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Introduction

Chapter 1

1.1

Molecular imaging

Conventional imaging technologies, as currently applied in the clinic, predominantly allow
differentiation between diseased and healthy tissue based on anatomical or physiological
changes. More recently there is growing interest in the in vivo imaging of molecular and
cellular processes that underlie disease, thereby allowing its early detection and
characterization. This rapidly emerging field of research is referred to as molecular
imaging, which can be broadly defined as the in vivo characterization and measurement of
biological processes at the cellular and molecular level1.
In general, molecular imaging applications require fast, sensitive and high-resolution
imaging techniques, combined with the use of contrast agents that enable the visualization
of specific processes. Until recently, positron emission tomography (PET), single photon
emission computed tomography (SPECT) and optical imaging techniques were the most
frequently used imaging modalities for pre-clinical molecular imaging in vivo. This is
predominantly attributed to the high sensitivity of these modalities, requiring only
subnanomolar concentrations of radiotracers or fluorescent probes. However, nuclear
imaging techniques (PET/SPECT) use ionizing radiation, provide no anatomical information
and have a low spatial resolution in the order of 0.5-5 mm2. Furthermore, optical imaging
techniques comprise a wide range of spatial resolutions and imaging depths due to strong
absorption and scattering of light by tissues, ranging from subcellular resolution at a depth
< 400 μm for intravital microscopy to 1-3 mm resolution in whole-animal fluorescence
molecular tomography with a penetration depth of several centimeters3;4. Therefore,
magnetic resonance imaging (MRI) has been recently introduced as an alternative, as this
technique provides excellent intrinsic soft-tissue contrast at a high spatial resolution
(~ 50 μm) without using ionizing radiation. Moreover, this technology has the advantage
that both anatomical information and physiological parameters, like diffusion, perfusion
and flow, can be obtained within one single experiment by combining different imaging
sequences. The drawback of MRI is however its low sensitivity for MR contrast agents,
which is in the submillimolar range. Nevertheless, different strategies can be applied to
improve the efficiency of such agents, and thus make MRI suitable for molecular imaging
purposes5.
This chapter gives a short introduction on the basics of MRI and MR contrast agents,
followed by a description of two biological processes that are the main focus throughout
this thesis, i.e. apoptosis and angiogenesis.

1.2

MRI

Magnetic resonance images are predominantly produced by the detection of water protons,
which is advantageous as water is the most abundant molecule throughout the human
body. Water molecules can be detected due to a property of hydrogen nuclei called spin,
which is the spinning motion of an electric charge that produces a magnetic moment.
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When placed in a strong magnetic field these spin magnetic moments loose their random
orientation and align parallel or antiparallel to the magnetic field with a minute imbalance
between the two spin states, resulting in a small net magnetization (Mz) parallel to the
direction of the applied magnetic field. In this state of thermal equilibrium no signal from
the magnetic moment of the protons can be detected, i.e. no MR images can be obtained.
To enable the detection of water protons, the system should be excited, which can be
accomplished by radiating the protons with an external resonant radio-frequency (RF)
electromagnetic field. Such RF fields are given in the form of short pulses and leave the
spin system in its excited state, where spins rotate coherently around the main magnetic
field at one specific field-dependent frequency, i.e. the Larmor frequency (ω0). This gives
rise to a net magnetization (Mxy) perpendicular to the main magnetic field, which can be
detected by an RF coil. Following excitation, the system will return to its equilibrium state
due to relaxation processes, leading to disappearance of the nuclear magnetic resonance
(NMR) signal over time.
In general, two relaxation processes can be distinguished: spin-lattice or longitudinal
relaxation (T1) and spin-spin or transverse relaxation (T2). Spin-lattice relaxation is the
mechanism that is responsible for the return of each individual spin to its original
alignment. This relaxation process is characterized by the time constant T1, which is
determined by the ability of proton spins to exchange energy with their surrounding
medium (the lattice). To enable this energy transfer, spins need to be exposed to a
magnetic field fluctuating at the Larmor frequency. Therefore the T1 relaxation time is
highly dependent on magnetic field strength as well as the mobility of spins in the
environment, as random motions produce fluctuations in the magnetic field.
The second relaxation process, i.e. spin-spin relaxation, results from a loss of the phase
coherence of the excited spin system due to fluctuations in the rotation frequency. The
latter arise from local changes in the magnetic field caused by random motion of molecules
in

the

environment

as

well

as

intramolecular

rotation

and

microscopic

field

inhomogeneities. This process reduces the detectable net magnetization Mxy to zero with a
time constant T2. Spin-spin relaxation may also be accelerated by macroscopic field
inhomogeneities in which case the relaxation process is referred to as T2*.

1.3

Tissue contrast

The intrinsic tissue contrast that can be obtained in MR images depends mainly on local
differences in the longitudinal (T1) and transverse (T2 and T2*) relaxation times and the
proton spin density (ρ). These differences can be exploited by acquiring so-called T1weighted, T2(*)-weighted or proton density-weighted images. A possible strategy to obtain
such images will be explained by means of the spin echo sequence, as this is the most
commonly used imaging sequence throughout this thesis. In short, the spin echo sequence
consists of a 90˚ RF pulse for excitation, followed by a 180˚ RF pulse, which rephases the
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transversal magnetization to form a spin echo signal. The signal intensity (SI) obtained
from a spin echo sequence can be described by the following equation:

⎛
− TR
⎜
SI = k ⋅ ρ ⋅ ⎜1 − e T1
⎜
⎜
⎝

⎞ − TE
⎟
⎟ ⋅ e T2
⎟
⎟
⎠

(1)

where TR and TE are timing parameters in the imaging sequence, and k is a constant that
is determined by the MR set-up. The TR is the so-called repetition time and is defined as
the time between two successive 90˚ RF excitation pulses. The TE represents the echo
time, which is the time between the 90˚ RF excitation pulse and the time point at which
the observed MR signal, i.e. the echo, is maximal.
As indicated by equation 1, T1-weighted and T2-weighted images can be obtained by
choosing the proper TR and TE values. For example, T1-weighted images are acquired
when using TE << T2 and TR ≤ T1, whereas the combination of TR >> T1 and TE ≥ T2 leads
to the acquisition of T2-weighted images. Figure 1 additionally displays how TR and TE can
be used to obtain optimal contrast between two different types of tissues, based on
differences in intrinsic T1 and T2 relaxation times. Pathological tissue may be distinguished
from healthy tissues based on changes in these relaxation times, which is one of the most
important applications of MRI. However, nowadays about 35% of the MRI examinations
make use of injections of MR contrast agents to obtain more sensitive and specific
information on pathology6.

Figure 1: Calculated signal intensity in liver or spleen tissue in a T1-weighted (A) or T2-weighted (B)
spin echo sequence as a function of TR or TE, respectively. T1-weighted (A) and T2-weighted (B)
contrast between liver and spleen (|SIliver – SIspleen|) is also shown. In the calculations, the following
relaxation times were used: T1_liver = 493 ms, T1_spleen = 782 ms, T2_liver = 43 ms and T2_spleen = 62 ms7.

4

Introduction

1.4

MR contrast agents

MR contrast agents shorten the intrinsic T1 and T2 relaxation times of the tissue of interest,
which can be exploited to induce local contrast in the MR images when using proper values
for TR and TE. This contrast effect can be used to indirectly detect the presence of contrast
agents. The potency of a contrast agent to reduce the intrinsic T1 and T2 relaxation times
(Ti_tissue) is described by the relaxivity values r1 and r2, expressed in mM-1s-1. These values
represent the linear change in longitudinal (1/T1) or transverse relaxation rate (1/T2) per
unit concentration of the contrast agent ([CA]), as given by the following equation:

1
1
=
+ ri ⋅ [CA ] , with i = 1,2
Ti_obs
Ti_tissue

(2)

In this equation Ti_obs is the observed relaxation rate in the presence of the contrast agent.
The ratio between r2 and r1 determines whether a contrast agent is more suitable for
contrast-enhanced T1-weighted or T2-weighted imaging. Contrast agents with a low r2/r1
ratio of 1-2 are best visualized using T1-weighted imaging sequences since the percentage
change in 1/T1 is much larger than that in 1/T2. This is due to the fact that intrinsic tissue
T1 values are usually one order of magnitude longer than T2. As shown in Figure 1A, a
reduction of the T1 relaxation time results in an increase of the signal intensity, thereby
generating positive contrast in T1-weighted images (bright/hot spots). Hence these agents
are referred to as positive or T1 contrast agents. Contrast agents with a relatively large
r2/r1 ratio predominantly reduce the T2(*) relaxation time, which makes T2(*)-weighted
sequences most suitable for imaging (Figure 1B). Negative contrast is observed in these
images (dark/cold spots), and agents are referred to as negative or T2 contrast agents.

1.5

T1 contrast agents

The most commonly used positive, or T1, contrast agents are complexes of the lanthanide
gadolinium (Gd3+). This paramagnetic metal ion has a large magnetic moment due to the
presence of 7 unpaired electrons, which provides efficient relaxation of surrounding proton
spins6. However, free Gd3+ ions are highly toxic as they interfere with Ca2+ signaling8 and
deposit in liver, lymph nodes and bone9. Therefore the Gd3+ ion should be coordinated by a
strongly binding ligand to form a non-toxic complex10. These were formed with macrocyclic
or linear polyaminocarboxylate chelates, resulting in several clinically approved gadolinium
complexes that were either anionic or neutral. Anionic complexes include Gd(DTPA)2(Magnevist®) and Gd(DOTA)- (Dotarem®), whereas Gd(DTPA-BMA) (Omniscan®) and
Gd(HPDO3A) (Prohance®) are clinically available neutral complexes11;12.
The paramagnetic relaxation enhancement of water protons originates mainly from dipoledipole interactions between the water proton spins and the fluctuating field created by the
unpaired electrons of the Gd3+ ion. This latter fluctuating field decreases rapidly with
distance and therefore requires water protons in close vicinity to the Gd3+ ion for efficient
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transverse and longitudinal relaxation. Consequently, the r2/r1 ratio of these agents is
relatively low.
In general, two different contributions to the overall relaxivity can be recognized, i.e. inner
sphere and outer sphere relaxation (Figure 2A). Inner sphere relaxation refers to the
relaxation enhancement of water molecules directly coordinated to the paramagnetic ion.
Due to chelation of the Gd3+ ion, only a limited number of water molecules can bind in the
first coordination sphere of the metal ion, which is described by the coordination number
q. For all clinically approved gadolinium complexes, q = 1 due to coordination of eight out
of nine sites available on gadolinium. More recently, chelates with higher numbers of inner
sphere water molecules such as HOPO-based chelates with q = 2 have been developed,
resulting in significantly increased longitudinal relaxivities13. Subsequent exchange of these
inner sphere water molecules with the bulk propagates the T1-shortening effect of the
paramagnetic complex. Preferably this exchange, which is characterized by the lifetime τm
of a water molecule in the inner sphere, should be fast, as this increases the number of
water protons that experience relaxation. Another important parameter for efficient inner
sphere relaxation is the rotational correlation time τr of the complex. As the rotational
motion of the complex is generally fast, slowing down the complex results in more
fluctuations of the paramagnetic center at frequencies closer to the Larmor frequency and
therefore results in improved inner sphere relaxation.

Figure 2: Schematic
representation of water
relaxation
by
MR
contrast agents. (A) T1
agent Gd(DTPA)2- and
(B) iron oxide-based T2
agent.

Outer sphere relaxation refers to relaxation enhancement of water molecules in the outer
sphere of the gadolinium chelate (Figure 2A). This relaxation mechanism is based on
translational diffusion of bulk water molecules near the Gd3+ complex, which is
characterized by the diffusional correlation time τd. For small-sized complexes with q = 1,
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both inner sphere and outer sphere relaxation were shown to contribute approximately in
equal extent to the observed relaxivity6.
Inner sphere relaxation can be described by the Solomon-Bloembergen-Morgen (SBM)
theory and refinements thereof14;15, whereas Freed’s equation is used to describe outer
sphere relaxation16. These equations indicate that both relaxation mechanisms are highly
dependent on magnetic field strength. Consequently, the longitudinal relaxation rates are
often determined over a wide range of magnetic field strengths to generate a so-called
nuclear magnetic relaxation dispersion (NMRD) profile, which is the fingerprint of a
particular contrast agent and can be exploited to estimate important parameters of the
complex such as τr, by fitting to theoretical models as described for example by
Bertini et al.17 and Kruk et al.18.
According to the SBM theory, at high field strength (> 10 MHz) the inner sphere relaxivity
is mainly determined by the rotational correlation time τr6. This parameter primarily
depends on the molecular dimension of the complex, as longitudinal relaxivity r1 was
observed to increase linearly with molecular weight for structurally similar complexes13.
Consequently, grafting gadolinium chelates on macromolecules, like polymers, human
serum albumin6 or nanoparticles, improved relaxation at high field. This is clearly
demonstrated when comparing NMRD profiles of a small-sized gadolinium complex
(Gd(DTPA)2-), which has a relatively short τr, with NMRD profiles of paramagnetic
macromolecular nanoparticulate contrast agents with prolonged τr such as paramagnetic
liposomes19 and micelles (Figure 3). In these latter particles Gd-lipids, i.e. Gd-DTPAbis(stearylamide) (Gd-DTPA-BSA), are incorporated either in the liposome bilayer or the
micellular monolayer, thereby restricting the rotational motion of the gadolinium complex.

Figure 3: Typical NMRD profiles of
(open
triangles),
Gd(DTPA)2liposomes with 25% Gd-lipids
incorporated in the lipid bilayer
(open circles), micelles with 50%
Gd-lipids incorporated in the lipid
monolayer (open squares), and an
iron oxide particle (solid squares) at
37 ˚C. Lines connecting the data
points are added to guide the eye.

7

Chapter 1

1.6

T2 contrast agents

Most commonly applied T2 contrast agents are based on iron oxide crystals composed of
magnetite (Fe3O4) or maghemite (γ-Fe2O3). These crystals are typically around 5-10 nm in
size and form the core of superparamagnetic nanoparticulate contrast agents that are
either sterically or electrostatically20 stabilized to prevent magnetic aggregation. Based on
the hydrodynamic diameter, i.e. the overall diameter of the contrast agent, four types of
particles can be distinguished. These include very small iron oxide particles with a
diameter of ~ 8 nm (VSOP), ultrasmall superparamagnetic iron oxide particles (USPIO)
with a diameter < 50 nm, superparamagnetic iron oxide particles of typically 50-200 nm in
size (SPIO), and micron-sized particles of iron oxides in the range of 1-6 μm (MPIO). Most
USPIOs, SPIOs and MPIOs are sterically stabilized by dextran polymers, which together
with the number of crystal grains within one particle, determine the hydrodynamic
diameter of the particle. Alternatively, VSOPs are electrostatically stabilized by a thin
monomeric citrate coating. Besides the previously mentioned particles, some specific
agents are referred to as monocrystalline iron oxide nanoparticles (MION)21, MION with
crosslinked

dextran

coating

(CLIO)22,

superparamagnetic

micelles23

or

24

magnetoliposomes .
Superparamagnetic nanocrystals contain thousands of paramagnetic iron ions, each giving
rise to an individual magnetic moment. Due to coupling forces these spin magnetic
moments align and create a so-called “superspin”25. In the absence of an external
magnetic field the thermal energy is sufficient to randomly reorient this “superspin”
magnetization of individual iron oxide crystals, resulting in an observed net magnetic
moment that averages to zero. However, when placed in a magnetic field the
magnetization aligns with this field, depending on field strength, crystal size and crystal
material properties. In general the magnetic moment of a superparamagnetic particle is
about 3 orders of magnitude higher than for a single paramagnetic ion, and introduces
strong local field gradients even at considerable distance from the nanoparticle
(Figure 2B). Consequently, surrounding water spins that diffuse through the field
inhomogeneities rapidly loose their phase coherence, which results in a strong reduction of
the observed T2 relaxation time.
Compared to small-sized gadolinium complexes, superparamagnetic particles exhibit
relatively large longitudinal (r1) and transverse relaxivities (r2). Both the r1 and r2 of these
iron oxide-based agents are partially determined by particle properties, including the
structure of the core crystal(s), crystal size, number of crystals and the type of coating.
Additionally, these relaxivities are affected by external parameters, like field strength26;27,
diffusion coefficient of water in the tissue27, temperature28 and spatial distribution29.
Figure 3 shows a typical NMRD profile of an aqueous suspension of USPIOs, displaying r1
as a function of field strength30. At low field (< 1 MHz) these particles show a small
elevation of r1, which is typical for USPIOs and not observed for SPIO particles25. For
USPIOs, an additional large peak in r1 is observed around 10 MHz25;31. This peak is known
to shift towards lower frequencies for larger particles, resulting in a decrease of r1 at
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clinically relevant field strengths. In contrast to r1, relaxivity r2 increases with particle size
and field strength, while reaching a plateau above 25 MHz27;28. Consequently small
superparamagnetic particles show a relatively low r2/r1, which makes these contrast
agents also suitable as T1 agents when using low concentrations.

1.7

Contrast agent applications

In general four different types of T1 and T2 contrast agents can be distinguished, based on
their applications. The first are the non-specific extracellular agents, which include the
previously

mentioned

clinically

approved

Gd3+

complexes.

These

complexes

are

predominantly applied for MR angiography, and contrast-enhanced MRI for the detection
and characterization of diseased tissues such as tumors.
The second kind of contrast agents are the cell labeling agents. Among those are the
USPIOs and the SPIOs, as these are known to be rapidly taken up by cells of the reticuloendothelial system (RES) upon intravenous administration. This is mainly exploited for
contrast-enhanced imaging of lymph node metastases, liver lesions and splenic disease32.
In addition, numerous experimental studies also describe the labeling of non-phagocytic
cells with superparamagnetic particles in vitro to allow the in vivo monitoring of cell
trafficking during cell-based therapy. A key publication in the field of cell-tracking was
published by Hoehn et al.33, showing the migration of magnetically labeled stem cells that
were implanted in the brains of rats with experimental ischemic stroke.
A third class of contrast agents are the so-called smart agents. These agents undergo a
large change in relaxivity upon activation, which allows studying for example changes in
pH, temperature and gene expression. One interesting example of such an agent was
published by Louie et al.34, describing the development of a responsive gadolinium-based
contrast agent referred to as EgadMe. In this agent all of the coordination sites are initially
blocked (q = 0), whereas partial enzymatic cleavage of the chelate by β-galactosidase
leads to the transformation to q = 1, resulting in an increase of r1 by a factor of 3.
The last category of contrast agents are the targeted contrast agents. As this thesis
focuses primarily on targeted agents, these will be discussed in more detail below.

1.8

Targeted contrast agents

Targeted contrast agents for MR molecular imaging require high relaxivities, a high affinity
for their target, favorable pharmacokinetics and a size that allows reaching the target of
interest. In most cases, these targets are sparse molecular epitopes that are expressed in
diseased tissues at very low concentrations of approximately 10-9 to 10-13 mol/g. However,
MRI requires relatively high local concentrations of contrast agents in the order of
10-7 mol/g

for

gadolinium

complexes

and

10-10 mol/g

for

iron

oxide

particles.
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Consequently, there is a large demand for strategies that increase the molar relaxivities
and/or increase the local concentration of contrast agents, especially when using
gadolinium-based agents. In case of gadolinium complexes extensive research efforts are
made to increase r1 by optimizing intrinsic properties of the complex, including q, τr and
τm10;13. Indeed this strategy has led to agents with increased r1, but progress so far has
remained insufficient for MR molecular imaging of sparse epitopes when using one-to-one
binding of Gd3+ ions per target. Alternatively, the local gadolinium concentration was
efficiently increased by conjugating multiple gadolinium complexes to a variety of carrier
structures, like polymers35, dendrimers36, liposomes37, micelles38, microemulsions39 and
virus capsid shells40. In some cases, this latter approach was additionally shown to
increase the molar relaxivity r1 by increasing τr. Moreover, the local contrast agent
concentration can be also increased through biological amplification, for instance by
targeting internalizing recycling receptors like the human transferrin receptor41.
A target-specific contrast agent requires high affinity for its target, which is predominantly
obtained by covalent or non-covalent conjugation of targeting ligands such as monoclonal
antibodies, proteins, peptides or sugars. In the case of non-covalent ligand conjugation
this is mainly achieved by means of the biotin-avidin interaction42, whereas covalent
coupling is primarily based on the formation of amide, disulfide or thioether bonds43. One
early example of a targeted contrast agent is DTPA-mAb 19-9, which was obtained by
covalent conjugation of approximately 16 Gd-DTPA molecules to the monosialoganglioside
recognizing monoclonal antibody 19-944. This study showed selective tumor uptake of the
target-specific agent, but appeared to provide insufficient contrast for in vivo imaging.
Nevertheless, good contrast was observed with planar scintigraphy, thereby emphasizing
the relatively low sensitivity of MRI.
Besides high affinity and relaxivity, imaging probes also need proper pharmacokinetics in
order to allow the contrast agent to interact and accumulate at the targeted site. For iron
oxide particles this pharmacokinetic behavior is predominantly determined by size, charge
and coating. In general, SPIO particles such as AMI-25 display a relatively short blood
half-life of approximately 6 minutes in rats45, whereas USPIO particles demonstrate
prolonged blood half-lives in the order of 80 to 700 minutes in rats and mice46. These
differences result from efficient uptake of the SPIOs by macrophages of the reticuloendothelial system (RES) resident in the liver and the spleen, where these particles are
degraded and recycled in the pool of physiological iron without inducing acute toxicity45;47.
In contrast, clinically approved gadolinium complexes have a short blood half-life of
approximately 20 minutes in rat due to rapid and unmetabolized excretion in urine48;49.
Importantly, the blood half-life of the Gd3+ complexes can be increased to at least 1 hour
by conjugation to macromolecules or nanoparticles, like proteins50, polymers51 or
liposomes52. It is important to note that the pharmacokinetic properties of both the iron
oxide- and gadolinium-based agents are altered by the conjugation of targeting ligands for
molecular imaging purposes46.
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As previously discussed, macromolecular and nanoparticulate agents demonstrate both
favorable pharmacokinetics and efficient relaxation for use in MR molecular imaging.
However, the application of these agents is in most cases restricted to vascular targets
due to their size. One example of MR molecular imaging beyond the vessel endothelium is
presented in a study by Artemov et al., which demonstrated target-specific T1 contrast in
tumors that express the HER-2/neu receptor53. In this study efficient delivery of the
contrast agent was accomplished by pre-labeling of the tumor cell receptors with a
biotinylated monoclonal antibody against HER-2/neu, followed 12 hours later by the
administration of avidin-Gd-DTPA with approximately 12.5 Gd-DTPA molecules per
conjugate. A similar 2-step labeling approach has also been demonstrated to allow the
detection of apoptotic murine lymphoma cells in vitro by Jung et al.54. Here, apoptotic cells
were pre-targeted with biotinylated proteins that were subsequently labeled with
streptavidin-SPIO particles.
In the next section the apoptotic process will be discussed in more detail, as this is the
target of interest in the first part of this thesis. Subsequently, the process of angiogenesis
will be briefly described since this is the main subject in the second part of this thesis.

