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ABSTRACT: In the field of MR imaging and especially in the emerging field of cellular and molecular MR imaging, flexible
strategies to synthesize contrast agents that can be manipulated in terms of size and composition and that can be easily
conjugated with targeting ligands are required. Furthermore, the relaxivity of the contrast agents, especially for molecular
imaging applications, should be very high to deal with the low sensitivity of MRI. Lipid-based nanoparticles, such as
liposomes or micelles, have been used extensively in recent decades as drug carrier vehicles. A relatively new and promising
application of lipidic nanoparticles is their use as multimodal MR contrast agents. Lipids are amphiphilic molecules with
both a hydrophobic and a hydrophilic part, which spontaneously assemble into aggregates in an aqueous environment. In
these aggregates, the amphiphiles are arranged such that the hydrophobic parts cluster together and the hydrophilic parts
face the water. In the low concentration regime, a wide variety of structures can be formed, ranging from spherical micelles
to disks or liposomes. Furthermore, a monolayer of lipids can serve as a shell to enclose a hydrophobic core. Hydrophobic
iron oxide particles, quantum dots or perfluorocarbon emulsions can be solubilized using this approach. MR-detectable and
fluorescent amphiphilic molecules can easily be incorporated in lipidic nanoparticles. Furthermore, targeting ligands can be
conjugated to lipidic particles by incorporating lipids with a functional moiety to allow a specific interaction with molecular
markers and to achieve accumulation of the particles at disease sites. In this review, an overview of different lipidic
nanoparticles for use in MRI is given, with the main emphasis on Gd—based contrast agents. The mechanisms of particle
formation, conjugation strategies and applications in the field of contrast-enhanced, cellular and molecular MRI are
discussed. Copyright © 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

Magnetic resonance imaging (MRI) is the most versatile
imaging method available in both clinical and research
settings. The signal of MRI is dependent on the long-
itudinal (7;) and transverse (73) proton relaxation times
of mainly water and therefore differences in proton
relaxation times result in differences in contrast in MR
images (1). The intrinsic relaxation times of tissue water
are dependent on the physiological environment and may
be altered in pathological tissue. This change may show
little specificity and occur at a late stage of the disease.
Therefore, a more specific and earlier detection of
pathology with MRI is highly desirable. The relaxation
times of tissue can be altered with contrast agents that
decrease the longitudinal and transverse relaxation time.
The ability of a contrast agent to shorten 7, and T, is
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defined as the relaxivity (2), r; or r,, and is expressed in
mM 's™'. In general, there are two classes of MR
contrast agents. On the one hand, there are agents that
have a low rp/r| ratio and therefore generate positive
contrast in 7'j-weighted images. These positive contrast
agents (3) usually are paramagnetic complexes of Gd*™
or Mn*" ions. On the other hand, there are superpara-
magnetic contrast agents with a high r,/r| ratio, which
cause dark spots in T»- and T,*-weighted images and are
therefore referred to as negative contrast agents (4).
These contrast agents are usually based on iron oxide
particles.

MRI applications are becoming more and more depen-
dent on contrast agents. The combination of MRI and
contrast agents greatly enhances the possibilities to depict
the vascular system (5), inflamed tissue as in arthritis (6),
tumor angiogenesis (7,8), atherosclerotic plaques (9,10)
and the breakdown of the blood—brain barrier related to
pathologies such as multiple sclerosis (11). Within the
emerging field of cellular and molecular MRI, contrast
agents have become an essential element of the technique.
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The aim of molecular and cellular MR imaging is to image
non-invasively cellular and molecular events, usually re-
lated to pathology or transgene expression. Different
imaging methods have already shown their capability to
function as a molecular imaging modality (12). Nuclear
methods such as PET and SPECT are especially interesting
because of their high sensitivity. On the other hand, the
spatial resolution of these modalities is low and the
definition of anatomy is poor. MRI has good spatial
resolution, but in order to become suitable as a molecular
imaging modality the inherently low sensitivity has to be
dealt with. This may be realized by using contrast agents
with a very high relaxivity, e.g. by using nanoparticles
containing a high payload of Gd complexes or using iron
oxide particles with a high payload of iron.

Roughly, MR contrast agents can be divided into four
groups or classes. The first group consists of non-specific
contrast agents and includes both the low molecular
weight contrast agents, e.g. Gd-DTPA, and the high
molecular weight blood pool agents (13), such as high-
generation dendrimers (14). These agents can be used for
MR angiography and to measure the perfusion and
permeability properties of tissue. The second class of
molecules is targeted contrast agents, which are actively
directed to a specific molecular target with an appropriate
ligand. An early report of such a contrast agent by Sipkins
et al. described the detection of tumor angiogenesis with
an av(33-specific antibody that was conjugated to poly-
merized paramagnetic liposomes (15). The third group
consists of the so-called smart contrast agents, also
referred to as activated or responsive agents. An example
of such an agent is EgadMe, a complex which contains a
sugar moiety that prevents water to coordinate with Gd>*.
Enzymatic cleavage of this sugar by (-galactosidase
improves the accessibility of water to Gd**, which results
in an increase in the relaxivity of the complex (16). The
fourth class is the cell labeling contrast agents, such as
TAT-peptide conjugated iron oxide particles (17) or
Gd-HPDO3A (18). In order to meet the diverse require-
ments sketched above, highly potent, innovative, specific
and preferably multimodal contrast agents are required.

Lipid-based colloidal aggregates, such as liposomes,
micelles and microemulsions, have been used extensively
recent decades as drug carriers to improve pharmacoki-
netic properties or the bioavailability of the drug, to
increase the target-to-background ratio of the drug or to
deliver hydrophobic drugs (19-23). The above particles
are composed of lipids and/or other amphiphilic mole-
cules. Amphiphiles are molecules with both hydrophobic
and hydrophilic parts that spontaneously assemble into
aggregates in an aqueous environment. Targeting ligands
can be conjugated to the colloidal particles to achieve
binding to molecular markers that are specific for disease
processes (24,25). Fluorescent labels can easily be in-
corporated for fluorescence microscopy (26).

A relatively, new applications of nanoparticulate col-
loids lie in the emerging field of cellular and molecular

Copyright © 2006 John Wiley & Sons, Ltd.

MR imaging (27,28). Small Gd-based complexes such as
Gd-DTPA and Gd-DOTA are widely used as contrast
agents for clinical MRI (29). In order to improve phar-
macokinetic properties, to introduce target specificity, to
make the contrast agent multimodal and, most impor-
tantly, to improve the 7, and 7, lowering capability,
lipidic aggregates containing MRI contrast agents are
an attractive option. The aggregate morphology can vary
from micelles, through microemulsions to liposomes
(30-35).

Colloidal particles in contrast-enhanced MRI have
many applications. They can be used as blood pool agents
with long circulation times for magnetic resonance an-
giography (MRA). Another application is the detection of
pathological tissues with enhanced vascular permeability,
which occurs in inflammation, myocardial infarction,
atherosclerosis, breakdown of the blood—brain barrier
and tumors. Like lipidic colloids used for drug delivery,
the particulate contrast agents can also be conjugated to
ligands to target them to a molecular marker of interest,
permitting indirect detection of marker distribution by
MRI. Furthermore, pH- and temperature-sensitive lipo-
somes can be used to visualize regional differences in
these parameters with MRI. For cell labeling purposes,
lipidic nanoparticles also hold great promise.

In this review, we will first explain the properties of
amphiphilic molecules and their assembly into colloidal
aggregates. Different strategies for conjugation of target-
ing ligands and potential biological targets will be re-
viewed. The focus of this review is on Gd-containing
lipidic nanoparticles and their use for contrast-enhanced
and molecular MRI.

AMPHIPHILIC AGGREGATES
Amphiphiles

Amphiphiles, also referred to as surfactants, are mole-
cules that contain both a hydrophobic (non-polar tail) and
a hydrophilic (polar head) part [Fig. 1(A), I]. Because of
this dual character and the energetically unfavorable
contact between the non-polar part and water, amphi-
philes self-associate into aggregates of different sizes and
geometries. There is a wide variability in both the
hydrophobic and hydrophilic parts of amphiphilic mole-
cules. The hydrophobic part can vary in length and can
consist of multiple chains, creating different ratios be-
tween the size of the hydrophobic and hydrophilic part
[Fig. 1(A)]. For the polar headgroup, both the size and
charge can vary, dividing these molecules into ionic
(anionic or cationic) or non-ionic amphiphiles. These
characteristics and parameters such as pH, temperature
and concentration, eventually determine the geometry of
the aggregate that is formed in aqueous solution. Phos-
pholipids and cholesterol [Fig. 1(A)] are naturally occur-
ring amphiphilic molecules that are important structural
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Figure 1. (A) Schematic representation of amphiphilic lipids. (I) Amphiphiles consist of a hydrophilic head and a
hydrophobic tail. (Il) Micelle-forming lipids have a relatively large head compared with the hydrophobic part, whereas
(I bilayer-forming lipids usually have two hydrophobic tails. (IV) PEG-lipids are used to improve pharmacokinetic
properties and (V) cholesterol is used to stabilize liposomes. (B) Possible lipid aggregates for in vivo use. () Micelles can
be prepared from micelles forming lipids and from PEG-lipids. (ll) A conventional liposome consists of a phospholipid
bilayer. (Ill) Improved stabilization of liposomes can be achieved by incorporating a small amount of PEG-lipids and
cholesterol. (IV) Microemulsions consist of a surfactant (amphiphile) monolayer covering oil. (V) Micelles can contain a
hydrophobic nanoparticle. (VI) Bilayer on nanoparticles of silica, mica, glass or iron oxide

elements of biological membranes. In recent years, many
phospholipid-like structures have been synthesized to
benefit from the amphiphilic character and used to
achieve a wide variety of aggregates.

