affinity for its receptor (Kd=10

�10
M); (b) low cost; (c) easy conjuga-

tion with the imaging probes; and (d) lack of immunogenicity
(220). Choi et al. (221) showed the first in vivo study with FA
conjugated to dextran-coated NPs. A specific uptake by tumor cells
was observed by a decrease in the tumor signal intensity of 38%.

Sun et al. showed that FR-positive HeLa cells could uptake
1.410 pg iron per cell after incubation with specific FA-NPs for

Figure 1. Target specificity of ScFvEGFR nanoparticles (NPs) by MRI
using an orthotopic human pancreatic xenograft model; the areas of
the pancreatic tumor are marked with a pink dashed circle. On the right
is the picture of tumor and spleen tissues, sh Q3owing sizes and locations of
two intra-pancreatic tumor lesions (arrows) that correspond to the MRI
tumor images. Reproduced with permission from Yang et al. (211).
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4 h, which was 12-fold higher than the uptake of those cultured
with nontargeted NPs (222). Another study showed that
FA-targeted NPs could selectively accumulate in human
nasopharyngeal epidermoid carcinoma cells both in vitro and
in vivo, as shown by significant MRI signal changes (223).

Peptides that target specific receptors on the tumor cell
surface have also been used. The urokinase plasminogen
activator receptor is expressed in many different human cancers.
The amino-terminal fragment of urokinase plasminogen activa-
tor can bind to the urokinase plasminogen activator receptor
on the cell surface. Yang et al. (211) purified the amino-terminal
fragment peptide and conjugated it to amphiphilic polymer-
coated NPs. These NPs showed selective accumulation at the
tumor mass in a human pancreatic cancer model.

Specific peptides, cholecystokinin-(101) and secretin-linked
(224) particles, have been employed for MR visualization of their
respective pancreatic receptor and may contribute in the diag-
nosis of pancreatic cancer. The identification of peptide vectors
can be performed by phage screening. Phage display is a
technique involving the synthesis of libraries of bacteriophage
by standard recombinant DNA technology, each expressing a
different peptide sequence on its coat. After identification of
the bound phage, it is expanded and sequenced to determine
the targeting peptide sequence. Peptide sequences obtained

with this method are useful in the development of imaging
agents (225).
Angiogenesis is an essential step for the development of tu-

mors. As a marker of angiogenesis, the cell adhesion molecule
integrin αvβ3 locates on the surface of the tumor vessels and
can be directly targeted. Since a specific tripeptide sequence –
that is, arginine–glycine–aspartic acid (RGD) – can specifically
bind to αvβ3, it is often used coupled with SPIONs in detecting
tumors, including breast tumors, malignant melanomas and
squamous cell carcinomas (226). The RGD peptide has a high
binding affinity for the αvβ3 integrin receptor and is well known
as a tumor vessel-targeted ligand. RGD-NPs could target tumor
vessels and resulted in a change in T2 relaxation detected with
a clinical MRI scanner working at 60MHz, and the signal changes
were correlated to the αvβ3 integrin expression level (227). In
another study, Liu et al. (228) showed that RGD-SPIONs can
specifically label αvβ3 integrin and be taken up by HUVECs. An
important decrease in T2 signal intensity was observed at the
periphery of A549 tumor xenografts 30min after RGD-SPIONs
injection. This probe can specifically evaluate the angiogenic
profile of lung cancer. Some mimetics of the RGD peptides
have been synthesized and grafted ontoNPs. The specific nanosys-
tems have shown a good affinity for the αvb3 integrins (229,230).
Xie et al. prepared SPIONs coated with 4-methylcatechol and

Figure 2. (a) Grafting c(RGDyK) peptide to superparamagnetic iron oxide NPs (SPIONs). (b) Cell uptake of c(RGDyK)-MC-SPIONs by U87MG, MCF-7 and
U87MG+ c(RGDyK) block. (c) MRI of the cross section of the U87MG tumors implanted in mice: (A) without SPIONs, (B) with the injection of 300μg of c
(RGDyK)-MC-SPIONs, and (C) with the injection of c(RGDyK)-MC-SPIONs and blocking dose of c(RGDyK); Prussian blue staining of U87MG tumors in the
presence of (D) c(RGDyK)-MC-SPIONs and (E) c(RGDyK)-MC-SPIONs plus blocking dose of c(RGDyK). Reproduced with permission from Xie et al. (231).
Copyright (2008) American Chemical Society.
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grafted the c(RGDyK) peptide via the Mannich reaction with
SPIONs for specific targeting of integrin αvβ3-rich human glioblas-
toma tumor cells (Fig.F2 2) (231). Thanks to the multivalent binding,
these NPs present an increased cellular uptake in comparison with
free RGD peptides. Song et al. used monoclonal antibody
fluorescentmagnetic biotargetingmultifunctional nano-bioprobes
(FMBMNs) to detect and isolate different kinds of tumor cells, such
as leukemia cells or prostate cancer cells (Fig.F3 3) (232).
Aptamers, single-stranded oligonucleotides, can recognize

their targets with high specificity and affinity. Aptamers grafted
on magnetic NPs have been used for numerous applications,
such as magnetic relaxation switches for the detection of
molecular interactions (233) or for magnetic extraction of targeted
cells in a mixture (234,235). Magnetic relaxation switches allows
the detection of molecular interactions with high efficiency and
sensitivity using magnetic relaxation measurements (Q4 235). Yu
et al. (236) synthesized a CG-rich duplex containing prostate-
specific membrane antigen (PSMA) aptamer conjugated with
SPIONs via a hybridization method (Apt-hybr-TCL-SPION) for
prostate cancer-specific theranostic agents. These NPs, loaded
with doxorubicin (Dox) through the intercalation into the CG-rich
duplex containing PSMA aptamer, showed preferential binding
with target prostate cancer cells. The resulting Dox loaded NPs
gave a selective drug-delivery efficacy in the targeted prostate
cancer cells xenograft mouse model. Wang et al. also described
the conjugation of aptamers (A10 RNA) to SPIONs via gel electro-
phoresis (237). Dox was released in a controlled fashion to PSMA ex-
pressing PCa cells. Yigit et al. prepared new adenosine DNA aptamer
functionalized SPIONs (238). The synthesis was performed in two
steps: reaction with SPDP and coupling with thiol-modified DNA.
T2-Weighted MR images allowed the quantitative performance
analysis with different adenosine concentrations. The brightness of

the T2 image increased with the adenosine concentration. Aptamer-
SPIONs also allowed the detection of human α-thrombin protein by
MRI (Fig. F44) (239). The nanosystem was specific to thrombin: a
detectable change in MRI signal was observed at 25nM thrombin
in human serum. No change was observed in control analytes with
streptavidin and bovine serum albumin or with inactive aptamer-
SPIONs. These studies demonstrated that aptamer-SPIONs can be
used as potential theranostics agents.

4. CELLULAR IMAGING

4.1. Liver Disease Imaging

Liver diseases, mainly categorized as hepatic fibrosis, microbial
infections and hepatocellular carcinoma, are a major public
health problem worldwide (240). Hepatic liver fibrosis (which
originates from chronic liver injury caused by chronic alcohol
consumption or viral infection such as hepatitis C or B, or fungal,
bacterial or parasite infections) is the scarring process associated
with excessive accumulation of extracellular matrix proteins
including collagen, proteoglycans and other macromolecules. Ad-
vanced liver fibrosis results in cirrhosis, liver failure and portal hy-
pertension and often requires liver transplantation (241). Chronic
viral hepatitis (hepatitis B or hepatitis C) with or without cirrhosis
most commonly develops into hepatocellular carcinoma (HCC),
which is the third most common cause of cancer death worldwide.

Currently, the standard reference for diagnosing and staging
liver fibrosis is histological examination of tissue obtained from
liver biopsy. However, limitations such as the invasiveness,
complications and sampling variability, as well as high expense,
make it unsuitable for diagnosis and longitudinal monitoring in
the general population (242). Recently, a variety of MR

Figure 3. (A) Schematic drawing of a mAb-coupled fluorescent magnetic biotargeting multifunctional nanobioprobes (FMBMN). Fluorescent magnetic
bifunctional NPs were covalently coupled with avidin. They were then coated with biotinylated goat antimouse IgG (Fc specific) via the biotin–avidin
interaction. Mouse monoclonal antibody (mAb) was then attached to the NPs via the binding to the goat antibody. (B and C) Fluorescent microscopic
images of anti-CD3 mAb-coupled red nano-bioprobes (B) and anti-PSMA mAb-coupled yellow nano-bioprobes (C). Each fluorescent dot came from a
single mAb-coupled FMBMN containing multiple quantum dots. Reproduced with permission from Song et al. (232). Copyright (2011) American
Chemical Society.
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imaging-based techniques have been used as reproducible and
reliable noninvasive diagnostic as well as treatment monitoring
methods in patients with chronic liver disease. Although mor-
phological alterations, such as surface nodularity and widening of
fissures, are visible in conventional MR imaging, fibrosis itself is not
clearly visible in MRI (242). Contrast-enhanced magnetic resonance
imaging has retained a significant role in both treatment and fol-
low-up imaging of different types of liver tissue abnormalities, such
as fibrosis, particularly at cellular level (240). Since its introduction,
SPIO has played a pivotal role especially in hepatic imaging. The
superparamagnetic properties of SPIO cause a local magnetic field
inhomogeneity around the particles and hence shorten the T2 and
T2* relaxation times of the neighboring regions, producing a
decreased signal intensity in T2- and T2*-weighted MR images (243).

Liver cellular imaging using SPIONs is mainly based on passive
imaging, which relies on natural and rapid opsonization followed
by sequestration of SPIONs by Kupffer cells in the liver upon
intravenous injection. Kupffer cells in the liver are specialized
macrophages that form part of the RES in liver. They are involved
in the normal physiology, homeostasis and innate immune re-
sponse of the liver. Since they contribute to the pathogenesis
of several liver disorders, an imaging method that allows
monitoring the activity of Kupffer cells could provide valuable
information in diagnosis of liver status in health and disease.
SPIONs are typically required to have a large hydrodynamic size
and/or a hydrophobic or charged surface to be readily opsonized
by plasma proteins and taken up by RES cells, including Kupffer
cells (244). After intracellular uptake, SPIOs end up in the lyso-
somes and then lose their superparamagnetic properties and
solubilize to become part of the normal iron pool, such as ferritin
or hemoglobin (245). Cellular uptake of SPIOs in healthy liver
tissue results in hypointensity on T2-weighted images of normal
parenchyma (246). On the other hand, the fibrotic areas in the
liver, which have a much reduced number of Kupffer cells,
accumulate less SPIOs. This leads to an enhancement in the con-
trast-to-noise ratio of the lesion with subsequent improvement
of demarcation with increased conspicuousness. In addition to
fibrotic tissue, most primary or metastatic liver tumors are defi-
cient in Kupffer cells and do not exhibit SPION accumulation.