1.9

Apoptosis

Apoptosis, or programmed cell death, is a morphologically and biochemically distinct form
of cell death that, together with cell proliferation, plays an important role in tissue
development and homeostasis. Consequently, insufficient apoptosis plays a key role in the
pathology of various disorders such as cancer or autoimmune diseases, whereas a high
level

of

apoptotic

activity

is

associated

with

for

instance

myocardial

infarction,

neurodegenerative disease and advanced atherosclerotic lesions55.
Traditionally, the apoptotic process is contrasted to necrosis, i.e. a form of cell death that
is characterized by cellular swelling, leading to cellular and nuclear lysis followed by
inflammation. More recently several intermediate forms of cell death were also recognized,
including apoptosis-like and necrosis-like programmed cell death56. The term apoptosis
was first introduced in a study by Kerr et al.57 in 1972, in which they describe the
characteristic morphological changes associated with this phenomenon, such as cellular
shrinkage, condensation and margination of the chromatin (Figure 4A) and budding of the
cell membrane. Importantly, budding leads to the formation of so-called apoptotic bodies
that are subsequently phagocytized by macrophages or neighboring cells without inducing
an inflammatory response.
The typical morphological changes that were traditionally used to detect apoptosis only
reveal the end-stage of the foregoing process, which predominantly results from the
activation of effector caspases, like caspase 3, through a so-called caspase cascade.
Activation of this cascade occurs through two major pathways, including the receptormediated pathway that is initiated by binding of ligands to death receptors like CD95/Fas
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Figure 4: Apoptotic Jurkat cells. (A) Typical TEM image of a single apoptotic cell showing strong
chromatin condensation. (B) Confocal laser scanning microscopy (CLSM) image of a cell in the early
phase (C) and late (necrotic) phase (D) of apoptosis. Cells were stained with annexin A5-FP488 and
propidium iodide (Adapted with permission from Macmillan Publishers Ltd: Nature Protocols, van
Genderen et al.58, copyright (2006)).

or TNFR1 and the intrinsic mitochondrial pathway, which is tightly controlled by the balance
between pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family (Figure 5)59.
Biochemical changes during and following these pathways have also been extensively
employed as hallmarks for the in vitro detection of apoptosis. These include caspase 3
activity, the caspase-dependent cleavage of DNA in internucleosomal 180-200 base pair
fragments (DNA laddering) and the presence of 3’ hydroxyl-termini at the DNA strand
breaks (TUNEL staining)60.
Another important, and relatively early, biochemical hallmark of apoptosis is the exposure
of the phospholipid phosphatidylserine (PS) in the outer leaflet of the cell membrane,
which precedes DNA condensation (Figure 5). Exposure of PS serves as the main “eat-me”
signal for surrounding phagocytes to engulf the apoptotic cells without inducing an
inflammatory response61. In most non-pathologic cells, PS is predominantly, if not
exclusively, located at the cytoplasmic side of the membrane bilayer due to the presence
of an ATP-dependent lipid transporter (aminophospholipid translocase), which rapidly
shuttles PS from the outer to the inner leaflet of the cell membrane62-65. However, during
the apoptotic process the aminophospholipid translocase activity is inhibited and PS rapidly
appears in the outer leaflet of the membrane through activation of a bidirectional
Ca2+-dependent lipid transporter (scramblase)66. Consequently, PS becomes accessible to
the protein annexin A5 (36 kDa), which binds with high affinity to this negatively charged
phospholipid (Kd ~ 10-9 M) in a Ca2+-dependent manner and thus can be used as an
exogenous probe for apoptosis detection67. Over the years several annexin A5-based
assays

have

been

successfully

introduced

to

measure

apoptosis

in

vitro,

using

predominantly flow cytometry and microscopy68. However, PS exposure in the outer leaflet
of the cell membrane has also been reported in situations that are not related to cell death
such as activated platelets63 and terminally differentiated macrophages69, which would
therefore appear apoptotic when using such assays. Furthermore, annexin A5 was also
shown to visualize necrotic cells, as in this case intracellular PS is accessible to annexin A5
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due to increased permeability of the necrotic cell membrane. Importantly, the use of
fluorescent annexin A5 in combination with the vital dye propidium iodide (PI) allows
discriminating late apoptotic/necrotic cells from early apoptotic cells, as the latter cells
expose PS while maintaining their plasma membrane integrity (Figure 4B,C).
Most of the techniques described above are restricted to the in vitro detection of apoptosis.
However, in vivo imaging of apoptosis could be of great importance due to the key role of
this process in both the etiology as well as the treatment of numerous diseases such as
cancer. Therefore, several studies were performed to examine the possibility of using
nuclear magnetic resonance spectroscopy (MRS) or magnetic resonance imaging (MRI) for
the in vivo visualization of the apoptotic process. 1H,

31

P and
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C MRS strategies were

mainly focused on the characterization of metabolic indicators of apoptosis, of which in
particular the presence of cytoplasmic lipid droplets appeared promising70. On the other
hand, MRI methods were primarily based on the detection of increased fractions of
extracellular water, resulting in increased T1 and T2 relaxation times and increased
apparent diffusion coefficients (ADC). Especially T1 in the rotating frame (T1ρ) was shown
to highly correlate with apoptotic activity. Changes in T1ρ were shown to occur before
changes in ADC, T1 and T2 were noticeable71;72. Currently, the exposure of PS is the most
extensively employed hallmark for the in vivo imaging of apoptosis with MRI and other
imaging modalities, using either annexin A5- or synaptotagmin I-functionalized contrast
agents. Alternatively, several smart MR contrast agents were also developed that
successfully allowed sensing active caspase 373;74, and could therefore potentially be used
for the detection of apoptosis.

Figure 5: Simplified scheme of the caspase-dependent apoptotic process, including the activation
pathways and the exposure of phosphatidylserine (PS) in the outer leaflet of the cell membrane.

13

Chapter 1

1.10 Angiogenesis
Angiogenesis, i.e. the formation of new blood vessels from pre-existing capillaries, is an
essential feature of organ growth, wound healing and the menstrual cycle, which is
regulated by a finely tuned balance between pro- and anti-angiogenic stimuli. Physiological
conditions may however initiate an imbalance between those factors, a situation that
occurs in many disorders such as cancer, rheumatoid arthritis and cardiovascular diseases.
In non-angiogenic dormant tumors, continuous tumor cell proliferation is balanced by high
rates of tumor cell apoptosis as a consequence of insufficient blood supply, thereby
restricting the size of the tumor. The hypothesis that tumor growth beyond a size of
1-2 mm3 is angiogenesis-dependent was first proposed by Dr. Folkman in 197175. These
theories are widely accepted today and led to the development of numerous antiangiogenic therapies as novel strategies for treating cancer76-79. This approach appears to
be particularly promising as endothelial cells are genetically stable, and therefore less
likely to develop drug resistance by means of mutations as observed for tumor cells.
In general the process of angiogenesis can be divided into four phases: activation,
endothelial cell migration, endothelial cell proliferation and maturation of the neovessels
(Figure 6). The initiation phase of this cascade, i.e. the “angiogenic switch”, is driven by
oncogenes and/or hypoxic conditions, which upregulate the expression of pro-angiogenic
growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF). Subsequent receptor-mediated binding of these growth factors
activates the endothelial cells of nearby blood vessels, leading to the secretion of matrix
metalloproteinases (MMPs) and the upregulation of adhesion molecules, including
E-selectin, endoglin, αvβ3 and αvβ5. MMPs degrade the basement membrane and
extracellular matrix surrounding the blood vessel to facilitate migration of the endothelial
cells towards the angiogenic stimulus. Moreover, endothelial cells start to proliferate,
endothelial progenitor cells are recruited from the bone marrow, and cells differentiate to
form a lumen. Further maturation of the neovessels requires successive recruitment of
mural cells (pericytes and smooth muscle cells) and secretion of new basement membrane
and extracellular matrix, in which especially platelet derived growth factor (PDGF) and
angiopoietin-1 (Ang-1) play an important role. The resulting tumor vessels are irregularly
shaped, dilated, tortuous, and hyperpermeable due to high numbers of endothelial
fenestrations and large open endothelial gaps80. Nevertheless, they successfully provide
the tumor with blood to allow its excessive growth and metastasis.
Traditional methods to detect angiogenesis in vivo required either blood samples to
determine blood levels of VEGF or endothelial progenitor cells, or a tumor biopsy from
which the microvessel density (MVD) could be obtained. The latter is considered a vital
prognostic marker. However, the MVD appears to be a poor indicator of anti-angiogenic
therapeutic efficiency and biopsy sampling is highly invasive as well as indicative for only a
small part of the tumor78. Therefore, there is a great need for novel strategies that allow
non-invasive imaging of angiogenesis in the whole tumor. In vivo MRI methods that were
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successfully introduced to obtain information on angiogenesis include both dynamic
contrast-enhanced MRI (DCE-MRI) and non-contrast-enhanced techniques such as arterial
spin labeling (ASL) and blood oxygenation level-dependent (BOLD) MRI81. Both techniques
predominantly measure tumor perfusion, whereas the use of contrast agents for DCE-MRI
also allows studying vascular permeability82. Alternatively, target-specific contrast agents,
which were predominantly directed towards the αvβ3 integrin, were introduced for
molecular imaging of tumor angiogenesis42. Moreover, endothelial progenitor cells were
labeled with MR contrast agents in vitro, which successfully allowed to monitor the homing
of these cells to angiogenic sites in vivo83.

Figure 6: Schematic representation of the process of angiogenesis. EC: endothelial cells, EM:
extracellular matrix, MMPs: matrix metalloproteinases, bFGF: basic fibroblast growth factor, VEGF:
vascular endothelial growth factor. Reprinted from van der Schaft et al.84.

1.11 Aim and outline of the thesis
The objective of the present thesis was to develop novel strategies for non-invasive
imaging of apoptosis and angiogenesis, which is of biomedical relevance as both processes
play a key role in the etiology as well as treatment of various disorders with a high
prevalence,

such

as

cancer

and

cardiovascular

disease.

To

that

aim

several

nanoparticulate MR contrast agents were designed and novel molecular imaging methods
were introduced and applied to examine important aspects of biomarker-specific MRI.
The following experimental chapters can be divided into two parts, of which the first
concentrates on MR molecular imaging of apoptosis (Chapters 2-4). Chapters 2 and 3
describe the development and application of novel annexin A5-functionalized contrast
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agents for molecular imaging of apoptosis in vitro, with a main focus on target specificity
(Chapter 2 and 3) and spatial distribution (Chapter 3). Subsequently, the in vivo
application of a micellular annexin A5-functionalized MR contrast agent in a mouse model
of atherosclerosis is presented in Chapter 4. The second part of this thesis deals with the
pharmacokinetic behavior of liposomal MR contrast agents in vivo. Chapter 5 introduces a
novel strategy that allows rapid clearance of circulating nanoparticulate agents, whereas
Chapter 6 describes the application of this approach for studying critical aspects of MR

molecular imaging of tumor angiogenesis. Chapter 7 will conclude this thesis with a
general discussion.
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Abstract
Apoptosis, or programmed cell death, plays an important role in the etiology of a variety of
diseases, including cancer and myocardial infarction. Visualization of apoptosis would allow
both early detection of therapy efficiency and evaluation of disease progression. To that
aim we developed three types of lipid-based bimodal contrast agents that enable the
detection of apoptotic cells with both MRI and optical techniques. MR contrast was
provided either by entrapment of iron oxide particles within PEGylated micelles, or by
incorporation of Gd-DTPA-BSA lipids within the lipid (bi)layer of PEGylated liposomes and
micelles. Parallel detection with optical methods was made possible by encapsulation of a
quantum dot within the paramagnetic micellular core or by incorporation of fluorescent
lipids in the lipid (bi)layer of the superparamagnetic micelles and the paramagnetic
liposomes. The resulting micellular contrast agents were approximately 10 nm in diameter,
whereas liposomal contrast agents had a diameter of 100 nm. Human recombinant
annexin A5 protein was covalently coupled to the contrast agents to introduce specificity
for apoptotic cells. In this study the specificity of each annexin A5-conjugated nanoparticle
for apoptotic cells was demonstrated both with fluorescence microscopy and MRI, which
confirmed their potential for the detection of apoptosis with both imaging modalities. Their
differences in size, magnetic and fluorescent properties provide the possibility to choose
the optimal annexin A5-conjugated contrast agent for specific in vivo applications.
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2.1

Introduction

Apoptosis, or programmed cell death, is an important feature of normal tissue
development and homeostasis. Deregulation of the apoptotic program plays a key role in a
variety of diseases, including cancer, autoimmune diseases, neuro-degenerative diseases,
atherosclerosis and myocardial infarction1;2. Therefore the apoptotic pathway is considered
a promising target for therapeutic purposes. Myocardial infarct size due to reperfusion
injury was shown to be reduced by early application of anti-apoptotic treatment3, whereas
stimulation of the apoptotic program is for example used for tumor treatment4, e.g. by
irradiation or cytotoxic chemotherapy. Consequently, the in vivo visualization of apoptosis
could be of great importance for the early detection of therapy efficiency and the
evaluation of disease progression.
Traditionally the detection of apoptosis has been based on changes in the morphology and
the cytoplasmic compartment of the cell5. More recently several studies have been
performed in which translocation of the phospholipid phosphatidylserine (PS) was used for
the detection of apoptosis6. PS is exposed on the outer leaflet of the apoptotic cell
membrane for recognition by surface proteins on macrophages and fibroblasts, which
subsequently engulf these cells prior to lysis7. The expression of PS can also be exploited
as a diagnostic marker for apoptosis, using annexin A5 or synaptotagmin I conjugates as
probes8. Both proteins bind with high affinity to PS in the presence of Ca2+. Several
fluorescent annexin A5-conjugates have been successfully used for the detection of
apoptosis in vitro8;9 and in vivo10;11. Radiolabeled annexin A5 was shown to enable the
in vivo visualization of apoptosis in animal models12, as well as in patients with acute
myocardial infarction13.
Both nuclear- and optical techniques allow the detection of contrast agents at nano- to
picomolar concentrations. However optical imaging techniques suffer from limited tissue
penetration depth, whereas nuclear techniques provide images with a low spatial
resolution and without anatomical background. Magnetic resonance imaging (MRI) allows
the non-invasive detection of MR contrast agents in the submillimolar concentration range
in high spatial resolution anatomical images throughout the complete living animal.
Conjugation of annexin A5 to crosslinked iron oxide particles (CLIO) was shown to enable
the detection of apoptosis with MRI both in vitro14 and in vivo15. Moreover, electrostatic
absorption of positively charged protamine-annexin A5 to negatively charged very small
iron oxide particles (VSOP) also allowed MR imaging of apoptotic cells in vitro16. As an
alternative to annexin A5 the C2A domain of synaptotagmin I was conjugated to either
superparamagnetic iron oxide particles (SPIO)17;18 or multiple Gd-DTPA molecules18-20.
Additional labeling of MRI contrast agents with fluorescent dyes would allow for colocalization of the detected contrast agent in MR images at the macroscopic level and at
the cellular level with optical techniques. Several bimodal probes have been proposed
which have one or multiple fluorescent dyes conjugated to either low molecular weight MR
contrast agents such as Gd-DOTA21, or to high molecular weight MR contrast agents, e.g.
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complexes of polymers and Gd-DTPA21;22, paramagnetic liposomes23;24 or iron oxide
particles15;25.
Here we present the preparation and characterization of three types of lipid-based
nanoparticulate contrast agents, which differ in size as well as magnetic and fluorescent
properties. The first bimodal nanoparticle is based on liposomes of ∼ 100 nm diameter in
which both paramagnetic lipids, i.e. Gd-DTPA-bis(stearylamide), and fluorescent lipids are
incorporated in the lipid bilayer. The second bimodal nanoparticle has a diameter of
∼ 10 nm and consists of a paramagnetic micelle, which encapsulates a quantum dot for
optical imaging. Quantum dots were chosen as an alternative to fluorescent lipids because
of

their

excellent

photostability,

sensitivity,

and

narrow

and

tunable

emission

wavelength26. The third nanoparticle also is ~ 10 nm in diameter and was prepared by
enclosure of hydrophobic iron oxide particles in a fluorescent lipid containing micellular
shell. The resulting nanoparticles that contain paramagnetic lipids can be referred to as
positive contrast agents, whereas the micellular iron oxide particles can be considered as
negative MR contrast agents. Amphiphiles with a functional headgroup were incorporated
in the lipid layer(s) of each contrast agent to allow the covalent coupling of recombinant
annexin A5 proteins for targeting apoptosis. In addition the contrast agents were
PEGylated for prolonged circulation27.
In this study apoptotic Jurkat cells were incubated with the annexin A5-functionalized
nanoparticles to determine their ability to detect apoptosis with MRI and fluorescence
microscopy in vitro.

2.2
2.2.1

Experimental procedures
Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine

(DSPC),

cholesterol,

glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene
DSPE),

1,2-distearoyl-sn-

glycol))-2000]

(PEG2000-

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly(ethylene

glycol))2000]

(maleimide-PEG2000-DSPE),

and

1,2-Dioleoyl-sn-Glycero-3-

Phosphoethanolamine-N-(Carboxyfluorescein) (carboxyfluorescein-PE) were obtained from
Avanti Polar Lipids (Albaster, AL). Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA) was
purchased from Gateway Chemical Technology (St. Louis, MO). A colloidal suspension of
oleic acid coated magnetite (Fe3O4) particles, of 3-15 nm, in toluene carrier liquid
(ferrofluid) was obtained from the University “Polytehnica” of Timisoara (Romania).
Liposomes were sized with a Lipofast Extruder (Avestin, Canada). Polycarbonate filters
that were required for liposome extrusion were obtained from Costar (Cambridge, MA).
Dynamic light scattering (DLS) was performed with a Malvern 4700 system using an
argon-ion laser (488 nm) operating at 10.4 mW (Uniphase) and PCS (photon correlation
spectrometry) software for Windows version 1.34 (Malvern, U.K.).
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HEPES and EDTA (Titriplex) were purchased from Merck (Darmstadt, Germany). An iron
standard solution (Fe(NO3)3) was obtained from Merck. All other chemicals were of analytic
grade or of the best grade available.

2.2.2

Preparation of bimodal lipid-based contrast agents

Superparamagnetic micelles
Water insoluble iron oxide particles were coated with phospholipids (Figure 1, left)
according to a modified procedure previously described by Dubertret et al.28. Typically,
20 μl oleic acid coated iron oxide particles (magnetite) in toluene (50 grams magnetite per
100 ml) with a mean diameter of 5 nm were diluted in 1 ml chloroform. A chloroform
solution (~ 1 ml) containing 95 μmol PEG2000-DSPE and 5 μmol maleimide-PEG2000DSPE, of which the latter allowed conjugation of annexin A5 to the distal ends of the PEG
chains, was added to the iron oxide particle solution. For fluorescence microscopy 1 mol%
carboxyfluorescein-PE was added as well. The solvent was evaporated to dryness by rotary
evaporation and the obtained mixed film was heated to 65 ˚C. Next, the film was hydrated
with a 65 ˚C HEPES buffered saline solution (20 mM HEPES, 135 mM NaCl, pH 6.7). This
suspension was vigorously vortexed and heated to 65 ˚C until a clear solution was
obtained, indicative for a small size of the formed aggregates. Thereafter, the sample was
centrifuged (1 hr at 500,000 x g) to separate micelles with an iron oxide core from empty
micelles. The supernatant was removed gently and the pellet was resuspended in 1 ml
HEPES buffered saline and filtered through a 200 nm polycarbonate filter. The mean size
was determined to be approximately 10 nm with dynamic light scattering.
Paramagnetic liposomes
Paramagnetic liposomes were prepared by lipid film hydration (Figure 1, right) of a lipid
mixture that typically contained 100 μmol lipid in total. Gd-DTPA-BSA, DSPC, cholesterol,
PEG2000-DSPE

and

maleimide-PEG2000-DSPE

were

0.75/1.1/1/0.075/0.075. Maleimide-PEG2000-DSPE

was

added

at

included

a
for

molar

ratio

of

conjugation

of

annexin A5 to the distal ends of the PEG chains. The lipid mixture was dissolved in
chloroform/methanol 1:1 (v/v) and 0.1 mol% carboxyfluorescein-PE was added to allow
the detection of the paramagnetic liposomes with fluorescence microscopy. The solvent
was subsequently removed by rotary evaporation, followed by additional drying under
nitrogen. The dried lipid film was hydrated in 4 ml of HEPES buffered saline (20 mM HEPES
and 135 mM NaCl, pH 6.7) at 65 ˚C. The resulting large multilamellar vesicles were sized
by extrusion at 65 ˚C through a stack of two 200 nm filters (four times), followed by
extrusion through a stack of two 100 nm filters (10 times). The mean size was determined
to be approximately 100 nm with dynamic light scattering.
Paramagnetic micellular quantum dots
CdSe/ZnS core/shell quantum dots were synthesized under a flow of argon by injection of
the precursors into a hot coordinating solvent29. The TOPO/HDA capped quantum dots
were coated with paramagnetic micelles (Figure 1, middle), according to the following
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procedure. First, the TOPO/HDA capped quantum dots were washed and suspended in
chloroform. A mixture of 40 mol% PEG2000-DSPE, 10 mol% maleimide-PEG2000-DSPE,
and 50 mol% of the paramagnetic lipid Gd-DTPA-BSA, dissolved in chloroform/methanol
20:1 (v/v), was added to the quantum dots at a final concentration of 10 μmol total lipid
per nmol quantum dots. The solvent was gently evaporated and a solution of HEPES
buffered saline (20 mM HEPES, 135 mM NaCl, pH 6.7) that had been heated to 70 ˚C was
added to the obtained mixed film. This mixture was rigorously heated and vortexed until a
clear suspension was obtained. Empty micelles and micelles containing a quantum dot
were separated with ultracentrifugation (1 hour, 500,000 x g). The supernatant was
removed gently and the pellet was resuspended in HEPES buffered saline. Dynamic light
scattering measurements showed a particle size of approximately 10 nm.

Figure 1: Preparation of targeted superparamagnetic micelles (left), paramagnetic micellular quantum
dots (middle) and paramagnetic liposomes (right). MR contrast was obtained by incorporation of
superparamagnetic iron oxide in the micellular core or by incorporation of paramagnetic Gd-DTPA-BSA
in the lipid (bi)layer of micelles and liposomes. Fluorescent properties were obtained by incorporation of
fluorescent lipids in the lipid (bi)layer or by enclosure of a quantum dot in the micellular core. All
contrast agents were functionalized with annexin A5.
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2.2.3

Functionalization with annexin A5

Recombinant human annexin A5 was labeled with fluorescein-isothiocyanate (Amersham
Biosciences). In order to allow easy coupling of annexin A5 to maleimide-functionalized
biomolecules, a different variant of annexin A5 was engineered having a single cysteine
residue in the N-terminal tail (annexin A5-cys). The PS and apoptotic cell binding
properties of annexin A5-cys are identical to those of recombinant human annexin A5 as
previously shown by ellipsometry30 and flow cytometry31, respectively.
Annexin A5-cys was conjugated to the maleimide groups of the three maleimide-PEG2000DSPE containing contrast agents by sulfhydryl-maleimide coupling (Figure 1). Prior to
conjugation annexin A5-cys was re-activated by cleavage of sulfide bridges with 10 mM
DTT at 37 ˚C. After 1.5 hours 10 mM EDTA was added to stop this reaction. DTT and EDTA
were subsequently removed by dialysis of 1 ml of activated annexin A5-cys in a 12-14 kDa
MWCO membrane (Pierce) against 1000 ml of dialysis buffer (25mM HEPES, 140mM NaCl,
1 mM EDTA, pH 7.4). Dialysis was performed overnight at 4 ˚C, followed by a change of
the buffer and continued dialysis for another four hours at room temperature.
For the superparamagnetic micelles and the micellular paramagnetic quantum dots,
100 μg purified activated annexin A5-cys was added per μmol total lipid, whereas for the
paramagnetic liposomes 25 μg purified activated annexin A5-cys was added per μmol total
lipid.

Coupling

was

performed

overnight

at

4 ˚C.

The

resulting

mixture

was

ultracentrifuged (2 times, 45 min at 60,000 rpm) to separate the annexin A5-conjugated
contrast agents from unbound annexin A5-cys.

2.2.4

Contrast agent characterization

Cryo-transmission electron microscopy
Size and morphology of the micellular iron oxide particles and the paramagnetic liposomes
were measured with cryo-transmission electron microscopy (cryo-TEM). Suspensions of
the contrast agents were vitrified according to a procedure previously described by
Frederik and Hubert32. The vitrified specimens were stored under liquid nitrogen and
examined at 103 K (Gatan 626 cryoholder) in a Philips CM12 microscope, operating at
120 kV.
Nanoparticle concentration
The concentration of the paramagnetic liposomes used for in vitro targeting experiments
was based on the total lipid concentration, which was determined by phosphate analysis
according to Rouser33 after destruction with perchloric acid. Gadolinium concentration was
also measured with NMR using the following procedure. Liposomes were destructed with
perchloric acid at 180 ˚C. The resulting mixture was evaporated until dryness and
dissolved in a known volume of ultra pure water. The gadolinium concentration was
determined from calibration samples containing known amounts of GdCl3 for which the
same protocol was performed. Concentrations obtained with this procedure were
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essentially identical to the values that were measured with inductively coupled plasmaatomic emission spectroscopy (ICP-AES).
The concentration of superparamagnetic micelles was based on the total iron content,
which was measured with atomic absorption spectrometry (Philips, PU 9100X). For atomic
absorption spectrometry (AAS) measurements the micellular iron oxide particles were
destructed in 100 μl perchloric acid at 180 ˚C and subsequently diluted to a volume of
1.5 ml with ultra pure water. The same procedure was followed for calibration samples
containing known amounts of iron from the iron standard solution (Fe(NO3)3 ).
The concentration of quantum dot particles was calculated as the amount of quantum dots
added during preparation, divided by the final volume of HEPES buffered saline that was
used to resuspend the lipid/quantum dot film. Furthermore, the gadolinium and cadmium
content of the micellular paramagnetic quantum dots was determined with inductively
coupled plasma atomic emission spectrometry (ICP-AES).
Relaxivities
The ability of an MR contrast agent to reduce the intrinsic T1 or T2 relaxation times of
water is generally described by the so-called molar relaxivities r1 and r2 respectively, which
are expressed in units (mM-1 Gd)·s-1 or (mM-1 Fe)·s-1. Relaxivities r1 and r2 of the micellular
iron oxide particles and the paramagnetic liposomes were measured in HEPES buffered
saline (20 mM HEPES and 135 mM NaCl, pH 7.4) at room temperature (RT) with a table
top 20 MHz NMR spectrometer (Bruker, Minispec). Relaxivity r1 and r2 of the micellular
paramagnetic quantum dots were measured at 37 ˚C using a 60 MHz table top NMR
spectrometer (Bruker, Minispec). T1 relaxation times were measured with an inversion
recovery sequence. A CPMG sequence was used for T2 measurements.