Amphiphile aggregation

The major forces that direct the self-assembly of amphi-
philic molecules into well-defined structures in water
derive from the hydrophobic associative interactions of
the tails and the repulsive interactions between the
hydrophilic headgroups (36,37). In these aggregates, the
amphiphiles are organized in such a way that the hydro-
phobic parts cluster together and the hydrophilic head-
groups face the water. The length of the hydrophobic
chain(s) and the size of the headgroup in relation to the
chain determine the curvature of the aggregate and
whether a micelle-like structure or a bilayer-like structure
will be formed. A wide variety of structures are possible.
In the low concentration range, spherical micelles, cy-
lindrical micelles and bilayered vesicles are among the
aggregates formed. At higher concentrations, cubic, la-
mellar and hexagonal phases may occur (36). Further-
more, microemulsions can be formed from water, oil and
an amphiphile. These are stable isotropic dispersions of
oil covered by a lipid monolayer (38). Another class of

Copyright © 2006 John Wiley & Sons, Ltd.

lipid aggregates is self-assemblies of lipid mono- or
bilayers that contain a solid core. Hydrophobic nanopar-
ticles such as iron oxide (35) and quantum dots (39) can
be entrapped in a micellular shell of PEG-lipids, while
glass, silica and mica, but also iron oxide nanoparticles
(40), can be covered by a lipid bilayer [Fig. 1(B), VI].
For in vivo applications, the amphiphilic aggregates
should be (i) stable and (ii) biocompatible and (iii) have
excellent pharmacokinetic properties. Possible structures
for in vivo use are depicted in Fig. 1(B). In the case of
micelles the hydrophobic part of the amphiphilic mole-
cules forms the core of the micelle and the hydrophilic
part forms the micelle corona. Micelles can be formed
from lipids with a relatively large headgroup, such as
lipids with a single fatty acyl chain [Fig. 1(B), II.
Furthermore, phospholipid mixtures with a high propor-
tion of PEG-lipid will assemble into micelles, owing to
steric hindrance of the PEG-lipid headgroups (41). Lipo-
somes are created from bilayer-forming lipids, which are
usually comprised of a polar headgroup and two fatty
acyl chains [Fig. 1(B), II]. The hydrophobic part of these
lipids occupies more space than that of micelle-forming
lipids and therefore bilayer formation is energetically
favorable. For stabilization of the lipid bilayer, choles-
terol is often included (42). In addition, PEG-lipids (3—
7%) may be incorporated in the bilayer [Fig. 1(B), III] to
increase circulation half-lives in vivo and to reduce
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interactions of the liposomes with plasma proteins (42).
Microemulsions or hydrophobically coated nanoparticles
(e.g. iron oxide particles or quantum dots) in micelles are
also under investigation for in vivo use.

Drug targeting/delivery

Liposomes have been studied extensively to improve the
pharmacokinetic properties of mainly water-soluble
drugs, while micelles and microemulsions may be used
to deliver drugs with poor water solubility (43—47). This
has resulted in the approval of several liposomal drug
formulations (48,49), which have proven especially suc-
cessful in tumor targeting (50). Doxorubicin is the most
commonly used anticancer agent in liposomal formula-
tions (51). Encapsulating this drug in liposomes has led to
improved delivery to the tumor and a reduced exposure of
other tissues. Cisplatin, another drug which is used in the
treatment of solid tumors, has also been encapsulated in
liposomal formulations. Liposomal cisplatin has not been
shown to be very effective thus far (52), which is partly
ascribed to the low water solubility of cisplatin that
causes a low encapsulation efficiency. Recently, a novel
lipid formulation with an improved cisplatin-to-lipid ratio
and improved cytotoxicity has been described (53).

Accumulation of liposomes at the desired site can be
improved by prolonging the circulation time. Conven-
tional liposomes are rapidly eliminated from the circula-
tion by cells of the reticulo-endothelial system in the
liver. The clearance rate is enormously decreased when
liposomal systems are coated with a hydrophilic polymer
such as PEG (54,55), which results in improved bioavail-
ability (56).

Many drugs are poorly water soluble, which results in a
low bioavailability. Micelles are currently under investi-
gation as carrier vehicles of such hydrophobic drugs
(57,58). Micelles solubilize these drugs by incorporating
them into their hydrophobic core and thus increase the
bioavailability. Microemulsions have also been investi-
gated for their potential to serve as a drug carrier vehicle.
They are interesting, since the oil phase can contain a
high payload of hydrophobic drugs (38,59).

Specificity for the desired target tissue or cells can
be obtained by conjugating the systems portrayed
above with ligands such as antibodies, antibody frag-
ments and peptides (58,60—62). Conjugation strategies
and (potential) targets are described in the following
sections.

CONJUGATION STRATEGIES

In this part, conjugation strategies will briefly be high-
lighted. For more in-depth information we refer to
excellent reviews describing different conjugation meth-
ods (63-65).

Copyright © 2006 John Wiley & Sons, Ltd.

There are two main options for the conjugation of a
targeting ligand to lipidic particles: non-covalent linkage,
such as the avidin—biotin interaction, or covalent binding.
Less frequently used methods are the incorporation of
amphiphilic targeting proteins in the lipid bilayer of
liposomes (66) or the use of amhiphiles with a functional
moiety, such as a peptide (67) or a peptidomimetic
(68,69).

Lipidic nanoparticles can be prepared containing a
wide variety of functionalized lipids. For that purpose,
phosphatidylethanolamine (PE) with the functional moi-
ety attached to the phosphate group via a spacer is often
used. The spacer can vary in length and lipids containing
a PEG spacer with a distal functional moiety are also
available. Among the functional groups are biotin, mal-
eimide, PDP, carboxylic acid and amine. Via these func-
tional groups, several targeting ligands, such as mAb,
Fab, proteins and peptides, can be conjugated using
different coupling strategies. Two popular coupling meth-
ods will be explained in more detail.

Avidin-biotin linkage

The avidin-biotin linkage is typified by its elegance and
simplicity. Avidin, a tetrameric protein with a molecular
weight of 68kDa, is capable of strongly binding four
biotins (Ka~1.7 x 10'>M"). The biotin-avidin interac-
tion has been exploited for conjugating liposomes with
biotinylated proteins. This strategy has also been used
to link MR contrast agents to antibodies (15,70-72).
This conjugation method is depicted schematically in
Fig. 2(B). A lipidic nanoparticle carrying a lipid with a
distal biotin is first incubated with avidin. In a second
step, the particle-avidin conjugate is incubated with a
biotinylated ligand, e.g. a peptide or antibody. Although
this method is simple and effective, the introduction of
avidin into the conjugate has certain drawbacks. First, the
size of avidin will considerably increase the size of the
conjugate. More importantly, avidin is known (73) to be
immunogenic and to be rapidly cleared by the liver. In
fact, this property of avidin has been exploited to chase
and clear antibodies (74) and MRI contrast agents from
the circulation (8). Covalently linking the ligand to the
lipidic particle directly would lead to a smaller conjugate,
which has more favorable pharmacokinetic properties.

Covalent binding

Covalent conjugation of ligands to a lipidic particle can
be achieved with several methods. Roughly, these meth-
ods can be divided in the formation of (i) an amide bond,
between activated carboxyl groups and amino groups, (ii)
a disulfide bond and (iii) a thioether bond, between
maleimide and thiol. The last approach will be discussed
in more detail [Fig. 2(C)], since it is broadly applicable.
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Figure 2. (A) Introducing thiol groups in (I) proteins or antibodies and (Il) peptides. (lll) Protein and peptide with free
cystein. (IV) Targeting ligands with a functional group, i.e. thiol or biotin. (B) Schematic representation of avidin—biotin
linkage of a ligand to a lipidic nanoparticle. (C) Schematic representation of maleimide-thiol linkage of a ligand to a lipidic

nanoparticle

First, the ligand should expose a free thiol group, neces-
sary for bond formation. Proteins, antibody (fragments)
and peptides exposing a free cysteine can directly be used
for coupling to maleimide [Fig. 2(A), III]. Peptides
synthesized with a protective terminal thioacetate group
can be activated upon deacetylation with hydroxylamine
[Fig. 2(A), II]. This results in the conversion of the
thioacetate into a thiol group. The same strategy is used
for proteins that are activated with succinimidyl-S-acetyl
thioacetate (SATA) [Fig. 2(A), I]. SATA is coupled to free
amino groups present in the protein and with hydroxyla-
mine the thioacetate moiety is converted into a free thiol
group. The thiol ligands react with maleimide-containing
particles and form a covalent thioether linkage, as de-
picted schematically in Fig. 2(C).