Similar to fibrotic tissue, liver tumors also appear relatively hy-
perintense because the background liver darkens preferentially
(247). A study reported the use of alginate-coated SPIOs with a
hydrodynamic diameter of 193.8 nm to visualize hepatic lesions
in a rodent model. After injection, 80% of the SPIOs accumulated
in the liver, lowering the signal intensity in healthy liver and
revealing previously undetectable HCC in the rats (248). Interest-
ingly, the liver tumors can be detected even in the cirrhotic liver
where SPION uptake has been strongly impaired (249). Neverthe-
less some sorts of hepatic lesions, such as hepatocellular
adenoma, focal nodular hyperplasia, dysplastic nodules and well
differentiated HCC, sustain phagocytic activity and may
demonstrate SPION uptake and become isointense to normal
liver tissue (250). For these patients, an MRI finding may not be
precisely pathognomonic for the disease. Double contrast
imaging using SPIONs and gadolinium-based contrast agents
will enhance the clarity of liver lesions, especially for fibrosis.
Because of the synergistic effect of signal reduction of background
liver tissue by SPIONs and enhancement of the signal of the water
component within fibrotic tissue by gadolinium complexes, the
visibility of liver fibrosis will be maximized (251). There are some
shortcomings when SPIONs are used for cellular imaging of liver
(252): (a) inability to assess lesion vascularity; (b) decrease in signal
intensity of cirrhotic liver with SPIONs limited compared with that
in normal liver; (c) lesion–liver contrast enhancement being
weaker for HCCs arising in cirrhotic liver than for hepatic metasta-
ses occurring in normal liver; and (d) HCCs possibly containing a
number of Kupffer cells, and some well-differentiated HCCs
exhibiting signal decrease after SPION administration.
SPION formulations such as Ferumoxides, EndoremW with

dextran coating and FerucarbotranW with carboxyl dextran
coating were approved specifically for MR imaging of the liver.
These formulations are generally nonspecifically phagocytized
by Kupffer cells or endocytosed by RES in the liver, spleen and
bone marrow after i.v. injection. Cellular labeling and imaging
with these formulations not only show variable engulfment
efficacy, but are also limited to phagocytic cells (252).
Since the evaluation of function of nonphagocytic hepatocytes

has an important role in clinical conditions such as liver

Figure 4. (a) The cross-linked iron oxide (CLIO) NPs (shown as red spheres) were modified with either Thrm-A, a DNA aptamer (shown as blue lines)
that binds to fibrinogen-recognition exosite of thrombin, or Thrm-B, a DNA aptamer (shown as green lines) that binds to the heparin-binding exosite of
thrombin. Addition of thrombin consisting of both fibrinogen (as blue rings) and heparin (as green rings) exosites resulted in aggregation of CLIO NP
assembly, reducing the T2 relaxation time. The DNA sequences are shown at the bottom. The drawing is not to scale. (b) Contrast change in T2-weighted
MR image in 1:1 CLIO–Thrm–A and CLIO–Thrm–B mixture with 0, 10, 25 and 50 nM thrombin (first column), bovine serum albumin (second column) and
streptavidin (third column). Reproduced with permission from Yigit et al. (239). Copyright (2008) American Chemical Society.
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transplantation or hepatitis, imaging liver with hepatocyte-
selective approaches is promising. The selective hepatocellular
internalization of SPIONs and targeting can be controlled by
modification of NP surfaces with various types of targeting moie-
ties such as antibodies, peptides, nucleic acids and carbohydrates.
Since hepatocytes have a high density of asialoglycoprotein
receptor (ASGP-R) per cell that readily binds to carbohydrates such
as galactose,many SPIONs have beenmodified on the surfacewith
carbohydrates (253). For example, Lee et al. (254) demonstrated
the use of SPIONs coupledwith galactose as a hepatocyte-targeted
MRI and nuclear imaging contrast agent in a mouse model. Using
NHS/EDC chemistry, they coupled lactobionic acid, which has high
affinity for ASGP-R, onto dopamine-modified SPIONs labeled with
99mTc. Within a few minutes after tail vein injection, in vivo
microsingle photon emission computed tomography (SPECT)/CT
images and T2-weighted MR images showed high accumulation
of SPIONs in liver, with 38.43± 6.45% injected dose per gram.
Blocking the ASGP-R with free galactose significantly reduced the
liver uptake of SPIONs, indicating ASGP-R-mediated internalization
of the NPs into hepatocytes. Transmission electron microscopy im-
ages of liver tissues also showed that the lactobionic acid-SPIONs
were localized in hepatocytes. Similarly, Yoo et al. (255) reported
hepatocyte-specific delivery of SPIONs by coating them with
galactose-carrying polymer for liver imaging. In their study, modi-
fied polystyrene bearing β-galactose side chains (PVLA) were used
for coating of SPIONs with an average size of 25 nm. After 1 h post-
injection of the PVLA-coated SPIONs in rat tail vein, the relative
signal enhancement of the T2-weighted MR images was observed
in the liver with a T2 signal drop of 75.4% for PVLA-coated SPIONs
and 36% for a control, pyrrolidone-coated SPIONs, which clearly
indicates the accumulation of NPs in liver. Data obtained from their
in vitro confocal laser scanning microscopy study using fluorescein
isothiocyanate (FITC)-labeled SPIONs also confirmed the presence
of SPIONs inside the cell membrane, uniformly distributed in the cy-
tosol. Despite valuable information provided from MRI enhanced
with SPIONs contras agent, MRI images are limited to macroscopic
information including anatomical data, such as tumor size or
location. However, the acquisition of microscopic information such
as cellular internalization, intracellular trafficking and specific cell
type is not usually easily feasible with MRI enhanced with SPIONs
(256). Therefore, SPIONs have been linked to other imagingmoieties
to bring a multimodal imaging system that can be used to confirm
MR visualization of SPIONs monitoring of therapeutic intervention
efficacy. Zhu et al. (257) reported the synthesis of optically active
core–shell SPIONs containing a fluorescent moiety. Since direct
contact between iron oxide and fluorescent materials may give rise
to fluorescence quenching, SPIONs were first bonded with oleic
acid followed by modification with a hydrophobic alkyl segment
of polymerizable surfactant sodium undecylenate (NaUA) forming
a first and second layer, respectively. Then, styrene and glycerol
methacrylate were added to the particles and subsequently poly-
merized with the active double bond of NaUA to form the primary
seeds of SPIONs/poly(St-co-GMA) possessing a uniform core–shell
structure. Then, the rare earth complexes [Eu(AA)3Phen] were added
to polymerize the remaining styrene and glycerol methacrylate on
the preformed seeds to form the core–shell SPIONs with fluorescent
properties. Consistent with histological evidence using Prussian blue
staining, the appearance of red fluorescence dots confirmed the
accumulation of fluorescent SPIONs in the Kupffer cells in the liver
after intravenous injection through rat tail vein. Although these
particles are mainly phagocytized in liver, the presence of free
epoxy groups on the surface of particles can easily allow further

modification of fluorescent SPIONs to incorporate a hepatocyte
targeting moiety, such as antibodies or carbohydrates, to be able
to visualize hepatocyte cells.

In addition to cancer imaging, SPIONs have been used as agents
for cell death detection, as an early biomarker of the efficacy of
anticancer treatment, and evaluation of tumor progression (258).
Radermacher et al. injected transplantable liver tumor cells
intramuscularly into the right gastrocnemius muscle of mice to in-
duce tumors. As treatment, tumors were irradiated by an X-ray-dose
of 10Gy to induce cell death. Then, pegylated SPIONs were
coupled to apoptosis recognizing moieties (PS-targeted E3
hexapeptide, peptide sequence: TLVSSL) and injected in the mice
at predetermined intervals. The results obtained in vivo demon-
strated the selectivity of peptide grafted SPIONs for radiation-
induced cell death compared with controls (259).

Despite the fact that SPIONs will naturally accumulate in liver,
active targeting of SPIONs to liver macrophages has also been in-
vestigated. Vu-Quang et al. (260) reported on the use of β-glucan
coated SPIONs to target specific receptors, like dectin-1, in
immune cells. Using nonopsonic recognition, the specific
interactions of these SPIONs with immune cells can be used for
the precise detection of metastatic regions deficient in immune
cells. Despite the significant drop in MR signal intensity of
β-glucan-coated SPIONs compared with dextran and PVA-coated
SPIONs in in vitro conditions, β-glucan-coated SPIONs had
delayed uptake by the liver.

Currently, the only curative treatment for a variety of acute
and chronic liver diseases is liver transplantation. Therefore, it
is vital to evaluate hepatocyte integration within the liver
parenchymal plates after intrasplenic and/or intraportal hepato-
cyte injection. Different approaches can be applied in order to
endow cells with sufficient magnetization to be detectable by
MRI. One of the easiest ways is the co-incubation of cells with
SPIONs, where the particles are generally internalized through
either spontaneous endocytosis pathway or phagocytosis. The
uptake of SPIONs by cell can be triggered by linking biological
effectors on SPIONs such as antibodies, transferrin or HIV-Tat
peptide (261).

The presence of SPIONs in cells allows the detection and loca-
tion of transplanted cells in vivo by MRI (262,263). Nevertheless,
robust strategies need to be developed to distinguish single cells
from clusters of cells, or contrast agent that leaked from dead
cells. For example, donor cell death or any leakage of SPIONs
from transplanted hepatocytes can result in particle release
followed by endocytosis by Kupffer cells or host hepatocytes in
the liver, which make it difficult to distinguish the fate of
transplanted cells. Luciani et al. visualized the engraftment of
intraportally injected mature mouse hepatocytes labeled with
anionic SPIONs at 1.5 T. In MRI images, labeled cells were
detectable and were mainly found close to portal tracts and
along liver sinusoids (264).

4.2. Gastrointestinal Tract Imaging

Chronic inflammatory bowel diseases, that is ulcerative colitis
(UC) or Crohn’s disease (CD), and gastric or colorectal cancer
affect many people worldwide. MRI has great advantages in
the diagnosis and monitoring progress of gastrointestinal (GI)
diseases, as well as in the noninvasive evaluation of therapeutic
outcomes (265). Conventional MRI for the study of GI diseases
is usually limited owing to poor luminal contrast resolution.
MRI contrast agents are very important for gastrointestinal MR
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imaging in the diagnosis of ulcerative colitis and stomach and
colorectal cancer, as they overcome this limitation (266). SPIONs
as MRI contrast agents for gastrointestinal imaging are usually
administrated orally. These SPIONs are required to distinguish
bowel from intra-abdominal masses and normal organs in ab-
dominal imaging and allow the luminal surface of the bowel wall
to be evaluated accurately (267). Two factors, namely thickness
and contrast enhancement of the bowel, are normally used as
markers for colitis in MRI studies. There are several preparations
of SPIONs as oral MRI contrast agents, including AMI-121
(Lumirem by Guerbet and Gastromark by Advanced Magnetics)
and OMP (Abdoscan, Nycomed). These SPIONs are coated with
nonbiodegradable and insoluble coatings, such as siloxane and
polystyrene, and suspended in viscosity-increasing agents to
protect them against digestion in the gastrointestinal tract as
well as aggregation (268). In a recent mouse model, D’Arienzo
et al. (269) showed the high sensitivity of AMI-121 for the assess-
ment of UC, which allowed information to be gained about the
colonic luminal surface, as well as the bowel wall in its whole
extension and the perivisceral structures. According to their find-
ings, even using gadolinium complexes as double-contrast
imaging agent did not provide more information than single oral
contrast agents.

UC and CD present uncontrolled inflammation in the small
and/or large intestine, associated with increased presence of
neutrophils, natural killer cells, mast cells and regulatory T cells.
Elevated secretion of inflammatory species, such as tumor necro-
sis factor alpha (TNF-α), interferon-gamma, interleukin (IL)-17 or
matrix metalloproteinase, can induce degradation of the lamina
propria or deeper tissue layers such as submucosa, muscularis
and serosa in intestine (270). In UC and CD, bowels are infiltrated
with inflammatory cells that can take up SPIONs, allowing their
accumulation in the inflamed area. SPION-enhanced MRI is a
diagnostic imaging modality that can differentiate between un-
specific swelling and inflammatory regions in the bowel. Frericks
et al. reported on cell-specific imaging of UC using SHU 555 C
SPIONs. Ninety minutes after intravenous injection of SPIONs
into a mouse, the inflamed colon wall showed a significant sig-
nal-to-noise ratio reduction in T1-, T2- and T2*-weighted images.
Histological evaluations measuring thickening of the bowel wall,
transmural infiltrations and ulcerations were in excellent
agreement with MRI results (271).

The risk of colon cancer is higher for patients with UC and CD.
For these patients, the cumulative exposure to ionizing radiation
during diagnosis, treatment and subsequent monitoring can be
substantial. Therefore MRI imaging can be a much safer alterna-
tive. Development of cell-specific MRI imaging for colon visuali-
zation has a major role in clinical oncology. Jalalian et al. used
SPION-epirubicin for combined colon cancer cell imaging and
therapy. They used 5TR1 aptamer as a high-affinity targeting
ligand for C26 colon carcinoma in mouse. Aptamer–SPION
bioconjugates and free SPIONs as control intravenously injected
to C26 colon carcinoma bearing mice were followed by acquir-
ing a T1 fat suppression MR image of the mice at different times.
While there was no reduction in signal intensity after 1 h post-
injection of free SPIONs, aptamer–SPIONs exhibited remarkable
contrast in the tumor area indicating a large accumulation (272).