2.2.5

Nanoparticle binding to phosphatidylserine-containing membranes

The phosphatidylserine (PS) binding properties of the annexin A5-conjugated lipidic
nanoparticles was measured by ellipsometry as described by Andree et al.30. Briefly, a
silicium plate was coated with a bilayer of PS and phosphatidylcholine (PC) in a molar ratio
of 20:80. Binding of the nanoparticles to this surface was assessed in a Ca2+-containing
binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2,
pH 7.4) and monitored by continuously measuring the polarization angle of the reflected
elliptically polarized light. Once the polarization angle reached its steady state 5 mM EDTA
was added to investigate the Ca2+ requirement of membrane association.

2.2.6

Apoptosis in cell culture

The T-lymphoma cell line Jurkat (ATCC) was grown in RPMI1640 medium (Gibco), which
was supplemented with 10% fetal calf serum and a mixture of antibiotics (100 units/ml
penicillin) and 0.1 mg/ml streptomycin (Biochrom AG). Cells were grown at 37 ˚C in a
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humidified atmosphere and 5% CO2. Apoptosis is naturally occurring without exposing the
cells to apoptotic stimuli, typically involving 5% to 10% of the cells within the culture. In
order to induce a much higher level of apoptosis Jurkat cells were resuspended to
1·106 cells/ml medium and treated with 200 ng/ml anti-Fas (CD95 human monoclonal
antibody, Beckman Coulter B.V.) for 3 hours at 37 ˚C in a humidified atmosphere and 5%
CO2. This procedure initiates apoptosis in approximately 40-50% of the cells.
Flow cytometry measurements (Coulter EPICS-XL-MCL) were performed to determine the
fraction of apoptotic cells within the culture. For flow cytometry 25000 cells were
resuspended in 250 μl binding buffer and incubated with annexin A5-FITC (250 ng/ml)
during 5 minutes. Cell populations containing ≥ 30% apoptotic cells were used to measure
binding of both the non-functionalized and the annexin A5-conjugated nanoparticles.

2.2.7

In vitro targeting

Jurkat cells were incubated with the lipid-based contrast agents to study their ability to
change the relaxation time of apoptotic cell pellets. Each sample contained approximately
5⋅106 cells in order to obtain a loosely packed pellet in a 250 μl PCR tube

that was

sufficient for slice-planning in MRI experiments. Two different experiments were
performed, depending on the contrast agent that was used.
Superparamagnetic micelles and paramagnetic liposomes
All cells were stimulated with anti-Fas for 3 hours. Subsequently, cells were harvested and
resuspended to 1·106 cells/ml binding buffer or HEPES buffered saline that was
supplemented with EDTA (25 mM HEPES, 140 mM NaCl and 5 mM EDTA, pH 7.4).
Annexin A5-conjugated superparamagnetic micelles or paramagnetic liposomes were
added to a final concentration of 5 μg/ml iron or 0.2 mM total lipid, respectively. As a
control apoptotic cells were either treated with equivalent amounts of non-functionalized
contrast agents or not exposed to contrast agents at all. All cell samples were incubated
with the contrast agents for 30 minutes on a rollerbench at room temperature.
Subsequently each sample was washed 3 times (5 min, 300 x g) in a buffer that was
identical to the buffer in which the incubation was performed. All samples were
subsequently resuspended in a 4% paraformaldehyde solution (pH 8), which was either
prepared in binding buffer or in HEPES buffered saline that was supplemented with 5 mM
EDTA.
Micellular paramagnetic quantum dots
15·106 cells were treated with anti-Fas for 3 hours. Additionally, 5·106 cells were not
treated with anti-Fas. A total of 5·106 apoptotic cells were left untreated, whereas all other
cells were incubated with annexin A5-conjugated micellular paramagnetic quantum dots
for 15 minutes on a roller bench at a final concentration of 392.4 µM quantum dots.
Incubation was either performed in Ca2+-containing binding buffer or in HEPES buffered
saline that was supplemented with EDTA, as described above. Subsequently, all cell
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samples were extensively washed in a buffer that was identical to the buffer in which the
incubation was performed (5 min, 300 x g). Cells were fixed in a 4% paraformaldehyde
solution, which was either prepared in binding buffer or in HEPES buffered saline
containing 5 mM EDTA.

2.2.8

MRI of cell pellets

MRI on cell pellets was performed at 6.3 T and 20 ˚C (Bruker, BioSpec), using a 3 cm
send and receive birdcage coil (Rapid Biomedical). A maximum of 4 samples was
measured at once in a custom-made sample holder to prevent artifacts from B1
inhomogeneities.
For quantification of T2 relaxation times a series of T2-weighted images with 20 echo times
in the range of 4 ms to 200 ms was obtained with a multi-slice spin echo sequence,
TR = 6 s and NEX = 4. T1 values were quantified by the acquisition of a series of FLASH
images after inversion of the longitudinal magnetization (segmented IR). Images were
obtained

with

the

following

parameters:

overall repetition time = 20 s,

TR = 3 ms,

TE = 1.5 ms, α = 15˚, NEX = 4, inversion times from 73.5 ms to 2425.5 ms.
Pixel-by-pixel T2- and T1-maps were reconstructed from the corresponding image series,
using non-linear least-squares data fitting procedure by the Gauss-Newton method
programmed

in

Matlab.

T1-maps

were

corrected

for

saturation

as

described

by

Haase et al.34. Average T2- and T1-values within the cell pellets were determined in a
region of interest containing at least 10 pixels.

2.2.9

Fluorescence microscopy

Confocal microscopy (Axiovert 100M, Zeiss) or fluorescence microscopy (Zeiss) was
performed on cells that were previously used for MR experiments to enable localization of
the lipid-based contrast agents at the cellular level.

2.3
2.3.1

Results
Characterization of the contrast agents

Morphology and size of the micellular iron oxide particles and the paramagnetic liposomes
were studied with cryo-transmission electron microscopy (Figure 2). In cryo-TEM images
of the superparamagnetic micellular contrast agent single nanoparticles could be
discriminated of which only its iron oxide core with a diameter of approximately 5 nm was
visible (Figure 2A). The total diameter of the conjugate was measured to be approximately
10 nm with dynamic light scattering (DLS). The resulting micellular iron oxide particle
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showed a relatively high r2/r1 ratio of 12.0 at 20 MHz (Table 1), which is typical for
negative MR contrast agents.
The paramagnetic liposomal contrast agents were confirmed to be spherical bilayer
particles (Figure 2B) that had a mean diameter of approximately 100 nm as shown by
DLS. An r2/r1 ratio of approximately 1.7 at 20 MHz (Table 1) was found for these particles,
whereas micellular paramagnetic quantum dots displayed an r2/r1 ratio of approximately
1.5 at 60 MHz (Table 1). This indicates that both of these contrast agents are very well
applicable as T1-reducing agents.
Relaxivity r1 of the paramagnetic micelles was a factor of ∼ 3 higher compared to the
paramagnetic liposomes. Even though these values were obtained at different field
strengths and temperatures, this increase is predominantly attributed to the presence of
∼ 50% of the Gd-DTPA-BSA lipids in the inner lipid monolayer of the liposomal contrast
agent. The latter lipids hardly contribute to the T1-reducing properties of the nanoparticle,
due to restricted water diffusion across the lipid bilayer.

Figure 2: Cryo-TEM images of superparamagnetic micelles (A) and paramagnetic liposomes (B).

Superparamagnetic micelles (20 MHz, RT)
Paramagnetic liposomes (20 MHz, RT)
Micellular paramagnetic quantum dots (60 MHz, 37 ˚C)

r 1 (mM-1s-1)

r 2 (mM-1s-1)

13.3

159.6

12.0

4.1

6.8

1.7

12.4

18.0

1.5

r 2/r 1 (-)

Table 1: Relaxivities r1 and r2 expressed in (mM-1 Fe) s-1 or (mM-1 Gd) s-1 for the superparamagnetic
and paramagnetic nanoparticles, respectively.
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2.3.2

Nanoparticle binding to phosphatidylserine-containing membranes

Wild type annexin A5 was shown to bind to the PS/PC coated silicium plate in the
ellipsometry set-up in the presence of 2.5 mM Ca2+ (Figure 3). Non-functionalized
paramagnetic liposomes showed no significant binding to an identical PS/PC bilayer,
whereas the polarization angle changed approximately 6˚ due to binding of the
annexin A5-conjugated liposomes in the presence of Ca2+ (Figure 3). Addition of EDTA
caused an immediate drop of the polarization angle to its initial value for both the wild
type annexin A5 and the annexin A5-conjugated liposomes, which confirmed specific,
Ca2+-dependent binding to PS30.
Ellipsometry measurements of superparamagnetic micelles were impossible by the
magnetic properties of the contrast agent, whereas micellular quantum dots were also not
examined with ellipsometry. However, annexin A5-conjugated micelles, without an iron
oxide or quantum dot core, did show Ca2+-dependent binding of these particles during
ellipsometry measurements (data not shown), which makes it highly likely that both
micellular contrast agents presented in this study also exhibit Ca2+-dependent binding to
PS-containing membranes.

Figure 3: Ellipsometry measurements of
a
PS/PC
(20:80)
bilayer
during
incubation with annexin A5-cys (AnxA5cys), non-functionalized paramagnetic
liposomes (pL)
or
annexin A5functionalized paramagnetic liposomes
(AnxA5-pL) in the presence of 2.5 mM
Ca2+. 5 mM EDTA was added at the time
points indicated by the asterisks.

2.3.3

MRI of cell pellets

T2- or T1-weighted MR spin echo images of the cell pellets were obtained to demonstrate
the ability of the superparamagnetic- or paramagnetic nanoparticles to reduce or increase
the intrinsic signal intensity, respectively.

Apoptotic cells that were incubated with

annexin A5-functionalized superparamagnetic micelles in the presence of Ca2+ appeared as
a hypointense pellet compared to untreated control cells in a T2-weighted MR image
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(Figure 4A). T1-weighted MR images of apoptotic cell pellets that were incubated the
annexin A5-conjugated paramagnetic liposomes (Figure 4C) or micellular quantum dots
(Figure 5A) appeared as hyperintense pellets compared to control cells in T1-weighted MR
images.
Relaxation times that were measured in imaging mode within all cell pellets were
expressed as relaxation rates R1 and R2, i.e. inverse relaxation times, since ideally both
relaxation rates are linearly dependent on the contrast agent concentration in the pelleted
cells. The relaxation rate R2 of apoptotic cells was shown to be approximately 172%
increased after incubation with annexin A5-functionalized micellular iron oxide particles in
the presence of Ca2+, whereas an increase of only 19% was measured in the absence of
Ca2+ (Figure 4B). Non-functionalized superparamagnetic micelles minimally increased the
intrinsic R2 of apoptotic cells.

Figure 4: (A) T2-weighted spin echo image (TR = 6 s, TE = 14.7 ms) of apoptotic cells that were
untreated (left) or incubated with annexin A5-functionalized superparamagnetic micelles (right). (B) R2
values of cells that were untreated (control), treated with annexin A5-functionalized- (AnxA5-sM) or
non-functionalized superparamagnetic micelles (sM). (C) T1-weighted spin echo image (TR = 950 ms,
TE = 4.3 ms) of apoptotic cells that were untreated (left) or incubated with paramagnetic annexin A5liposomes (right). (D) R1 values of cells that were untreated (control) or treated with annexin A5functionalized- (AnxA5-pL) or non-functionalized paramagnetic liposomes (pL). Incubations were
performed in the presence or absence of Ca2+, as indicated. Each bar represents mean ± SD, n=3.
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The R1 of apoptotic cells was increased by approximately 258% after incubation with
annexin A5-conjugated paramagnetic liposomes in the presence of Ca2+ compared to
untreated apoptotic cells (Figure 4D). An increase of approximately 22% was observed
after incubation with non-functionalized liposomes, both in the presence and absence of
Ca2+. A similar minimal increase was measured for apoptotic cells that were incubated with
annexin A5-conjugated paramagnetic liposomes in the absence of Ca2+.
R1 values of apoptotic and viable cells in Ca2+-containing binding buffer were increased by
approximately

510%

and

195%

after

incubation

with

annexin A5-functionalized

paramagnetic micellular quantum dots compared to untreated control cells (Figure 5B). R1
values had increased by 78% after incubation with this contrast agent in the absence of
Ca2+. These results indicate that the increased R1 value observed for viable cells originated
partially from non-specific association but also from specific association to the small
fraction (5-10%) of apoptotic cells present within a viable cell culture. R2 values
demonstrate similar condition-dependent behavior as R1 values (Figure 5C).

Figure 5: (A) T1-weighted spin echo image (TR = 120 ms, TE = 8.8 ms) of apoptotic (+aF) or viable
(-aF) cells that were untreated (control) or incubated with annexin A5-functionalized paramagnetic
micellular quantum dots (AnxA5-pQD) in the presence or absence of Ca2+. R1 (B) and R2 (C) values of
the corresponding cell pellets. Bars represent value ± error of the fitting procedure, n=1.
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2.3.4

Fluorescence microscopy

Superparamagnetic micelles and paramagnetic liposomes
Confocal transmission and fluorescence images of several cell samples were obtained to
determine the spatial location of the superparamagnetic micelles and the paramagnetic
liposomes that contributed to the measured relaxation rates within the pellets. Apoptotic
cells that were incubated with non-functionalized superparamagnetic micelles showed,
presumably unspecific, association of these contrast agents to less than 1% of the cells
(Figure 6A). On the other hand, annexin A5-functionalized superparamagnetic micelles
were found to be associated to a relatively large fraction of cells (Figure 6B). In confocal
fluorescence images of apoptotic cells that were treated with non-functionalized liposomes
no contrast agents were observed to be cell associated (Figure 6C). However, some
remaining liposomal aggregates were found occasionally, probably due to insufficient
washing of the cell preparation. In contrast, annexin A5-conjugated paramagnetic
liposomes were observed to be massively associated to apoptotic cells (Figure 6D).

Figure 6: Confocal transmission (upper panels) and fluorescence images (lower panels) of fixed
apoptotic Jurkat cells after incubation with superparamagnetic micelles (A,B) or paramagnetic
liposomes (C,D) for 30 minutes in the presence of Ca2+. Images were acquired after treatment with
non-functionalized (A,C) or annexin A5-functionalized (B,D) lipid-based contrast agents.

Paramagnetic micellular quantum dots
Fluorescence microscopy of cells that were incubated with annexin A5-functionalized
paramagnetic micellular quantum dots in the absence of Ca2+ showed little fluorescence
(Figure 7A). In contrast, cells that were not stimulated with anti-Fas showed increased
fluorescence after incubation with this annexin A5-functionalized agent in the presence of
Ca2+ (Figure 7B). Apoptotic cells that were incubated with the same contrast agent in the
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presence of Ca2+ showed even more bright fluorescence, indicative for massive association
of the contrast agent with the cells (Figure 7C).
In Figure 7D the different cups with loosely packed cell pellets, illuminated with 254 nm
UV light, are depicted. The green emitting cell pellet that originated from the incubation of
annexin A5-nanoparticles with apoptotic cells (Figure 7D, sample Figure 7C) can clearly be
distinguished from the other incubations. The observed low fluorescent intensity in
Figure 7A was not caused by quenching of fluorescence due to EDTA, since the emission
spectrum of paramagnetic quantum dots in HEPES buffered saline remained unchanged
after addition of EDTA to a final concentration 5 mM (data not shown).

Figure 7: Fluorescence microscopy of Jurkat cells incubated with annexin A5-functionalized
paramagnetic micellular quantum dots in the absence of Ca2+ (A) or in the presence of Ca2+ (B,C).
Either apoptotic cells (A,C) or vital cells with a naturally occurring percentage of apoptosis were used
(B). All of these cell pellets and untreated control cells were illuminated with 254 nm UV light (D).

2.4

Discussion

In this study we presented three types of lipid-based bimodal nanoparticles that were
functionalized with the annexin A5 protein for targeting to apoptotic cells. The annexin A5functionalized contrast agents were shown to bind specifically to apoptotic cells as
confirmed by MRI and fluorescence microscopy.
The cryo-TEM images of the superparamagnetic micelles suggested that the oleic acid
coated superparamagnetic particles were enclosed by a lipid monolayer35. The resulting
superparamagnetic micelles were measured to be ∼ 10 nm in diameter by DLS, whereas its
core diameter was found to be ∼ 5 nm in cryo-TEM images (Figure 2A). This suggests that
each micelle contains approximately one magnetite particle that provides the contrast
agents with a relatively high r2/r1 ratio of 12.0 compared to r2/r1 ratios of 2.2 that were
measured for other small iron oxide particles at the same field strength, including AMI-227
and MION-4636. The r2/r1 ratios of the magnitude reported here suggest that the magnetite
particles were aggregated37. However, non-aggregated superparamagnetic micelles were
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predominantly found on the cryo-TEM images. Whether this high r2/r1 ratio was caused by
the use of a micellular coating consisting of 100% PEG-polymers, instead of the commonly
used dextran coating, remains to be investigated. Altogether the micellular iron oxide
preparation may be classified as an ultra small and extremely potent T2-reducing contrast
material. Conjugation of annexin A5 to the micellular iron oxide particles was shown to
specifically decrease the T2 of apoptotic cell pellets by approximately 70% at a field
strength of 6.3 T and 20 ˚C (Figure 4B), which was clearly visible on a T2-weighted MR
image (Figure 4A). Schellenberger et al. previously showed the ability of annexin A5-CLIO
to specifically reduce the T2 relaxation times of apoptotic cells14;25. Additional coupling of
the near-infrared fluorophore Cy5.5 allowed successive near-infrared imaging25. As an
alternative to covalent coupling of annexin A5 to iron oxide particles Jung et al. presented
a two-step approach, where the biotinylated C2A domain of synaptotagmin I was
complexed to streptavidin-SPIO nanoparticles18. This approach was successfully used to
reduce the T2 relaxation times of apoptotic cells in vitro, however its in vivo application is
expected to suffer from the immunogenicity of streptavidin. The mean size of the used
streptavidin-SPIO label is 20-30 nm18, whereas the mean size of the annexin A5-CLIOCy5.5 was measured to be approximately 50 nm25. Consequently the application of these
particles for molecular imaging purposes of extravascular targets may be limited by their
size. The mean size of the superparamagnetic micelles presented in this study was
approximately 10 nm, which is at least 2 times smaller than the iron oxide particles that
were previously described for the detection of apoptosis. Consequently the micellular iron
oxide particles are thought to show facilitated extravasation compared to the other iron
oxide particles.
It was shown by Kim et al. that the size of magnetomicelles scales with the number of iron
oxide particles entrapped in the micellular core, which was determined by the starting ratio
of the concentration of magnetite particles to that of the polymers38. In this manner the
size of the contrast agents may be optimized for the target of interest. In addition the
incorporation of multiple iron oxide particles in the micellular core could also be used to
enhance the magnetic properties of the superparamagnetic micelles presented here.
Alternatively, multiple superparamagnetic particles with a hydrophilic coating could be
entrapped inside the internal water compartment of liposomes. The resulting particles can
be sized to approximately 40 nm and are often referred to as magnetoliposomes39.
Magnetomicelles and magnetoliposomes that show sufficient magnetism could be
simultaneously used as MRI contrast agents and for magnetic-nanoparticle induced
hyperthermia40. As an alternative to magneto-thermal therapy a mixture of magnetite
particles and hydrophobic drugs could be incorporated in the micellular core to allow
targeted therapy with particles that can be detected both with MRI and optical imaging.
Targeted molecular imaging of sparsely expressed receptors in tissues, where positive
contrast is preferred due to intrinsic T1 and T2 relaxation times, requires amplification
strategies because of the relatively low relaxivities of T1-reducing agents, including Gd3+
chelates. Therefore it is advantageous to use nanoparticulate carriers like liposomes or
micelles, in which a large payload of paramagnetic lipids can be incorporated in the lipid
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(bi)layers, resulting in efficient T1- and T2-shortening lipidic nanoparticles41. Minor
differences were observed between the ionic relaxivity r1 and r2 of Gd-DTPA and that of
Gd-DTPA-BSA incorporated in the liposomal bilayer. However, molar relaxivities r1 and r2 of
the liposomal contrast agent, expressed in (mM-1 nanoparticle)·s-1, are tremendously
increased compared to free Gd-DTPA due to the high payload of Gd-DTPA-BSA (∼ 40,000
for a 100 nm liposome). Ionic relaxivities of the paramagnetic micellular quantum dots
were increased at least by a factor of 2, compared to Gd-DTPA. These particles contain
approximately 150-200 Gd-DTPA-BSA42 lipids per particle that, together with its increased
ionic relaxivities, provide the nanoparticle with relatively high relaxivities. Consequently,
for annexin A5-Gd-DTPA conjugates with a 1:1 stoichiometry the concentration of
annexin A5

should

be

at

least

400-fold

higher

than

for

annexin A5-conjugated

paramagnetic micelles and liposomes in order to produce comparable changes in the
relaxation times of apoptotic cells, assuming that on average 100 or 1 annexin A5-cys
protein(s) were conjugated to each liposome and micelle, respectively.
Alternative gadolinium-based contrast agents for the detection of apoptosis were
presented by Jung et al.18 and Neves et al.19. In these studies multiple Gd-DTPA molecules
(~ 15-20) were covalently conjugated to one avidin molecule in order to obtain a generic
MRI-detectable agent. Subsequently, this protein was used to label the biotinylated C2A
domain of the synaptotagmin I protein either through a two-step18 or a one-step labeling
approach19. Apoptotic cells showed only a modest signal increase in T1-weighted MR
images after incubation with Gd-DTPA-avidin following the two-step protocol, i.e. by prelabeling of the cells with biotinylated C2A. In contrast, R1 was found to be increased by
factors up to 2.2 after one-step addition of the single nanoprobe. Recently, the same
group reported on a novel agent consisting of 10-14 Gd-DTPA chelates that were
covalently conjugated to the C2A domain20. These relatively small agents (~ 100 kDa)
were shown to specifically reduce the T1 values of apoptotic cells both in vitro and in vivo,
while additional labeling with FITC also allowed its detection with fluorescence microscopy.
The liposomes reported here are approximately 100 nm in size, which implicates that
these particles can only be used to target either the extravascular space in tissue with
enhanced permeability, or intravascular compartments. Compared to liposomes, micellular
quantum dots are relatively small, which may greatly enhance the availability of this
contrast agent for apoptotic cells in the extravascular space. Besides size, large differences
in fluorescent properties should also be recognized. The fluorescent lipids incorporated in
the liposomal contrast agent allow for its in vitro and in vivo detection by (intravital)
fluorescence microscopy in cell culture and animal models. However, conventional
fluorescent dyes are sensitive to photobleaching, which makes longitudinal molecular
imaging in vivo difficult. In contrast, quantum dots are very resistant to photobleaching.
Therefore the paramagnetic micellular quantum dots presented in this study are
considered

to
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be

more

suitable

for

intravital

fluorescence

microscopy.

Recently,

presented an alternative annexin A5-functionalized paramagnetic quantum

dot with a size of ~ 7 nm, which consisted of streptavidin-coated quantum dots, carrying
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high numbers of biotinylated Gd-DTPA. This agent successfully enabled T1-weighted
imaging and fluorescence microscopy of apoptotic Jurkat cells as well as blood clots.
Importantly, the technology developed in the present study can be easily adjusted for a
specific application by encapsulation of quantum dots with a different size, which
consequently alters their emission wavelength, or by incorporation of different fluorescent
dyes. Interestingly, the use of quantum dots has been shown to allow simultaneous
detection of multiple quantum dot species in vivo

by excitation at one single

wavelength44;45. In addition, the application of near-infrared quantum dots or fluorescent
dyes would increase the penetration depth, which allows the real time investigation of
tissue as deep as 1 cm46. Dumont et al.10 have demonstrated the feasibility to detect
apoptosis in the beating murine heart, following the administration of fluorescently labeled
annexin A5.

A

comparable

set-up

could

be

used

for

intravital

microscopy

of

subcutaneously grown tumors in mice.
Besides diagnostics these contrast agents could also be used for therapeutic applications
by additional incorporation of water-soluble drugs inside the liposomal lumen. PEGylated
liposomes have been successfully used as drug carriers, which has primarily found its
clinical application in tumor treatment47. Incorporation of anti-apoptotic drugs in the
annexin A5-conjugated paramagnetic liposomes presented here would allow for the
combination of multimodal detection of apoptotic cells and anti-apoptotic treatment. In
cases of reversible PS exposure these cells could be rescued from dying. Alternatively,
hydrophobic drugs can be incorporated in a paramagnetic micellular core for targeted
therapy48.
The bimodal lipid-based contrast agents that were designed as efficient T1- and/or T2reducing agents could be localized at the subcellular level with fluorescence microscopy
due to additional incorporation of fluorescent lipids in the lipid (bi)layer or quantum dots in
the core. Relatively weak fluorescent signal was observed for annexin A5-functionalized
superparamagnetic micelles on the confocal fluorescence images. Nevertheless the
contrast agent could be detected on the confocal fluorescence images since no
autofluorescence was observed for cells in 4% paraformaldehyde solution. Unfortunately,
their spatial location was difficult to define based on these images. The fluorescent entities
that were anchored in the micellular lipid layer for fluorescence microscopy were in close
proximity

to

the

iron

oxide

core,

which

might

induce

fluorescent

quenching.