RELAXIVITY OF MACROMOLECULAR
CONTRAST AGENTS

The relaxivity, i.e. the potency to shorten the 7| and 7,
relaxation times of water, of an MRI contrast agent is
defined by the change in longitudinal or transversal
relaxation rates per unit concentration of the contrast

Copyright © 2006 John Wiley & Sons, Ltd.

agent (2,3). The constant of proportionality is called the
relaxivity, r; or r,, and is expressed in mM 's™'.
Furthermore, the ratio between r, and r; determines
whether a contrast agent is suitable for contrast-enhanced
T,-weighted imaging or whether it can better be used for
contrast-enhanced 7,- and 7,*-weighted imaging. The
so-called T} agents, typically chelates of Gd* " ions, have
a low ratio of r, to r; (usually between 1.1 and 2) and
generate positive contrast (bright/hot spots in Tj-
weighted MRI), whereas the T, agents have a large r,
and generate negative contrast (dark/cold spots in 7,- and
T,*-weighted MRI).

The relaxivity of paramagnetic Gd>" chelates is de-
termined by the complex interplay of many parameters
governing the dipolar interactions between water and the
paramagnetic Gd entity. A complete treatment would be
beyond the scope of this review and we therefore restrict
ourselves to a qualitative description of some common
observations. The most important parameters for under-
standing the relaxivity of macromolecular contrast agents
are the exchange rate 7,,, the coordination number and
the rotational correlation time 7,. The coordination num-
ber and the exchange rate 7, determine the amount of
water molecules that can effectively coordinate with
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Gd*" and thereby increase the relaxation rate. The rota-
tional correlation time 7, is important because the lower
tumbling rates of macromolecules are responsible for the
increase in r; that is observed in a typical range of field
strengths. A useful way to gain insight into the relaxation
behavior of macromolecular contrast agents is to record
the r; relaxivity as function of frequency, so-called
nuclear magnetic relaxation dispersion (NMRD). The
NMRD profile of a macromolecular contrast agent shows
a typical peak at higher frequencies, in agreement with
the increase in the rotational correlation times as com-
pared with low-molecular weight Gd** chelates. Lipid-
based contrast agents can be considered macromolecular
contrast agents and the tumbling rate of the Gd chelates
in such structures is strongly decreased. As an example,
Fig. 3 shows the NMRD profiles of Gd-DTPA and a
typical Gd-based liposomal and micellular contrast agent.
The NMRD profiles of the liposomes and micelles
display the typical peak at higher frequencies. This means
that at the clinically relevant field strengths these contrast
agents have the highest ionic relaxivity. Furthermore, the
amount of Gd chelates per particle is high (varying from
50 for small micelles to several hundred thousand for
liposomes). This enhances the relaxivity per contrast
agent particle enormously.

T, contrast agents usually are superparamagnetic iron
oxide particles. The magnetic moments of such particles
are much larger than that of Gd’"-containing chelates,
typically up to more than three orders of magnitude
depending on their size. As a consequence, superpara-
magnetic particles have a substantially larger r, relaxivity
compared with paramagnetic contrast agents. The origin
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Figure 3. NMRD profiles of Gd-DTPA- and Gd-DTPA-BSA
containing liposomes and micelles
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of this enhanced relaxivity lies in the strong local field
gradients surrounding the superparamagnetic particles,
which give rise to accelerated loss of phase coherence of
the surrounding water proton spins (4). Increased relax-
ivity can be observed at a considerable distance from the
nanoparticle since, in contrast to the dipolar relaxation,
this susceptibility-induced relaxation does not depend on
a direct physical contact between protons and the para-
magnetic entity.

For a more quantitative insight into the relaxation
characteristics of different lipidic contrast agents described
in the literature we have compiled a selection of reported
values of r; and/or r, (Table 1). Direct comparisons
between different agents are difficult because of different
field strengths and temperatures used. Therefore, we have
given the relaxivity of Gd—-DTPA measured under the
same conditions as a reference. In some studies Gd-
DTPA was not measured as a reference. As a reference
relaxivity for these contrast agents, the value of Gd—-DTPA
at 298 K as presented by Aime et al. (3) is given. In cases
where only an NMRD profile was available for a given
contrast agent, we report the relaxivity at 20 and 60 MHz.
Furthermore, it should be taken into consideration that the
relaxivity is expressed as function of the Gd concentration.
The relaxivity per particle is much higher, since the
particles depicted in the table carry high payloads of
Gd or Fe.

BIOLOGICAL TARGETS

In this section, a number of pathologies will be briefly
discussed for which MRI and state-of-the-art contrast
agents can be used to image in vivo the infiltration of cells
and the expression of biological markers to improve the
diagnosis of disease and to develop therapeutic strategies.

Inflammation

Inflammation is the body’s response to damage, infection,
allergy or chemical irritation. Many disorders are asso-
ciated with inflammation. Inflammation is causative and
symptomatic in the destruction of cartilage in rheumatoid
arthritis, type I diabetes and loss of intestinal function in
Crohn’s disease. Inflammatory responses are also ob-
served in cancer, which is accompanied by the massive
recruitment of leukocytes in growing tumors (75). In
cardiovascular diseases such as myocardial infarction
and atherosclerosis, chronic inflammation is causally
related to the pathology (76,77). Furthermore, multiple
sclerosis, ischemia-reperfusion injury after cerebral
stroke and Alzheimer’s disease are caused by or asso-
ciated with inflammatory processes (78).

The inflammatory response involves the migration of
leukocytes, the cells of the immune system such as neu-
trophils, monocytes/macrophages and lymphocytes, into
damaged or infected tissues. Recruitment of leukocytes is

NMR Biomed. 2006;19:142-164
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Table 1. Overview of the relaxivities of several different lipidic nanoparticulate MRI contrast agents?®

Aggregate Reference Description Field strength Temperature (K) r; Gd-DTPA® 7" s’
type
Liposomes Tilcock et al. (112) Gd-DTPA in lumen 1.5T 2.79 0.42
liposomes 400 nm
Gd-DTPA in lumen 15T 2.79 1.60
liposomes 70 nm
Kim ez al. (130) MHE-DTTA in 047T 4.1 31.9
bilayer liposomes
BME-DTTA in 047T 4.1 27.1
bilayer liposomes
Tilcock et al. (132) Stearyl ester—DTPA- 20 MHz® 308 23
Gd in bilayer liposomes
Stearylamide-DTPA— 20 MHz° 308 13
Gd in bilayer
liposomes
Storrs et al. (30) Polymerized liposomes 20T 4.24 12.2
long spacer
Polymerized 20T 4.24 5.7
liposomes short spacer
Glogard et al. (34) Amphiphilic Gd 20 MHz® 300 44 47
chelates in bilayer
Amphiphilic Gd 60 MHz° 300 459 25
chelates in bilayer
Bulte and De Magnetoliposomes 15T 310 3 210
Cuyper (40)
Stealth 15T 310 3 240
magnetoliposomes
Bertini et al. (137) Paramagnetic 20 MHz¢ 298 44 12
liposomes
Paramagnetic 60 MHz¢ 298 454 12.5
liposomes
Strijkers et al. (149) Gd-DTPA- 20MHz 310 3.8 8.2
BSA-containing
liposomes
Micelles Nicolle et al. (193) Gadofluorine 20 MHZz¢ 298 44 22
Gadofluorine 60 MHz* 298 4.5¢ 12
Hovland et al. (135) Amphiphilic 20 MHz* 298 49 26
GdPCTA-[12]
60 MHz® 298 4.5¢ 28
Accardo et al. (156) Mixed micellar 20 MHz* 298 44 18
aggregates
60 MHz* 298 4.5¢ 18
Mulder and Micellular iron 20 MHZz* 298 4¢ 15 200
van Tilborg oxide MCIO
(unpublished data)
Microemulsion  Winter et al. (194) Nanoparticles Gd— 15T 313 454 17.7 25.3
DTPA-BOA
Nanoparticles 15T 313 454 33.7 50
Gd-DTPA-PE
High-density Frias et al. (102) HDL-like nanoparticles 65 MHz 298 454 10.4

lipoprotein

“Note that the ionic relaxivity is given. The relaxivity per particle is much higher, since the particles depicted in the table carry high payloads of Gd or Fe.

1 G&-DTPA: T} relaxivity of Gd—-DTPA expressed in mM ™~ 's~'. r: T} relaxivity of the contrast agent referred to expressed in mM™'s

relaxivity of the contrast agent referred to expressed in mM~'s™.
°NMRD profile was given in the reference.
9Data from Aime et al. 3).

intricately regulated by inflammatory cytokines such as
interferon-vy, tumor necrosis factor-o and interleukin-1. In
response to these cytokines, endothelial cells overexpress
cell surface adhesion molecules, including the selectins (e.g.
E-selectin) that are involved in rolling of leukocytes along
the vascular wall, immunoglobulin-like adhesion molecules
such as intercellular adhesion molecule-1 (ICAM-1) and

Copyright © 2006 John Wiley & Sons, Ltd.

. Il T2

vascular cell adhesion molecule (VCAM-1) that support
firm adhesion and extravasation of leukocytes into the
tissue.

Imaging of inflammatory sites can be achieved
by making use of several different characteristics of
affected tissues. First, the specific overexpression of
endothelial adhesion molecules caused by the exposure
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to inflammatory cytokines can be used to target contrast
agents. Second, because of the enhanced permeability of
blood vessels due to an ongoing angiogenic response,
injection of a non-specific contrast agent, preferably a
long-circulating contrast agent of relatively high mole-
cular weight, may result in the accumulation of the
contrast agent at the inflamed site. Furthermore, migra-
tion of cells involved in inflammation can be followed
after labeling the cells with an appropriate contrast
material. This can be achieved in vivo, when a contrast
agent is taken up by cells (79) (e.g. monocytes) in the
circulation or ex vivo, when cells are labeled outside the
body and subsequently injected (80). Currently, much
effort is being put into research on the targeted imaging of
cell adhesion molecules involved in inflammation. Tar-
geting of the adhesion molecule may be done with
antibodies, proteins, peptides or small molecules conju-
gated to an MRI contrast agent. Lipid-based contrast
agents have been used for all three strategies (31,81).