When using SPIONs as a colon cellular imaging agent, efficient
internalization and transportation by colon cells into deep layers
of the tissue is a must, especially when SPIONs are orally admin-
istered. These SPIONs need to cross the GI barrier, which is a
complex barrier-exchange system composed of the epithelial

cells lining the digestive tube and the tight junctions that tie
them together (273). Currently, there are few reports on the
evaluation of the uptake and transport of SPIONs by human
colon cells. In one study, Kenzaoui et al. (274) investigated the
surface characteristics of SPIONs that allow or prevent their
uptake and transport across human colon cells. In their study,
they developed a three-dimensional spheroid model system by
growing HT-29 or Caco-2 cells under static conditions, which
resulted in rounded spheres, and then investigated the uptake
of aminoPVA-SPIONs (cationic) and oleic acid-coated SPIONs
(anionic). These SPIONs showed different uptake behavior:
aminoPVA-SPIONs were observed in deep layers of Caco-2 cell
and HT-29 spheroids, while oleic acid-coated SPIONs showed
less penetration ability and could only be found in the first cell
layers of spheroids of Caco-2 cells. However, neither aminoPVA-
coated nor oleic acid-coated SPIONs were transported across
gastrointestinal barriers. Colon barrier models, such as the
CacoReady or the CacoGoblet, indicate that the penetration
ability of SPIONs in tissue does not guarantee their passage
through healthy GI barriers. Since in inflammatory bowel disease
or colon cancer the barrier may represent a dysfunction, SPION
penetration and transportation may be facilitated and provide
an opportunity for imaging of colon disease. Corem-Salkmon
et al. reported SPIONs conjugated with two targeting moieties,
peanut agglutinin and anticarcinoembryonic antigen antibodies
(αCEA), for in vivo colon cancer imaging. These two molecules
specifically bind to antigens that are up-regulated on the various
colorectal cancer cell lines. After conjugation of cyanine
near-infrared fluorescent dye to albumin-modified SPIONs, they
were further covalently conjugated with the αCEA and peanut
agglutinin. The modified SPIONs were then administered
through the anus, using the guidance of mini-colonoscopy, to
athymic nude mice bearing 2-week old lumen-facing LS174T
tumors. After removing and washing the colon, the tumor area
showed a high fluorescence intensity 3–13 times higher than
that of the neighboring nonpathological tissue (275).
SPIONs can be used for diagnosis as well as treatment of

gastric cancers. This cancer traditionally has a poor prognosis,
with 79% of tumors diagnosed at stage IV and 5 year survival
<5% (276). Therefore, detection of gastric cancer at an early
stage is very important. In a recent study, Chen Q5et al. (278)
reported combined gene therapy and imaging of gastric cancer.
They used polyethylene glycol-grafted polyethylenimine–SPIONs
(PEI–PEG–SPION) as a nonviral vector for delivery of small
interfering RNA (siRNA) to silence genes involved in the metasta-
tic ability of gastric cancer cells. Two tumor cells, namely SGC-
7901 cells with high expression of CD44v6 and A375 cells with
no expression for CD44v6, were used. The PEI–PEG–SPIONs
containing siCD44v6 were injected to mice to detect the tumor
targeting ability. Despite the fact that PEI–PEG–SPION could lead
to T2 hypointense signals in liver, in both SGC-7901 and A375
tumor sites, there was no obvious signal drop. Although the
authors related this to a large particle size that promoted their
uptake by liver, insufficient stealth characteristics of the particles
also aided in their rapid removal from circulation before reaching
the cancer site (244).

4.3. Lymph Node Imaging

The lymphatic system is a network of tissues and organs that
consists of lymph nodes, lymph vessels and lymph. Spleen,
thymus, adenoids and tonsils are all part of the lymphatic system
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(277). Diseases and disorders of the lymphatic system include
Hodgkin’s lymphoma, lymphangiosarcoma, lymphangioma and
lymphoma. Nodal diseases, especially metastatic cancers of
lymph nodes, are adverse prognostic factors in many types of
cancers (278). In some forms of cancers, dissemination of cancer-
ous cells usually follows an orderly progression. Since the flow of
lymph has an upwards direction, cancer spread occurs first near
lymph nodes close to the tumor site and then the echelons of
lymph nodes are engaged. Therefore, the development of a non-
invasive, tissue-specific and highly sensitive imaging technique
for assessing lymph node status will greatly help to stage cancer,
plan neoadjuvant therapy and determine patient outcome
(278,279). MR has been considered a particularly attractive
platform for lymph node imaging. Despite the fact that measure-
ment of nodal size by imaging is an accepted method for evalu-
ation of nodal incursion by metastatic cells, the size criterion
overlooks metastasis, especially if micrometastasis is involved
(280,281). An additional criterion, such as morphological change
of nodal glands to a more rounded shape after tumor infiltration,
can also be used as a supporting factor for better diagnosis, but
still cannot reveal microscopic metastasis (282,283). SPIONs that
are RES-targeted MR contrast agents have raised great interest.
Following intravenous or subcutaneous injection, SPIONs are
distributed to the lymph nodes by two distinct pathways: either
by way of the high endothelial nodal venules followed by phago-
cytosis by macrophages, or through transcapillary passage into
the interstitium followed by uptake of the NPs by draining
lymphatic vessels and lymphatic transport to the lymph nodes
via afferent lymphatic channels (283–285). Certain characteristics
of SPIONs, such as size, surface charge and coating, are associ-
ated with preferential trafficking to lymph nodes (286). For
example, while small SPIONs of <50 nm can transmigrate the
capillary wall and end up in lymph nodes, bone marrow, liver,
and spleen, larger SPIONs of around 150 nm can be found only
in liver and spleen (277,283).
Ferumoxtran-10 (Combidex, AMAG Pharmaceuticals Inc.,

Cambridge, MA, USA) is the first and most studied contrast agent
for lymphatic imaging. Macrophages in a healthy lymph node
with normal function take up a large number of these NPs,
leading to shortening of T2 and T2* times and resulting in a
marked decrease in signal intensity and darkening of the lymph
nodes. Lymph nodes with infiltrated malignant tumors are
devoid of macrophages and consequently they lack uptake of
Ferumoxtran-10 and either remain isointense or display a hetero-
geneous signal intensity if only partial or micrometastases are in-
volved (282,287). Similarly, if metastases disturb lymphatic flow,
SPIONs lose accessibility to the nodes, resulting in a hyperin-
tense nodal image in MR. With a similar mechanism to that
described above, SPION-enhanced MR can be used for imaging
and differentiating normal, hypercellular and neoplastic tissues
in other lymphoid tissues such as bone marrow and spleen
(288,289). SPION-enhanced MR has been prospectively used for
lymphatic mapping and sentinel node location, as well as to
evaluate the stage of different types of cancers through
depicting lymph node metastases (290). For example
Harisinghani et al. (291) reported that, for the patients with
prostate cancer in T1, T2 or T3 stage, lymphotropic MR
with superparamagnetic NPs correctly identified all patients with
nodal metastases, and a node-by-node analysis had a signifi-
cantly higher sensitivity than conventional MR. Lymphotropic
MR with SPIONs has been shown to improve nodal detection
and sensitivity, specificity and accuracy in other types of cancer

such as bladder (292), testicular (293), penile (294), esophageal
(295), rectal (296), endometrial and cervical cancers (297).

Lymph nodes house T cells and B cells, which are immune
system cells that originate from bone marrow stem cells. T cells
have been involved in a number of diseases, such as multiple
sclerosis, and therapeutically in cancer immunotherapy.
However, cell-based therapies for cancer are far from being
optimal. Therefore, the ability to visualize T cells by MRI and to
obtain information on molecular mechanisms that mediate the
recruitment of these cells could assist early detection of disease
and improve these therapies (298).

Since the earliest cellular MRI experiment, which was
endocytosic labeling of rat T cells by dextran-coated SPIONs
(AquaMag100 and BMS180549), successful labeling of lympho-
cytes for MR imaging has continued using different strategies
(299,300). As uptake of SPIONs by endocytosis is relatively ineffi-
cient, Hu et al. reported that citrated anionic SPIONs allow a
better labeling of T cells. On T2-weighted MR images, a heteroge-
neous decrease in intensity appeared, indicating tumor
infiltration of these labeled T cells (301). Functionalization of
dextran-coated superparamagnetic iron oxide particles with a
peptide sequence from HIV-1 transactivator protein (Tat) has also
been shown to dramatically enhance T cell labeling in tumor
immunotherapy using a B16-OVA melanoma model. Interest-
ingly, it was shown that the labeled cells showed a heteroge-
neous spatial and temporal recruitment and therefore multiple
administrations are required to provide a more effective therapy
for solid tumors (302). Arbab et al. also reported that dextran-
coated SPIONs (ferumoxides) and protamine sulfate as a cationic
cell transfection agent are efficient for T cell labeling (303).
Another type of immune cell that has been considered for
immune therapy, including cell-based therapy for cancer treat-
ment, is dendritic cells. These cells reside in tissues that are in
contact with the external environment, such as the skin or inner
lining of the nose, and upon activation migrate to the lymph
nodes to interact with T cells and B cells, initiating the adaptive
immune response. De Vries et al. (304) described immune
therapy for patients with melanoma using autologous dendritic
cells (DCs). Immature DCs were labeled with ferumoxide admin-
istered to patients under ultrasound guidance. Mature labeled
DCs kept their phenotype and morphology as their antigen-
presentation function and migration ability did not change. In
addition they were positive for the dendritic cell markers S100.
Eight stage III melanoma patients received an intranodal
injection of a 1:1 mixture of 111In- and SPION-labeled DCs and
were then imaged by both scintigraphy and MR to both quantify
and monitor delivery of the dendritic cells and their subsequent
migration to nearby lymph nodes. In MR images (at 3 T), not only
the injection site but also remote lymph nodes containing
SPION-labeled DCs could be visualized individually. The
localization of SPIONs in nodes was further confirmed by
immunohistopathology assays. Histological evaluations showed
the presence of iron-containing DCs in paracortex and sinuses
of the lymph node, indicating the entry of the injected cells via
their natural route through the afferent lymph vessels. Most of
the labeled cells were collected to T cell areas. The presence of
enlarged T cells around SPION-labeled DCs confirmed T cell
activation, which is a requirement for effective dendritic cell
vaccines. The authors concluded that MRI is significantly better
than scintigraphic imaging for tracking dendritic cells. Another
study confirmed the possibilities of SPION-enhanced MR
imaging for effectively tracking the migration of DCs in vivo
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(305). While the above-mentioned studies have focused on
SPION imaging, Noh et al. reported on the fabrication of a
one-pot antigen system that delivers antigen to DCs and simul-
taneously tracked their in vivo migration after injection. In their
study, PLGA NPs containing bimodal imaging probes, that is,
near-infrared fluorophores indocyanine green (ICG) and SPIONs,
were used. The particles were loaded with ovalbumin (OVA) as
antigen. For in vivo imaging, DCs were cultured first with PLGA–
SPION–OVA–ICG and then treated with TNF-α (50mgml�1) to
enhance DCmigration to the draining lymph nodes. Particles were
injected into the hind leg footpads of mice. Darkened images from
the popliteal lymph node of the right hind leg suggested that DCs
labeled with SPIONs successfully migrated from the injection site
to the adjacent lymph nodes. The induction of OVA-specific CD8
+ T lymphocyte response was further checked by cytotoxicity
against EG7-OVA tumor model cells. The lymphocytes isolated
from mice immunized with DCs treated with PLGA–SPION–OVA–
ICG showed high cytotoxicity against EG7-OVA. In contrast, mice
injected with DCs treated with controls, including soluble OVA,
SPIONs loaded with human albumin serum, or medium, showed
moderate and low cytotoxic T lymphocyte responses (306).