Josephson et al. also observed extensive fluorescent quenching after attachment of
fluorescein to magnetic nanoparticles49. Therefore, the fluorescent moiety should be
positioned at a more distant location from the iron oxide core, e.g. by covalent coupling of
the fluorophores to the distal ends of PEG polymers. It was shown by Nitin et al. that
fluorescent

properties

of

Texas

Red

were

maintained

after

conjugation

to

PEG

phospholipids that were incorporated in micellular coated iron oxide nanoparticles50.
The obtained confocal fluorescence images of the annexin A5-conjugated paramagnetic
liposomes suggest that these contrast agents are only found on the outer leaflet of the cell
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membrane. Since Jurkat cells have a relatively large nucleus additional staining for cell
membrane markers should be performed in order to confirm exclusive binding of the
contrast agents to the cell membrane. This also holds for cells that were treated with the
annexin A5-conjugated paramagnetic micellular quantum dots, of which only fluorescence
microscopy images were obtained.
Cells with associated annexin A5-conjugated paramagnetic liposomes were mainly found to
be clustered, which was already observed during the incubation period of 30 minutes. It is
known that contrast agent clustering may alter its T1- and T2-reducing ability compared to
more homogeneously distributed contrast agents. Therefore the r2/r1 ratio of cellassociated annexin A5-conjugated paramagnetic liposomes was measured. An r2/r1 ratio of
approximately

6

was

found

for

homogeneously

distributed

annexin A5-conjugated

paramagnetic liposomes in HEPES buffer at 6.3 T. In contrast, an r2/r1 ratio of
approximately 39 was measured in a 4% paraformaldehyde solution at 6.3 T after
association of the annexin A5-conjugated paramagnetic liposomes to apoptotic cells, which
was predominantly caused by a strong decrease in r1 compared to the r1 of the liposomes
in buffer. Whether the increase in r2/r1 results only from clustering or also from cell
association per se should be further investigated. In contrast to annexin A5-conjugated
paramagnetic liposomes no cell aggregation was observed in the presence of annexin A5functionalized micellular iron oxide particles.
In this study it was shown that a fraction of apoptotic cells > 30% within the region of
interest can be readily detected with MRI using the described annexin A5-conjugated lipidbased nanoparticles in vitro. The fraction of apoptotic cells found in vivo varies between
<1% in viable tissue to 4% in tumor tissue. These values may be increased to
approximately 20% in diseased tissue, including myocardial tissue exposed to transient
ligation of the left descending coronary artery (LAD)10. Sosnovik et al. observed local
abnormal contractility within a well-defined area of the mouse myocardium after transient
ligation of the LAD. Intravenously injected annexin A5-CLIO-Cy5.5 (2 mg Fe/kg) was
shown to reduce the

T2* relaxation time within this region by as much as 39%15.

Furthermore, irradiation or chemotherapy was shown to locally increase the apoptotic
fraction in tumor tissue up to 30%. In this animal model the intravenous administration of
20 mg Fe/kg of C2A-conjugated SPIO was found to decrease the signal intensity in T2weighted MR images up to 15% in certain regions of the tumor17, whereas R1 values in the
same animal model were increased by approximately 45% after injection of 200 mg/kg of
the Gd-labeled C2A domain of synaptotagmin I20. Consequently, alterations in the
apoptotic fraction that come with disease or treatment should also be detectable with the
annexin A5-functionalized lipid-based contrast agents presented here if a sufficient dose of
the contrast agent can be targeted to the tissue of interest. Since each nanoparticle is
PEGylated they are expected to exhibit prolonged circulation half-lives, which increases the
ability for a contrast agent to bind to its target. The circulation half-lives of similar lipidbased aggregates, in which no MR contrast agent was incorporated, have been extensively
studied51;52.

38

Annexin A5-functionalized contrast agents

In conclusion, the nanoparticles that were prepared for this study are examples of lipidbased bimodal contrast agents that differ in size, fluorescent and magnetic properties.
Consequently these contrast agents are suitable for all kinds of diagnostic MR and optical
imaging applications, varying from magnetic resonance angiography (MRA) to molecularand cellular imaging. The micellular contrast agents are relatively small, and are therefore
expected to be suitable for the visualization of both intravascular and extravascular
targets. On the contrary, extravasation of the liposomal contrast agent is limited by its
size,

which

makes

this

agent

best

suited

for

targeting

intravascular

receptors.

Interestingly, with these systems diagnostics could be extended to targeted therapeutic
applications either by additional incorporation of drugs or alternatively by exploitation of
the magnetic properties of the micellular iron oxide particles for so-called magnetothermal therapy.
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Abstract
Apoptosis, or programmed cell death, plays an important role in the etiology of various
diseases, including cancer. Several studies have reported on the use of annexin A5functionalized iron oxide particles for the detection of apoptosis with MRI, both in vitro and
in vivo. In the presence of Ca2+, the protein annexin A5 binds with high affinity to the
phospholipid phosphatidylserine, which is exposed on the outer leaflet of the apoptotic cell
membrane. When co-exposed to apoptotic stimuli this protein was also shown to
internalize into endocytic vesicles. Therefore in the present study we investigated the
possible internalization of annexin A5-functionalized iron oxide-based contrast agents, and
the effects of their spatial distribution on the estimated r2*/r2 and r2/r1 ratios. Two different
incubation procedures were performed, where (1) Jurkat cells were either incubated with
the contrast agent after induction of apoptosis or (2) Jurkat cells were simultaneously
incubated with the apoptotic stimulus and the contrast agent. Subsequent washing of
these cells in either Ca2+-containing buffer or in Ca2+-chelating EDTA buffer allowed
differentiation between the cell surface-associated and internalized fraction of iron oxide
particles. The first incubation strategy mainly showed binding of the annexin A5-iron oxide
particles to the cell membrane, whereas the second procedure was shown to induce
internalization. Internalization of the iron oxides led to an increase of the r2/r1 ratios by a
factor of 1.7 compared to homogeneously distributed iron oxides in suspension, whereas
plasma membrane association of the contrast agent did not alter the r2/r1 ratio. The r2*/r2
ratios of membrane-associated and internalized iron oxides were a factor of 2.2 and 2.5
higher than measured for dispersed iron oxides.
In conclusion, annexin A5-iron oxide particles were shown to be internalized by apoptotic
cells. Nevertheless, little differences were observed between the r2*/r2 ratio of cell
membrane-bound and internalized contrast agents, which makes both T2- and especially
T2*-weighted MR sequences suitable for their detection.
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3.1

Introduction

Apoptosis, or programmed cell death, is an essential feature of tissue development and
homeostasis. Consequently, deregulation of this morphologically distinct form of cell death
plays a critical role in the etiology of various disorders, including autoimmune diseases1,
cardiovascular diseases2 and cancer3. During the apoptotic process, cells translocate the
phospholipid phosphatidylserine (PS) to the outer layer of their cell membranes, which is
utilized by surface proteins on macrophages and fibroblasts to recognize and engulf
apoptotic cells prior to lysis4. The protein annexin A5 binds with high affinity (Kd < 10-9 M)
and specificity to phosphatidylserine in a Ca2+-dependent manner5, and is therefore
considered to be an excellent ligand for targeting apoptotic cells. Fluorescent labeling of
this protein has been extensively shown to allow the detection of apoptotic cells with
optical imaging techniques both in vitro6

and in vivo7. Similarly, several studies have

reported on the use of radiolabeled annexin A5 for the detection of apoptosis in animal
models8 and patients9 with nuclear imaging techniques. The latter imaging techniques
provide a high detection sensitivity, but suffer from a low spatial resolution and lack
anatomical information. Therefore several MR contrast agents have been suggested for the
detection of apoptotic sites, as MRI provides excellent soft tissue contrast at a relatively
high spatial resolution. To overcome the low sensitivity of MRI, most of these contrast
agents were targeted iron oxide nanoparticles10-16, whereas Gd-based nanoparticulate
contrast agents were also proposed13;17-19.
Iron oxide-based contrast agents reduce the intrinsic T1, T2 and T2* values of tissues with
an efficiency that is characterized by the so-called relaxivities r1, r2, and r2* expressed in
mM-1s-1. In general, iron oxide particles display an r2/r1 ratio of > 2 at ≥ 20 MHz, which
makes these particles most suitable as T2-reducing agents, i.e. negative contrast agents.
The relaxivities of a particular iron oxide particle are determined by a complex interplay
between various parameters, including core size, chemical composition, magnetic field
strength and spatial distribution. In general, in the range of field strengths used for MRI
the r2 increases, while r1 decreases with increasing size of the iron oxide core20. An
increase in r2 was also shown to arise from aggregation of multiple individual iron oxide
particles in suspension. This effect on r2 has been recently exploited in receptor mediated
clustering of crosslinked iron oxide particles (CLIO), which allowed the specific detection of
oligonucleotides21 and proteins22. In contrast, internalization of large numbers of iron oxide
particles into confined cellular compartments has been shown to decrease both the r2 and
the r1 compared to more homogenously dispersed particles23-26, whereas r2* values were
found to be increased25;26. Similar effects were observed in vivo when comparing T1, T2 and
T2* weighted MR images of the spleen and liver in patients that received SPIO, which was
attributed to differences in numbers and spatial distribution of macrophages in both
tissues27.
Annexin A5-functionalized CLIO were first presented by Schellenberger et al.10, who
demonstrated the ability of this nanoparticle to specifically decrease the signal intensity of
camptothecin-treated Jurkat T cells in T2-weighted images. The fluorescently labeled
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variant of this nanoparticle allowed the detection of apoptotic cells both with MRI and
optical imaging in vitro11 and in vivo12. Bimodal imaging was also enabled by fluorescently
labeled micelles with an iron oxide core after covalent coupling of annexin A513. More
recently, annexin A5-VSOPs (very small iron oxide particles) were introduced as a novel
MR contrast agent for the detection of apoptosis14. As an alternative to annexin A5, iron
oxide particles have also been labeled with the phosphatidylserine-binding C2A domain of
the protein synaptotagmin I, which successfully allowed the detection of apoptotic cells
both in vitro15 and in vivo16.
All of these studies describe the ability of annexin A5- or synaptotagmin I-functionalized
iron oxide particles to provide MR images with contrast after their specific interaction with
phosphatidylserine (PS) exposed by apoptotic cells. However, little is known about the fate
of these contrast agents after binding to their PS target. Recently, it was shown by
Kenis et al.28 that fluorescently labeled annexin A5 was internalized into endocytic vesicles
both by apoptotic cells and viable tumor cells that express PS. This process is considered
to be driven by the formation of two-dimensional crystals of annexin A5 trimers on the
apoptotic cell membrane29. If annexin A5-functionalized iron oxide particles are also
internalized into endocytic vesicles this may affect the T1, T2 and T2* reducing ability of the
contrast agent, which consequently determines the optimal imaging sequence and
parameters that should be used for its detection.
The goal of this study was to investigate the possible internalization of annexin A5-iron
oxide particles by apoptotic Jurkat cells, and to study the effects of the spatial distribution
of these iron oxide particles on different MR parameters. To that aim we compared two
different incubation procedures, i.e. the more commonly used binding procedure10 and the
incubation procedure that was shown to lead to internalization of fluorescently labeled
annexin A528. Subsequent washing in the presence of Ca2+ or in Ca2+-chelating EDTA
buffer allowed discrimination between cell membrane associated- and internalized contrast
agent.

3.2
3.2.1

Experimental procedures
Contrast agent characterization

Both annexin A5-functionalized and non-functionalized MACS microbeads (Miltenyi Biotec,
Auburn, CA) that were originally designed for magnetic cell sorting30 were applied as T2reducing contrast agents. The nanoparticles were composed of an iron oxide core coated
with a polysaccharide layer. Cryogenic transmission electron microscopy (cryo-TEM) was
performed on an FEI Tecnai 20, type Sphera TEM instrument operating at 200 kV to obtain
the mean size of the iron oxide core, using a Gatan cryoholder operating at ∼ -170 ˚C.
Sample vitrification was carried out using an automated vitrification robot (FEI Vitrobot
Mark III).
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Dynamic light scattering (DLS) was performed on a Malvern instrument (Zetasizer,
Nano-S) to determine the hydrodynamic size of the non-functionalized microbeads in
HEPES buffered saline (20 mM HEPES, 135 mM NaCl, pH 7.4), as given by the intensityweighted particle size distribution. Iron concentrations of the microbead suspensions were
measured

by

atomic

absorption

spectrometry

(Philips,

PU

9100X).

Prior

to

the

measurements the iron oxide particles were destructed in perchloric acid at 180 ˚C for
1 hour, followed by resuspension in 2 ml ultra pure water. A Fe(NO3)3 calibration solution
(Merck) that underwent the same destruction procedure was used for calibration.
Molar relaxivities (mM-1s-1) of the nanoparticles were measured at room temperature and
different field strengths, i.e. 0.47 T (Bruker, Minispec), 1.41 T (Bruker, Minispec) and 6.3 T
(Bruker, Biospec). The non-functionalized nanoparticles were diluted in HEPES buffered
saline to final concentrations in the range of 0 to 0.2 mM Fe. Longitudinal relaxation times
T1 of these samples were obtained using an inversion-recovery sequence, whereas a CPMG
sequence

was

used

to

determine

their

transversal

relaxation

times

T2 .

For

T2

measurements at 0.47 T and 1.41 T an inter-echo time of 0.1 ms was used, whereas the
inter-echo time at 6.3 T was 9 ms.

3.2.2

Cell culture

The T-lymphoma Jurkat cell line (ATCC) was grown in RPMI1640 medium (Gibco), which
was supplemented with 10% fetal calf serum and a mixture of antibiotics, i.e. 100 units/ml
penicillin, 0.1 mg/ml streptomycin (Biochrom AG). Cells were grown at 37 ˚C in a humified
atmosphere and 5% CO2. Apoptosis is naturally occurring without exposing the cells to
apoptotic stimuli, typically involving 2.5% to 10% of the cells within the culture. These cell
suspensions are referred to as viable, as the majority of the cells are non-apoptotic.
To induce a high degree of apoptosis, cells were resuspended to 1·106 cells/ml RPMI1640
medium and treated with 200 ng/ml anti-Fas (CD95 human monoclonal antibody,
Beckman Coulter B.V.) at 37 ˚C in a humified atmosphere and 5% CO2, unless stated
otherwise. Following this procedure the cell suspensions are referred to as apoptotic.
Flow cytometry measurements (Coulter EPICS-XL-MCL) were performed to determine the
resulting fraction of apoptotic cells in the cell culture. For these measurements 5·104 cells
were collected and resuspended in binding buffer (2.5 mM CaCl2, 10 mM HEPES, 150 mM
NaCl, 5 mM KCl, 1 mM MgCl2) to a final concentration of 1·106 cells/ml. Subsequently,
annexin A5-FITC was added (250 ng/ml) to label the apoptotic cells and flow cytometry
measurements were performed. The resulting data were analyzed in WinMDI 2.8 to
determine the apoptotic fraction.
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3.2.3

Specificity

The specificity of the annexin A5-microbeads for apoptotic cells and their potential use for
MR molecular imaging were investigated. Cells were either grown as usual or the medium
was supplemented with anti-Fas for 3 hours, in order to induce apoptosis. Subsequently,
the cells were harvested and resuspended in Ca2+-containing binding buffer to a final
concentration of 2.5·106 cells/ml with 5·106 cells per sample. Cell suspensions from both
the viable and the apoptotic population were incubated with the non-functionalized or the
annexin A5-functionalized microbeads for 15 minutes (0.5 μg Fe/ml), or cells were left
untreated. Incubations were performed on a roller bench at room temperature. Following
incubation, cells were collected and washed three times (5 min, 300 x g) in binding buffer
to remove unbound contrast agents. Next, the cells were fixed in 2.5% glutaraldehyde
that was supplemented with 2.5 mM CaCl2. Loosely packed cell pellets were obtained by
overnight settling in 250 μl tubes.

3.2.4

Variation of apoptotic cell fraction

Cell suspensions were incubated with annexin A5-microbeads to examine the relation
between the fraction of apoptotic cells within the cell culture and the resulting transverse
relaxation rate R2, i.e. 1/T2. For this purpose 20·106 cells were resuspended in RPMI1640
medium, and supplemented with anti-Fas. Next, four cell samples of approximately 5·106
cells were collected in time, varying from 0 to 4 hours after addition of the antibody.
Consequently, each sample was expected to contain a different fraction of apoptotic cells.
A total of 5·104 cells were taken from each sample to determine the apoptotic fraction with
flow

cytometry

Ca2+-containing

as

described

binding

buffer

above.
(2.5·106

The

remaining

cells/ml)

and

cells

were

incubated

resuspended
with

in

annexin A5-

microbeads for 15 minutes (0.5 μg Fe/ml) on a roller bench at room temperature. Next,
the cells were collected and carefully washed in binding buffer (5 min, 300 x g), followed
by fixation and precipitation in 250 μl tubes as described above.

3.2.5

Contrast agent internalization

Two different incubation procedures and two different washing buffers were applied to
study the possible passive and/or annexin A5-induced internalization of the microbeads.
The first procedure is the most commonly used incubation procedure to test the target
specific interaction of annexin A5-functionalized contrast agents with Jurkat cells, which
will be referred to as the binding procedure. In this procedure the cells were first treated
for 3.5 hours with anti-Fas in RPMI1640 medium, and subsequently these cells were
resuspended in Ca2+-containing binding buffer to a final concentration of 2.5·106 cells/ml.
Next, cells were left untreated or incubated with the untargeted- or annexin A5microbeads on a roller bench at room temperature for 15 minutes (0.5 μg Fe/ml).
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Following this incubation strategy, the annexin A5-microbeads were expected to be mainly
bound to the apoptotic cell membrane.
Alternatively, in the second procedure, which will be referred to as the internalization
procedure, cells were simultaneously incubated with the apoptotic stimulus (anti-Fas) and
the contrast agents at a final concentration of 1·106 cells/ml in 2 mM CaCl2-containing
medium M199 (Gibco, Invitrogen). The untargeted microbeads (0.5 μg Fe/ml) or
annexin A5-microbeads (0.5 μg Fe/ml) were added to the medium directly after addition of
the anti-Fas. Samples without addition of the contrast agent served as controls.
Incubations were performed on a moving table during 3.5 hours, at 37 ˚C in a humified
atmosphere with 5% CO2. This incubation protocol was similar to the one used in the
experiment where fluorescently labeled annexin A5 was shown to internalize28.
Immediately following each incubation procedure all cells were collected and washed three
times by centrifugation (5 min, 300 x g) in excessive volumes of Ca2+-containing binding
buffer or Ca2+-chelating EDTA buffer (5 mM EDTA, 25 mM HEPES, 140 mM NaCl, pH 7.4),
in order to remove all non-bound and/or non-internalized contrast agent. Washing in EDTA
buffer is expected to remove the phosphatidylserine-associated annexin A5-iron oxides
from the cell membrane. Cells that were washed in binding buffer were fixed in 2.5%
glutaraldehyde that was supplemented with 2.5 mM CaCl2, whereas the other cells were
fixed in 2.5% glutaraldehyde containing 5 mM EDTA. Loose cell pellets were obtained by
overnight storage in 250 μl tubes.

3.2.6

MRI of cell pellets

MRI measurements were performed at 6.3 T and 20 ˚C (Bruker, BioSpec), using a 3 cm
send and receive birdcage coil (Rapid Biomedical). Sets of four samples were placed in the
MR scanner, using a home built sample holder that consisted of a 1.7 x 1.7 x 4.8 cm3
water container. Prior to imaging a 13 x 13 x 13 mm3 volume, which included the cell
pellets, was shimmed locally. T2*, T2 and T1 values of the cell pellets were all obtained in
single-slice imaging mode, using a slice thickness of 0.7 mm.
T2 values were obtained using a CPMG sequence, with the following parameters: TR = 2 s,
TE = 9 ms, 32 echoes and NEX = 8. Apparent T1 values were measured with a fast T1
inversion recovery sequence with FLASH read-out with TR = 3 ms, TE = 1.5 ms, α = 15˚,
80 inversion times from 67.5 ms to 4807.5 ms, NEX = 8 and overall repetition time 20 s.
T1 values were calculated from the apparent T1 values as described by Deichmann et al.31.
Additional T2* measurements were performed using a single-slice multi-gradient echo
sequence with TR = 2 s, TE = 2.6 ms, α = 30˚, 32 echoes and NEX = 8.
T2*, T2 and T1 values of different concentrations (0–2 mM Fe) of basic beads in 2.5%
glutaraldehyde, supplemented with either 2.5 mM Ca2+ or 5 mM EDTA, were also obtained
using similar imaging protocols. From these values, relaxivities r2*, r2 and r1 were
obtained.
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3.2.7

r2*/r2 and r2/r1 ratios

Relaxivity measurements within the cell pellets would provide more information on the
effect of the spatial localization of the iron oxide particles on the individual relaxivities r2*,
r2 and r1. In general, the relaxivities ri (r2*, r2 and r1) of the annexin A5-microbeads can be
described by:

ΔRi = ri ⋅ [AnxA5Beads]

(1)

In this equation ΔRi is the difference between the relaxation rates of cell samples that
were incubated with the annexin A5-microbeads (R2_AnxA5Beads*, R2_AnxA5Beads, R1_AnxA5Beads) and
the corresponding relaxation rates of untreated apoptotic control cells (R2_pre*, R2_pre,
R1_pre). Obviously, the concentration of annexin A5-microbeads within the cell pellet
([AnxA5Beads])

is

required

to

determine

the

relaxivities.

However,

when

iron

concentrations are below detection limits of analytical techniques, such as inductively
coupled plasma mass spectrometry (ICP-MS), the r2*/r2 and r2/r1 ratios can be calculated
as an alternative, using the following equations:

r2*
ΔR2*
r
ΔR2
=
and 2 =
r2
ΔR2
r1
ΔR1

(2)

These equations hold since both R2*, R2 and R1 values were measured for each individual
cell sample, at consequently identical concentrations of iron.

3.2.8

Statistics

The mean relaxation times of the cell pellets that were incubated with the basicmicrobeads (n=3) or the annexin A5-microbeads (n=3) were all compared to the values
found for corresponding untreated control pellets (n=3). A One-Way ANOVA was applied to
the data in Statgraphics centurion, using Bonferroni's multiple comparison procedure with
a 95% confidence level.

3.2.9

TEM of cells

For transmission electron microscopy (TEM), glutaraldehyde fixed cells were post-fixed in
1% osmium tetroxide solution, dehydrated in graded alcohol and embedded in Epon 812.
Subsequently, 60 nm slides were cut on a Reichert Ultracut microtome and placed on
cupper TEM grids. No further staining was applied to the grids to obtain maximal contrast
of the iron oxide particles and to prevent interference of post-staining in the iron (Fe)
localization by energy dispersion X-ray analysis (EDX). EDX enables the specific detection
of iron atoms within well-defined areas in the cell, based on element-specific X-ray energy
values. TEM images were acquired to study the spatial distribution of iron oxide particles
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within the cells, using a Philips CM100 electron microscope, operating at 80 kV. EDX
spectra were obtained on a Philips CM12 electron microscope, operating at 120 kV and
equipped with an EDAX 9900 system. To verify the presence of iron oxide particles, EDX
spectra were obtained in small areas where iron oxide particles were considered to be
observed on basis of contrast. As a control, EDX spectra were also obtained within
surrounding areas where no iron oxides were present.

3.3
3.3.1

Results
Contrast agent characterization

Cryo-TEM images of the undiluted non-functionalized microbeads suspension clearly
showed the iron oxide core of the nanoparticles, which had an average diameter of
27 ± 6 nm (Figure 1). DLS was used to measure the average hydrodynamic diameter of
this nanoparticle, which was 75.3 ± 0.7 nm.

Figure 1: Cryo-TEM image of non-functionalized
microbeads at 19000x magnification.

r 1 (mM-1s-1)

r 2 (mM-1s-1)

0.47 T

34.0 ± 2.1

205.0 ± 10.4

6

1.41 T

10.2 ± 0.4

260.7 ± 8.0

26

6.3 T

1.0 ± 0.2

222.7 ± 23.5

223

Field strength

r 2/r 1 (-)

Table 1: Relaxivities r1 and r2 of the non-functionalized microbeads in HEPES buffered saline at room
temperatures. Values are expressed per mM Fe.

Relaxivities r1 and r2 of the non-functionalized nanoparticles were measured at 3 different
field strengths at room temperature. Especially r1 was shown to be highly dependent on
the field strength, as r1 decreased from 34.0 ± 2.1 mM-1s-1 to 1.0 ± 0.2 mM-1s-1 by
increasing the field strength from 0.47 T to 6.3 T (Table 1). In contrast, r2 was shown to
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be less dependent on field strength, with r2 values ranging between 205.0 ± 10.4 mM-1s-1
to 260.7 ± 8.0 mM-1s-1 (Table 1).

3.3.2

Specificity

A T2-weighted spin echo image (TR/TE = 5000/40 ms) of loosely packed pellets of fixed
cells, as measured at 6.3 T, showed that the signal intensity of apoptotic cells was
drastically lowered after incubation with annexin A5-microbeads compared to apoptotic
cells that were left untreated or incubated with non-functionalized-microbeads (Figure 2A).