Angiogenesis

Angiogenesis, the formation of new blood vessels from
pre-existing blood vessels, is a sequence of events that is
key in many pathological processes (14,82,83). MR
contrast agents can contribute to the detection of angio-
genic areas and vessels via two strategies. In the first
strategy, the permeability of the angiogenic vasculature is
determined with dynamic contrast-enhanced MRI. Re-
cently, it has been demonstrated that the use of contrast
agents of high molecular weight gives most insight into
vasculature permeability in angiogenesis (14). As an
example, albumin triply labeled with a fluorescent label,
Gd-DTPA and biotin has been used to investigate angio-
genesis by measuring vascular permeability with a com-
bination of fluorescence microscopy and contrast-
enhanced MRI (8). The rate of clearance of the latter
albumin contrast material from the circulation can be
manipulated by actively removing it with an avidin chase.
Lipid-based contrast agents can be synthesized in a wide
range of sizes, useful for probing vascular permeability
and with different functional moieties, e.g. a biotinylated
lipid for an avidin chase and a fluorescent lipid and
therefore would be very suitable for the applications
just described. The second strategy is to target contrast
agents to markers that are specifically associated with
angiogenically activated endothelial cells. Many cell
surface receptors are strongly expressed on activated
endothelial cells of angiogenic vessels, as compared
with resting endothelial cells of blood vessels in non-
diseased tissue. These receptors include av@3-and S1-
integrins, vascular endothelial growth factor receptor
(82), CD36 and CD44 (84). Especially the av33-integrin
has been shown to be very useful as a target for therapies
and molecular imaging contrast agents. In addition to
av33-specific antibodies, the av33-specific RGD peptide
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and peptidomimetics have been used in several studies.
The expression of this integrin has been non-invasively
visualized in tumor-bearing mice with a combination of
radiolabeled RGD and positron emission tomography
(85). Gene delivery with av(33-targeted lipidic nanopar-
ticles in tumor-bearing mice resulted in tumor cell
apoptosis and sustained regression of the tumors (68).

Apoptosis

Apoptosis, or programmed cell death, is essential for
tissue development and homeostasis. Deregulation of the
apoptotic program is often found to play a critical role in
the etiology of various pathological conditions, including
neurodegenerative diseases, autoimmune diseases, cardi-
ovascular diseases, tumor development and organ trans-
plant rejection. In addition, chemotherapeutic drugs or
radiation therapy often rely on the induction of apoptotic
cell death. Therefore, the in vivo detection of apoptosis
could be of great importance for the evaluation of disease
progression or disease treatment. Several studies have
been performed in which the detection of apoptosis was
based on the expression of the lipid phosphatidylserine
(PS) on the outer layer of the apoptotic cell membrane.
The expression of this phospholipid can be detected with
annexin V or synaptotagmin I conjugates. Both proteins
bind with high affinity to PS in a Ca**-dependent manner.
Koopman et al. (86) were the first to describe the use of
FITC-conjugated annexin V for the detection of apoptotic
B cells with flow cytometry. The first in vivo visualization
of programmed cell death was carried out with radiola-
beled annexin V (87) in various animal models and
thereafter in patients with acute myocardial infarction
(88). Annexin V, conjugated to fluorescent dyes, has been
used for in vivo optical imaging in the beating murine
heart (89) and recently several Cy5.5-conjugated annexin
V probes have been introduced for near-infrared fluor-
escent imaging (90). Annexin V-functionalized cross-
linked iron oxide (CLIO) was designed as a contrast
agent for MRI, which was additionally labeled with
Cy5.5 to allow co-localization with optical imaging
techniques (91). Alternatively, conjugation of multiple
Gd-DTPA molecules or superparamagnetic iron oxide
particles (SPIO) to the C2 domain of synaptotagmin I was
shown to allow the detection of apoptotic cells in vitro
(92). Zhao et al. (93) were the first to apply a C2 domain-
functionalized SPIO and showed very promising results
for future in vivo applications of MR contrast agents for
the detection of apoptotic sites.

Tumors

Although the above-described processes of angiogenesis,
apoptosis and inflammation are targets themselves in the
development of anti-cancer therapies, a lot of research is
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currently being performed on the development of targeted
therapies directed at tumor cells. Signal transduction
research has shown the importance of the human epider-
mal growth factor receptor (HER) family of transmem-
brane tyrosine kinases in a number of solid tumor types.
One member of this family is HER-2 (ErbB-2), which is
overexpressed in several types of cancers, including
breast, lung, gastric and bladder carcinomas. HER-2
expression is similar in primary tumors and correspond-
ing metastases (94). The expression in normal tissues is
very low, making HER-2 a candidate for targeting stra-
tegies. Also, the epidermal growth factor receptor
(EGFR, also known as ErbB-1 or HER-1), an important
molecule in the proliferation and metastasis of tumor
cells, is frequently overexpressed in common solid tu-
mors and has become a favored target for therapy with
monoclonal antibodies directed at the extracellular do-
main of the receptor and for therapy with small molecule
inhibitors of the receptor’s tyrosine kinase activity (95).

In addition to therapy based on blocking the receptor
and thereby achieving inhibition of tumor cell growth and
metastatic potential, these receptors can also be used for
targeted delivery of drugs or diagnostic imaging agents
(96). Targets expressed at tumor cells are more difficult to
use for molecular MRI since they cannot be reached
directly via the circulation, but require the contrast agent
to leak from the blood vessels into the extravascular
compartment. Since most molecular MRI contrast agents
are nanoparticulate materials, this poses a limit on
imaging such extravascular receptors. Nevertheless, mo-
lecular MRI of the HER-2/neu receptor, expressed at
tumor cells, with avidin—~Gd complexes after prelabeling
the receptors with biotinylated anti-HER-2/neu antibody
has been demonstrated (97). Furthermore, HER-2/neu-
targeted immunoliposomes effectively associate with
tumor cells and show antitumor efficacy (98).

Atherosclerosis

Atherosclerosis is a progressive disease, which can be
considered a chronic inflammation of the large arteries
(99,100). The disease starts with inflammation-like
endothelial dysfunction caused by local injury or by
the retention of atherogenic lipoproteins. The process
is initiated by oxidized lipoproteins in the vessel wall,
e.g. oxLLDL, which triggers the endothelium to express
monocyte recruiting endothelial cell receptors such
as VCAM-1, P-selectin, E-selectin and ICAM-1. Mono-
cytes accumulate in the subendothelial space and differ-
entiate into macrophages that take up oxXLDL. Eventually,
the macrophages are converted into foam cells. At this
stage of the disease the lesion is called an early lesion or a
fatty streak. With continuing lipoprotein accumulation
and foam cell formation, the early lesion progresses into
an atheromatous core. The atherosclerotic plaque thus
formed is stabilized by the migration of smooth muscle
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cells, resulting in the formation of a fibrous cap. Blood
supply into the heavily thickened vessel wall is main-
tained by an angiogenic expansion of the vasa vasorum
(vessels within the wall of larger blood vessels) (101).
The advanced plaque, or complex lesion, may be at risk
of rupture, which triggers thrombus formation. This
process is the main cause of acute clinical complications
such as stroke and myocardial infarction.

In this cascade of events, several markers are of interest
for target-specific MRI. LDL or HDL can be paramag-
netically labeled (102,103) for identification of athero-
sclerotic plaques after uptake of these contrast agents by
the plaque. All inflammatory markers, e.g. E-selectin,
P-selectin or VCAM-1, expressed on the endothelial cell
are potential targets for molecular MRI of atherosclero-
sis. Fluorescent and superparamagnetic iron oxide nano-
particles have been successfully targeted to plaques in
transgenic mice using a VCAM-1-specific peptide (104).
Furthermore, monocytes and other cells related to
inflammation can be magnetically labeled, in vivo and
ex vivo, to follow their fate in relation to atherosclerosis.
Since strong angiogenic activity may occur in the vasa
vasorum, strategies sketched in the section about angio-
genesis also have potential in identifying and character-
izing atherosclerotic plaques. In advanced stages of
plaque formation, apoptotic activity is common and
contributes to plaque instability. Detection of apoptotic
plaques with MRI would therefore give the opportunity to
determine the risk of plaque rupture in vivo. Strategies to
image apoptosis are outlined in the section on apoptosis.
In the final stage of the atherosclerotic progression,
thrombi, e.g. formed as a result of plaque rupture, can
be targeted with fibrin or platelet-specific peptides (105)
or antibodies (72).

LIPID-BASED MRI CONTRAST
AGENTS: APPLICATIONS

Liposomal contrast agents

In this section, an overview of liposomal MRI contrast
agents is given. A brief outline of historical developments
is followed by a summary of what has been done thus far.
In the second, part a number of interesting and innovative
developments are reviewed and discussed in more depth.