4.4. Central Nervous System Disease Imaging

A CNS disease can affect either the spinal cord or brain. Owing to
the complexity of the CNS, in particular of the brain, and the
complications of cerebrospinal fluid analysis, biopsies and labo-
ratory analyses, and the relative inaccessibility to brain tissue in
living models, imaging remains an important tool for a wide
range of diagnostic purposes including identification of inflam-
matory loci, T staging of tumors, visualization of vascular struc-
tures and anatomical examination (307,308). The small size of
SPIONs, their use as contrast agents and their ability to carry
targeting vectors and drugs across anatomical and physiological
compartments in the CNS open up new methods for targeted
therapy and imaging. TableT2 2 shows a brief description of CNS
diseases and involved pathological mechanisms.

After intravenous administration, the majority of the SPIONs
are rapidly sequestered from the blood circulation by cells of
the RES. On the other hand, some of them are also captured
by circulating phagocytes in the blood, which provides a tool
of choice to monitor the involvement of macrophages in CNS
diseases such as multiple sclerosis, traumatic nerve injury,
cerebral stoke and brain tumors. The common feature of all the
above diseases is the involvement of immune system and
inflammation (311). Multiple sclerosis (MS) is an inflammatory
disease of the CNS characterized by demyelination and axonal
loss. MS lesions show patchy infiltrations of autoreactive T cells
with T helper 1 cells and macrophages. Phagocytic microglia
cells and blood-borne macrophages play central roles in
balancing the immune reaction, in myelin attack and removing
myelin debris (312). The sensitivity of MR imaging for detecting
single cells in brain has been previously demonstrated in the
literature (313). The current MRI contrast agent for MS is a non-
specific Gd complex that allows visualization of the blood–brain
barrier (BBB) leakage, which is the consequence of the inflamma-
tory process, but not inflammation itself (314). In contrast,
transcytosis of SPIONs through the endothelium and uptake by
local resident microglia or infiltration of activated blood
monocytes that have phagocytozed SPIONs allows imaging of
cellular infiltration in MS and enhances the cellular visualizing as-
pects of inflammation (315,316). Amongst these mechanisms,

the transcytosis is less probable as recent studies have shown that
flux of SPIO lacking any targeting moieties on the surface through-
out BBB is very limited under normal conditions (317,318).
In in vivo allergic encephalomyelitis studies, MR enhancement

from Ferumoxtran-10 is different than that from Gd-complexes.
Gd enhancement is associated with BBB leakage, while cellular
infiltration in MS lesions is related to macrophage infiltration
and not to any alternative path to reach the brain parenchyma.
In all of these encephalomyelitis studies, histological examina-
tions corroborated the MRI observation that SPIONs were mainly
localized in macrophages in the CNS parenchyma (319–321).
Accordingly, Bendszus et al. (322) showed that, after peripheral
nerve injury in a rat model associated with macrophage infiltra-
tion, SPIONs were accumulated in degenerating sciatic nerves.
In contrast, after optic nerve crush, which involved microglial
activation but lacked macrophage infiltration, there was no
SPION accumulation. Similar results have been observed in hu-
man studies. Using Ferumoxtran-10 SPIONs (Sinerem, Guerbet
Laboratory, France), Dousset et al. investigated whether
monocyte/macrophage labeled SPIONs infiltrate inflammatory
MS brain lesions. Since SPIONs are too large to cross the BBB
by passive diffusion, crossing of SPIONs was assumed to be
related to SPIONs loaded monocytes, which actively crossed
the BBB (312). Vellinga et al. (323) conducted a comparative ex-
periment between SPIONs and Gd-complexes in 19 MS patients.
In their study, they used SHU555C SPIONs, which are smaller
than Ferumoxtran-10, have a shorter blood half-life and enhance

Table 2. Some central nervous system diseases and their
pathological mechanisms

Disease Pathological mechanisms

Multiple
sclerosis

Severe alteration of blood brain barrier, loss of
tight junctions, degradation of basal lamina,
infiltration of T cells and macrophages,
autoimmune response against myelin, chronic
inflammation, oligodendrocyte cell death, and
axonal damage (308).

Stroke Cerebral ischemia through vascular obstruction
initiated by inflammatory processes in the
endothelial cells of the vessel wall. Drastic
decrease in the supply of oxygen and glucose.
Initiation of an ischemic cascade that involves
necrotic cell death, apoptotic cell death and an
increased infiltration of monocytes and
macrophages (309).

Alzheimer’s
disease

Accumulation of toxic aggregated amyloid
fibrils that induce apoptosis.
Lesions of Alzheimer’s disease are associated
with various inflammatory processes that may
have a secondary role to tissue damage.

Meningitis Inflammation of meninges caused by viruses,
bacteria and microorganisms.

Epilepsy Various causes; however, possible prolonged
stimulation of pro-inflammatory signals, by
seizures or a persistent pro-inflammatory
situation in brain, may contribute to the
establishment of a pathological substrate (310).

Brain
tumors

Gliomas, meningiomas, pituitary adenomas,
nerve sheath tumors.
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uptake by monocyte owing to their negative charge. Among 14
MS patients, 188 SHU555C positive lesions were detected, 144 of
which were Gd negative. On the other hand, there were a total of
59 Gd-positive lesions, 15 of which were SHU555C negative.
Owing to the fact that 77% of SHU555C positive lesions were
found in areas where the BBB was intact and SHU555C particles
were uptaken by monocytes in the bloodstream, the authors
suggested that SPION-enhancement is subject to a different,
probably cell-specific mechanism. Other studies have also shown
that MR imaging with Ferumoxtran-10 exhibits different sizes
and locations of lesions in MS than imaging with gadolinium
complexes. These differences apparently are due to the differ-
ence in size, phagocytic cell specificity and the plasma half-life
of the two agents (324).
Another clinical application of SPION cellular imaging is the

evaluation of inflammation in cerebral ischemia. Ischemic stroke
occurs because of a loss of blood supply to a part of the brain,
initiating an intense local inflammatory response that involves
microglial cell activation as well as infiltration by monocytes
(325). These cells produce a wide spectrum of cytotoxic
substances and may thereby aggravate the ischemic tissue
damage. The main use of SPIONs in stroke management is the
visualization of the affected area, revealing the extent of BBB
breakdown and showing the movement and migration of
immune cells inside brain (326). Rausch et al. (321) studied SPION
enhancement in a permanent middle cerebral artery occlusion
model in rats. Twenty-four hours after intravenous injection of
SPIONs (SineremW, Guerbet, France), T2-weighted MRI revealed
accumulation of activated macrophages in the periphery of the
lesion area. Subsequent in vivo MR studies using a variety of
SPIONs, with a similar approach to Rausch et al. and Corot
et al., have shown delayed onset of monocyte infiltration follow-
ing ischemia in various rodent models (327,328). Histological
results have corroborated this, as it has been shown that
blood-borne macrophages infiltrate the ischemic area with a
minimum delay of 24 h followed by main infiltration between 3
and 6 days (329). Following successful in vivo animal studies,
Saleh et al. pioneered the clinical MRI study of ischemic stroke
in 10 patients using SineremW at 5–7 days after stroke onset.
The cerebral MRI signal was in agreement with the expected
distribution of macrophages and confirmed their infiltration
from the peripheral blood (330). Nevertheless, for several
reasons, there is no consensus yet on whether iron-containing
cells in ischemic areas have originated from circulating mono-
cytes. First, owing to the small size and neutral charge of SPIONs,
their uptake in monocytes is limited. Furthermore, early MR
signal changes are due to transfer through damaged BBB or
passive diffusion of free SPIONs by intravascular trapping rather
than by macrophage infiltration (331). A comparative study after
administration of exogenously SPION-labeled mouse monocytes
and free SPIONs revealed a significant difference between
temporal and spatial distribution of SPIONs in the ischemic area,
demonstrating that SPIONs in brain may not be entirely intro-
duced by monocyte infiltration (332). According to the results
of subsequent studies using different labeling techniques and
a middle cerebral artery occlusion stroke model, it is suggested
that systemically administered SPIONs may be sequestered by
RES cells and migrate to inflammation sites in the brain
(331,333). SPIONs can be alternatively used for noninvasive
in vivo imaging of poststroke recovery of brain after cell-based
therapies (334). Dunning et al. reported on a rodent model of
persistent demyelination to demonstrate remyelination and

CNS axonal regeneration after transplantation of SPION-labeled
Schwann cells and olfactory ensheathing cells into focal areas
of demyelination in adult rat spinal cord that can be identified
by MR imaging. These cells were shown to readily take up
SPIONs by pinocytosis without the need for any other labeling
enhancing agents. SPION-labeled Schwann cells and olfactory
ensheathing cells retained the ability to myelinate after
transplantation into areas of persistent demyelination. In MR
images, the transplant site showed a marked reduction in signal
intensity on T2-weighted images in animals receiving SPION-
labeled cells that was detectable for 2–3mm around the point
of transplantation (335). In a recent study, Marinescu et al.
monitored the therapeutic effect of an anti-inflammatory drug,
minocycline, by SPION-enhanced MR in a stroke model in mice.
Since minocycline inhibited microglia/macrophage activation,
enhanced local phagocytic activity in the nontreated group
was expected. The area of R2 appeared significantly decreased
in minocycline-treated mice; however, owing to the possible
accumulation of SPIONs in noninflammatory tissue and
nonphagocytized SPIONs, there was no significant difference
upon treatment (336).

Another clinical application of SPIONs is in MR imaging of
brain malignancies, which include primary brain tumors that
originate within the brain and brain metastases that are initiated
from primary tumors outside the CNS. Among primary brain
tumors, gliomas are the most common. The tumor’s microenvi-
ronment contains a mixture of heterogeneous cells including
endothelial cells, which support angiogenesis, reactive astro-
cytes and inflammatory cells such as activated or reactive mi-
croglia and macrophages that frequently infiltrate tumors from
the blood stream (337,338). Differential phagocytosis by inflam-
matory cells within and around the tumor vs normal brain tissue
may be exploited to label cells with SPIONs for tumor detection,
delineation of tumor boundaries, and quantification of tumor
volumes (339,340). Zimmer et al. reported on intravenous
injection of SPIONs in rats containing C6 glioma cells. All tumors
became significantly hyperintense relative to brain tissue on T1-
weighted images. Small tumors showed a rather homogeneous
hyperintensity, whereas in larger tumors a pattern of concentric
rings was observed corresponding to the macrophage infiltration
profile (341). In a study comparing ferumoxides to Ferumoxtran-10
in 20 patients with intracranial tumors, Ferumoxtran-10 outperformed
ferumoxides in imaging intracranial tumors. Other groups have
also shown similar findings (342). For example, Fleigie Q6et al.
demonstrated that SPION-labeled microglia can precisely show tu-
mor morphology using in vivo MR (343). In addition to tumor
diagnosis, SPIONs have been used for treatment monitoring in
brain tumors. One of the main ways of suppressing tumor growth
in brain malignancy is blockading neoangiogenic signaling
pathways. As VEGF (vascular endothelial growth factor) overex-
pression in cancer cells has been shown to increase angiogenesis
in brain tumors (344), neutralization of VEGF by the monoclonal
antibody BevacizumabW has been used as an effective measure-
ment for treatment of gliomas (345). Tumor microvasculature
heterogeneity is determined based on the number, diameter and
perfusion of functional blood microvessels. Since antiangiogenic
treatment of tumor may result in alteration of tumor phenotype,
SPION imaging may therefore be an attractive tool for evaluating
tumor response to therapy. Claes et al. compared conventional
T1-weighted Gd-DTPA-enhanced MRI with T2*-weighted SPION-
enhanced MRI in mice carrying orthotopic U87 glioma; the mice
were either treated or not with the antiangiogenic compound
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VandetanibW. Owing to vessel leakage within the tumor and a
relatively high tumor blood volume in untreated animals, both
Gd-DTPA- and SPION-enhanced MRI resulted in good visibility.
However, in groups treated with VandetanibW, the blood–brain
barrier was restored, which resulted in loss of tumor detectability
with Gd-DTPA. On the other hand, in spite of decreased blood
volume to the tumor, SPION-labeled macrophage continued to
infiltrate the tumor, which resulted in its readily detection in
SPION-enhanced MRI (345). Depending on the physicochemical
properties of SPIONs, they can have a long blood circulation time
and can therefore be found in the vascular compartment during
the early vascular equilibrium phase before being phagocytized
by macrophages (283). These SPIONs can be used as a susceptibil-
ity microvascular contrast agent during the vascular equilibrium
phase (early post-SPION injection), to monitor therapy and
determine blood volume (BV) and microvascular morphology.
Hyodo et al. reported on the employment of BV as a marker of
microvascularity for evaluation of the anti-angiogenic effect of
SunitinibW in squamous cell carcinoma tumor using SPIONs.
High-resolution BV images obtained by SPION-enhanced MR
showed about 46% reduction in tumor BV 4days after the start
of treatment with SunitinibW (346).