T2 values within all cell pellets were also quantified and expressed as R2, i.e. 1/T2. Both
cells from the viable and the apoptotic cell population did not show significantly altered R2
values after incubation with the non-functionalized microbeads compared to untreated
control cells (Figure 2B). R2 values from the viable cells were non-significantly increased
from 18.9 ± 1.8 s-1 to 22.2 ± 3.1 s-1 due to incubation with annexin A5-microbeads. In
contrast, apoptotic cells that had been incubated with annexin A5-microbeads showed
significantly increased R2 values of 55.2 ± 7.4 s-1 (Figure 2B).

Figure 2: (A) T2-weighted spin echo image at 6.3 T of fixed apoptotic cell pellets (+ aF) that were
untreated (Control), incubated with non-functionalized microbeads (Beads) or incubated with
annexin A5-microbeads (AnxA5-Beads) for 15 minutes in the presence of Ca2+ (0.5 µg Fe/ml). (B)
Relaxation rates R2 of fixed apoptotic (+ aF) and viable (- aF) cell pellets after incubation the contrast
agents (0.5 µg Fe/ml). Untreated cells served as controls. Bars represent mean ± SD, n=3/group.
* p < 0.05 relative to the corresponding control cells.

3.3.3

Variation of apoptotic cell fraction

Cell samples were collected at four different time points after introduction of the apoptotic
stimulus to allow studying the relation between the apoptotic cell fraction and the resulting

R2 values after incubation with annexin A5-microbeads. During four hours after addition of
the apoptotic stimulus, the apoptotic cell fraction within the cell culture was shown to
gradually increase from ∼ 3% to ∼ 61%, as measured by flow cytometry. These cells were
subsequently incubated with annexin A5-microbeads for 15 minutes. The R2 values of the
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cells were shown to increase from 20.2 ± 1.6 s-1 to 54.0 ± 6.8 s-1 in time. A linear
correlation (R2 = 0.997) was found between R2 values of the cell pellets and the fraction of
apoptotic cells with a slope of 0.58 ± 0.06, which is expressed in (s-1)/(% apoptotic cells)
(Figure 3).

Figure 3: T2 relaxation rate of antiFas treated Jurkat cells that were
incubated
with
annexin A5microbeads. Annexin A5-FITC labeling
was used to determine the percentage
of apoptotic cells in each cell sample
with flow cytometry.

3.3.4

Contrast agent internalization

Passive and annexin A5-mediated internalization of the nanoparticles was studied by using
two different incubation procedures and two different buffers for subsequent washing. For
the first incubation procedure, i.e. the binding procedure, cells were first stimulated to
undergo apoptosis. Subsequently, these cells were incubated with the annexin A5functionalized nanoparticles in Ca2+-containing binding buffer for 15 minutes. Following
incubation with the annexinA5-microbeads the R2*, R2 and R1 values were found to be
significantly increased by approximately 304%, 212% and 26% compared to untreated
control cells, in case cells were washed in the presence of Ca2+ (Figure 4 A-C). In contrast,
only R2 values were observed to be significantly increased by the annexin A5-microbeads
by 25% compared to untreated control samples when the washing procedure was
performed in Ca2+-chelating EDTA buffer (Figure 4A-C).
In the second incubation procedure, i.e. the internalization procedure, the cells were
simultaneously incubated with the apoptotic stimulus and the annexin A5-microbeads in
Ca2+-containing medium M199. In this case, the annexin A5-functionalized contrast agent
was shown to significantly increase the R2 and R1 values by approximately 476% and 59%
compared to untreated control cells, when cell suspensions were extensively washed in the
presence of Ca2+ (Figure 4E,F). Under similar conditions T2* values were dramatically
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Figure 4: Relaxation rates R2* (A,D), R2 (B,E) and R1 (C,F) of Jurkat cells that were not treated with
microbeads (Control), incubated with non-functionalized microbeads (Beads) or incubated with
annexin A5-microbeads (AnxA5-Beads). Cells were incubated using the binding procedure, i.e. in Ca2+containing binding buffer after stimulation with anti-Fas (A-C), or using the internalization procedure,
i.e. in Ca2+-containing Medium M199 during stimulation with anti-Fas (D-F). Washing was performed in
the presence (+Ca2+) or absence of Ca2+ (-Ca2+). T2* values of cells that were washed in the presence of
Ca2+ after simultaneous incubation with AnxA5-Beads and anti-Fas were too low to be measured, and
therefore omitted from the figure (D). Bars represent mean ± SD, n=3/group. * p < 0.05 relative to
the corresponding control cells.

decreased and consequently too short to be accurately determined (Figure 4D). Using the
internalization procedure, the annexin A5-microbeads were also shown to significantly
increase the R2* (113%) and R2 (81%) values of cells that were extensively washed in
Ca2+-chelating EDTA buffer, compared to the corresponding control cells (Figure 4D,E). In
contrast, the R1 values became similar to those of untreated control samples (Figure 4F).
For both the binding and the internalization incubation procedures, no significant
differences were observed between R2*, R2 and R1 values of untreated control cells and
cells that were incubated with the non-functionalized particles (Figure 4).
Apoptotic cell pellets were relatively small (< 5 µl). Consequently the absolute amount of
iron present within the pellet was relatively low for quantification with for example ICP-MS,
and relaxivities could not be determined. Alternatively r2*/r2 and r2/r1 ratios were
estimated by calculating the differences between the mean relaxation rates of the cell
pellets that were incubated with the annexin A5-microbeads and the mean relaxation rates
of the corresponding untreated control pellets (ΔR2*, ΔR2, ΔR1). On the other hand, the r2*,

r2 and r1 values of basic beads in 2.5% glutaraldehyde could be measured, as iron
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concentrations of the microbead suspensions were known. Importantly, the resulting r2*/r2
and r2/r1 ratios of basic beads in 2.5% glutaraldehyde were measured to be unaffected by
Ca2+. In all cell samples the ΔR2*/ΔR2 ratios of cell-associated and/or internalized
annexin A5-microbeads were shown to be increased compared to r2*/r2 values of the
dispersed microbeads (Figure 5A). In contrast, no large differences were observed
between the ΔR2/ΔR1 ratio of cell-associated and/or internalized annexin A5-microbeads
and the r2/r1 ratios of dispersed microbeads (Figure 5B). Only cells that were washed in
Ca2+-chelating EDTA buffer, after simultaneous incubation of the annexin A5-microbeads
with the apoptotic stimulus, displayed a large increase of the ΔR2/ΔR1 ratio (Figure 5B). In
these samples also the ΔR2*/ΔR2 ratio had the highest value compared to all other cell
samples (Figure 5A). On the other hand, no differences were observed in the ΔR2*/ΔR2 and
ΔR2/ΔR1 ratios of apoptotic cells that were washed in the absence or presence of Ca2+ after
incubation with the annexin A5-functionalized contrast agent following the binding
procedure (Figure 5A,B).

Figure 5: r2*/r2 (A) and r2/r1 (B) in fixed cell pellets after incubation with annexinA5-microbeads in the
binding or the internalization experiment, as estimated by mean ΔR2*/ΔR2 and ΔR2/ΔR1 values. After
incubation cells were washed in buffer in the presence (+Ca2+) or absence of Ca2+ (-Ca2+). r2*/r2 (A)
and r2/r1 (B) ratios of homogeneously dispersed basic beads in glutaraldehyde (Gluteraldehyde) were
measured for comparison. No standard deviations are shown as mean R2*, R2 and R1 values were used
for the calculations.

The apoptotic cell samples that were used for the MR measurements were also examined
with electron microscopy to visualize the annexin A5-nanoparticles at the subcellular level.
Cell sections were left unstained in order to obtain optimal contrast from only the iron
oxide particles in the TEM images and to allow subsequent energy dispersive X-ray (EDX)
analysis. Consequently, cellular organelles cannot be distinguished, whereas cells and
extracellular space can be discriminated. The annexin A5-microbeads present in the cell
pellets after extensive washing in Ca2+-containing buffer were found to be located mainly
on the outside of the cell membrane when cells were incubated with the contrast agent
after the induction of apoptosis, i.e. following the binding procedure (Figure 6A). In
contrast, iron oxide particles were shown to be internalized into endosomal compartments
in case cells were simultaneously incubated with the annexin A5-functionalized contrast
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agent and the apoptotic stimulus, followed by washing in EDTA buffer (Figure 6B). The
presence of iron was confirmed by energy dispersive X-ray (EDX) spectra that were
acquired at locations where annexin A5-iron oxide particles were detected on the TEM
images (Figure 7). As expected, no significant amounts of iron were found in surrounding
areas where no iron oxides were observed in the TEM images (Figure 7). Other elements,
including osmium and copper, were both detected in the “iron oxide area” and the
“surrounding” area as cells were fixed in osmium and placed on copper TEM grids.

Figure 6: (A) TEM image of an anti-Fas treated Jurkat cell that was subsequently incubated with
annexin A5-microbeads for 15 minutes in Ca2+-containing binding buffer. Extra-cellular space (EC) can
be discriminated from the cytoplasm (IC), indicating that the annexin A5-microbeads (arrows) are
bound to the cell membrane (6300x). (B) TEM image of a Jurkat cell that was simultaneously treated
with anti-Fas and incubated with annexin A5-microbeads during 3.5 hours in CaCl2-containing medium
M199 at 37 ˚C and 5% CO2 in a humified atmosphere. Subsequent washing was performed in EDTAcontaining buffer (8400x).

Figure 7: Energy dispersive Xray (EDX) spectra acquired in a
well-defined
area
where
annexin A5-functionalized
iron
oxide particles were observed in
the TEM images (AnxA5-Beads
area) and spectra acquired in an
adjacent area where no iron
oxides were observed (Control
area). Osmium (Os), chloride
(Cl), iron (Fe) and copper (Cu)
were detected.
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3.4

Discussion

In this study we described in vitro studies of a commercially available annexin A5functionalized iron oxide particle for the detection of apoptotic cells with MRI. T2-weighted
MR images showed a high specificity of these particles for apoptotic Jurkat cells when
functionalized with annexin A5, whereas no significant association was observed for nonfunctionalized microbeads. Schellenberger et al. also showed specific reductions in the T2
values of apoptotic Jurkat cell pellets when incubated with annexin A5-CLIO (0.5 µg Fe/ml)
following the standard binding procedure, i.e. by resuspending apoptotic cells in Ca2+containing binding buffer followed by incubation with the nanoparticles for 10-20
minutes10. In the latter study both the fraction of apoptotic cells (~ 65%) and the increase
in R2 (~ 153%) were comparable to the values found in our study. Furthermore,
annexin A5-functionalized superparamagnetic micelles13 and annexin A5-VSOP14 also have
been reported to allow the MRI-based detection of apoptotic Jurkat cells using similar
incubation protocols. However, significant non-specific association was observed after
incubation with M1234-VSOP, i.e. the mutant annexin A5-VSOP that does not bind to PS14.
Such

non-specific

binding

superparamagnetic micelles

13

was

not

observed

for

non-functionalized

CLIO10,

or the non-functionalized-microbeads used in the present

study. Alternatively, streptavidin-functionalized microbeads were shown to allow the
detection of apoptotic EL4 cells in T2-weighted MR images, through pre-labeling of these
cells with the biotinylated C2A domain of synaptotagmin I15.
Compared to most iron oxide contrast agents described in literature the microbeads used
in this study display a relatively high r2/r1 ratio of 6 at 20 MHz32, which is advantageous for

T2-weighted MR imaging. The particles are not considered to be ferromagnetic, as higher
r2/r1 ratios would be expected in that case33. Also, cryo-TEM images showed an
inhomogeneous iron oxide core with an average size of 27 ± 6 nm, whereas single crystal
sizes of > 30 nm are expected for ferromagnetic material33.
As previously mentioned, in most published in vitro studies on annexin A5-iron oxides,
Jurkat cells were incubated with the contrast agent according to a procedure that is
referred to as the standard binding procedure in the present study. TEM images that were
obtained in this study showed that this binding procedure leads to binding of the
annexin A5 to the cell membrane. Nevertheless, in the in vivo situation, the apoptotic
process and exposure to the contrast agent are likely to occur simultaneously and over a
longer time period. Therefore, Jurkat cells were also co-incubated with the apoptotic
stimulus (anti-Fas) and the iron oxide particles in Ca2+-containing medium M199. Using
this 3.5 hours incubation protocol, annexin A5-functionalized microbeads were shown to
be internalized by the Jurkat cells on TEM microscopy images. This has previously also
been observed for co-incubations of annexin A5-Oregon Green and the apoptotic stimulus
anti-Fas28. The present iron oxide internalization is considered to be completely driven by
the binding of annexin A5 to phosphatidylserine on the outer leaflet of the cell membrane,
as apoptotic cells neither internalize nor bind non-functionalized microbeads. Whether this
annexin A5-dependent internalization of the iron oxide particles is also driven by the
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formation of 2-D crystals of annexin A5 trimers on the apoptotic cell membrane remains to
be investigated28. However, most likely other annexin A5-iron oxide particles are also
internalized by apoptotic cells.
It would be of great interest to study the effect of the spatial distribution of the
microbeads on the relaxivities r2*, r2 and r1. However, calculation of the relaxivity requires
knowledge of the iron concentrations within the cell pellets, which could not be determined
due to the use of relatively small pellets, with low iron concentrations. Alternatively,
ΔR2*/ΔR2 and ΔR2/ΔR1 ratios were used to estimate the r2*/r2 and r2/r1 ratios in cells that
were incubated with annexin A5-microbeads. Cells with cell membrane-associated iron
oxide particles showed ΔR2*/ΔR2 ratios that were increased by a factor of 2.2 compared to
dispersed microbeads in equivalent fixation solution, whereas ΔR2/ΔR1 ratios were found to
remain unchanged. The latter observation suggests that there is no restricted water
exchange with the iron oxide particles due to pelleting of the cells, as limited water
exchange would have resulted in increased ΔR2/ΔR1 ratios. Therefore, the increase in
ΔR2*/ΔR2 probably mainly results from increased r2* values due to binding of the iron
oxides to the cell membranes of apoptotic cells within the pellet, which reduced Brownian
motion of these particles leading to higher static dephasing gradients. Internalization of
the annexin A5-microbeads caused an increase in the ΔR2*/ΔR2 ratio by a factor of 2.5
compared to dispersed iron oxide particles, while ΔR2/ΔR1 was increased by a factor of 1.7.
The modest increase in ΔR2*/ΔR2 ratio compared to cell membrane-associated iron oxide
might be caused by the formation of small iron oxide clusters inside endosomal
compartments, as were observed in the TEM images. More extensive internalization of iron
oxide particles has been reported to increase the r2*/r2 ratios by one order of magnitude
compared to uniformly distributed iron oxide25;26. Compartmentalization of the iron oxides
limits the access of water, which most likely caused a decrease in r1 that was more
pronounced than changes in r2, resulting in increased ΔR2/ΔR1 values. At 1.5 T,
Billotey et al.23 showed an increase in r2/r1 by a factor of 6.3 after internalization of anionic
magnetic particles into endosomes, whereas Simon et al.24 demonstrated an increase by a
factor of 1.5 due to internalization of ferumoxtran-10. In both cases this was also due to a
relatively large decrease in r1 with respect to r2.
The extent to which the T2 is reduced due to cell-membrane association or internalization
of annexin A5-iron oxide particles is determined by the number of apoptotic cells within an
imaging voxel. In this study, a linear relation was found between the fraction of apoptotic
cells and the transverse relaxation rate R2, which suggests that annexin A5-microbeads
can be used to quantify the level of apoptosis with MRI in vitro, when following the
standard incubation procedure. Sosnovik et al.12 also demonstrated a linear relation
between the percentage of apoptotic cells and the transverse relaxation rate R2*, with a
slope of 0.4 (s-1)/(% apoptotic cells), by mixing viable and apoptotic cardiomyocytes that
were incubated with annexin A5-CLIO (1 µg Fe/ml) for 10 minutes. Whether linearity is
maintained when annexin A5-iron oxide particles are internalized by apoptotic cells, which
is expected to occur in vivo, remains to be investigated.
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In conclusion, in the present study we demonstrated specific association of commercially
available iron oxides to apoptotic cells. It was shown that cell membrane association leads
to internalization of the iron oxide particles when co-incubated with the apoptotic stimulus,
which is also expected to occur in vivo. Based on the r2*/r2 and r2/r1 ratios, both
relaxivities r2* and r2 are probably not strongly affected by the amount of internalization
observed in the present study in vitro. Therefore, the in vivo contrast enhancement in both

T2*- and T2-weighted MR images is probably not significantly altered by cellular
internalization. Obviously, T2*-weighted MR imaging is more sensitive in the detection of
iron oxide-based contrast agents. However, as r2 values are demonstrated not to suffer
strongly from iron oxide internalization, both T2*- and T2-weighted imaging sequences are
considered suitable for MR molecular imaging of apoptosis when using iron oxide-based
contrast agents.
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Abstract
Apoptosis and macrophage burden are believed to correlate with plaque vulnerability.
Apoptotic cells and viable macrophages are both known to expose the phospholipid
phosphatidylserine (PS) at the cell surface, while this lipid in most non-pathological cells is
restricted to the inner leaflet of the cell membrane. In the present study we investigated
the use of an annexin A5-functionalized contrast agent for non-invasive magnetic
resonance imaging (MRI) of PS-exposing cells in atherosclerotic lesions. To that aim we
developed and applied a small bimodal micellular contrast agent, composed of PEGylated,
paramagnetic and fluorescent lipids. Annexin A5 was covalently conjugated to obtain a
high affinity of the nanoparticle for PS. Target-specificity was confirmed with ellipsometry
and in vitro binding assays to apoptotic Jurkat cells. In vivo T1-weighted MRI of the
abdominal aorta in apoE-/- mice at 24 hours post-injection revealed that the mean signal
intensity increase in the aortic wall was 10.7 ± 1.7 % for the annexin A5-micelles, which
was non-significantly higher than the signal enhancement of 6.7 ± 3.4 % that was
observed for control-micelles. Ex vivo near-infrared fluorescence imaging of excised whole
aortas showed larger differences than the MRI data, and demonstrated most pronounced
uptake of the annexin A5-micelles in areas that were rich of atherosclerotic plaque, such
as the aortic arch. Furthermore, confocal laser scanning microscopy (CLSM) revealed that
the targeted agent was associated with macrophages and apoptotic cells, whereas the
non-specific control agent showed no clear uptake by such cells. The annexin A5functionalized contrast agent presented in this study potentially allows non-invasive
assessment of cell types that are considered to significantly contribute to plaque
instability, and therefore may be of great value in the diagnostics of atherosclerotic lesion
phenotype.
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4.1

Introduction

Annexin A5, a 36 kDa protein belonging to the annexin family, is known to bind to the
negatively charged phospholipid phosphatidylserine (PS) in the presence of Ca2+ 1;2. In
almost all healthy cells this phospholipid is restricted to the inner leaflet of the plasma
membrane and therefore inaccessible from the extracellular compartment3. Membrane
integrity is lost during the process of necrosis4 and a number of pathological cells, such as
apoptotic cells5 and activated platelets6, as well as certain healthy cells, including
macrophages7, are known to expose PS to the outer layer of the cell membrane.
Therefore, annexin A5 has been proposed and exploited to function as a ligand to target
such cells for a variety of applications, including cell sorting, imaging, and drug
targeting8-11.
In atherosclerosis, a high occurrence of apoptosis and necrosis, as well as high
macrophage burden are believed to contribute significantly to plaque vulnerability and
rupture12-15. Therefore, identification of these markers using annexin A5-targeted noninvasive diagnostic imaging may contribute in discriminating atherosclerotic lesions with a
stable and unstable phenotype, which would be of great clinical value. To this aim, a
number of studies have reported on the application of radiolabeled annexin A5 to image
atherosclerosis with nuclear techniques in both experimental and human atherosclerosis.
These include studies in which technetium-labeled (99Tc) annexin A5 was successfully
demonstrated to allow non-invasive imaging of vulnerable plaques in de-endothelialized
and hyperlipidemic rabbits16. Shortly after this study the same technology was applied to
visualize atherosclerosis in the carotid arteries of patients17 as well as murine aortas18.
Furthermore it was also shown that this imaging strategy can be employed to evaluate the
role of statin therapy19 or caspase inhibition20 in the prevalence of apoptosis in a rabbit
model of advanced atherosclerosis. Importantly,

99m

Tc-annexin A5 was proven to be more

specific for the identification of vulnerable plaque than

18

F-FDG, which is a marker of

21

inflammation when applied to this pathology . Altogether the aforementioned studies
have clearly demonstrated that annexin A5-targeted nuclear imaging is particularly
valuable for the identification of unstable atherosclerotic lesions. Although nuclear imaging
is a very sensitive technique, it suffers from two major disadvantages. First of all, nuclear
images are characterized by poor spatial resolution and secondly these images lack
anatomical information, which necessitates additional anatomical imaging. MRI on the
other hand has a superb spatial resolution and can discriminate to a certain extent
between different plaque components. Nevertheless, MRI suffers from relatively low
sensitivity22. In targeted molecular MRI the latter drawback has been dealt with by the
development of so-called high relaxivity (super)paramagnetic imaging probes23. These
probes, usually nanoparticulate in nature, contain either iron oxide crystals or a high
payload of gadolinium. We and others previously reported on a number of such
nanoparticles that have been successfully applied for MRI-based molecular imaging of
atherosclerosis24-27. Furthermore, for validation and co-localization purposes such probes
can be labeled with fluorescent dyes as well28. For instance, Amirbekian et al.24
demonstrated significant MR signal enhancement in atherosclerotic lesions after injection
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of macrophage scavenger receptor (MSR) targeted bimodal micelles, which was validated
with confocal laser scanning microscopy (CLSM) to be due to specific uptake of this
nanoparticle by resident macrophages. In a study by Nahrendorf et al.25, MRI of the aortic
root and near-infrared fluorescence imaging of the whole aorta revealed enhancement
within plaque-bearing segments of the aorta post-administration of vascular cell adhesion
molecule-1

(VCAM-1)-targeted

Cy5.5-labeled

iron

oxide

nanoparticles.

Additional

fluorescence microscopy confirmed target-specific uptake of the contrast agent by
endothelial cells and macrophages.
In the present study we investigated the possibility to use a paramagnetic annexin A5functionalized contrast agent for non-invasive MR imaging of PS-exposing cells in
atherosclerotic lesions. Molecular MRI of such cells, which are intraplaque targets, requires
a potent agent with a high longitudinal relaxivity as well as a relatively small particle size
for facilitated extravasation. To that aim, we developed a small annexin A5-conjugated
micellular nanoparticle, carrying multiple Gd-labeled lipids for MRI and fluorescent lipids
for fluorescence microscopy or imaging. Target-specificity of these agents for PS was
examined with ellipsometry of PS/PC bilayers as well as MRI and CLSM of apoptotic Jurkat
cells in vitro. Furthermore, the nanoparticles were applied for in vivo MR imaging of
phosphatidylserine-exposing

cells

in

atherosclerotic

lesions

of

ApoE

knockout

-/-

(ApoE ) mice. Ex vivo near-infrared fluorescence imaging of intact aortas was used to
validate nanoparticle uptake in the lesions, while CLSM was employed to investigate which
specific cell types were involved.

4.2
4.2.1

Experimental procedures
Materials

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene
2000]

(PEG2000-DSPE),

glycol))-

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(poly(ethylene glycol))2000] (maleimide-PEG2000-DSPE), 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[amino(poly(ethylene glycol))2000] (amine-PEG2000DSPE)

and

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine

B

sulfonyl) (rhodamine-PE) were obtained from Avanti Polar Lipids (Albaster, AL). Cy5.5
mono-reactive NHS ester was obtained from GE Healthcare Europe GmbH (Amersham
CyDyeTM value packs, Diegem, Belgium). Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA) was
purchased from Gateway Chemical Technology (St. Louis, MO). HEPES was purchased
from Merck (Darmstadt, Germany). All other chemicals were of analytic grade or of the
best grade available.
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4.2.2

Cy5.5-PEG2000-DSPE

Cy5.5-PEG2000-DSPE lipid was prepared by covalent conjugation of Cy5.5 mono-reactive
NHS ester to micellular amine-PEG2000-DSPE. First, amine-PEG2000-DSPE micelles were
prepared by lipid film hydration. In short, 10 μmol amine-PEG2000-DSPE was dissolved in
0.5 ml chloroform. Subsequently, a lipid film was obtained by rotary evaporation of the
solvent, followed by additional drying under nitrogen flow. Next, the film was gently
hydrated in 5 ml sodium bicarbonate solution (0.1 M NaHCO3, pH 8.0) at 65 ˚C, until a
clear solution was obtained. Once micelles were formed, 5 mg Cy5.5 mono-reactive NHS
ester was dissolved in 100 μl dimethyl sulfoxide (DMSO) and immediately added to the
micelle-containing suspension. Coupling was performed overnight at 4 ˚C on a moving
table. Next, micelles were sequentially concentrated and resuspended in ultra pure water,
using 20 ml vivaspin concentrators (Vivascience, Sartorius Stedim Biotech, 10,000 MWCO)
at 3000 x g and 4 ˚C. At least 5 wash cycles were required to remove non-bound Cy5.5.
Following the washing procedure, the Cy5.5-PEG2000-DSPE-micelle suspension was dried
with a FreeZone 4.5 liter benchtop freeze dry system for three days (Labconco). The
obtained lipid powder was dissolved in a 2:1 (v/v) mixture of chloroform and methanol, to
a final Cy5.5-PEG-DSPE concentration of 1 μmol/ml.