Liposomes were discovered in the early 1960s by
Bangham et al., who found that egg lecithin phospho-
lipids combined with water self-organized into spheres
because of the amphiphilic character of the lipids (106).
Liposomes can be defined as spherical, self-closed
structures formed by one or several concentric lipid
bilayers with an aqueous phase inside and between the
lipid bilayers (107). Liposomes have been used exten-
sively as a model to study the properties of biological
membranes. They can vary in size and lamellarity and
are therefore subdivided into multilamellar vesicles
(MLYV), consisting of several concentric bilayers, large
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unilamellar vesicles (LUV), in the size range 200-—
800nm), and small unilamellar vesicles (SUV), in the
size range 50-150nm. Soon after the discovery of
liposomes, they were suggested for use as drug carriers,
because of their striking biological properties. First,
liposomes are composed of naturally occurring lipids or
closely related synthetic lipids and therefore are bio-
compatible. Liposomes can carry water-soluble phar-
maceutical agents in the aqueous interior and
amphiphilic or hydrophobic agents in the lipid bilayer.
Furthermore, liposomal pharmaceutical agents are pro-
tected from interactions with plasma proteins and
deactivation and exhibit prolonged circulation times
and favorable biodistribution properties. Altering their
surface properties makes possible improved delivery of
liposomes to diseased tissue and into cells. These
properties also make liposomes excellent candidates
to carry or deliver contrast agents for MRI and in the
1980s the first studies about the use of liposomes
as carriers of MR contrast agents appeared in the
literature.

The first type of liposomal MRI contrast agents de-
scribed were liposomes entrapping paramagnetic agents
in the aqueous lumen. Paramagnetic agents such as
MnCl,, (108,109) Gd-DTPA (110-112), Mn-DTPA
(113), Gd-DTPA-BMA (114) and Gd-HP-DO3A (115)
and macromolecular contrast agents such as Mn*" bound
to serum proteins (116) can be prepared in a liposomal
formulation. Contrast agents of this type have been used
successfully to improve the detection of tumors in the
liver of rats with hepatic metastases (117-119). Recently,
gadodiamide- and doxorubicin-containing liposomes were
used to study the liposomal distribution after convection-
enhanced delivery to brain tumors in rats (120) and mice
(121). Furthermore, gadobutrol-containing liposomal
carriers equipped with RGD ligands were targeted to
av3-integrin-expressing cells in vitro (122). Although
the liposomal formulations containing a paramagnetic
payload in the aqueous lumen have been used success-
fully, the utility of these contrast agents is limited. First,
the relaxivity of the entrapped paramagnetic species is
lowered, because of the limited exchange of bulk water
with the contrast agents (112,123). This exchange is
dependent on the permeability of the liposomal mem-
brane to water (124). The permeability of the liposomal
membrane depends on the lipid composition and can be
altered by varying the saturation level of the lipid chains
and the length of the lipid chains and by incorporation of
cholesterol. The more permeable the membrane, the
better is the water flux across the bilayer and the better
the relaxivity (112). Furthermore, the contrast efficiency
can be improved by using smaller liposomes. The vo-
lume-to-surface ratio of small liposomes is lower and
therefore the exchange with external bulk water is better
(112,123). This implies that in terms of relaxation proper-
ties, an optimal formation would be liposomes of small
size with a permeable bilayer. Unfortunately, permeable
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liposomes usually are less stable in serum than liposomes
with a more rigid bilayer. A second drawback is that upon
degradation the liposomes may lose their paramagnetic
content, which makes the interpretation of observed
contrast enhancement problematic. Nowadays, such sys-
tems are still in development and the drawbacks just
described have also been used beneficially, e.g. for
monitoring drug release from liposomes (125) and to
use membrane transition properties to monitor local
tissue temperature (126) or pH (127). More about this
subject will be discussed in a later section about smart
contrast agents.

A second class of liposomal contrast agents carries the
paramagnetic molecule in the lipid bilayer, which makes
the amphiphilic paramagnetic complexes an integral part
of the liposomal surface (128,129). This approach results
in an improved ionic relaxivity of the metal compared
with the approach of encapsulating the paramagnetic
molecules in the aqueous interior and compared with
low molecular weight complexes (130). The amphiphiles
used can consist of Gd-DTPA as the hydrophilic part
attached to a hydrophobic part. DTPA—stearate (131,132)
or DTPA attached to alkyl chains via amide linkers are
examples of such molecules (133,134). Phosphatidy-
lethanolamine (PE) has been linked to DTPA to obtain
PE-DTPA, which can form vesicles when mixed with
natural phospholipids (135). The NMRD profiles, field-
dependent relaxation measurements, closely resemble
those of macromolecular contrast agents, with a typical
peak at higher field strengths (34,132), because of the
longer rotational correlation time. The applicability of
such liposomal contrast agents is broad. Pegylated lipo-
somes have been used as a blood pool agent (136), for the
detection of lymph nodes (136) and to achieve sustained
contrast enhancement of tumors (137). Regions of en-
hanced permeability can be detected upon injection of
paramagnetic liposomes, which is useful e.g. after myo-
cardial infarction (138) and for tumor detection. Re-
cently, the biodistribution of lipoplexes, cationic
liposomes bound to DNA, was evaluated over time by
incorporating a Gd-lipid amphiphile (139). Upon intra-
tumor injection of the lipoplexes, a strong and persistent
T,-weighted MRI signal increase was observed.

Polymerized liposomes. In 1995, Storrs et al. intro-
duced a novel liposomal MRI contrast agent (30). A
DTPA-based lipid, amphiphilic carrier lipids and a bio-
tinylated amphiphile, all containing a diacetylene triple
bond in the fatty acyl chains, were synthesized. From
these lipids, liposomes were prepared and for further
stabilization the triple bond-containing lipids in the lipo-
somes were illuminated with UV radiation to induce
polymerization via the triple bonds. The biotin group in
these polymerized vesicles was used for conjugation of
biotinylated antibodies via an avidin-biotin linking pro-
cedure. In rats, the half-life of this contrast agent is
almost 20 h (140). Sipkins et al. used the vesicles coupled
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to av(3-specific LM609 antibodies to detect angiogen-
esis in tumor-bearing rabbits (15). Since MRI has an
inherently low sensitivity compared with nuclear meth-
ods, the detection of the expression of sparse epitopes
should be done with a powerful targeted contrast agent.
The polymerized liposomes used in this study were 300—
350 nm in size and contained 30% of the Gd-lipid. This
means that these liposomes have an extremely high
payload of gadolinium per particle, which makes them
very potent. The contrast agent was applied intravenously
in tumor-bearing rabbits, which resulted in a statistically
significant signal intensity enhancement 24 h after injec-
tion. Importantly, the signal enhancement correlated
with the immunohistochemical determination of av(3-
integrin distribution. In later studies, this polymerized
liposomal system, targeted to the av33-integrin, was
used to deliver a mutant Raf gene (ATPmu-Raf) to
angiogenic blood vessels in tumor-bearing mice (68).
ATPmu-Raf blocks endothelial signaling and angiogen-
esis in response to multiple growth factors. Apoptosis of
the tumor-associated endothelium was induced by sys-
temic injection of the liposomes into mice, which re-
sulted in sustained regression of the tumors.

The above liposomal system was also used to detect the
expression of leukocyte adhesion molecules with MRI in
the brain of mice with experimental autoimmune ence-
phalitis (EAE) (71), a mouse model of multiple sclerosis.
To that end, the polymerized liposomes were conjugated
to biotinylated antibodies specific for ICAM-1. Mice
were injected with ICAM-1-specific liposomes and
non-specific liposomes. The brains of the animals were
removed and scanned ex vivo with high-resolution MRI.
Marked differences were observed between EAE mice
that were injected with the specific contrast agent and the
control contrast agent and healthy mice that were injected
with the specific contrast agent (Fig. 4). T)-weighted
images of the EAE mice that had received ICAM-1
specific liposomes demonstrated widespread MR signal

intensity increases throughout the central nervous sys-
tem, which correlated with the pattern of ICAM-1 ex-
pression as determined immunohistochemically.

Magnetoliposomes. Magnetoliposomes are liposomes
containing solid iron oxide particles in the liposomal
lumen (40). Magnetoliposomes have been used originally
to study biological membranes (141) and for cell sorting
(142). Furthermore, they can be used for targeted drug
delivery (using a constant magnetic field) and controlled
release (using high-frequency magnetic field oscillations)
of an entrapped drug (143,144). Two types of magneto-
liposomes have been used most often. The first type
contains water-soluble iron oxide particles in the aqueous
lumen (145,146). The second type, developed by De
Cuyper and Joniau, (147), is an iron oxide particle
of ~15nm covered with a lipid bilayer. The latter
will be discussed in more detail, since it has been applied
as an MRI contrast agent in vivo. The formation of this
type of magnetoliposome starts with the synthesis of a
magnetic fluid of superparamagnetic iron oxide particles.
The iron oxide particles are stabilized and solubilized
with laurate. When the particles are incubated with an
excess of phospholipid vesicles and dialyzed for a num-
ber of days, the phospholipids from the vesicles transfer
and absorb on the solid surface, ultimately forming a
bilayer of phospholipids around the iron oxide particles.
For improved pharmacokinetic properties, PEG-lipids
can be introduced by simply mixing the magnetolipo-
somes with donor vesicles containing these lipids. The
PEG-lipids transfer spontaneously from the donor mem-
branes to the bilayer of the magnetoliposomes. Bulte
et al. demonstrated the applicability of this nanoparticle
as a bone marrow MR contrast agent (148). Furthermore,
the pegylated magnetoliposomes can be functionalized
through incorporation of a PEG-lipid with a distal func-
tional moiety, which can be used for conjugation to
achieve specificity for the biological marker of interest.