4.5. Cardiovascular Disease Imaging

Cardiovascular disease is the leading cause of death worldwide.
The causes of cardiovascular disease are diverse, but atheroscle-
rosis and hypertension are the most common. In atherosclerosis,
oxidized low-density lipoprotein particles in blood plasma
invade the endothelium, resulting in its damage and the
initiation of an inflammatory response. Circulating monocytes
are recruited to the lesion-prone site followed by their migration
to the subendothelial space and further activation into mono-
cyte-derived macrophages (347). The presence of macrophages
and the resulting phagocytosis of SPIONs are markers of
unstable atheromatous plaques, which can be exploited to
visualize the lesion prone arterial sites by cellular MR (348,349).
Two theories have been proposed regarding the mechanism
by which SPIONs enter atheromatous plaques. One is that
circulating monocytes are labeled prior to migration to the
lesion. The second is that SPIONs enter the plaques through a
widened endothelial junction and then are engulfed by macro-
phages within the plaques (350).

Passive accumulation of SPIONs in inflamed atheromatous
plaques and decreased focal signal intensity in the aortic wall
has been clearly shown in animal studies (351–354). For exam-
ple, in hypercholesterolemic rabbit models with double-balloon
injury of the infrarenal aorta, Ferumoxtran-10 allowed quantita-
tive MRI assessment of macrophage neointimal infiltration
(355). Macrophage accumulation in inflamed artery has been
applied to humans for inflammation evaluation and monitoring
of stroke risk in patients. Preliminary clinical studies have shown
that administartion of Ferumoxtran-10 can induce signal loss in
carotid or aorta atheromatous plaques (356,357). Another clinical
study confirmed the capture of Ferumoxtran-10 by macrophages
in stenotic carotid plaques (358). The potential of MR cellular
imaging for detection of inflammation in small-diameter vessels,
such as coronary arteries, compared with large vessels may be
limited. In small-diameter vessels it may be difficult to distin-
guish signal loss owing to the SPIONs from the dark vessel lumen
(350). In cellular MR, the extent of SPION uptake is dependent on
particle characteristics such as size, nature, charge, coating and

cell type. For instance, phagocytic cells have been found to
internalize large particles more effectively than small ones,
whereas nonphagocytic T-cells internalize intermediate sized
particles more efficiently than other sizes (359–361).
Nevertheless, SPION uptake and MR enhancement depend on

the type of contrast agent and animal model. For example,
Herborn et al. showed that, despite the larger size of
Ferumoxtran-10 than Ferumoxytol, the lumenal enhancement
over time with Ferumoxytol was the highest at day 3 and
therefore it cleared the blood pool more quickly than
Ferumoxtran-10, which had the highest luminal signal intensity
on day 5 (362). In a recent study, Tsuchiya et al. compared the
uptake by four types of SPIONs, that is, SPIONs, mannan-coated
SPIONs and ultrasmall SPIONs (USPIONs), and mannan-coated
USPIONs, in the rabbit atherosclerotic wall. Histological and
imaging analysis showed that mannan-coated SPIONs and
USPIONs were taken up more readily by the atherosclerotic
rabbit wall than uncoated ones. Iron-positive regions were signif-
icantly larger in the mannan-coated particles, while USPIONs
showed higher macrophage uptake than SPIONs. Since immune
cells, including macrophages and monocyte-derived dendritic
cells, express the mannose receptor, coating SPIONs with
mannan increased their affinity for active atherosclerotic plaques
compared with nonmannan-coated ones (363). The optimum
time course for in vivo macrophage visualization using SPIONs
in symptomatic human carotid disease has been reported to
be between 24 and 36 h after SPIONs (Sinerem) infusion (358).
SPION may be helpful in imaging aneurysma, especially those
at increased risk of growth or rupture. Since abdominal
aortic aneurysms have an underlying inflammatory cause,
SPION-enhanced MR imaging can potentially be effective in the
visualization and assesment of the severity of the aneurysms. In
a study by Truijers et al., of patients with aneurysms,
macrophage infiltration was limited in the aneurysm walls of
one patient having aneurysms with a propensity for rupture or
growth (364). Use of T2 and T2* pulse sequences provides a
quantitative method for assessing SPION uptake by the aortic
wall (365). Another aspect of the application of SPIONs in
cardiovascular disease is imaging inflammatory processes in
myocardial infarction. This is especially important for the nonin-
vasive in vivo assessment of cellular myocardial inflammation
process and healing and regeneration process, and for
evaluation of the potential efficacy of therapeutic interventions.
Alam et al. showed for the first time that Ferumoxytol, (AMAG
Pharmaceuticals, Lexington, MA, USA) can be used for in vivo
labeling of leukocytes in the human infarcted tissue by T2*-
weighted MR. Although they did not perform histology, based
on previous evidence that SPIONs are taken up by macrophages,
they visualized the cellular inflamation process in the patients
with recent myocardial infraction and to a lesser degree in the
peri-infarct and remote myocardium (366). For cardiovascular
imaging, the proper blood half-life of an imaging agent is
extremely relevant, otherwise the residual SPIONs will remain
in the intervascural space causing false positive results. The
blood half-life of Ferumoxytol in humans is around 15 h,
therefore the changes in R2* seen in the remote zone after the
injection of the SPIONs may reflect some contribution from re-
sidual Ferumoxytol (367). In another recent study, Richards
et al. reported the use of ferumoxides with rapid removal from
the blood stream for ex vivo labeling of human monocytes. After
their labeling, their homing to sites of myocardial infarction was
visualized. In this study, the authors showed that, while injected
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cells retained their viability and migratory function, they were
able to migrate to inflammation sites, as confirmed by tuberculin
skin testing. Subsequently, SPION-labeled cells could be clearly
detected with T2*-weighted MRI and R2* maps (368).
In addition to cell myocardial inflammation monitoring,

SPIONs have been used for noninvasive monitoring of inflamma-
tory changes associated with cardiac graft rejection. Kanno et al.
showed the accumulation of dextran-coated SPIONs in rats with
heterotopic heart transplantation, revealing the infiltrating mac-
rophages within the rejecting cardiac graft (369).
The ability of MRI to simultaneously image anatomy, physiol-

ogy and molecular events provides an additional advantage in
the study of cardiovascular diseases. Jaffer et al. (370) published
a good review on molecular imaging strategies in the detection
of clinical atheromata. They described some clinically promising
applications of molecular imaging for high-risk atherosclerosis.
Atherosclerosis, a chronic inflammatory disease of arteries, is
characterized by endothelial activation and accumulation of in-
flammatory cells in the vessel wall. Imaging approaches have
been developed to improve inflammatory lesion detection and
to evaluate new targeted therapies in patients at risk of clinical
events such as myocardial infarction or ischemic stroke.
In vivo molecular imaging in cardiovascular disease has used

monoclonal antibodies or peptides covalently grafted to (a)
magneto-fluorescent NPs for MRI and fluorescent molecular
tomography (371), (b) microbubbles for ultrasound (372,373),
(c) radiolabels with fluorine-18 for hybrid positron emission
tomography–computed tomography (374), or (d) technetium-
99m radiolabels for single positron emission–computed
tomography imaging (375).
McAteer et al. used a microsized approach for MRI of vascular

endothelial inflammatory responses using microparticles of iron
oxide (MPIO) (376,377). Owing to their confinement to the
intravascular compartment, MPIO target specifically endothelial
cell activation and leukocyte adhesion.
Experimental in vivo MRI studies with nano-sized iron oxide

agents in hyperlipidemic rabbits (184,378) and in humans
(175,379) have shown nontargeted SPION accumulation in
macrophage-rich atherosclerotic plaques. In apoE�/�mice,
administered angiotensin II to accelerate vascular inflammation,
SPIONs were localized in macrophage-rich atherosclerotic
plaques (380). SPION accumulation in plaques over several days
owing to macrophage activity was also observed (184). Applica-
tions to atherosclerosis have been reviewed by Mulder et al.
(381) and then recently by McAteer et al. (382). Passive mecha-
nisms were combined with new approaches to inflammation
and the investigation of protease activity using activable MRI
particles in vitro (383).
Cell adhesion molecules such as VCAM-1, ICAM-1, and selectin

are attractive candidates for targeted nanosystems to activate
endothelium in vascular pathology (384). VCAM-1-targeted
cross-linked SPIONs, as diagnostic agents for vascular inflamma-
tion, were first described by Tsourkas et al. (138). Cy5.5-CLIO
agent conjugated to VCAM-1 monoclonal antibodies demon-
strated feasibility of in vivo imaging of VCAM-1 expression in
TNF-α-stimulated mouse ear vasculature.
McAteer et al. (385) used 1μm MPIO targeting to VCAM-1 in

mouse models of cerebral inflammation. MRI detected enhanced
uptake of anti-VCAM-1 Ab-coated MPIO in a mouse model of
acute TNF-induced inflammation in the brain, blocked by pre-
injection with anti-VCAM-1 Ab, validating probe specificity
(385,386). As an alternative to Ab-targeting, several VCAM-1

targeting peptides have been identified by phage display and
coupled to the magneto-optical CLIO particles (141,371).

SPIONs conjugated to a VCAM-1 specific cyclic peptide have
recently been prepared for in vivo detection of vascular
inflammation in early and advanced atherosclerotic plaques at
ultra high-field strength MRI (17.6 T) (387).

In mice, a recent study investigated peptide-linked USPIONs
with affinity for VCAM-1 and apoptosis, as previously identified
by phage display (388). In both cases, these targeted particles
displayed co-localization with the plaque, but each were shown
to report on distinct biological processes.

4.6. Imaging Infection

During an infection caused by pathogens such as bacteria,
phagocytes are activated and migrate to the site of microbial
invasion and cytokines are released consequently, resulting in
the activation of inflammatory cells. In vitro, SPIONs have been
shown to be effective on various bacterial strains through a
variety of mechanisms (389). However, targeting infectious sites
in vivo is a bigger challenge. Most of the SPIONs with a size
around 150 nm are opsonized and consequently phagocytized
by Kupffer cells and the mononuclear phagocyte system of the
spleen. A smaller number of SPIONs, which have a longer blood
circulation time, are finally entrapped by the mononuclear
phagocytic system of the liver and the spleen. The few remaining
particles in the bloodstream may then escape into the extravas-
cular spaces owing to the damage to the endothelium and the
subsequent increase in vessel permeability in the infected area
and may then be engulfed by phagocytes such as macrophages
(390). Gellissen et al. reported the use of PEG-coated Fe3O4 with
a mean size of 26 nm for infection monitoring up to a 60min
time delay after SPION administration. Owing to steric hindrance
of PEG coating, opsonization was inhibited and these SPIONs
had a longer blood circulation time. A model of infection was
created by injecting Staphylococcus aureus into the right
peritibial soft tissue of rats. In their study, the decreased signal
intensity observed in inflamed tissue outside the RES was attrib-
uted to a net effect of perfusion, extravasation and phagocytosis
of SPIONs. Owing to the presence of interstitial iron deposits in
proximity to the abscesses, transcapillary iron oxide transport
was proved (391). In another study, Kaim et al. reported on the
visualization of infection in rats with ferumoxtran, by creating
an abcess via injection of S. aureus suspension into unilateral
deep calf muscle. Animals were imaged at different times to
monitor acute, early chronic and late chronic infection. A signifi-
cant decrease in T2 relative signal intensity was found at 24 h,
reflecting intracellular iron accumulation within macrophages
(392). Lee et al. (393) studied the MR imaging of infectious
arthritis of the knee or soft tissue induced by injection of a
bacterial suspension. They used SPIONs of 62 nm to avoid entrap-
ment in the RES of the liver and spleen. In their study, a signal
intensity on T2-weighted images characteristic of abscesses in soft
tissue was found 4–7 days following SPION injection.