4.2.3

Micellular contrast agent

Bimodal micelles were obtained by lipid film hydration of a lipid mixture, typically
containing a total amount of 50 μmol lipids. Gd-DTPA-BSA, PEG2000-DSPE and maleimidePEG2000-DSPE

were

added

at

a

molar

ratio

of

0.5/0.4/0.1,

and

dissolved

in

chloroform/methanol 2:1 (v/v). Next, 1 mol% Cy5.5-PEG-DSPE or rhodamine-PE was
added to the lipid mixture for near-infrared fluorescence imaging or confocal microscopy,
respectively. The solvent was removed by rotary evaporation and additional drying of the
lipid film was performed under nitrogen flow. Next, the lipid film was gently dissolved in
4 ml of HEPES buffered saline (20 mM HEPES and 135 mM NaCl, pH 6.7) at 65 ˚C, until a
clear solution was obtained.

4.2.4

Annexin A5 coupling

For functionalization of the micellular contrast agent a variant of annexin A5 was used that
was previously engineered to have a single cysteine residue in the N-terminal tail
(annexin A5-cys). The PS and apoptotic cell binding properties of annexin A5-cys are
identical to those of recombinant human annexin A5 as previously shown by ellipsometry1
and flow cytometry29, respectively. Annexin A5-cys (~ 36 kDa) was covalently conjugated
to the maleimide-PEG2000-DSPE-containing micelles by sulfhydryl-maleimide coupling, as
previously described for other lipid-based agents30. In short, annexin A5-cys was activated
and added to the micelle-suspension at a final concentration of 750 μg/μmol total lipid and
coupling was performed overnight at 4 ˚C. Subsequently the annexin A5-micelles (AnxA5-
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micelles) were concentrated and resuspended for at least 5 times in HEPES buffered saline
(20 mM HEPES and 135 mM NaCl, pH 6.7) to remove non-conjugated annexin A5-cys,
using 20 ml vivaspin concentrators (Vivascience, Sartorius Stedim Biotech, MWCO
100,000) at 3000 x g and 4 ˚C. Untargeted micelles were concentrated using the same
protocol.

4.2.5

Contrast agent characterization

The final micelle concentration was determined by a phosphate analysis according to
Rouser31 after complete destruction with perchloric acid. Relaxivity measurements were
performed on a 60 MHz table top NMR spectrometer (Bruker, Minispec), at 25 ˚C and
37 ˚C. Relaxivities were obtained by measuring T1 and T2 values for serial dilutions of the
Cy5.5-labeled micelles in the range of 0.4 - 3.4 mM total lipid. T1 relaxation times were
obtained with an inversion recovery sequence, whereas T2 values were measured using a
CPMG sequence.

4.2.6

In vitro targeting

Ellipsometry
The interaction of the Cy5.5-labeled annexin A5-micelles with phosphatidylserine (PS) was
monitored with ellipsometry as described in detail elsewhere30. Untargeted micelles and
unconjugated annexin A5-cys served as a control. In short, a silicium plate was coated
with a lipid bilayer of PS and phosphatidylcholine (PC) at a molar ratio of 20:80. The lipidcoated silicium plate was placed in a sample container, filled with 5 ml of Ca2+-containing
binding buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2,
pH 7.4). Micelles were added at a final concentration of 280 μM total lipid, while the final
concentration of free annexin A5-cys protein was 56 nM. Binding of the particles was
assessed by continuously measuring the polarization angle of the reflected elliptically
polarized light. Once the polarization angle reached a steady state value, 5 mM EDTA was
added to investigate Ca2+-dependent membrane association.
Apoptotic cells
Target-specificity for apoptotic cells was examined in the T-lymphoma cell line Jurkat
(ATCC). Cells were grown in RPMI1640 medium (Gibco) at 37 ˚C in a humidified
atmosphere and 5% CO2. Medium was supplemented with 10% fetal calf serum and a
mixture of antibiotics (100 units/ml penicillin and 0.1 mg/ml streptomycin; Biochrom AG).
In order to induce a high level of apoptosis, Jurkat cells were resuspended to
1·106 cells/ml medium and treated with 200 ng/ml anti-Fas (CD95 human monoclonal
antibody, Beckman Coulter B.V.) for 3 hours at 37 ˚C in a humidified atmosphere and 5%
CO2. Following this procedure, which initiated apoptosis in approximately 40-50% of the
cells, cells were harvested and resuspended in Ca2+-containing binding buffer to a final
concentration of 2.5·106 cells/ml. Next, the cell suspensions were incubated with the
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Cy5.5-labeled

annexin A5-micelles

or

control

micelles

for

30

minutes

at

a

final

concentration of 1 mM total lipid. An additional apoptotic cell sample was left untreated for
comparison. Incubations were performed on a roller bench at room temperature. After the
incubation procedure, cells were collected and washed for at least three times in 2 ml of
Ca2+-containing binding buffer (300 x g, 5 minutes). Next, cells were fixed in 200 μl 4%
paraformaldehyde containing 2.5 mM CaCl2, and allowed to settle overnight in 250 μl PCR
tubes at 4 ˚C.
MRI of the loosely packed fixed cell pellets was performed at 6.3 T on a horizontal bore
magnet (Oxford Instruments Superconductivity, Eynsham, Oxon, UK) interfaced to a
Bruker imaging console (Bruker, Biospec, Ettlingen, Germany). A 3 cm birdcage send and
receive coil (Rapid Biomedical, Rimpar, Germany) was used for imaging. Apparent T1
values were measured using a fast T1 inversion recovery sequence with the following
parameters: overall repetition time = 20 s, TR = 10 ms, TE = 3 ms, α = 15˚, NEX = 2 and
80 inversion times from 67.5 ms to 4807.5 ms. True T1 values were calculated as
described

by

Deichmann et al.32.

A

CPMG

sequence

with

TR = 2 s,

TE = 9

ms,

inter-echo spacing = 9 ms, 32 echoes and NEX = 8 was used to measure T2 values.
For confocal laser scanning microscopy (CLSM), 5 μl of the resuspended fixed cell pellets
were applied to polysine microscopy slides (Menzel-Gläser) and dried for 20 minutes at
55 ˚C. Next, the adhered cells were washed in PBS, counterstained for nuclei with DAPI
(15 minutes; 0.1 µg/ml in PBS), washed in PBS and mounted with mowiol. CLSM was
performed on a Zeiss LSM 510 META NLO system (Carl Zeiss AG, Oberkochen, Germany),
equipped with a multi-photon Chameleon laser and a HeNe633 laser. The Chameleon laser
(780 nm) allowed excitation of DAPI, whereas the HeNe633 laser (633 nm) was used for
Cy5.5 excitation. All images were obtained at 630x magnification and imaging settings
remained unchanged to allow a direct comparison of the different samples.

4.2.7

Animals

A total of 10 apoE-/- and 2 wild-type (WT) male C57BL/6 mice were included for in vivo MRI
experiments and additional ex vivo fluorescence imaging or microscopy. One additional
apoE-/- mouse was included for ex vivo fluorescence imaging only. ApoE-/- mice were
placed on a high-cholesterol diet (0.2% total cholesterol, Harlan Teklad, Madison, Wis,
USA) ad libitum beginning at 6 weeks until 60 to 68 weeks of age, while WT mice were
maintained on a normal murine diet (Research Diets, Inc, New Brunswick, NJ). All animal
experiments were approved by the ethics committee of Mount Sinai General Hospital.

4.2.8

MRI

In vivo MRI measurements were performed with an 89 mm vertical bore MRI system,
operating

at

9.4 T

(Bruker

Instruments,

Billerica,

MA,

USA).

Mice

were

initially
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anesthetized with 4% isoflurane in oxygen (0.4 l/min), and placed head-up in a 30 mm
birdcage coil for imaging (Bruker). During MRI, anesthesia was maintained using 1.5-2.0%
isoflurane in oxygen (0.4 l/min) supplied through a face mask. The respiratory signal was
monitored using a pressure sensor to regulate the depth of the anesthesia.
At the onset of the experiment, pre-contrast T1-weighted images of the abdominal aorta in
the area between the renal and iliac bifurcations were acquired using a fat-suppressed
black blood spin echo sequence with the following parameters: TR = 800 ms, TE = 8.6 ms,
NEX = 16, matrix = 256 x 256, FOV = 2.6 x 2.6 cm2, and slice thickness = 0.5 mm. For
flow suppression, an inflow saturation slab of 4 mm, consisting of a 90˚ pulse followed by
a 2 ms spoiler gradient, was positioned superior to the imaging area.
Following the pre-contrast scans anesthetized mice were injected with the micellular
contrast agent through the tail vein at a dose of 2.5 μmol per mouse (100 μl; 25 mM total
lipid concentration). A total of 6 apoE-/- mice received annexin A5-micelles fluorescently
labeled with either rhodamine-PE (n=3) or Cy5.5-PEG2000-DSPE (n=3). Control-micelles
were administrated to 4 apoE-/- mice (rhodamine-PE, n=2; Cy5.5-PEG2000-DSPE, n=2)
and 2 WT mice received Cy5.5-labeled annexin A5-micelles.
At 24 hours post-administration of the contrast agent, mice were again prepared for MR
measurements. First, imaging slices were carefully matched to the pre-contrast images by
using the unique anatomy of individual vertebrae as anatomical landmarks. Next, T1weighted MR images were obtained with the same parameters as used for the pre-contrast
scans. For 2 apoE-/- mice, the same MR protocol was additionally repeated at 48 hours and
7 days after injection of the contrast agent.
Mice that underwent their last MR measurement at 24 hours post-injection were
immediately sacrificed by saline perfusion after the scanning procedure. Blood samples
were obtained and spleen, liver, kidney and lung tissues were removed to study
nanoparticle biodistribution. The abdominal aortas from mice that received rhodaminelabeled micelles were isolated using microscopic dissection, and snap frozen in optical
cutting temperature compound (Tissue Tek, Sakura Finetech) for confocal fluorescence
microscopy. Alternatively, whole aortas from mice that received Cy5.5-labeled micelles
were excised and placed on a microscopy slide for near-infrared fluorescence imaging
(NIRF). For the latter procedure the fat surrounding the abdominal aorta was carefully
removed.

4.2.9

MR data analysis

Images were analyzed using Mathematica 6 (Wolfram Research, Inc., USA). Analysis was
facilitated by accurate animal positioning and slice planning during the MRI measurements
by matching of the shape of the vertebrae in pre- and 24 hours post-contrast agent
injection measured slices. Typically, for each apoE-/- mouse 15 to 19 slices with
orientations perpendicular to the abdominal aorta were analyzed. Circular regions of
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interest (ROIs) were drawn on the pixels in the thickened atherosclerotic vessel wall
surrounding the lumen (Sw), while excluding the vessel lumen. A second ROI was drawn in
a portion of the surrounding muscle (Sm). Wall signal was divided by the muscle signal to
yield a normalized signal intensity Snorm = Sw/Sm that could be compared pre- and 24 hours
post-contrast as well as between mice. Signal enhancement (SE) was calculated as the
average percentile difference between Snorm of all pre- and 24 hours post-contrast slices:
[(Snorm_post – Snorm_pre)/(Snorm_pre)]·100%. WT mice were not analyzed using the above
procedure as the aortic wall in these animals could not be discriminated from surrounding
tissue. Alternatively, images from WT mice were visually inspected for possible signal
enhancement in the aortic wall.

4.2.10 Near-infrared fluorescence imaging
For whole-aorta near-infrared fluorescence imaging (NIRF) 1 apoE-/- mouse, which
received no contrast agent, was used as a control. Aortas from apoE-/- mice that were
injected with either control-micelles (n=2) or annexin A5-micelles (n=2) were collected
following the in vivo MRI experiment. The dissected aortas were placed on a microscope
slide and covered with gauze submerged in PBS, placed at 4 ˚C and imaged within
2 hours. Aortas were placed in the IVIS 200 system (Xenogen) and the Cy5.5 label was
excited using a wavelength filter with a range of 615-665 nm, while the emission was set
with a longpass filter of 695-770 nm before recording. Fluorescent reflectance images
were acquired with identical exposure times for all groups. Total photon count was
determined within identical windows around the whole aorta. The mean increase in
fluorescence intensity was calculated as the average percentile difference between the
total photon count from the contrast-receiving group (PCCA) and the total photon count
from the control apoE-/- mouse that received no contrast agent (PCcontrol): [(PCCA –
PCcontrol)/(PCcontrol)]·100%.

4.2.11 Confocal fluorescence microscopy
8 μm frozen tissue sections were cut for confocal microscopy. Individual sections were air
dried for 10 minutes and blocked (PBS containing 1% BSA and 5% horse serum) for
45 minutes at room temperature. DNA fragmentation was detected with the TdT-mediated
dUTP Nick End Labeling (TUNEL) technique, using the In Situ Cell Death Detection Kit with
fluorescein isothiocyanate (FITC)-labeled dUTP (Roche, Mannheim, Germany) according to
manufacturer instructions. Cells with fragmented DNA will be referred to as apoptotic.
Macrophages were fluorescently stained with Alexa® 647-labeled anti-CD68 antibodies
(Serotec, Inc.). After washing with PBS the sections were directly mounted with
VectaShield® containing 1.5 µg/ml DAPI (VectorLaboratories, Burlingame, CA) to stain cell
nuclei. The sections were covered with cover slips and imaged within 12 hours.
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Rhodamine-labeled annexin A5-micelles and control-micelles (red) were detected and colocalized with respect to both DNA-fragmentation (green) and macrophages (green) within
the vessel wall 24 hours after contrast agent administration using confocal laser scanning
microscopy (Zeiss LSM 510 META microscope, Carl Zeiss AG, Oberkochen, Germany) in an
inverted configuration. The system was equipped with 4 lasers and 3 confocal detectors
and data was captured and analyzed using Zeiss LSM 510 Meta and post-processed with
Image Browser software (Carl Zeiss AG, Oberkochen, Germany). All images were obtained
with the same settings.

4.2.12 Statistics
Statistical analysis was performed for experiments with n ≥ 3 per group. Comparisons
between the two groups were performed with a Student’s t-test for independent samples
in SPSS 16.0. P < 0.05 was considered significant.

4.3

Results

4.3.1

Contrast agent characterization

The potency of a contrast agent to reduce the intrinsic tissue T1 and T2 relaxation times,
and thereby introduce tissue contrast, is described by the relaxivity values r1 and r2, which
are expressed in mM-1s-1. Relaxivities r1 and r2 of the paramagnetic Cy5.5-labeled controland

annexin A5-micelles

were

measured

at

60 MHz

and

different

temperatures.

Importantly, similar r1 and r2 values were observed for the targeted versus the nontargeted

micelles

(Table 1).

At

25 ˚C

the

relaxivities

of

control-micelles

were:

r1 = 11.8 ± 0.1 mM-1s-1 and r2 = 18.5 ± 0.1 mM-1s-1, whereas for annexin A5-micelles
relaxivities were: r1 = 11.4 ± 0.1 mM-1s-1 and r2 = 19.4 ± 0.1 mM-1s-1. These values are
relatively high compared to clinically approved gadolinium complexes such as Gd-DTPA,
for which r1 = 3.3 and r2 = 3.9 at 1.5 T (63.9 MHz) and 37 ˚C33. An increase in
temperature to 37˚C was shown to slightly elevate the r1 and r2 for both micellular agents
(Table 1). Furthermore, at high field strengths such as 6.3 T and 9.4 T the relaxivity r1 of
both nanoparticles was significantly reduced compared to the values obtained at 60 MHz,
as shown in the NMRD profiles presented in Chapter 1.

25 ˚C

37 ˚C

r 1 (mM-1s-1)

r 2 (mM-1s-1)

r 1 (mM-1s-1)

r 2 (mM-1s-1)

Control-micelles

11.8 ± 0.1

18.5 ± 0.1

13.4 ± 0.1

20.4 ± 0.1

AnxA5-micelles

11.4 ± 0.1

19.4 ± 0.1

12.4 ± 0.1

19.9 ± 0.1

Table 1: Relaxivities of non-specific control-micelles and annexin A5-micelles (AnxA5-micelles) in
HEPES buffered saline at 60 MHz and different temperatures.
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4.3.2

In vitro targeting

Ellipsometry measurements clearly demonstrated binding of the annexin A5-micelles to a
PS/PC (20:80) bilayer, as observed by the gradually increasing polarization angle, which
reached a steady state at higher values compared to free annexin A5-cys (Figure 1).
Binding was shown to strictly depend on annexin A5 as the polarization angle remained at
baseline levels after addition of control-micelles. Furthermore, association was Ca2+dependent, as annexin A5-micelles, like annexin A5-cys itself, instantly dissociated from
the bilayer upon addition of Ca2+-chelating EDTA.
Micelle binding to a more natural target was examined with the use of a Jurkat cell line
using MRI and confocal laser scanning microscopy (CLSM). Apoptotic Jurkat cells that were
incubated with control- or annexin A5-micelles in the presence of Ca2+ appeared equally
hyperintense in T1-weighted MR images when compared to untreated apoptotic control
cells (Figure 2A), suggesting that both micellular contrast agents associate abundantly
with apoptotic cells. These results were corroborated by T1 measurements, as the
relaxation rate R1 (1/T1) of the control-micelle pellet was shown to be strongly increased
by 148% compared to its untreated apoptotic control, whereas the 178% increase in R1 of
the annexin A5-micelle pellet was even higher (Figure 2B). R2 (1/T2) values were less
elevated, viz. 16% for control-micelles and 13% for annexin A5-micelles.
Following MRI, CLSM was performed on the same cells. Apoptotic cell suspensions that
were untreated (Figure 3A) or incubated with control-micelles (Figure 3B) exhibited
negligible levels of Cy5.5 fluorescence, while apoptotic cells incubated with the
annexin A5-micelles showed a clear cell-associated Cy5.5 signal (Figure 3C). Interestingly,
these results seem to be contradicting the results from the MRI experiments.

Figure 1: Ellipsometry measurements
of a PS/PC (20:80) bilayer in the
presence of 2.5 mM Ca2+ upon
addition of annexin A5-cys (AnxA5cys),
annexin A5-micelles
(AnxA5micelles) and control-micelles. Micelles
or protein was added at the time point
indicated by the arrow. 5 mM EDTA
was added at the time points indicated
by the asterisks (*) to assess Ca2+dependence of binding.
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Figure 2: (A) T1-weighted spin echo image (TR/TE = 1000/10.3 ms) of apoptotic Jurkat cells after
incubation with (1) no contrast agent, (2) untargeted paramagnetic control-micelles or (3)
paramagnetic annexin A5-micelles (AnxA5-micelles). Relaxation rates R1 (B) and R2 (C) were obtained
at 6.3 T. Bars represent value ± error of the fitting procedure (n=1).

Figure 3: CLSM images of fixed apoptotic Jurkat cells after incubation with (A) no contrast agent (-),
(B) untargeted paramagnetic control-micelles or (C) paramagnetic annexin A5-micelles (AnxA5micelles). Micelles contained Cy5.5-PEG2000-DSPE (red) and adhered cells were counterstained with
DAPI (blue). Magnification: 630x.
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Figure 4: T1-weighted in vivo MR images at the level of the abdominal aorta (arrow). Scans were made
before (left panels) and 24 hours after contrast agent injection (right panels). ApoE-/- mice received
either control-micelles (A-B) or annexin A5-micelles (C-D). Wild type (WT) C57BL/6 mice only received
annexin A5-micelles (E-F).

4.3.3

MRI and NIRF

In vivo pre-contrast T1-weighted MR images of apoE-/- mice clearly revealed extensive
atherosclerotic lesions in the abdominal aorta (Figure 4A,C), whereas aortas of WT
C57BL/6 mice showed a normal vessel wall morphology within the same area (Figure 4E).
At 24 hours post-injection of annexin A5-micelles, T1-weighted images of the same
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apoE-/-mice showed increased signal intensity within the thickened aortic vessel wall
(compare Figure 4C and 4D). Contrast enhancement within these mice persisted up to at
least 7 days after injection (data not shown). Atherosclerotic lesions of apoE-/- mice that
were injected with control-micelles showed less signal enhancement at 24 hours postinjection (compare Figure 4A and 4B). Moreover, no contrast changes were observed in
WT mice that received annexin A5-micelles (compare Figure 4E and 4F).

Figure 5: Ex vivo near-infrared fluorescence imaging (NIRF) of whole aortas from apoE-/- mice (A)
without contrast agent injection and at 24 hours after injection of (B) control-micelles and (C)
annexin A5-micelles. Micelles contained Cy5.5-PEG2000-DSPE. The orientation of the aorta is indicated
by characteristic regions in (B), such as the heart (*), a renal branch (white arrow) and the aortic
bifurcation (red arrow). In vivo MR images were acquired in the area between the white and the red
arrow.

Ex vivo near-infrared fluorescence imaging was performed on excised aortas from apoE-/mice that underwent in vivo MRI experiments and were sacrificed 24 hours post-contrast
agent injection. The aorta of an apoE-/- mouse that received no contrast agent served as a
control, and showed marginal fluorescence signal (Figure 5A). In contrast, the aortas from
apoE-/- mice that received control-micelles (Figure 5B) or annexin A5-micelles (Figure 5C)
displayed strong fluorescence signal, which was heterogeneously distributed over the
entire aorta. Interestingly, aortas from mice injected with annexin A5-micelles showed
multiple intense fluorescent hotspots, whereas aortas from the control-micelle group
revealed considerably less fluorescence in a reduced number of areas. Importantly, these
hotspots were predominantly observed in areas where extensive atherosclerotic lesions
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were expected as described by Nakashima et al.34. These areas included the aortic arch,
the branching points of the renal arteries and the aortic bifurcation (Figure 5C).
MR signal enhancement in the aortic wall also appeared highly heterogeneous throughout
the examined abdominal area. Nevertheless, all slices that were measured with in vivo MRI
were used to calculate the mean signal enhancement within the vessel wall to prevent any
bias by analyzing only specific slices. Mean MR signal within the examined abdominal
aortic wall was calculated to be increased by 6.7 ± 3.4 % and 10.7 ± 1.7 % at 24 hours
post-administration of control- or annexin A5-micelles, respectively (Figure 6A). At the
same time point, the total photon count in the entire aorta was enhanced by
113.1 ± 4.4 % for the control-micelle group and 257.1 ± 9.1 % for the annexin A5-micelle
group (Figure 6B).

Figure 6: Quantitative analysis of MR signal enhancement (A) and NIRF enhancement at 24 hours after
injection of the contrast agent in apoE-/- mice (B). Bars represent mean values ± SE. (A) MRI: controlmicelles (n=4), annexin A5-micelles (n=6), (B) NIRF: control-micelles (n=2), annexin A5-micelles
(n=2).

4.3.4

Confocal fluorescence microscopy

Tissue sections from the abdominal aorta, which were collected in the same area as the
MR images, were examined with confocal fluorescence microscopy. Atherosclerotic lesions
from apoE-/- mice injected with rhodamine-labeled control-micelles demonstrated only
weak and diffuse red fluorescent signal at 24 hours post-injection (Figure 7A,B), whereas
bright red fluorescent hotspots were observed for apoE-/- mice that received annexin A5micelles (Figure 7C,D). In these latter mice the annexin A5-micelles clearly co-localized
with macrophages (Figure 7C) and apoptotic cells (Figure 7D) in the center of the intima.
Presumably, a fraction of these macrophages are apoptotic, as previously described
elsewhere18. No obvious association to macrophages (Figure 7A) or apoptotic cells was
observed for control-micelles (Figure 7B).
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Figure 7: Confocal fluorescence microscopy of frozen sections from abdominal aortas of apoE-/- mice at
24 hours after administration of (A,B) control-micelles or (C,D) annexin A5-micelles (red). Sections
were counterstained for (A,C) macrophages with anti-CD68 (green) or (C,D) apoptotic cells with TUNEL
(green). Nuclei were stained with DAPI. Magnification: 400x.

4.3.5

Biodistribution

At 24 hours post-injection of control-micelles in apoE-/- mice, the Gd content of especially
liver and spleen was shown to be higher than that in kidneys and lungs (Figure 8A).
Similar amounts of Gd were measured in the kidneys and lungs of mice that received the
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annexin A5-functionalized micellular contrast agent (Figure 8B). In contrast, Gd content in
the liver and spleen of these mice was approximately 100% and 219% higher,
respectively, compared to control-micelles. These results are in agreement with previous
studies that demonstrated PS specific uptake of radiolabeled annexin A5 by the liver and
spleen, while kidney accumulation appeared to be non-specific35.
Importantly, preliminary studies in apoE-/- mice, which were injected with the same
contrast agents at equal dose, displayed similar blood clearance kinetics for control- and
annexin A5-micelles (data not shown). Consequently, this allows a direct comparison of
the collected data from both agents. Approximately 16% of the initial Gd concentration
was still present in the blood at 24 hours after injection for both types of agent (Figure 8).