Figure 4. High-resolution MR images of the EAE mouse brain with anti-ICAM-1 PV contrast
enhancement vs controls. (A) T,-weighted MR image of ex vivo EAE mouse brain. T1-weighted
MR image of ex vivo mouse brain (B) with and (D) without EAE after injection of anti-ICAM-1
antibody-conjugated paramagnetic liposomes. (C) EAE mouse brain after injection of control
isotype antibody-conjugated paramagnetic liposomes. Widespread MR signal intensity enhance-
ment throughout the brain with EAE can be observed for (B) only. Adapted from Fig. 4 of Sipkins
et al., ICAM-1 expression in autoimmune encephalitis visualized using magnetic resonance
imaging. J. Neuroimmunol. 2000; 104: 1-9, with permission from Elsevier Science
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Bimodal liposomes. Mulder et al. introduced a bimo-
dal targeted liposomal contrast agent for the detection of
molecular markers with both MRI and fluorescence micro-
scopy (31,149). The liposomes consist of Gd—-DTPA at-
tached to two stearyl chains, a fluorescent lipid, DSPC,
cholesterol and PEG-DSPE. The last component provides
the liposomes with a hydrophilic coating for improved
stability in vivo. In vitro, this contrast agent conjugated with
E-selectin-specific antibodies was tested on human en-
dothelial cells (HUVEC) stimulated with tumor necrosis
factor o (TNFa). A pronounced contrast agent association
was observed with fluorescence microscopy at the subcel-
lular level and with MRI on cell pellets (31).

Furthermore, apoptotic jurkat cells were successfully
targeted and imaged in vitro with the bimodal liposomal
contrast agent conjugated with Annexin-V (150). Follow-
ing incubation with the contrast agent, pellets of apopto-
tic cells showed increased signals in T-weighted images,
whereas it was revealed with confocal laser scanning
fluorescence microscopy that the contrast agent was
bound to the cell surface.

The liposomal contrast agent conjugated with
cyclic RGD-peptides was used to identify the angiogenic

endothelium in tumor bearing mice with in vivo MRI and
ex vivo fluorescence microscopy (151,152). The cyclic
RGD-peptide has high affinity for the av(3-integrin,
which is upregulated at endothelial cells of angiogenic
blood vessels. MRI revealed that upon intravenous
injection of the contrast agent, the RGD-liposomes
localized to a large extent in the tumor rim, which is
known to have the highest angiogenic activity [Fig. 5(A)].
Non-specific RAD-liposomes also targeted the tumor, but
showed a diffuse distribution pattern [Fig. 5(B)]. The
different mechanisms of accumulation were established
with fluorescence microscopy, which revealed that RGD—
LNP were exclusively associated with tumor blood ves-
sels [Fig. 5(C)] whereas RAD-LNP were, to a large
extent, localized in the extravascular compartment [Fig.
5(D)]. This study demonstrated the critical importance of
validating the MRI findings with a complementary tech-
nique such as fluorescence microscopy.

Micellular contrast agents

Micelles are in particular interesting for carrying poorly
soluble pharmaceutical agents (153). Furthermore, they

Figure 5. MR images of tumors of mice after they were injected with (A) paramagnetic
av33-specific RGD-liposomes and (B) non-specific paramagnetic RAD-liposomes. Fluor-
escence microscopy of 10 um sections from dissected tumors revealed a distinct difference
between tumors of mice that were injected with RGD-liposomes (C) or RAD-liposomes (D).
Vessel staining was done with an endothelial cell-specific FITC-CD31 antibody. The red
fluorescence represents the liposomes (C) and the green fluorescence represents blood
vessels. RGD-liposomes were exclusively found within the vessel lumen or associated with
vessel endothelial cells (C), whereas RAD-liposomes (D) were also found outside

blood vessels within the tumor
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can be prepared from lipids that contain a PEG moiety to
make the surface of the micelle inert to blood compo-
nents. This lets micelles circulate in the blood for a fairly
long time without being recognized by certain plasma
proteins and/or phagocytic cells. In this way, they can be
used as long-circulating blood pool agents, which non-
specifically target to areas with a leaky vasculature.
Ligands can also be coupled to the surface of the micelles
for targeting to specific sites (154). These properties
make micelles excellent candidates to function as MRI
contrast agents. The most common strategy to prepare
micelles with paramagnetic properties is to use amphi-
philic molecules with a Gd*" chelating and hydrophilic
headgroup and one hydrophobic chain. A mixture of
paramagnetic amphiphilic molecules and phospholipids
or PEG-lipids may also be employed. The NMRD profile
of a micellular contrast agent shows the typical peak in
the T relaxivity r; at higher field strengths (155), since
micelles have a relatively long rotational correlation time,
typical for macromolecular contrast agents. The ionic
relaxivity of Gd-based micellular contrast agents at
clinically relevant field strengths is therefore superior
to that of low molecular weight complexes. Recently,
Accardo et al. described the synthesis and physiochem-
ical characterization of a target-specific micellular con-
trast agent which was composed of a mixture of two
amphiphilic molecules (156). The first molecule is a C;g
hydrophobic moiety bound to an octapeptide. The second
molecule contains the same C;g moiety, but is coupled to
DTPA. The peptide sequence used displays high affinity
for cholecystokinin receptors, which are localized in the
cell membrane and overexpressed in many tumors. The
authors inferred that this type of mixed micellular con-
trast agent is a promising tool for target-specific MR
imaging.

Micelles composed of phospholipids, a surfactant and
an amphiphilic Gd contrast agent were recently used for
detecting macrophages (157). Macrophages are known to
play a central role in the pathogenesis and evolution of
atherosclerotic plaques. The contrast agent was employed
to macrophages in vitro and in vivo in a mouse model of
atherosclerosis and showed macrophage-specific uptake.
Immunomicelles were prepared by coupling biotinylated
antibodies, specific for the macrophage scavenger recep-
tor, to the micelles via an avidin—biotin linkage. An
improved uptake of the antibody conjugated micelles
compared with bare micelles was observed, which was
established with MRI and fluorescence microscopy.

Gadofluorine. Gadofluorine is a micellular contrast
agent composed of a surfactant with a highly hydrophobic
perfluoroalkyl tail and a hydrophilic Gd>" chelating
headgroup and has been shown to be especially successful
for MR lymphography (158-160) and improved detection
of atherosclerotic plaques (81,161). Barkenhausen et al.
studied the aortic arch of hyperlipidemic rabbits with
MRI before and after the administration of gadofluorine
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Figure 6. HASTE (A, C) and IR turboFLASH (B, D) images
before (A, B) and 48 h after (C, D) application of gado-
fluorine to an 18-month-old WHHL rabbit at identical slice
positions. Wall of descending aorta (arrows) shows marked
enhancement after contrast injection (D). Adapted from Fig.
2 of Barkhausen et al., Detection of atherosclerotic plaque
with gadofluorine-enhanced magnetic resonance imaging.
Circulation 2003; 108: 605-609, with permission from
Lippincott Williams & Wilkins

(81). Enhancement occurred in the aortic wall of all
hyperlipidemic rabbits. In Fig. 6, images before (A and
B) and 48 h after (C and D) application of the contrast
agent are depicted. A ring-shaped contrast enhancement
of the aortic wall was observed. The MRI findings were
validated with Sudan Red staining and matched with
ex vivo MR scans of the same specimen. Sirol et al.
demonstrated that gadofluorine is especially useful for
detecting lipid-rich plaques (162). Furthermore, using an
improved scanning protocol the authors were able to
detect atherosclerotic plaque within 1 h after gadofluorine
injection. Another study by Sirol et al. demonstrated that
early and advanced lesions can be discriminated by
gadofluorine-enhanced imaging (163). Upon injection
of gadofluorine, early lesions showed lower enhancement
than more advanced lesions. This correlated with the
density of the vasa vasorum, suggesting that plaque
enhancement with gadofluorine is dependent on neoves-
sel density. Gadofluorine has also been shown to be useful
for the assessment of nerve degeneration, since it selec-
tively accumulated and retained in nerve fibers under-
going Wallerian degeneration in the leg of rats causing
bright contrast on 7;-weighted MR images (164).