In a recent study, Baraki et al. (394) combined the cell tracking
idea used in leukocyte scintigraphy for infection with the high
anatomical imaging resolution of MRI to detect an acute soft
tissue infection. Since neutrophil granulocytes are the first
phagocytizing cells that infiltrate infectious tissue, Baraki et al.
labeled these cells ex vivo with FeraTrackTM SPIONs and injected
them in rat inoculated with subcutanous S. aureus suspension
into the left parasternal chest area. MR images confirmed that
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granulocytes migrated to the infection site causing signal loss in
acute infections. The sensitivity of this technique, however,
remains limited to acute infection detection, as chronic infection
is associated more with macrophage and lymphocyte rather than
granulocyte recruitment. In a recent study, Hoerr et al. established
a new in vivo imaging platform byMR for tracking bacteria in infec-
tious mouse models to study the biology of infection. In their
approach, Gram-positive and Gram-negative bacteria were labeled
with SPIONs and then injected subcutaneously or systemically to
induce the infection model. MR images allowed bacterial tracking
and showed that injected labeled bacteria in the foot pad migrate
to the popliteal lymph node, resulting in hypointensities in this
area (395). Bierry et al. evaluated macrophage imaging using
SPIONs to differentiate between infectious vertebral osteomyelitis
and aseptic inflamation associated with degenerative interverte-
bral disk endplates in human patients. The authors took advantage
of the difference in macrophage distribution between vertebral
infection and aseptic disk inflammation. Inflammation is usually
associatedwith an acute, neutrophil-dominated response followed
by recruitment of macrophages for cellular debris removal and
induction of repair cascade. The population of macrophages then
decreases and the major cellular infiltrations are fibroblasts and
lymphocytes with macrophages accounting for only 10% of cells.
However, there is a constant recruitment of macrophages in bone
marrow and their attraction to the site of infection owing to the
presence of the infectious agent. Bierry et al. in their SPIO-
enhanced MR study found similar results. On T2 MR images in
the infection group there was a significant loss in abnormal
endplates, while in the degenerative spine group there was no
significant signal loss either on T2 or on T1 MR images (396).

4.7. Arthritis Imaging

Arthritis is a one of the joint diseases that involves inflammation
of one or more joints. The most common form, osteoarthritis, is a
degenerative joint disease, which is a result of trauma, infection,
overuse or age. Osteoarthritis is associated with mild inflamma-
tion as the release of breakdown products from the cartilage into
the synovial space mildly recruits inflammatory cells to facillitate
debries removal. Another form of arthritis is rheumatoid arthritis,
which is a systemic inflamatory disease involving synovial tissues
(397). Dardzinski et al. used mice for SPION-enhanced visualiza-
tion of inflammatory cells in arthrits to potentially assess the
severity of disease and monitor the response to therapy. SPIONs
were injected intravenously or intra-articularly. MR images
showed accumulation of SPIONs in the popliteal lymph nodes
following intravenous injection. However, the intra-articular
injection resulted in signal loss in the joint. Nevertheless, a
significant increase in SPION uptake and a decrease in signal inten-
sity were observed in arthritic, as compared with control, mice
(398). Apparantly owing to the small size of SPIONs, they extrava-
sate across the discontinuous endothelium of microvessels and
are entrapped in lymph nodes. In another study, Simon et al. inves-
tigated the ability of SHU 555 C, Ferumoxtran-10 and Ferumoxytol
to detect and characterize antigen-induced arthritis with MR
imaging. Interestingly, despite differences in size, charge and
coating, all three SPIONs provided a marked and prolonged
positive enhancement on early postcontrast T1-weighted MR im-
ages and a persistent negative enhancement on delayed T2/T2*-
weighted MR images, reflecting the uptake in activated macro-
phages in arthritic knees (399).

4.8. Imaging of Cell Migration and Cell Trafficking

Magnetic NPs represent efficient cell labels for cellular imaging.
They are biodegradable and can be utilized by the cells in iron
metabolism pathways (245,400). A technique has been devel-
oped to make ferumoxide transfection agent complexes to
facilitate cellular uptake by endocytosis (401–404).
SPIONs like ferumoxtran and ferumoxides were combined

with polycationic transfection agents to effectively label cells
(401–408). However, most of the commercially available trans-
fection agents are toxic to the cells at relatively low doses
(233). By mixing together two agents approved by the US Food
and Drug Administration, ferumoxides and protamine sulfate, a
complex is generated that efficiently and effectively labels stem
cells (401,402,409–411).
Cells are labeled with the ferumoxide–protamine sulfate

(FePro) complex via macropinocytosis and can be imaged at clin-
ical MRI fields. The concentration of iron in cells is dependent on
the nuclear cytoplasm ratio, iron concentration, incubation times
and method of endocytosis of the particles (401,404). These
labeled cells have been used in different animal models and
tracked by clinical MRI systems (412–414). One of the advantages
of labeling cells using agents approved by the US Food and Drug
Administration is the possibility of conducting clinical trials with-
out facing major toxicity issues related to contrast and transfec-
tion agents. Owing to the susceptibility effect of SPIONs, labeled
cells can easily be detected by MRI, compared with the cells
labeled with gadolinium or T1-based MRI contrast agents.
Unlabeled stem cells usually contain less that 0.1 pg of iron per
cell, whereas the labeled cells grown in suspension (i.e. hemato-
poietic stem cells, T-cells) contain 1–5 pg iron per cell. Cells that
adhere to a culture dish (i.e. mesenchymal stem cells, human
cervical cancer cells, macrophages) can take up from 5 to >20pg
iron per cell (401,402,412–414).
Different methods were tested to label cells for MRI cellular

probes. Some teams have modified the surface charge of the
NPs by coating them with cationic materials or modified the sur-
face of the coating by attaching membrane penetrable peptides.
Different types of coatings, like dextran or modified cross-linked
dextran, dendrimers, starches or citrate, are usually attached
through electrostatic interactions to the surface of the iron oxide
crystal core (64). NPs are characterized by a positive or negative
ζ -potential that determines the contrast agent’s ability to inter-
act with the cell/plasma membrane.
Dextran-coated NPs, such as ferumoxides, ferucarbotran or

Ferumoxtran-10 (291,415–418) have been used to label cells. The
cationic-coated NPs, carboxypropyl trimethyl ammonium (WSIO)
and citrate (VSOP C184), were described as nanosystems that
could be incorporated into endosomes of macrophages (419).
To facilitate cellular uptake of NPs, Bulte et al. prepared

magnetodendrimers by coating NPs with PAMAM dendrimer (G Q7

= 4.5) (420). The labeled cells were transplanted into the ventri-
cles of neonatal dysmyelinated Long Evans Shaker rats and the
migration of labeled cells into the brain parenchyma could be
observed by MRI up to 42 days after implantation.
SPION–TAT peptide has shown a very good intracellular

magnetic labeling of different target cells such as murine
lymphocytes, human natural killer cells and HeLa cells (421).
The fluorescent TAT peptide has the sequence Gly–Gly–Cys–
Gly–Arg–Lys–Lys–Arg–Arg–Gln–Arg–Arg–Arg–Lys–(FITC)–NH2. The
NPs were cross-linked with N-succinimidyl-3-(2-pyridyldithio)
propionate, and TAT–FITC peptides were attached to the sulfhydryl
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groups of SPIONs through a disulfide exchange reaction. SPION–
TAT-labeled lymphocytes could be visualized in the liver and spleen
in normal mice by MRI (422). CLIO–TAT-labeled T-cells have been
used in adoptive transfer in an autoimmune diabetes mouse model.
The labeled cells have been shown to selectively home to specific
antigens in B16 melanoma in a mouse model (302,423,424).
The monoclonal antibody (OX-26) to the rat transferrin recep-

tor was covalently attached to the SPION surface (MION-46 L)
(425). Rat progenitor oligodendrocytes (CG-4) were successfully
labeled with these NPs and the cells were implanted into the
spinal cords of myelin-deficient rats. Ex vivo MR images obtained
after implantation (10–14 days) showed excellent correlation
between the hypointense regions and blooming artifacts caused
by the presence of labeled cells and the degree of myelination in
the spinal cord detected on immuno-histochemistry. Ahrens
et al. (426) also labeled dendritic cells by biotinylating anti-CD-
11 MoAb in interaction with strepavidin attached to dextran-
coated SPIONs.
MRI tracking of stem cells has largely relied upon their ex vivo

pre-labeling with magnetic NPs that can be internalized by the
cells to generate strong MRI contrast (313,427–429). The ability to
directly label stem cells with magnetic resonance (MR) contrast
agents provides a simple way to accurately monitor cell delivery
and track stem cells noninvasively. A variety of NPs can be con-
structed to obtain MRI contrast (430), and peptide-conjugation ap-
proaches can be performed to label cells with multiple-detection
NPs (magnetic, fluorescent, isotope) (431,432). SPIONs represent
the most widely used contrast agents for the detection of im-
planted cells in vivo because of their contrast effect (433,434).
SPIO-labeled stem cells/progenitor cells might contribute to our
understanding of cell migration processes in the context of
numerous diseases, such as neurological (435) and muscular
diseases (436), myocardial infarction (437–439) and cancer (440).
For example, magnetically labeled mouse embryonic stem

cells injected into the nonischemic side of the brain of a rat with
partial brain ischemia can be tracked during their migration
along the corpus callosum (434). Moreover, SPION-labeled
human neural stem cells can be visualized in mature rodent
brain after their transplantation (435). In this case, MRI demon-
strated the migration capacity of labeled stem cells into the
cortical region of the brain (435). With the information obtained
from cell migration studies, SPION technology might yield
important information about the differentiation process of stem
cells/progenitor cells. SPION-labeled CD34+ progenitor cells
injected into rodents can be isolated by magnetic separation
after in vivo migration to study the differentiation of these cells
exposed to a biological environment (441). A clinical study using
stem cells labeled with SPIONs in patients with neurological
disease has been described (442). This approach can be adapted
to evaluate the therapeutic effects of stem cells in the context of
other diseases, including myocardial infarction. The literature
also reported the use of MRI to monitor the migration of mag-
netically labeled cells in early-phase clinical trials (304).

4.9. Stem Cell Labeling

Stem cells are primitive cells found in many multicellular organ-
isms and are known for their differentiation and self-renewal po-
tential (443). Stem cell candidates include embryonic stem cells
(ESCs), induced pluripotent stem cells and postnatal adult stem
cells (444). ESCs, which are derived from the inner mass of blas-
tocyst, are capable of extensive self-renewal, expansion and

differentiation into all mature cell types except extra embryonic tis-
sue (443). Induced pluripotent stem cells are obtained from
reprogramming of differentiated human somatic cells into a plu-
ripotent state (445). Adult stem cells comprise undifferentiated
cells found inmany tissues of an adult organism and have an enor-
mous self-renewal capability and the ability to differentiate into
several cell types. Compared with ESCs, adult stem cells are easier
to obtain and less controversial; however, the majority of
these cells are lineage-restricted, depending on their tissue sources
(e.g.mesenchymal stem cells, neural stem cells, etc.) (443).