Figure 8: Biodistribution of control-micelles (A) and annexin A5-micelles (B) at 24 hours post-injection
in apoE-/- mice, as measured by ICP-MS of Gd content indicated in µg per g tissue. Bars represent
average ± SD. Tissue: n=2, blood: n=1.

4.4

Discussion

In the current study we demonstrated that annexin A5-conjugated micelles can be applied
for targeted molecular MRI of atherosclerotic plaques in apoE-/- mice. The micelles were
composed of a paramagnetic amphiphile (Gd-DTPA-BSA) and PEGylated lipids (PEG2000DSPE) in a 1:1 molar ratio. Above the so-called critical micelle concentration (CMC) the
latter component forces the amphiphilic aggregation towards a micellular morphology.
Distally to the PEG chains of the micelles a near-infrared fluorophore (Cy5.5) and
annexin A5 proteins were covalently conjugated for fluorescence imaging and targetspecificity, respectively. Alternatively rhodamine-PE, instead of Cy5.5-PEG2000-DSPE, was
incorporated in the lipid monolayer for confocal fluorescence microscopy. Ellipsometry
measurements on PS/PC bilayers and experiments with apoptotic Jurkat cells were
performed to assess the target-specificity of the annexin A5-micelles in vitro. Furthermore,
in vivo MRI of the abdominal aortas from apoA-/- mice and ex vivo fluorescence methods
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on excised aortas of the same mice were used to image the uptake of control- and
annexin A5-micelles in atherosclerotic lesions, as well as to validate their cellular targets
following intravenous injection.
MR molecular imaging of vascular targets is usually done with nanoparticles that carry a
high payload of contrast-generating material36;37. After intravenous administration such
nanoparticulate agents do not require extravasation from the vasculature to bind to their
target and therefore nanoparticle size is less critical. Nevertheless, in case extravascular
targeting has to be accomplished, e.g. in case of intraplaque targeting, a small particle
size is more favorable. In the current study micellular nanoparticles with a mean
hydrodynamic diameter of approximately 15 nm were used26. This relatively small size
facilitates extravasation in areas with enhanced endothelial permeability, such as
atherosclerotic lesions. A drawback of using this small nanoparticulate platform is its
relatively low payload of Gd. Furthermore, in vivo targeting applications require total
micelle lipid concentrations to initially be above the critical micelle concentration (CMC) in
order to prevent its immediate dissociation into monomeric amphiphiles upon dilution in
blood38. Preliminary results from relaxivity measurements showed that the CMC of the
used bimodal micellular agent was approximately 70 μM (total lipid). Consequently, all
in vitro experiments in the present study were performed above this concentration,
whereas the initial concentration in the in vivo experiments was also higher than the CMC.
Ellipsometry

measurements

revealed

a

high

and

Ca2+-dependent

affinity

of

the

annexin A5-conjugated micelles for a lipid bilayer that contained 20% of PS, whereas nonspecific control-micelles did not bind to a similar bilayer. On the other hand in vitro MRI of
pellets containing fixed apoptotic Jurkat cells revealed a large T1 shortening both after
incubation with control-micelles and annexin A5-micelles, which was highest for the latter
pellets. Interestingly, CLSM showed a striking difference between the two contrast agents,
as the annexin A5-functionalized micelles seemed abundantly associated to the cells,
whereas control-micelles were barely detected. Hypothetically, this discrepancy between
MRI and CLSM may be explained by the transfer of non-PEGylated lipids from the micelles
to the cell membrane. This hypothesis is corroborated by the observation that cellassociated Cy5.5 was only detected for apoptotic cells that were incubated with the
annexin A5-functionalized micelles, since both annexin A5 and Cy5.5 were covalently
conjugated to the distal ends of the PEG chains. This hypothesis could be further examined
by

comparing

non-specific

association of micelles containing either (1) standard

fluorescent lipids, such as carboxyfluorescein-PE and rhodamine-PE or (2) fluorescently
labeled PEG2000-DSPE. Preliminary results from flow cytometry measurements with
carboxyfluorescein-PE-containing micelles showed non-specific binding of both control- and
annexin A5-micelles to apoptotic Jurkat cells at a similar extent, which confirmed our
hypothesis. Whether exchange of lipids also occurs in vivo and whether this obscures the
observed differences between non-specific and specific binding remains to be investigated.
Based on the aforementioned ellipsometry data as well as the CLSM experiments on
apoptotic Jurkat cells subsequent in vivo experiments were performed. To accomplish a
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typical dosage for targeted MRI contrast agents, i.e. 50 μmol Gd per kg body weight,
approximately 1.9 mg annexin A5 was injected per mouse, which was well tolerated by the
animals.

MRI

revealed

pronounced

and

heterogeneously

distributed

bright

areas

throughout plaque rich regions in the abdominal aorta at 24 hours after administration of
annexin A5-functionalized micelles. In the untargeted control-micelle group such enhanced
regions were also observed, but to a lower extent. To enable comparison of both groups
the signal enhancement for each slice was calculated and averaged for all acquired
imaging slices, thereby disregarding heterogeneous distribution of the contrast agent.
Data analysis revealed that the mean signal enhancement throughout the abdominal aorta
was higher for mice that received annexin A5-micelles than for control-micelle-injected
mice. In both cases, the enhancement was however modest compared to macrophage
scavenger receptor (MSR) targeted micellular contrast agents that were applied at a dose
of 75 μmol Gd per kg body weight26.
In vivo MRI observations were compared to ex vivo fluorescence imaging of excised
aortas. The mean photon count of aortas that originated from mice injected with
annexin A5-micelles was at least twice that of the aortas from control-micelle injected
mice. In addition near-infrared fluorescence imaging allowed us to investigate the entire
aorta. Most pronounced uptake of annexin A5-micelles was observed in the aortic arch, at
principal branches of the abdominal aorta, such as the renal arteries, and at the aortic
bifurcation into the iliac arteries. Isobe et al.18, observed distinct uptake of
-/-

annexin A5 in similar regions of the aorta in apoE

99m

Tc-labeled

mice. Importantly, these regions are

known to correspond with high plaque burden34, which was the case in this study as well.
However, one should note that the in vivo MR images were acquired in the abdominal
aorta in the area between the renal and iliac bifurcations. This implies that certain regions
with intense uptake of the micellular contrast agent were not included in the in vivo MRI
scans.
Ex vivo confocal fluorescence microscopy revealed association of annexin A5-micelles to
PS-expressing cells, such as apoptotic cells and macrophages, within atherosclerotic
lesions in the abdominal aorta. A large fraction of these apoptotic cells are considered
dying macrophages, whereas the remaining fraction most likely consists of smooth muscle
cells39. Annexin A5-functionalized contrast agent was most probably also associated to
viable macrophages, as previously observed for biotinylated annexin A518. Macrophages in
atherosclerotic lesions are also known to non-specifically engulf nanoparticulate agents
such as USPIOs40. Nevertheless, CLSM images of tissue sections from control-micelle
injected mice revealed no macrophage-associated micellular fluorescence. Presumably, the
cell-associated contrast agents observed in the CLSM images were internalized, which may
have led to a quenched T1 effect due to limited water exchange with the bulk. Such an
effect may explain the apparent discrepancy between the modest signal enhancement of
annexin A5-micelles in the in vivo MR images and the large difference in micellular
fluorescence from control- and annexin A5-micelles in the ex vivo CLSM images.
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At present, there is an urgent need to discriminate vulnerable atherosclerotic lesions from
stable lesions. Current diagnostic methods used in the clinic are primarily focused on
visualizing narrowing of the lumen, but do not reveal plaque composition and thus do not
predict risk of rupture accurately22. In the past decade traditional high resolution MRI
techniques have been developed to enable plaque characterization by visualizing features
such as the lipid-rich core and fibrous cap size. The biochemistry that lies at the basis of
plaque formation may be investigated using MRI-based molecular imaging techniques. For
example, MR imaging of macrophage burden has been investigated with ultrasmall iron
oxide nanoparticles (USPIO)40, while the expression of cell adhesion molecules was
visualized

using

VCAM-1-targeted

cross

linked

iron

oxide

nanoparticles

(CLIO)25.

Furthermore, annexin A5-functionalized iron oxide particles were applied to image PSexpressing cells in a preliminary study on a limited amount of animals41. The disadvantage
of such strategies is that iron oxide-based imaging relies on the use of so-called T2(*)weighted MRI, in which regions of high iron oxide content appear dark. These spots are
hard to localize in images that usually already have a low signal-to-noise ratio. Therefore,
more recent investigations primarily focus on the application of T1-reducing agents that
appear bright in T1-weighted MR images24;27, as is the case in our study. The paramagnetic
nanoparticulate agent introduced in the present study exhibited enhanced accumulation in
plaque by conjugation of annexin A5. This phenomenon may also be applied to shuttle
therapeutically active compounds, such as anti-inflammatory agents or nucleotides, into
plaque.
In conclusion, the present study demonstrated the use of an annexin A5-functionalized
micellular contrast agent for non-invasive imaging of PS-expressing cells in atherosclerotic
lesions of apoE-/- mice. Importantly, such imaging strategies are of great diagnostic
potential as the abundance of PS-expressing cells is considered an important prognostic
marker of plaque vulnerability. Interestingly, the presented nanoparticulate platform may
be simultaneously exploited for therapeutic purposes, thereby facilitating a wide range of
clinically relevant applications for improved diagnostics as well as therapeutic interventions
in atherosclerotic cardiovascular disease.
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Abstract
Dual labeled liposomes, carrying both paramagnetic and fluorescent lipids, were recently
proposed as potent contrast agents for MR molecular imaging. These nanoparticles are
coated with poly(ethylene glycol) (PEG) to increase their blood circulation half-lives, which
should allow extensive accumulation at the targeted site. In order to eliminate non-specific
blood pool signal from the MR images, the circulating liposomes should ideally be cleared
from the circulation when sufficient target-specific contrast enhancement is obtained. To
that aim we designed an avidin chase that allowed controlled and rapid clearance of
paramagnetic biotinylated liposomes from the blood circulation in C57BL/6 mice. Avidininduced alterations in blood clearance kinetics and tissue distribution were studied
quantitatively by determination of the Gd content in blood and tissue samples ex vivo.
Intrinsic liposomal blood clearance showed bi-exponential behavior with half-lives
t1/2α = 2.1 ± 1.1 hours and t1/2β = 15.1 ± 5.4 hours, respectively. In contrast, the contrast
agent was cleared from the blood by the avidin infusion to <1% of the initial dose within 4
hours. Avidin-induced liposomal blood clearance was also demonstrated in vivo by
dynamic T1-weighted MRI.
The ability to rapidly clear circulating contrast agents opens up exciting possibilities to
study targeting kinetics, to increase the specificity of molecular MRI and to optimize
nanoparticulate contrast agent formulations.
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5.1

Introduction

Bimodal liposomes, carrying paramagnetic, fluorescent and poly(ethylene glycol) (PEG)
amphiphiles in the lipid bilayer, were recently proposed as a potent contrast agent for MR
molecular imaging1. Specificity of this contrast agent for a target of interest can be
obtained by covalent conjugation of targeting ligands, including peptides or proteins. This
has been shown to allow the detection of several targets, including angiogenic blood
vessels2 and apoptotic cells3.
Pharmacokinetic studies demonstrate significantly increased circulation half-lives of
PEGylated liposomes compared with conventional liposomes, which is due to decreased
uptake rates by cells of the reticuloendothelial system (RES)4. Upon intravenous
administration, both the PEGylated and conventional nanoparticles are predominantly
taken up by cells of the RES in the spleen and the liver5. Although little is known about the
blood clearance kinetics and tissue distribution of the bimodal liposomes designed for MR
molecular imaging, previous studies do suggest that this nanoparticulate contrast agent
also displays a long circulation half-life2.
Introducing long circulation properties to target-specific nanoparticles designed for
molecular imaging facilitates an increase of the amount of contrast agent that will
accumulate at the target site. This is particularly advantageous for a relatively insensitive
technique like MRI. On the other hand, MR images will also suffer from undesired
background signal that originates from contrast agent circulating in the blood pool, which
may result in poor target-to-background ratios. Ideally, the non-bound contrast agent
should be instantly cleared from the blood circulation when sufficient contrast agent has
accumulated at the targeted site. This would greatly enhance the specificity of molecular
MRI. Additionally, this approach allows the investigation of the accumulation kinetics of the
contrast agent at the targeted site with MRI in vivo, enabling the optimization of the
targeted contrast agent and the MR imaging protocols used for its detection.
A possible strategy to accomplish the aforementioned clearance is to exploit the highaffinity biotin-avidin or biotin-streptavidin interaction. Avidin is a 66 kDa cationic eggwhite glycoprotein that can strongly bind (Kd = 10-15 M) up to four biotin molecules
(244 Da). Streptavidin, a 60 kDa neutral non-glycosylated protein, exhibits similar affinity,
tetravalency and stability of biotin binding. Consequently, incorporation of biotinylated
amphiphiles in the liposomal bilayer would provide these nanoparticles with a high affinity
for both avidin and streptavidin, which could be used to alter the pharmacokinetics of the
paramagnetic liposomes. Avidin and streptavidin display different biodistribution patterns
and blood clearance kinetics due to differences in net charge and the presence of
carbohydrate moieties6;7. Avidin is rapidly cleared from the blood circulation, accumulates
in the liver, spleen and kidneys, and is cleared from all organs within days. Compared to
avidin, streptavidin displays relatively slow blood clearance, and prolonged retention within
all organs in which it accumulates, including the spleen, kidneys and liver. Sinitsyn et al.
were the first to show that the clearance properties of avidin can be utilized to rapidly
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clear biotinylated immunoglobulins from the blood circulation8. This strategy has already
been applied extensively in vivo in order to improve the tumor-to-background ratio in
targeted nuclear imaging techniques, both in experimental and clinical studies. In general
two approaches can be distinguished. The first approach is based on three-step
radiolabeling of the target, through antigen pre-labeling with biotinylated monoclonal
antibodies (mAb). Avidin is administered to clear the circulating mAb from the blood,
followed by a third injection with radiolabeled biotin9;10 or streptavidin11;12 to radiolabel the
mAb at the targeted site. In the second approach the radiolabels are directly conjugated to
the biotinylated mAb. The non-bound, circulating fraction of these biotinylated mAb can be
rapidly cleared from the blood by a subsequent injection with avidin13. The same approach
proved to be useful for the clearance of biotinylated radiolabeled liposomes as well14;15,
and more recently, this clearance strategy has been successfully applied to both
dendrimer-based16 and albumin-based17 biotinylated MR contrast agents. Rapid blood
clearance of the latter albumin-based contrast agent was shown to allow studying vascular
permeability and extravascular drainage of contrast agent that had accumulated in
tumors17.
In this study an avidin chase was designed to rapidly clear intravenously injected
biotinylated gadolinium-containing liposomes from the blood circulation. The nonbiotinylated version of this nanoparticle has previously been demonstrated to allow MR
molecular imaging of tumor angiogenesis2. However, the long circulation time of the
liposomes was considered to decrease the resulting target-to-background ratio, which
might be increased by controlled blood clearance of the circulating, non-bound agent. In
the present study, the avidin-induced blood clearance kinetics of biotinylated paramagnetic
liposomes was investigated both in vivo by dynamic contrast-enhanced MRI and through
ex vivo quantification of the concentration of gadolinium (Gd) in blood samples with
inductively coupled plasma-atomic emission spectrometry or inductively coupled plasmamass spectrometry (ICP-AES/ICP-MS). Tissue distribution of the contrast agent was
examined both with ICP-AES/ICP-MS and fluorescence microscopy. Blood clearance
kinetics and tissue distribution of biotinylated liposomes were compared with and without
an avidin chase.

5.2
5.2.1

Experimental procedures
Materials for liposome preparation

1,2-Distearoyl-sn-glycero-3-phosphocholine

(DSPC),

cholesterol,

glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene
DSPE),

1,2-distearoyl-sn-

glycol))-2000]

(PEG2000-

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene

glycol)2000] (biotin-PEG2000-DSPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamineN-(lissamine rhodamine B sulfonyl) (rhodamine-PE)

were purchased from Avanti Polar

Lipids (Albaster, AL). Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA) was obtained from
Gateway Chemical Technology (St. Louis, MO). Liposomes were sized with a Lipofast
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Extruder (Avestin, Canada). Polycarbonate filters that were required for liposome extrusion
were obtained from Whatman (’s-Hertogenbosch, Netherlands). HEPES was purchased
from Merck (Darmstadt, Germany). All other chemicals were of analytic grade or of the
best grade available.

5.2.2

Avidin, streptavidin and avidin-2-B4F

Both avidin (Sigma, MW = 60 kDa) and streptavidin (Sigma, MW = 66 kDa) were
dissolved in HEPES buffered saline (20 mM HEPES and 135 mM NaCl, pH 7.4) and stored
at -20 ˚C until used. Biotin-4-fluorescein (Sigma, MW 644.7 Da) was dissolved in DMF
(50 mg/ml) and stored at 4 ˚C. Fluorescently labeled avidin (avidin-2-B4F) was prepared
by overnight incubation of avidin with biotin-4-fluorescein (B4F) at a 1:2 molar ratio at
4 ˚C, resulting in a final DMF content of 0.8 % (v/v).

5.2.3

Liposome preparation

Both biotinylated- and control paramagnetic liposomes were prepared by lipid film
hydration of a lipid mixture that typically contained 100 μmol lipid in total. For biotinylated
liposomes Gd-DTPA-BSA, DSPC, cholesterol, PEG2000-DSPE and biotin-PEG2000-DSPE
were used at a molar ratio of 0.75/1.1/1/0.12/0.03. Non-biotinylated control-liposomes
were prepared by using Gd-DTPA-BSA, DSPC, cholesterol and PEG2000-DSPE at a molar
ratio of 0.75/1.1/1/0.15. The lipid mixtures were dissolved in chloroform/methanol
2:1 (v/v) and 0.2 mol% rhodamine-PE was added for fluorescence microscopy. The
solvent was subsequently removed by rotary evaporation, followed by additional drying
under nitrogen. The dry lipid film was hydrated in 4 ml of HEPES buffered saline
(20 mM HEPES and 135 mM NaCl, pH 7.4) at 65 ˚C. The resulting large multilamellar
vesicles were downsized to unilamellar liposomes by repetitive extrusion at 65 ˚C through
a stack of two 200 nm filters. For in vivo studies ultracentrifugation (1 hour at
60,000 rpm) was used to concentrate the liposomes. Following preparation the lipid
concentration was determined by a phosphate analysis according to Rouser18.

5.2.4

Liposome characterization

The morphology and avidin binding ability of the biotinylated liposomes were studied by
cryo-transmission electron microscopy (cryo-TEM). Biotinylated liposomes were diluted to
a concentration of 2 mM lipid in HEPES buffered saline. The biotinylated liposomes were
left untreated or were incubated overnight with avidin at a concentration of 2 µM at 4 ˚C.
For cryo-TEM small aliquots (3 μl) of the liposome suspension were applied to Quantifoil
grids (R2/2 Quantifoil Jena, Aurion) within the environmental chamber (relative humidity
100%) of an automated vitrification robot (Vitrobot™ Mark III, FEI) instrument at 22 ˚C.
Excess liquid was blotted away with filter paper using an automatic blotting device within
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the environmental chamber of the Vitrobot™. The grid was subsequently shot through a
shutter into melting ethane placed just outside the environmental chamber. The vitrified
specimens were stored under liquid nitrogen and observed at -170 ˚C (Gatan cryo-holder)
in a 300 kV FEG microscope (Titan, FEI life science). Micrographs were taken at 300 kV
using low dose conditions.
Avidin-induced changes in liposome size and aggregate formation were monitored by
dynamic light scattering (DLS). Following preparation, the biotinylated liposomes were
diluted to a concentration of 2 mM lipid in HEPES buffered saline. Non-biotinylated
liposomes at a concentration of 2 mM lipid were used as a control. Subsequently, both the
biotin-liposomes and the non-biotinylated control-liposomes were left untreated or were
incubated with avidin at final concentrations of 2 µM, 5 µM or 12.1 µM. The incubations
were done at 4 ˚C overnight. Single-angle DLS measurements were performed on a
Malvern 4700 system using an argon-ion laser (488 nm) operating at 10.4 mW (Uniphase)
and PCS (photon correlation spectrometry) software for Windows version 1.34 (Malvern,
U.K.). The unweighted intensity plot was used to determine the mean diameter of the
liposomes.
Longitudinal (r1) and transversal relaxivity (r2) of the biotinylated and control-liposomes
were measured in the presence and absence of avidin. Samples that were previously
prepared for the DLS measurements were successively diluted from 2 mM total lipid to 4
different concentrations. T1 and T2 values of the different samples were measured at
60 MHz and 25 ˚C (Bruker Minispec) to determine the relaxivities r1 and r2, expressed in
mM-1s-1. T1 values were obtained using an inversion recovery sequence with the following
parameters: recycle delay = 20 s, inversion time ranging from 5 ms to 10 s, 10 inversion
times and 4 averages. T2 values were measured using a CPMG sequence with:
recycle delay = 20 s, inter echo time = 0.4 ms, 10,000 echoes and 16 averages.

5.2.5

Dynamic MRI in vivo

Avidin-induced clearance of the biotinylated liposomes from the blood circulation was
studied at a high temporal resolution with MRI in vivo. A total of 15 C57BL/6 mice with an
average weight of 27 ± 2 g were included in the experiment and were divided over 5
groups, with n=3 per group. Mice were initially anesthetized with 3% isoflurane and
medical air (0.4 l/min) that was supplied through a face mask. Anesthesia was maintained
using 0.8-1.6% isoflurane and medical air (0.4 l/min). During the MR experiments the
mice were placed on a heating plate to regulate their body temperature, while the
respiratory signal was monitored using a pressure sensor connected to an ECG trigger unit
(Rapid Biomedical) to regulate the depth of the anesthesia. All experiments were approved
by the animal ethical committee of Maastricht University.
For each mouse a catheter was placed in the tail vein, which was subsequently connected
to two separate tubings to enable the successive injection of the contrast agent and avidin
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or saline. In this fashion, early mixture of the contrast agent and the avidin or saline prior
to injection was prevented. Next, the avidin/saline line was connected to a flow pump
(Harvard apparatus, Picoplus) to allow well-defined infusion rates.
MRI was performed at 6.3 T on a horizontal bore magnet (Oxford Instruments
Superconductivity, Eynsham, Oxon, UK) interfaced to a Bruker imaging console (Bruker,
Biospec). A 3 cm birdcage send and receive coil (Rapid Biomedical) was used for imaging.
T1-weighted

3D

FLASH

images

(TR = 10 ms,

TE = 3 ms,

α = 30˚,

NEX = 2,

FOV = 3.2 x 3.2 x 4 cm3, matrix = 128 x 128 x 64) were continuously acquired during the
total experiment of approximately 60 minutes. Prior to injection of the contrast agent two
images were acquired. Next, in group 1 to 4 (n=3/group) each mouse received a 100 µl
intravenous bolus of biotinylated liposomes (5 µmol total lipid) through the first catheter.
Approximately 26 minutes after the first injection, the infusion of a total volume of 100 µl
avidin (20 mg/ml), saline, streptavidin (18 mg/ml) or avidin-2-B4F (20 mg/ml) started.
The infusion was performed at a volume rate of 10 µl/min through the second catheter.
Alternatively, one group of mice (n=3) received a 100 µl intravenous bolus of nonbiotinylated liposomes (5 µmol total lipid) through the first catheter, followed by the
infusion of avidin as described above.
Directly following the imaging protocol each mouse was sacrificed by cervical dislocation
and liver, lung, spleen, kidney and muscle tissues were excised and snap frozen in melting
isopentane. Tissues were stored at -80 ˚C until they were used to study tissue distribution
of the contrast agent at 1 hour after injection.
The obtained 3D MRI data set, composed of 64 axial slices per time point for each mouse,
was used to get a measure of the level of the contrast agent in the large blood vessels. For
signal intensity quantification a relatively large ROI was manually drawn around the
abdominal aorta in an axial post-contrast image, to allow movement of the vessel over
time. Subsequently, in each imaging slice the 10 pixels with the largest signal intensity
within the ROI were selected, as these were considered to represent the signal intensity in
the aorta. The value of 10 pixels was chosen as the aorta was determined to contain 10
pixels on average. For each mouse, this procedure was repeated for 10 subsequent axial
slices, which were carefully matched between the different mice based on their position
with respect to the heart. The mean signal intensity within the ROI of each slice was
calculated and averaged for the 10 slices. This procedure was applied to every dynamic MR
data set that was acquired. Subsequently, the time-dependent post-contrast signal
intensity (SIpost) was normalized to the pre-contrast signal intensity (SIpre) for each mouse
and a mean normalized signal intensity ± SD within each group was calculated. In
addition, maximum intensity projections (MIPs) with a sagittal orientation were calculated
from the axial slices for each dynamic MR image, using a home-built Matlab program.
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Figure 1: Time schedule of blood sampling (*) during the first hour of the experiment. Anesthetized
mice received an intravenous bolus of biotin-liposomes, followed by the infusion of avidin or saline.
Additional blood samples were obtained in the awake state at 4, 8, 24 and 48 hours after injection of
the biotin-liposomes.