Nanoparticle-containing micelles. Nanoparticles,
such as iron oxide particles and quantum dots, are mostly
synthesized in non-polar organic solvents and capped
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Figure 7. Schematic representation of the encapsulating procedure of hydrophobic
nanoparticles in micelles. Lipids are mixed with the nanoparticles in an apolar solvent.
The mixed film obtained is hydrated. Thereafter, the nanoparticle-containing micelles and

empty micelles are separated by centrifugation

with a surfactant. If they are to be solubilized in aqueous
buffers, their hydrophobic surface components must be
replaced by amphiphilic ones. An alternative strategy was
developed by Dubertret et al. for TOPO-coated quantum
dots (39). The hydrophobic particles were dissolved in
chloroform together with pegylated phospholipids. After
evaporating the solvent and hydrating the mixed film
of quantum dots and lipids, quantum dot-containing
micelles were formed. The same method can be used
for encapsulating hydrophobic iron oxide particles in
micelles. With this elegantly simple procedure, one
obtains a water-soluble particle of small size, which can
easily be functionalized by just mixing the appropriate
lipids. Furthermore, fluorescent lipids can also be incor-
porated for optical imaging. In Fig. 7, the procedure is
described schematically. Van Tilborg et al. functionalized
the micellular iron oxide particles with Annexin V for the
detection of apoptotic cells. In vitro, the Annexin
V-conjugated particles showed a high affinity for apopto-
tic cells, which resulted in a large decrease in 7, of a
pellet of these cells, whereas the control cells showed
almost no T, decrease (165). In vivo, this contrast agent
might be very useful for detecting apoptotic cells in
pathological processes such as ischemic reperfusion in-
jury, atherosclerosis and tumors. Nitin et al. developed a
similar approach to solubilize iron oxide (35). They
conjugated TAT-peptides and a fluorescent label to the
distal end of the PEG chains of the phospholipids to coat
the iron oxide particles. The TAT-peptide has been shown
to deliver nanoparticles into cells, making it attractive for
intracellular labeling. The uptake of this conjugate was
demonstrated in vitro with both MRI and fluorescence
microscopy.

Microemulsions

Microemulsions are mixtures of water, oil and an amphi-
phile, which result in an optically isotropic and thermo-
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dynamically stable solution (38). The usefulness of
microemulsions as MRI contrast agent was recognized
by Lanza and Wickline. Their nanoparticle has a per-
fluorocarbon core, which is covered with a monolayer of
lipids. Initially they used their technology in combination
with ultrasound, because of the acoustic properties of the
contrast agent. In their first study, a three-step approach to
target thrombus was utilized (166). First a biotinylated
antifibrin monoclonal antibody was used to target fibrin, a
main component of thrombus. Next, avidin was adminis-
tered to bind to the antifibrin antibodies via a biotin—
avidin linkage. Since avidin has four binding sites for
biotin the non-bound sites of avidin could next be used
for targeting the biotinylated perfluorocarbon nanoparti-
cles. In this manner, thrombi were detected with ultra-
sound. A similar approach was used for detecting fibrin in
dogs with MRI (72). With that aim, Lanza et al. slightly
modified their procedures by also incorporating paramag-
netic lipids (Gd—-DTPA-BOA) in the lipid monolayer of
the nanoparticles. Because of the size of the nanoparticle,
the payload of Gd—-DTPA-BOA was as high as 50 000 per
particle. This dramatically increases the relaxivity per
particle, which is necessary for detecting sparse epitopes
with MRI. Scanning electron micrographs of control
fibrin clots and fibrin clots targeted with the paramagnetic
nanoparticles are depicted in Fig. 8(A) and (B). An
extensive association of the contrast agent with the clots
can be observed. An in vivo MR image of a dog with
thrombus (in the external jugular vein) after incubation
with the contrast agent shows a pronounced contrast
enhancement of the thrombus on 7-weighted images
[Fig. 8(C) and (D)]. In a paper published in 2002, these
authors extended their technology for simultaneous ima-
ging and delivery of an antiproliferative drug to smooth
muscle cells (167). Furthermore, the perfluorocarbon
core of the nanoparticles allows particle detection with
F NMR spectroscopy, which makes quantification of
drug delivery possible. Morawski et al. used cultures of
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Figure 8. Scanning electron micrographs of control fibrin clot (A) and fibrin-targeted paramagnetic nanoparticles
bound to clot surface (B). Arrows indicate (A) fibrin fibril and (B) fibrin-specific nanoparticle-bound fibrin epitopes.
Thrombus in external jugular vein targeted with fibrin-specific paramagnetic nanoparticles demonstrating dramatic
T1-weighted contrast enhancement in gradient-echo image (C) with flow deficit (arrow) of thrombus in correspond-
ing phase-contrast image (D). Adapted from Figs 1 and 5 of Flacke et al., Novel MRI contrast agent for molecular
imaging of fibrin: implications for detecting vulnerable plaques. Circulation 2001; 104: 1280-1285, with permission
from Lippincott Williams & Wilkins

smooth muscle cell monolayers to model and validate the
MRI detection limit of sparse molecular epitopes when
targeted with this contrast agent (168). They showed that
imaging of cell monolayers was possible at 1.5 T using
perfluorocarbon nanoparticles of 250nm, containing
90 000 Gd-DTPA-BOA, targeted to tissue factor-expres-
sing cells. Furthermore, quantification was achieved and
picomolar concentrations of the nanoparticles were suffi-
cient to generate a significant change in contrast to noise
ratio. The perfluoro nanoparticles targeted to the av(33-
integrin have been used for detecting angiogenesis in a
rabbit model of atherosclerosis (169) and in tumors
implanted in rabbits (69). Angiogenesis plays an impor-
tant role in providing the tumor with nutrients. Anti-
angiogenic therapies are therefore believed to provide a
powerful treatment option for cancer. In atherosclerosis
the plaques contain angiogenic microvessels, which are
believed to play an important role in plaque development.
Imaging plaques and tumors with an awv(33-specific con-
trast agent is therefore of importance for early detection,
defining the severity of the disease and following the
effect of therapy. Recently, Winter et al. presented results
of a combinatory approach of MR molecular imaging and
drug targeting of atherosclerosis with this contrast agent
(170). To that end they used the av(33-specific nanopar-
ticles to target the aortic vessel wall after balloon injury.
For therapeutic purposes they included fumagillin in the
lipid monolayer of the nanoparticles and observed an
anti-angiogenic effect with MRI that was confirmed
histologically.

Lipoproteins

Low-density lipoprotein (LDL) and high-density lipopro-
tein (HDL) play an important role in the transport of
cholesterol. LDL consists of a lipid core of cholesterol
esters and triglycerides covered by a phospholipid mono-

Copyright © 2006 John Wiley & Sons, Ltd.

layer which contains a large apolipoprotein. LDL binds to
the LDL receptor exclusively via this apolipoprotein and
is subsequently internalized. The overexpression of the
LDL receptor is associated with several pathologies,
including atherosclerosis and cancer. Hui et al. labeled
LDL by incubating it with PTIR267 molecules (171), a
contrast agent with a Gd—DTPA moiety and a fluorescent
label. In vitro uptake of this contrast agent by melanoma
cells was determined with fluorescence microscopy.
In vivo they observed increased contrast in the mouse
B16 melanoma tumors and in the mouse liver, whereas
the uptake in the liver of LDL receptor knockout mice
was very low.

An HDL-like particle was developed by Frias et al. for
bimodal imaging (102). They constructed the particle
from apo-HDL proteins and phospholipids, with or with-
out unesterified cholesterol. A paramagnetic phospholi-
pid, Gd-DTPA-DMPE and a fluorescent phospholipid
were incorporated (Fig. 9) for imaging purposes. This
contrast agent was tested on a mouse model of athero-
sclerosis that was imaged in vivo with MRI. The vessel
wall of the abdominal aorta showed strong signal en-
hancement with a maximum 24 h post-injection. Follow-
ing aorta excision, it was established with post mortem
confocal fluorescence microscopy that the contrast agent
was mainly localized in the intimal layer. The lipoprotein
contrast agents may be of great use for the non-invasive
characterization of cancer and atherosclerosis.

Smart contrast agents

Smart contrast agents, also referred to as responsive or
activated contrast agents, are agents that undergo a large
change in relaxivity upon activation. A key study in this
field was published by Louie et al (16). They developed a
Gd*" chelating complex, which, in the presence of the
enzyme [-galactosidase, undergoes a sizable increase in
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Gd-DTPA- 4
DMPE
(MRI)

Figure 9. Different components of the recombinant HDL-like
MRI contrast agent. Adapted from Scheme 1 of Frias et al.,
Recombinant HDL-like nanoparticles: a specific contrast agent
for MRI of atherosclerotic plagues. J. Am. Chem. Soc. 2004;
126: 16316-16327, with permission from the American
Chemical Society

relaxivity. In its inactive form water is not accessible to
Gd*" because of blockage with a sugar moiety. When the
enzyme cleaves off the sugar water can directly coordi-
nate with Gd*>" explaining the r| increase. Peroxidase
activity has been detected with MRI by using iron oxide
nanoparticles conjugated with phenolic molecules that
crosslink in the presence of peroxidases. This leads to the
self-assembly of the nanoparticles (172), which results in
a concentration-dependent decrease of 7.

Liposomes have also been used as smart contrast
material. Liposomes can, for example, be prepared to
undergo a phase transition of the bilayer following a
physiological trigger. When the bilayer is in a rigid, gel-
like state, it is poorly permeable to water. After the phase
transition, the membrane becomes more fluid and hence
more permeable to water. The phase transition can be
caused by, e.g., pH changes or temperature changes. Gd—
DTPA-BMA encapsulated by pH-sensitive liposomes
composed of phosphatidylethanolamine and palmitic
acid were studied by Lokling et al. (127). The use of
these liposomes was initially limited because of their low
stability in blood (173). Exchanging palmitic acid for the
double-chained amphiphile dipalmitoylglycerosuccinate
resulted in a formulation with increased stability and
good pH sensitivity (174). This contrast agent might be
useful for pH quantification, which is clinically relevant
for characterizing tumors.

Similar liposomal systems have been used in several
studies for the non-invasive determination of local
temperature (114). The relaxivity of these liposomes
increases when the temperature is above the gel-to-
liquid crystalline phase transition. Frich et al. used
thermosensitive liposomes for image-guided thermal
ablation of rabbit liver (126). Upon heating, an increase
in tissue signal was observed in 7j-weighted images
(Fig. 10), thus allowing on-line monitoring of thermal
ablation.