Adult mesenchymal stem cells (MSCs), which can be obtained
from bone marrow, show considerable promise for use in rebuild-
ing damaged or diseased mesenchymal tissues by providing a
regenerative microenvironment comprised of a wide spectrum of
bioactive molecules (446). Transplanting these cells into defective
tissue would ideally result in the differentiation of MSCs along
appropriate pathways to restore the tissue morphology and
function (447). In order to translate stem cell therapies into clinical
approaches for tissue regeneration, one must be able to monitor
the cells’ migration, homing, survival, differentiation and integra-
tion into the newly formed tissue following implantation in vivo.
Thus, it is highly desirable to develop amultifunctional mechanism
to target, track and stimulate stem cells in vivo and investigate their
migratory pattern following transplantation.

Among several noninvasive techniques to visualize the inter-
nal structures and functions of the body, including X-ray, CT,
PET, SPECT, ulatrasound and MRI (443), the latter is a safe
method to visualize the body with high spatial and temporal res-
olution. Labeling stem cells with biocompatible and nontoxic
markers, such as SPIONs, enables tracking of the cells upon trans-
plantation in the body.

There are two ways to label cells with SPIONs (448): in situ label-
ing or direct intravenous infusing of iron oxide particles (mainly la-
bels phagocytic cells in RES), and in vitro labeling, namely, isolating
target cells, labeling them in culture and implanting them back.
The latter fits all kind of cell types, particularly for these
nonphagocytic cells, such as stem cells, that cannot be readily la-
beled in the RES system in situ. This kind of labeling also ensures
high cell specificity, high iron internalization in single cells, and
thus more sensitivity for MRI detection. Furthermore, in vitro label-
ing can provide straightforward information on labeling efficiency
and quantitative iron content in each cell.

Successful detection of magnetically labeled stem cells depends
on the number of implanted cells, accumulation of iron in cells,
spatial resolution of the image, the field strength of MRI, the sig-
nal/noise ratio and the pulse sequence (449). The resolution of
MRI (25–100μm) allows tracking of individual cells while monitor-
ing the surrounding tissues, and this is an important feature for
clinicians since they need to study the pathology of the surround-
ing tissue to assess the level of success in cell transplantation.

Stem cells labeling has been used in three major cellular therapy
applications: orthopedic, cardiovascular, and neurodegenerative
diseases. Different stem cell types, their labeling strategies, and
their application for regenerative purposes are discussed below.

4.9.1. Stem cell labeling for orthopedic applications

4.9.1.1. Cartilage regeneration. Cartilage is an avascular and
aneural organ that lacks lymphatic drainage, resulting in a poor
self-regeneration capacity. Articular cartilage defects normally
occur in association with different pathological situations such
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as trauma, osteoarthritis and rheumatoid arthritis (450).
Cell-based therapies are one of the cartilage repair mechanisms
that aim to restore the functional properties of damaged tissue
(451). Two major cell types, bone-marrow-derived mesenchymal
stem cells and chondrocytes, are currently being used for these
approaches; however, the fate of these cells in vivo and their
degree of survival and integration into the newly formed
cartilage remains unclear (452). Jing et al. (450) labeled rabbit
MSCs using SPIONs (Feridex IV) and a transfection agent (prot-
amine sulfate) and injected those cells into the cartilage defects
of a rabbit model. All the rabbits underwent gradient-recalled
echo T2*-weighted MRI up to 12weeks post-injection. The
authors observed that, at 12weeks post-injection, MSCs
migrated to the synovial fluid at the suprapatellar bursa, the
popliteal space site and the subchondral bone of the femur,
but no MSCs were detected in the defect. They concluded that
autologous MSCs do not actively participate in the repair of
articular cartilage defect following intra-articular injection. In an-
other study, van Buul et al. (451) co-labeled human bone-marrow
derived MSCs with SPIONs and green fluorescent protein and
used two cell-based cartilage repair techniques, intra-articular
cell injection and cell implantation in cartilage defects, to
investigate the traceability of labeled cells using a 3.0 T MRI
scanner. They found no SPION-related negative effect in the
chondrogenic assays with freshly isolated cells. They also ob-
served that the secretion profile of six important factors involved
in inflammation and cell growth was not affected by SPIONs.
However, they did not investigate the duration up to which
SPION-labeled cells could be detected in an intra-articular
environment, considering that the label will dilute upon cell divi-
sions. Chen et al. (453) studied the feasibility of tracking
polyethylenimine-wrapped SPION-labeled bone-marrow derived
mesenchymal stem cells (BMSCs) in articular cartilage repair in a
minipig model. In order to study the fate of magnetically labeled
cells in vivo, they co-labeled these cells with green fluorescent
protein (GFP). Evaluating the transplanted cells up to 24weeks
after the surgery, using 3.0 T MRI, showed that cell viability,
proliferation and differentiation were comparable between la-
beled and unlabeled cells. Additionally, incubation of BMSCs
with more than 8μg/mL of SPIONs for 24 h was shown to
significantly impair cell survival and differentiation, meaning that
SPION concentration and incubation time must be taken into
account when considering preclinical strategies relying in
SPION-based cell tracking techniques.

4.9.1.2. Intervertebral disk regeneration. In the degenerated
disk, where existing cells do not respond to any biological stimulus
or intrinsic repair capacity has been hampered by inflammatory
and catabolic processes, transplantation of healthy or genetically
manipulated cells into a degenerated intervertebral disk should
partially or fully restore the function of the degenerated disk. How-
ever, the intervertebral is isolated from the systemic circulation
and, therefore, transport of nutrients and waste removal is limited
(454). Hence, the development strategy for monitoring the fate of
implanted cell is important. Jiang et al. (455) evaluated in vivo
tracking of SPION-labeled adipose-derived stem cells (ADSCs)
and their contribution to the repair of degenerated intervertebral
disk in rabbits. They observed that, although SPION-labeled ADSCs
showed low signal intensity in T2 even after 8weeks post-
transplantation, their transplantation is effective in regeneration
of degenerated intervertebral disk.

4.9.1.3. Bone tissue engineering. Large bone defects represent
a major challenge for orthopedic and reconstructive surgeons.
The problems associated with the autologous bone grafts, which
are considered a gold standard in bone repair, led to the
development of tissue engineering approaches to assist bone
regeneration. The concept of bone tissue engineering consists
of seeding autologous cells within a three-dimensional scaffold,
which upon implantation into the bone defect will be remodeled
in vivo and generate a new bone, structurally and functionally
similar to its surrounding bone (456). To this end, Lalande et al.
(456) labeled human adipose-derived stem cells with SPIONs
and rhodamine, seeded these cells within a 3D porous polysac-
charide-based scaffold, and imaged in vitro using fluorescence
microscopy and MRI. Later, cellularized scaffolds were implanted
in nude mice subcutaneously and MRI evaluation (with a 3D T2*-
weighted TrueFISP method) was performed up to 28 days after
implantation. They observed that the cells remained detectable
in this period and migrated from the scaffold and colonized
around it. At day 7, the signal intensity in the center of the
scaffold was lost and this was assumed to be due to cell death
in the center of the scaffold and release of NPs in the periphery
of the implant. Overall, it was shown that MRI is a valuable tool in
monitoring the integration of a tissue engineered construct into
its surrounding tissue.

4.9.2. Stem cell labeling for cardiovascular diseases

Ischemic heart disease is the most common cause of death in
industrialized countries (457). Although treatments such as
stabilizing drugs and mechanical revascularization have reduced
the mortality rate significantly, mortality is still high within the
first year after the diagnosis has been established (458). Human
embryonic stem cells are regarded as a potentially new
therapeutic approach for treatment of heart diseases. Tracking
transplanted cells in vivo contributes to our understanding of
the mechanism behind the repair and regeneration of damaged
tissue in heart. As human ESCs are more fragile and difficult to
handle in cell cultures, compared with mouse ESCs and other cell
types that might be used for heart regeneration (e.g.myoblasts,
neonatal cardiomyocytes, or smooth muscle cells), it is vital to
study whether these cells could be tagged magnetically in order
to track them upon transplantation (459). Therefore, Tallheden
et al. (459) labeled human embryonic stem cells with dextran-
coated SPIONs, transplanted these cells into an explanted mouse
heart (ex vivo), and then injected them into the anterior left
ventricle of rats (in vivo). Although imaging of the heart with MRI
is very challenging, since MRI is very sensitive to motion artifacts
and the heart is a rapidly moving organ, the authors managed to
visualize the magnetically tagged cells in vivo. However, they did
not evaluate the possible presence of extracellular SPIONs that
might interfere with the detection of labeled cells.
The effect of SPION labeling on the cardiac differentiation

potential of ESCs has been evaluated by Au et al. (460) in an
acute myocardial infarction model in mice. The animals were
injected with SPION-labeled nondifferentiated ESCs and moni-
tored using a 7.0 T MRI for 10 days post-injection. In vitro studies
showed that viability and differentiation of ESCs was not affected
through SPION labeling. In addition, calcium oscillations in single
SPION-labeled ESC-derived cardiomyocytes with spontaneous
beating was recorded using confocal microscopy and it was
shown that calcium transients from SPION-labeled cells were
not different from their nonlabeled counterparts in terms of
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amplitude, maximal upstroke velocity and maximal decay
velocity. In vivo analysis showed that direct intramyocardial
injection of ESCs significantly improved the left ventricular
ejection fraction and, more importantly, areas of well-defined
hypo-intensities were identified at the injection sites in the ESCs
groups, while no such hypo-intensities were observed in the
control groups. Histological analysis of those hypo-intensities in
cell transplantation groups showed discrete clusters of GFP
positive cells and troponin-T positive cells, indicating in vivo
cardiac differentiation of ESCs.
Bone marrow stem cells injected into an animal’s heart post-in-

farction differentiate into cardiomyocytes, smooth muscle cells
and endothelial cells; they induce neoangiogenesis and, therefore,
restore cardiac function. In one study, bone-marrow-derived stem
cells labeled with micron-sized iron oxide particles were grafted in
rats in vivo and the cardiac function was monitored noninvasively
using 11.7 T MRI (461). BMSCs were labeled with chloromethyl-
benzamidodialkyl carbocyanine (CM-DiI) cell tracker dye and incu-
bated overnight with MPIO (2μl cm�2) on the day before trans-
plantation. Labeled cells were injected via either intramuscular or
intravenous routes, and tracked using MRI. It was observed that,
upon direct injection of cells into the myocardium, the majority
of cells remained in the vicinity of the injection site, while in ani-
mals that received intravenous infusion the cells were observed
throughout the infarcted scar and were not visible in the myocar-
dium. Although the cells remained in the myocardium for up to
10weeks post-injection, BMSCs did not improve morphology or
function of infarcted rat heart and did not increase neovasculariza-
tion. The authors concluded that BMSCs are not an ideal cell
population for treatment of infarcted heart.
The reason behind the inconsistencies between studies with

regard to the effect of BMSCs on improvements of infarcted
heart is the different methods used to measure cardiac function:

1) Invasive techniques, such as isolated heart perfusion and
in vivo hemodynamics, allow measurements to be performed
only at single time points.

2) Noninvasive methods, such as MRI, allow multiple
measurements of heart function and thus monitoring of the
progression of post-infarction remodeling.

In another study, Delo et al. (462) labeled human amniotic
fluid stem cells with micron-sized iron oxide particles and
investigated the fate of those cells following injection into
mouse heart using a 7.0 T MRI. They found that labeling does
not affect the proliferation and differentiation of human amni-
otic fluid stem cells and these cells were detectable in vivo up
to 28 days post-injection. In addition, they showed that it would
be possible to quantify the amount of stem cells present at
various time points according to the hypointensity volumes.
Wang et al. (463) also investigated the viability and function of

ADSCs labeled with SPIONs (ferumoxides) and evaluated
whether the MR signal void resulting from SPIONs in live cells
can be distinguished from that caused by dead cells in vivo.
ADSCs were incubated with SPIONs for 2 days and then injected
into infarcted rat heart. Analysis of cells after 4weeks post-
injection in vivo showed that T2* and T2 relaxation times of labeled
ADSCs correlated with the density and passage of cells. It was
shown that signal voids in MR images represent the living cells.
Pluripotent stem cells also have been used to regenerate the

infarcted heart in situ. It has been shown that a cardiopatch
based on bone morphogenetic protein-2 and SPION-labeled
stem cells embedded into biodegradable fibrin matrices and

engrafted into infarcted rat hearts is a promising therapeutic
strategy for cell implantation after cardiac infarction (464). The
cells were labeled with ferucarbotran via either lipofection or
magnetofection and were tracked in vivo using 1.5 T MRI. Six
weeks after cell transplantation into infarcted rat hearts, both
local and global heart functions, as well as left ventricular
dilation, were significantly improved. Histological analysis also
showed that de novo CD31 positive blood vessels were formed
in the vicinity of the transplanted cardiopatch and clusters of
myocyte enhancer factor-2 positive cardiac committed cells
had colonized most of the infarcted myocardium.