Copyright © 2006 John Wiley & Sons, Ltd.

Another example of a smart imaging strategy is to
determine drug release from liposomes using MRI (125).
MnSOy- and doxorubicin-loaded liposomes were used for
monitoring the release of the drug from the liposomes
with MRI. Mn”" is a paramagnetic ion which shortens the
T, of water. However, when Mn>* is encapsulated in
liposomes the relaxivity decreases dramatically. The
release of content from temperature-sensitive liposomes
could be followed by the increase in the MRI signal in
T,-weighted images.

A liposomal contrast agent responsive to radicals has
also been described (175). In this agent, Gd>" chelates
are conjugated to the liposome via a disulfide linker. The
rotational correlation time of this conjugate is long,
resulting in a high relaxivity. When the contrast agent
is exposed to radicals, the paramagnetic chelates are
cleaved off, leading to faster tumbling and a correspond-
ing decrease in the relaxivity.

Cell labeling

MRI as a cellular imaging modality depends on meth-
ods to label magnetically cells of interest in order to
monitor their trafficking as part of cell-based repair,
replacement and treatment strategies. Efficient mag-
netic labeling of the cells to be tracked with MRI is
of great importance for keeping the detection limit of
the cells as low as possible. The migration of magne-
tically-labeled implanted stem cells was successfully
monitored in the brain of experimental stroke rats by
Hoehn et al. (176) and in a myocardial infarction pig
model by Kraitchman et al. (177)

Different strategies have been described that mainly
focus on loading cells with iron oxide particles. In an
early study performed by Bulte et al., liposomes contain-
ing dextran-coated iron oxide particles were used for
labeling of human peripheral blood mononuclear cells
with iron oxide particles (145). For efficient incorpora-
tion, transfection agents, originally developed to transfect
non-viral DNA, may be used. Among the different
transfection agents, a subgroup are the lipid-based trans-
fection agents, usually cationic liposomes. Labeling cells
with magnetic iron oxide particles can be done with high
efficiency using these lipid-based transfection agents.
Van den Bos et al., for example, reported that the use
of cationic liposomes for iron oxide stem cell labeling
increased the labeling efficiency approximately 100-fold
(178). The above methods introduce superparamagnetic
properties to the cells. Efficient paramagnetic labeling of
cells can be done with cationic liposomes (179) or
microemulsions containing a high payload of an amphi-
philic paramagnetic moiety. These systems can also carry
a fluorescent lipid for simultaneous detection with
fluorescence microscopy. Recently, perfluoropolyether-
containing microemulsions have been used to label
dendritic cells (180). The cells were tracked in mice
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Figure 10. T,-weighted images of radiofrequency ablation in rabbit liver after injection of liposomal contrast. Prior to
heating (t0), during heating (t1), after normalization of tissue temperature (t2) and 15-20 min after normalization of
tissue temperature (t3). Note the increasing signal intensity in the periphery of the thermal lesion in the right liver lobe
(white arrows). The radiofrequency electrode has been repositioned in the left liver lobe at t3 (white arrowhead).
Adapted from Fig. 4 of Frich et al., Experimental application of thermosensitive paramagnetic liposomes for monitoring
magnetic resonance imaging guided thermal ablation. Magn. Reson. Med. 2004; 52: 1302-1309, with permission
from John Wiley & Sons, Inc

in vivo using '"F MRI. The main advantage of this
technique is that it allows imaging of the cells without
any background, so-called hot-spot imaging, since there
are no endogenous fluorine atoms present in the body.
The information obtained with '°F MRI can be super-
imposed on high-resolution anatomical 'H MR images,
allowing accurate localization of the contrast material.

RECENT DEVELOPMENTS

In addition to MRI, lipidic nanoparticles have also been
employed as contrast agents for other imaging modal-
ities. Liposomes with appropriate radiolabels have been
used for positron emission tomography (PET) (181),
single photon emission computed tomography (SPECT)
(182) and scintigraphy imaging (183). For computed
tomography (CT), liposomes can carry heavily iodinated
organic compounds, whereas for ultrasound the lipo-
somes should be echogenic (184). Micelles with an
amphiphilic indium-111-labeled moiety have been ap-
plied for lymphography (33). In addition to the estab-
lished utility of perfluorocarbon nanoparticles as
ultrasonic and MRI contrast agents, this technology has
been further modified for other imaging methods such as
CT (185) and nuclear techniques. Such multimodal
nanoparticles may be of use in choosing the optimal
detection or imaging method with the same nanoparticu-
late probe. Furthermore, a combinatory approach may be
beneficial for improved detection. A sensitive and low-
resolution technique, such as the nuclear techniques, can
provide information on the biodistribution of the nano-
particles. A whole body can be scanned and areas of
interest can thus be identified relatively rapidly. There-
after, these areas may be investigated in more detail with
high-resolution and low-sensitivity techniques such as
CT and MRI. The combination may also be of use to
merge anatomical information from MRI or CT with the

Copyright © 2006 John Wiley & Sons, Ltd.

sensitive detection of the contrast agent with nuclear
methods.

Quantum dots, semiconductor nanocrystals a few nan-
ometers in size, have recently attracted much attention for
biological imaging purposes (186) because of their ex-
cellent fluorescent properties, but their use has been
limited by difficulties in obtaining quantum dots that
are biocompatible. Quantum dots capped in phospholipid
micelles (39) were among the first to be applied in vivo.
Mulder et al. recently extended this approach by applying
a paramagnetic lipidic coating to quantum dots for
simultaneous detection with MRI (187).

Another promising application of nanoparticles is their
use for combined diagnostics and treatment. As discussed
previously, extensive research has been done with lipidic
aggregates as pharmaceutical carriers, which makes the
implementation of combining a MRI contrast agent with
a therapeutic agent relatively easy.

CEST (chemical exchange saturation transfer) agents
are agents that contain at least one pool of exchangeable
protons, which upon irradiation at their resonance fre-
quency transfer magnetization to the strong signal from
bulk water. CEST agents are interesting because they can
be switched on and off, but are limited because of their
low sensitivity. Creating particles with a large number of
exchangeable protons may be done with liposomes. This
so-called LIPOCEST approach, which was recently pro-
posed by Aime et al. (188), relies on the incorporation of
an MR shift reagent in the liposomal lumen. This causes
the resonance frequency of water protons inside the
liposomes to be shifted from that of the external water.
In a phantom study, the authors were able to detect the
contrast agent at a concentration as low as 90 pm. Terreno
et al. presented initial results of in vitro targeting of this
LIPOCEST agent (189). In that study, the liposomes were
coated with PEG and coupled to peptides via avidin—
biotin bonding. In addition, MRI visualization of
the passive accumulation of pegylated LIPOCEST in
tumor-bearing mice was demonstrated.
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CONCLUSIONS

In this review, we have shown the variety of
possibilities of using lipids and other amphiphiles as
building blocks of nanoparticulate MRI contrast agents.
Phospholipids are the most commonly used amphiphiles
for biomedical applications, which has resulted in the
commercial availability of many different lipids and
phospholipid-like structures. Magnetic resonance is a
leading diagnostic imaging modality, since it excels
in depicting soft tissue with high spatial resolution.
Nevertheless, to improve the applicability of contrast-
enhanced MRI, the limitations of the technique have to
be taken into consideration. First, the relatively low
sensitivity of MR can be compensated by creating
highly potent contrast agents, which is possible by
using lipidic particles with a high payload of contrast
material. Second, although the spatial resolution of
MRI is superior to that of other non-invasive in vivo
imaging modalities, the level of detail that is obtained
with immunohistochemical techniques will not be
achieved. Therefore, in the initial phase MRI should
be combined with a complementary imaging technique
to gain more insight into the pathology studied and
into the mechanisms of uptake and fate of the contrast
agent. Fluorescence microscopy is such a technique,
which is capable of studying processes with subcellular
resolution. Fluorescence microscopy is mainly applied
post mortem on small tissue sections, because of
the limited penetration depth of light. The availability
of fluorescent lipids provides opportunities to create
easily bimodal contrast agents that can be detected
with both MRI and fluorescence microscopy. Much
is expected from this bimodal imaging approach
and initial studies have already revealed promising
possibilities.

Gd’*" as an MRI contrast agent has to be chelated in a
complex with a high binding constant, because of its
toxicity. The toxicity of Gd-DTPA is low and well
documented. Gd-DTPA therefore is FDA approved and
the most commonly used agent. It has a low molecular
weight and is rapidly secreted by the kidneys. Gd—DTPA-
based contrast agents of high molecular weight have
prolonged circulation times and accumulate at specific
sites. Future studies have to reveal whether this causes
any adverse health effects and whether lipidic nanoparti-
culate contrast agents can be used safely and cost-
effectively in humans.

The ease of preparation, the flexibility and, most
importantly, the biocompatibility of lipidic nanoparticles
make them useful tools for biomedical imaging purposes.
Lipidic nanoparticles also provide an excellent template
for any new (molecular) MRI nanoparticle. Ongoing
developments in nanotechnology (190-192) may lead
to the development of nanoparticles for MRI with better
relaxation properties, improved stability and a more
defined size and structure.

Copyright © 2006 John Wiley & Sons, Ltd.
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