In a recent study, imaging-guided cell tracking was used to
investigate the feasibility of using a pre-immune fetal sheep
model for the assessment of human stem cell fate after direct
intra-myocardial mesenchymal stem cell transplantation follow-
ing acute myocardial infarction (465). Mesenchymal stem cells,
of either bone-marrow or adipose-tissue origin, were first labeled
with a fluorescent dye (CM-Dil) followed by incubation in the
micron-sized superparamagnetic iron oxide particles solution.
Magnetically labeled cells were injected through either intra-
uterine or intra-myocardial route and were tracked up to 9 days
post-injection. Cell retention within the injection site was
confirmed using MR imaging and the number of cells within the
myocardium could be estimated to approximately 1× 105 to
5×105. The cells appeared viable and integrated, and were found
in clusters or in the interstitial spaces. Flow cytometry confirmed
intra-myocardial presence and showed further distribution within
the spleen, lungs, kidneys and brain. Together, it was shown that,
utilizing advanced cell tracking strategies, this model may serve
as a unique platform for assessment of human cell fate after
intra-myocardial transplantation.

4.9.3. Stem cells labeling for neurodegenerative diseases

4.9.3.1. Spinal cord regeneration. Spinal cord injury is a diffi-
cult neurological disease with limited therapeutic options;
recently, however, the use of stem cell transplantation in animal
studies has been shown to improve recovery after spinal cord
injury. A wide variety of stem cells, independent of their source,
have been used for spinal cord transplantation. In order to
translate these therapies to human clinical applications, several
questions need to be addressed, such as the best route for cell
administration, the sufficient number of cells to be transplanted,
and the therapeutic window after injury during which transplan-
tation would be most effective. Tracking magnetically labeled
cells upon transplantation is an attractive way to follow the fate
and migration pattern of cells in vivo and find an answer to these
questions. The feasibility of tracking dual-labeled bone-marrow
MSCs, using adenovirus-carrying enhanced green fluorescent
protein (AD5/F35-eGFP) and SPIONs, in rats has been investi-
gated (9). The labeled cells were injected into rats with spinal
cord injury via the subarachnoid space. MRI tracking results
demonstrated that BMSCs migrated to the injured spinal cord
over time. These results indicate that MRI can be utilized to trace
in vivo the SPION-labeled BMSCs after grafting. In another
approach (466), human CD34+ umbilical cord blood stem cells
labeled with SPIONs were injected into the spinal cord of a trans-
genic amyotrophic lateral sclerosis (ALS) mouse. In vivo scanning
using 7.0 T MRI showed clear signals of implanted cells. Human
umbilical cord mesenchymal stem cells have also been used
for spinal cord regeneration (467). Hu et al. reported the labeling
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of these cells with SPIONs and their injection in rats that
underwent spinal cord injury. Rats receiving transplants were
scanned using 7.0 T MRI up to 3weeks post-injection and it
was shown that transplanted cells can survive and migrate in
the host tissue, promote function recovery and produce a spe-
cific hypointense signal on MRI. In another study, Gonzalez-Lara
et al. (468) tracked the fate of multipotent stromal cells (MSCQ8 s)
labeled with MPIO after direct transplantation into mice with spi-
nal cord injuries. They also injected mice with dead MPIO-labeled
MSCs, unlabeled MSCs, and free MPIO as control. MRI tracking of
the implanted cells showed that magnetic resonance imaging
might be useful for the in vivo visualization of cell transplant in
the spinal cord but it might not be very reliable in tracking the
fate of those cells in vivo. This finding was based on the fact that
signal hypointensities observed in all the transplant groups were
remarkably similar and independent of the cell source (live vs
dead). Histological analysis also showed that there were two
different patterns of iron staining in all animals: regions of
lightly stained intracellular iron and areas of dense extracellular
iron, and it was observed that in all the transplant groups there
is some iron that remains extracellularly up to 6weeks post-
transplantation and contributes to the signal loss in the cord.
Overall, these studies indicate that the appearance of
transplanted cells in MRI scans must be validated by accompa-
nying histological analysis.

4.9.3.2. Brain. It has been shown that neurological disorders
(Parkinson disease, stroke, etc.) can be treated using stem cells.
Stroke is the leading cause of serious, long-term disability and
it has been shown in animal studies that stem cell transplanta-
tion is beneficial, but the mechanisms behind the improvements
are still unclear. Walczak and his coworkers (469) used intra-
arterial cell delivery after transient ischemia and tracked the cells
using dual techniques, Doppler flow measurements of cerebral
blood flow in conjunction with MRI. They labeled rat MSCs with
Feridex and used poly-L-lysine as transfection agent. In vivo T2*-
weighted MRI (4.7 T) detected the engraftment of labeled cells
within the right internal carotid artery, as presented by strong
signal voids and later confirmed by high-resolution ex vivo MRI
(9.4 T). It was shown that intra-arterial delivery of stem cells offers
the advantage of directly targeting the damaged tissue and
circumventing the problems associated with cells trapping in
other organs, such as liver and kidney.

In another study, the homing potential and fate of epidermal
neural crest stem cells as well as BMSCs were determined in a li-
popolysaccharide-induced inflammatory lesion model in the rat
brain (470). The cells were labeled with dextran-coated SPIONs,
which were conjugated with FITC (for histological analysis) and
TAT (a peptide for membrane transfection agent), and implanted
either directly onto the corpus callasum or injected intravenously
into animals with lesions. The labeled cells were visible as
hypointense regions on T2 MR images for the duration of the
study (up to 13weeks). Interestingly, it was observed that, in
animals with a focal inflammatory lesion, the transplanted cells
migrated toward the lesion, where they ceased migration and
remained visible on MRI for months. This migration behavior
was assumed to be due to the lipopolysaccharide-induced
inflammatory lesion model, which results in an influx of microglia
and stimulates the release of cytokines such as IL-1β, TNF and
IL-6 that may have provided the chemo-attractant signals for
transplanted cells. The authors also mentioned that the signal

void is mostly due to live cells, as the dead cells are cleared away
from the local area.
Another neurodegenerative disease for which treatment via

regenerative medicine has been sought is ALS. ALS affects upper
and lower motor neurons and leads to muscular atrophy and
paralysis (471). The use of human skeletal muscle-derived
stem cells (hKmSCs) for ALS treatment was investigated in the
model of spontaneous motor neuron degeneration in the
Wobbler (Wr) mouse. In this model, hKmSCs were labeled
with SPIONs and Hoechst 33258 dye and injected via the intra-
cerebroventricular route in Wr mice. The transplanted cells were
tracked in vivo using a 7.0 T MRI up to 18weeks after injection. A
fast and sustained improvement of motor efficacy associated
with a relevant protection of functional neuromuscular junctions
was observed in the animals treated with hKmSCs. In addition, a
remarkable increase in human anti-inflammatory cytokines was
observed in the Wr mice, which showed the bystander effect
of stem cell transplantation in neurodegenerative disorders.
SPION-labeled MSCs have been used also to evaluate the

feasibility of intra-arterial delivery of cells in a canine stroke
model (472). It was shown that the cells were visible by 3.0 T
MRI just 1 h after transplantation and up to 4weeks afterwards.
The injected cells mainly distributed in the ipsilateral cerebral
hemisphere of infarction, while only few MSCs were found
in the contralateral side. It was still difficult to extrapolate the
exact number owing to heterogeneity in the structure and
composition of the brain as well as to differences in MRI
sequences and parameters.
Kallur et al. (473) investigated the long-term spatio-temporal

and functional dynamics of cellular grafts based on human
neural stem cells obtained from the human fetal striatum in an
in vivo model. The cells were labeled with SPIONs (Endorem)
and injected unilaterally into the right striatum of neonatal rats.
The cells were imaged with MR up to 16weeks post-injection.
A hypointense signal in the striatum was observed at the
injection sites, which, when compared with the control groups,
proved to be due to SPION-labeled cells. It was shown that the
relative graft-to-brain volume ratio decreased by around 50%
in 4months. In addition, a decrease in T2 values was observed
over time. According to post-mortem histological analysis and
the fact that almost none of the grafted cells were proliferating
after engraftment, this decline in T2 values is not due to a
dilution effect and might be due to cell migration from the graft
core. However, since no obvious hypointensities were observed
in the other regions of the brain, it was concluded that T2
decrease over time is due to development-dependent changes
during the brain growth.

5. METABOLISM AND EXCRETION OF
SPIONS FROM THE BODY

Determination of fate and clearance of SPIONs is important for
in vivo biomedical applications as it ensures their safe clinical
use. As we discussed previously, SPIONs are taken up in the
MPS cells via endocytosis Intracellular metabolism of SPIONS is
dependent on their composition. For example, depending on
the coating of SPIONs, their degradation time and excretion
pathway may differ. Breakdown of SPIONs happens through
the lysosomal pathway. For instance it was shown that degrada-
tion of dextran-coated SPIONSs is initiated by intracellular
dextranases followed by degradation of SPIONs in lysosomes.
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The degraded iron is finally eliminated from the body or restored
in ferritin and/or transferrin or hemoglobin or other forms via
normal iron metabolic pathways (474–476).

6. CONCLUSION AND PERSPECTIVES

The field of molecular imaging involves many biomedical
disciplines: physics and engineering for detector and instrument
design, chemistry for the development of probes, molecular
pharmacology for optimized delivery and pharmacokinetics of
probes, cell/molecular biology for understanding molecular
targets of interest, proteomics for discovery and validation of
molecular targets, mathematics for image reconstruction, and,
finally, clinical medicine for application of the strategies for
medical management.
Recently, a great deal of effort has been aimed at the use of

nanoparticles in molecular imaging and therapy; antibody and
peptide conjugated nanoparticles are being developed targeting
these agents to different disease states. Highly specific molecular
and cellular MRI agents represent a noninvasive, nonionizing and
powerful tool to visualize physiological and pathological
conditions. They have tremendous potential for improving our
understanding of molecular processes involved in a variety of im-
portant clinical diseases. Functionalized iron oxide nanoparticles,
because of the ease of conjugation, have undergone substantial
growth in the number of agents and biological applications.
There are several important ignored factors at the nanobiointerfaces

[such as temperature (20,477), cell vision (478–480), protein
corona (75) and personalized protein corona (481)], which may
affect the efficacy of molecular imaging. For instance, it is
revealed that protein corona may change the relaxivity of SPIONs
(75). Therefore, as slight temperature changes can vary the
protein corona composition and consequently cellular uptake of
nanoparticles, one should expect changes in the molecular/
cellular imaging capability of the nanoparticles at various sites
of the human body (the body temperature for healthy humans
varies in the range from 35 to 39 °C). These crucial ‘hidden’ factors
should be considered in future research.
The molecular imaging approach offers great potential for

earlier detection and characterization of diseases and evaluation
of treatment. However, more research is necessary to put these
ideas into clinical applications. This approach also has a major
impact on the development of new pharmaceuticals and a great
potential to make better predictions on the effectiveness and
toxicity of drugs.
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Superparamagnetic iron oxide nanoparticle for in vivo molecular and cellular imaging
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Owing to their unique magnetic properties, biocompatibility and controllable physicochemical properties,
superparamagnetic iron oxide nanoparticles have significant potential for various biomedical applications such as mol-
ecule detection, cell tracking, early detection of diseases, biosensing, magnetic resonance imaging, targeted drug deliv-
ery and tissue engineering.
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