5.2.6

Blood clearance kinetics

In this experiment multiple blood samples were collected after the intravenous injection of
biotin-liposomes, which allowed studying both intrinsic and avidin-induced liposomal blood
clearance quantitatively. A total of 6 C57BL/6 mice with an average weight of 26 ± 1 g
were included in the experiment, with 3 mice per group. Blood samples of 20 µl were
collected from the vena saphena using a 24 G needle (Terumo). Each blood sample was
immediately mixed with 20 µl of heparinized saline (50 units heparin/ml saline) to prevent
blood from coagulation.
Prior to the onset of the experiment, one pre-contrast blood sample was obtained in the
awake state. Subsequently, mice were anesthetized and a tail vein catheter was placed, as
described above. At the onset of the experiment a 100 µl bolus of the biotinylated
liposomes (50 mM lipid) was injected. Next, at 26 minutes after the first injection the
infusion (10 µl/min) of a total volume of 100 µl saline (n=3) or 100 µl avidin (20 mg/ml)
(n=3) was started (Figure 1).
Blood samples were serially collected from each anesthetized mouse at 2, 15, 25, 45 and
60 minutes after injection of the contrast agent, as indicated in the time scheme in
Figure 1. Thereafter, blood samples were obtained at 4, 8, 24 and 48 hours post-contrast
agent injection in the awake state. After the last blood sample was taken mice were
sacrificed by cervical dislocation and liver, lung, spleen, kidney and muscle tissues were
removed and snap-frozen in melting isopentane. Next, the tissue was stored at -80 ˚C
until it was further processed. The tissues were analyzed to determine the biodistribution
of the biotin-liposomes at 48 hours.
Blood samples were stored at 4 ˚C and T1 measurements were performed within 2-4 days
after the blood samples were collected. Apparent T1 values of all blood samples were
measured at 6.3 T and 20 ˚C using a fast T1 inversion recovery sequence with the
following parameters: overall repetition time = 20 s, TR = 10 ms, TE = 3 ms, α = 15˚,
NEX = 2 and 80 inversion times from 67.5 ms to 4807.5 ms. T1 values were calculated as
described by Deichmann et al.19. Relaxivity r1 of the biotinylated liposomes in HEPES
buffered saline (pH 7.4) and heparinized saline were also measured under similar
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conditions. Following T1 measurements, the concentration of Gd in the blood samples was
determined with ICP-AES/ICP-MS. ICP data were used to obtain the circulation half-lives of
the biotin-liposomes, which were calculated using a bi-exponential fitting routine in Origin
(OriginLab Corporation, USA).

5.2.7

ICP

Time-dependent concentrations of Gd were determined with ICP-AES or ICP-MS in blood
and organ tissues to study blood clearance kinetics and the biodistribution of biotinliposomes, both with and without avidin infusion. Organ tissues and blood samples were
weighed and placed in special tubes. Subsequently, samples were destructed with
perchloric acid and nitric acid at 170˚C until a clear solution was obtained. Next, the
samples were allowed to cool down and ultra pure water was added to a known volume.
As a control, known volumes of Gd-DTPA (Magnevist, Bayer Schering Pharma AG) were
added to blood samples and organ tissues of mice that had not been injected with Gdcontaining liposomes. These samples were also destructed as described above. Following
destruction, the concentration of Gd was measured with ICP-MS or ICP-AES. Different
dilutions of a Gd stock solution were used for calibration.

5.2.8

Histology

For histology tissue cryosections of 5 µm (spleen, liver, kidney and muscle) or 8 µm (lung)
were cut at -20 ˚C. Prior to staining, cryosections were fixed in acetone for 20 minutes
(-20 ˚C). Subsequently, sections were stained for nuclei (DAPI, Molecular Probes) and
macrophages (rat anti-mouse CD68-FITC, Serotec). To that aim, sections were washed
two times in PBS. Next, a blocking step with 1:5 FBS (v/v), 1% BSA and 0.1% Tween20 in
PBS was performed for 15 minutes. The solution was removed and CD68-FITC (1:100 in
1% BSA and 0.1% Tween20 in PBS) was applied for 2 hours. Thereafter, sections were
washed three times with PBS, followed by an incubation step with DAPI (0.1 µg/ml in PBS)
for 15 minutes. Finally, sections were extensively washed with PBS and mounted with
mowiol.
Organ tissue sections of mice that received biotin-liposomes, followed by infusion of
fluorescent avidin (avidin-2-B4F), were only counterstained with DAPI as described above.
All images were obtained with a Zeiss fluorescence microscope.
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5.3
5.3.1

Results
Liposome characterization

Cryo-TEM images of the biotinylated paramagnetic liposomes (Figure 2A) revealed
spherical structures composed of a lipid bilayer similar to previous observations for nonbiotinylated paramagnetic liposomes3. Upon avidin addition, cryo-TEM images clearly
showed a ring of electron dense material that was associated with the outer leaflet of the
lipid bilayer (Figure 2B). Importantly, biotin-liposomes were observed to crosslink through
the avidin, which resulted in liposomal aggregation.

Figure 2: Cryo-TEM images of biotinylated paramagnetic liposomes (A) without avidin and (B) after
overnight incubation with 2 µM avidin (magnification: 38000x).

Figure 3: Average diameters (A) and relaxivities r1 and r2 (B) of biotinylated- and control-liposomes
after overnight incubation with avidin at different concentrations. Liposome size was determined with
DLS. Relaxivities were measured at 60 MHz and 25 ˚C.
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DLS measurements of biotinylated- and non-biotinylated liposomes that were not treated
with avidin showed similar mean diameters of 161 nm and 167 nm, respectively
(Figure 3A). The addition of avidin did not alter the diameter of the non-biotinylated
liposomes. In contrast, the mean diameter of the biotinylated liposomes increased to
350 nm, 236 nm and 222 nm after incubation with 2 µM, 5 µM or 12.1 µM avidin,
respectively (Figure 3A).
Relaxivities

r1

and

r2 of

the

non-biotinylated

liposomes

were

measured

to

be

4.7 ± 0.1 mM-1s-1 and 7.2 ± 0.1 mM-1s-1 (60 MHz, 25 ˚C), respectively. No changes in r1
and r2 were observed due to biotinylation of the paramagnetic liposomes and/or the
presence of avidin (Figure 3B).

5.3.2

Dynamic MRI in vivo

Serial T1-weighted 3D MRI scans, with a field of view that covered both the heart and the
kidneys, were used to obtain a qualitative indication for the blood levels of paramagnetic
liposomes after their intravenous injection. Axial images were used to discriminate the
different large blood vessels, including the abdominal aorta and the vena cava. Maximum
intensity projections (MIPs) only displayed the vena cava in the pre-contrast scans
(Figure 4A,D), which most likely was due to the entrance of unsaturated blood from the
lower extremities. Several other large vessels, including the abdominal aorta, also became
visible after injection of the contrast agent (Figure 4B,E). Upon avidin infusion these
enhanced vessels, including the vena cava, disappeared from the MIPs (Figure 4C), while
all vessels remained clearly visible in the case of saline infusion (Figure 4F).

Figure 4: Maximum intensity projections (MIPs) of dynamic 3D FLASH MR data sets. After the
acquisition of pre-contrast images (A,D), mice were injected with biotin-liposomes (B,E), followed by
the infusion of avidin (C) or saline (F).
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Quantitative analysis of the 3D MR images from all mice showed that the mean signal
intensity within a ROI in the abdominal aorta was increased by 179 ± 22 % (mean ± SD)
after an intravenous bolus with biotin-liposomes or non-biotinylated control-liposomes
(Figure 5). For the group of mice that received biotinylated liposomes the signal intensity
gradually returned to pre-contrast levels within approximately 20 minutes after the onset
of the avidin infusion. In contrast, the signal enhancement of the abdominal aorta was
largely maintained in mice that received biotinylated-liposomes followed by the infusion of
saline, which is indicative for a long circulation half-life of these particles. Avidin-induced
clearance of the liposomes was found to be biotin-dependent, since avidin infusion showed
no effect on the signal intensity in the abdominal aorta when mice were injected with nonbiotinylated control-liposomes.

Figure 5: Mean normalized signal
intensity of a ROI in the abdominal
aorta in dynamic T1-weighted 3D
FLASH images. Contrast agents, i.e.
non-biotinylated control-liposomes or
biotin-liposomes, were injected as
indicated by the arrow. The avidin or
saline chase was applied between 3040 minutes (gray bar) after the onset
of the 3D FLASH image acquisition.
n=3 per group, each point represents
mean ± SD.

5.3.3

Blood clearance kinetics

Blood samples were collected from mice that received an intravenous bolus of biotinliposomes, followed by the infusion of saline or avidin (Figure 1). This allowed studying the
intrinsic and avidin-induced blood clearance kinetics, respectively. T1 values of all blood
samples obtained from both the avidin- and saline-infused mice were measured at 6.3 T
(20 ˚C), whereas the concentration of Gd in these samples was determined with ICP-AES
or ICP-MS.
A linear correlation was found between the relaxation rate R1 and the concentration of Gd
in the blood samples for both groups (Figure 6). The slope of the linear fits returned the
relaxivities r1 of the biotinylated liposomes in blood after intravenous administration.
Relaxivities r1 were 2.43 ± 0.03 mM-1s-1 and 2.47 ± 0.05 mM-1s-1 after the avidin and the
saline chase, respectively. Similar r1 values of biotin-liposomes were measured in HEPES
buffered saline and heparinized saline at 6.3 T and 20 ˚C. Therefore, the longitudinal
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relaxivity of biotin-liposomes is considered to remain unaffected by its intravenous
administration and the avidin chase, which confirms that T1-weighted dynamic MRI can
indeed be used to monitor the blood clearance kinetics of the paramagnetic liposomes
in vivo.
Figure 6: Relation between the
1/T1 values and Gd levels in blood
samples that were collected after
intravenous injection of biotinylated
liposomes, followed by a saline or
avidin chase. A linear fit was applied
to each group (dashed/dotted line),
which includes 10 samples per
mouse and 3 mice per group. The
slope of the linear fit represents the
relaxivity r1 of the biotin-liposomes
in blood. For both groups the r1
value is shown in the inset.

Figure 7: Blood Gd levels following
intravenous injection of biotinylated
liposomes. The concentration of Gd
was determined with ICP-AES/ICPMS. Avidin or saline infusion was
started 26 minutes after liposome
injection. Data points for mice that
received avidin are interpolated to
guide the eye (dotted line). Results
of a bi-exponential fitting procedure
(dashed line), which was applied to
blood values of mice that received
the saline infusion, are shown in the
inset. n=3 per group.

Quantitative analysis of blood samples collected from mice that received biotinylated
liposomes showed a fast decrease in Gd content directly after the start of the avidin
infusion (Figure 7). In these mice only 6.9 ± 0.3 % of the initial dose of Gd was found in
the blood one hour after injection of the contrast agent, whereas no Gd was found at
48 hours post-injection. In contrast, mice that were infused with saline only showed slowly
decreasing Gd levels in the blood with time (Figure 7). In this case, 91.6 ± 12.8 % of the
initial dose of Gd was still circulating in the blood one hour post-injection of the contrast
agent, which decreased to 4.1 ± 0.3 % after 48 hours. A non-linear bi-exponential fit was
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applied to the data of the latter group of mice to estimate the intrinsic blood circulation
half-lives of biotinylated paramagnetic liposomes. An α-phase initial half-life (t1/2α) of
2.1 ± 1.1 hours, and a β-phase terminal half-life (t1/2β) of 15.1 ± 5.4 hours were found,
each contributing to essentially the same extent (Figure 7).

Figure 8: Mean normalized signal
intensity of a ROI in the abdominal
aorta in dynamic T1-weighted 3D
FLASH images. Biotin-liposomes
were injected as indicated by the
arrow.
Avidin,
streptavidin
or
fluorescent avidin (avidin-2-B4F)
was infused between 30-40 minutes
after the start of the 3D FLASH
image acquisition (gray bar). n=3
per group, each point represents
mean ± SD.

5.3.4

Streptavidin

The above results showed that the infusion of avidin resulted in rapid clearance of
paramagnetic biotinylated liposomes from the blood circulation, which could be monitored
in vivo using T1-weighted dynamic MRI. Whether the avidin-induced clearance was caused
by the formation of large aggregates and/or the pharmacokinetics of avidin remained
unclear though. Therefore, the dynamic MRI protocol was also used to compare the avidininduced clearance kinetics of biotinylated liposomes to those observed due to the infusion
of streptavidin in vivo. Streptavidin displays a relatively long half-life compared to avidin,
while exposing similar affinity for biotin. Consequently, a comparison of the avidin- and
streptavidin-induced clearance kinetics of biotin-liposomes was considered to provide more
insight in the clearance mechanism.
Differences were observed between avidin- and streptavidin-induced biotinylated liposomal
blood clearance kinetics (Figure 8). Directly after the onset of streptavidin infusion the
signal intensity in the abdominal aorta, which was increased by an intravenous bolus of
paramagnetic biotin-liposomes, decreased relatively fast compared with mice that received
an avidin chase. This rapid signal decline was followed by a phase that was characterized
by a relatively slow decrease, such that a mean signal enhancement of 30 ± 15 %
remained at 30 minutes after the onset of streptavidin infusion. In contrast, in avidininfused animals the mean signal intensity was reduced to pre-contrast levels at this time
point.
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Figure 9: Tissue distribution of Gd at 1 hour (A,C) and 48 hours (B,D) after intravenous injection of
biotinylated liposomes. Avidin (A,B) or saline (C,D) was infused between 26-36 minutes after injection
of the liposomes. n=3 per group, bars represent mean ± SD.

5.3.5

Biodistribution

The intrinsic and avidin-induced biodistribution of paramagnetic biotin-liposomes was
investigated by determination of the Gd content in different organ tissues that were
collected at 1 or 48 hours after injection of the contrast agent.
ICP-AES/ICP-MS of the excised organ tissues revealed massive accumulation of Gd in the
lungs and the spleen one hour after injection, in case avidin was infused (Figure 9A).
Increased Gd uptake was also observed in the liver and kidneys, whereas only
6.9 ± 0.3 % of the initial dose of Gd was still present in the blood. After 48 hours, the
amount of Gd in the lungs was dramatically reduced to 2.2 ± 0.2 % of the Gd content at
one hour (Figure 9B). In contrast, at this time point the amount of Gd in the spleen and
the liver was increased to approximately 177 ± 36 % and 318 ± 46 % of its content at
one hour, respectively. Furthermore, the amount of Gd in the kidneys was reduced within
the 48 hours time period, and Gd levels in the blood were reduced to zero.
Without an avidin chase, the biodistribution drastically differed from that in the avidininfusion experiments. In the saline-infused mice significant amounts of Gd were measured
in the spleen, liver, lungs and kidneys at one hour after injection of the liposomes
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(Figure 9C). However, at this time point 91.6 ± 12.8 % of the initial dose of Gd was still
present in the blood. This may have contributed to the Gd content measured in these
tissue samples since blood was not removed from the organ tissues prior to excision.
Therefore, the measured Gd content in the different organs of these mice is considered to
only give an indication of the intrinsic biodistribution of biotin-liposomes at 1 hour postinjection. After 48 hours (Figure 9D), only 4.1 ± 0.3 % of the initial concentration of Gd
remained in the blood, indicating that the measured Gd content mainly resulted from
tissue accumulation. At this late time point after saline infusion, most Gd had accumulated
in the spleen and the liver. No Gd uptake was observed in muscle tissue following either
the avidin or saline chase (Figure 9A-D).

5.3.6

Fluorescence microscopy

The spatial distribution of biotin-liposomes within spleen, liver, kidney and lung tissues
was studied by fluorescence microscopy. Mice were sacrificed either at 1 or 48 hours after
injection of the contrast agent, which allowed studying its distribution over time.
Without an avidin chase, the biotin-liposomes were found to minimally accumulate in the
red pulp of the spleen at 1 hour after injection (Figure 10A), while being engulfed by red
pulp macrophages after 48 hours (Figure 10B). In contrast, at 1 hour after injection of the
contrast agent massive accumulation of the liposomes was observed in the marginal zone
and the red pulp of spleen tissue from avidin-infused mice (Figure 11A). This resembled
the tissue distribution of large liposomes >300 nm in the spleen as described by
Litzinger et al.20. After 48 hours, large clusters of contrast agents were observed within
macrophages, which were located mainly in the red pulp (Figure 11B). At this time point,
occasionally some co-localization with white pulp macrophages was also observed (not
shown).
In the liver little intrinsic accumulation of the contrast agent was observed both at 1 and
48 hours after its injection (Figure 10C,D), whereas at these time points even less red
fluorescence was observed in the kidneys and lungs of the same mouse (Figure 10E-H). In
contrast, tissue sections from the liver of avidin-infused mice showed bright red
fluorescence at the early time point (Figure 11C), which was found to be ingested by
Kupffer cells at 48 hours after injection of the contrast agent (Figure 11D). Tissue sections
from the kidneys also showed some increase in contrast agent uptake after avidin infusion
(Figure 11E), with uptake by macrophages at the late time point (Figure 11F). Compared
to both the liver and the kidneys, massive avidin-induced accumulation of red fluorescent
signal was observed in the lungs at 1 hour after injection of the biotin-liposomes
(Figure 11G). However, after 48 hours very little liposomal fluorescence was observed
within lung tissue sections, and most of this was found to be engulfed by lung
macrophages (Figure 11H).
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Figure 10: Fluorescence microscopy images of tissue sections obtained from mice that received a
saline chase. Tissue sections of spleen (A,B), liver (C,D), kidney (E,F) and lung (G,H) were stained for
macrophages with CD68-FITC (green). Insets show a magnification of the corresponding images at
sites where macrophages were detected. Mice were sacrificed at 1 hour (A,C,E,G) or 48 hours (B,D,F,H)
after injection of the biotin-liposomes (red). All images were obtained with 200x magnification.
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Figure 11: Fluorescence microscopy images of tissue sections obtained from mice that received an
avidin chase. Tissue sections of spleen (A,B), liver (C,D), kidney (E,F) and lung (G,H) were stained for
macrophages with CD68-FITC (green). Insets show a magnification of the corresponding images at
sites where macrophages were detected. Mice were sacrificed at 1 hour (A,C,E,G) or 48 hours
(B,D,F,H) after injection of the biotin-liposomes (red). All images were obtained with 200x
magnification.

98

Avidin-induced clearance kinetics of biotinylated liposomes

Figure 12: Fluorescence microscopy of spleen (A), liver (B), kidney (C) and lung (D) tissue sections.
Biotin-liposomes (red) were intravenously injected, followed by the infusion of fluorescent avidin
(green). Mice were sacrificed at 1 hour after injection of the contrast agent. All images were obtained
with 200x magnification.

5.3.7

Avidin-2-B4F

Fluorescence microscopy, as described in the above experiments, did not allow
discriminating between single biotinylated liposomes that were intrinsically cleared from
the blood circulation and avidin-biotin-liposomal complexes. Therefore, in one group of
avidin-infused mice the avidin was fluorescently labeled with biotin-4-fluorescein (B4F) at
a 1:2 molar ratio (avidin:biotin), prior to the experiment. Dynamic T1-weighted MRI was
performed to investigate whether the clearance kinetics of the avidin-2-B4F complex was
similar to that observed by unlabeled avidin infusion. Due to the infusion of avidin-2-B4F
the signal intensity showed a gradual decrease back to pre-contrast levels following a time
course that was similar to unlabeled avidin (Figure 8). These results revealed that the
avidin-induced

liposomal

blood

clearance

was

unaffected

by

the

presence

of

biotin-4-fluorescein.
Organ tissues, which were collected from these mice at 1 hour after injection of the
contrast agent, were used to study the spatial distribution of biotin-liposomes and avidin2-B4F within the tissues with fluorescence microscopy. At this time point, in the marginal
zone of the spleen all liposomal fluorescence co-localized with fluorescent avidin-2-B4F,
whereas in the red pulp also some liposomal fluorescence was found that did not
co-localize with avidin-2-B4F (Figure 12A). In the liver, all of the rhodamine-PE
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fluorescence co-localized with avidin-2-B4F (Figure 12B), which was also the case for
tissue sections from kidney (Figure 12C) and lung (Figure 12D).

5.4

Discussion

In this study we successfully demonstrated that an avidin chase can be used to actively
clear a dual labeled molecular imaging nanoparticle, i.e. PEGylated, paramagnetic and
fluorescently

labeled

liposomes,

from

the

blood

circulation.

This

was

shown

by

determination of the Gd content in blood samples that were serially collected from
C57BL/6 mice up to 48 hours after the intravenous injection of biotin-liposomes. Between
26-36 minutes after injection of the biotinylated contrast agent, these mice were also
infused with saline or avidin. When saline was infused, the paramagnetic biotin-liposomes
exhibited

bi-exponential

clearance

kinetics,

with

circulation

half-lives

t1/2α = 2.1 ± 1.1 hours and t1/2β = 15.1 ± 5.4 hours that both contributed equally. In
contrast, when avidin was infused, the liposomes were rapidly cleared from the blood
circulation, to <1% of its initial dose within 4 hours.
Prior to determination of the Gd content, the T1 value of each blood sample was measured
at 6.3 T. Linear relations were found between the inverse T1 values, i.e. relaxation rate
R1, and the Gd concentration for both groups, throughout the time-course of the
experiment. The longitudinal relaxivities of biotin-liposomes in blood after intravenous
administration were obtained from the linear relations, which were 2.43 ± 0.03 mM-1s-1
and 2.47 ± 0.05 mM-1s-1 after the avidin and the saline chase, respectively. These results
revealed that dynamic T1-weighted MRI could be used to study both intrinsic and avidininduced liposomal blood clearance in vivo, since no significant avidin-induced changes
were observed for r1.
Mean

signal

intensities

within

the

abdominal

aorta

in

3D

FLASH

images

were

instantaneously increased after intravenous administration of the contrast agent and
gradually decreased back to pre-contrast levels within 20 minutes after the onset of avidin
infusion. These results are in good agreement with dynamic MRI experiments described by
Dafni et al.17, which showed an increased signal intensity in the vena cava after injection
of paramagnetic biotinylated avidin (~ 55 µmol Gd/kg) that was rapidly reduced to precontrast levels within 10 minutes after fractioned injection of 10 mg avidin. Similar results
were obtained by Kobayashi et al.16 after administration of paramagnetic biotinylated G6
dendrimers (~ 30 µmol Gd/kg), followed by a single injection of 400 µg avidin.
From our study it can be concluded that avidin-induced liposomal clearance results
primarily from the formation of large liposomal aggregates, but to a smaller extent, it is
also caused by binding of avidin to single liposomes. This was supported by T1-weighted
dynamic MRI measurements that showed little differences in the rate of signal decrease
between avidin- and streptavidin-infused mice in the initial clearance phase, whereas
differences became more pronounced in the subsequent phase. Similarities in initial
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clearance rates are attributed to the formation of large avidin-biotin-liposome or
streptavidin-biotin-liposome complexes. The subsequent discrepancies are attributed to
the differences in pharmacokinetic behavior between avidin and streptavidin6.
All previously discussed results show that dynamic T1-weighted MRI successfully allowed
studying avidin-induced blood clearance of paramagnetic biotin-liposomes in vivo.
However, these measurements only provide qualitative information on the blood levels of
paramagnetic liposomes. Firstly, this is caused by the fact that the signal intensity in each
blood vessel originates from a complicated interplay between inflow and T1-dependent
saturation. Consequently, the signal intensity within the vessel does not linearly correlate
with the concentration of Gd in the blood. Furthermore, these measurements are restricted
by the detection limits of MRI, which is demonstrated by the fact that 6.9% of the initial
dose of Gd was still present in the blood at 30 minutes after the start of avidin infusion,
while the mean signal intensity within the abdominal aorta was similar to pre-contrast
levels at this time point.
As previously mentioned, the ~ 200 nm paramagnetic biotin-liposomes used in this study
displayed bi-exponential blood clearance kinetics in the saline infusion experiment, which
differs from the mono-exponential behavior of most liposomes described in literature.
Previous studies mainly addressed the circulation half-life of relatively small liposomes, i.e.
~ 100 nm, in rats and mice4;21;22. Conventional, non-PEGylated liposomes of that size,
composed of phosphatidylcholine and cholesterol, showed dose-dependent clearance
kinetics. Bi-exponential blood clearance was observed at low dose (≤ 1.5 µmol total lipid
per mouse), whereas mono-exponential behavior was reported at higher dose with a halflife that increased with dose23. At an injected dose of 3 µmol total lipid per mouse these
non-PEGylated liposomes displayed a circulation half-life of about 7 hours. Klibanov et al.
were the first to show that the incorporation of PEG lipids in the liposome bilayer
significantly increased the circulation time in vivo21. PEGylated liposomes with a diameter
of ~ 100 nm display a dose-independent circulation half-life between 15 and 20 hours that
is attributed to decreased uptake by cells of the RES4. However, for both conventional and
long-circulating liposomes the circulation half-life inversely correlates with liposome size.
For PEGylated liposomes an increase in diameter from 100 to 250 nm was shown to
decrease their intrinsic circulation half-life by a factor of 222. Based on previous reports,
the initial half-life (t1/2α = 2.1 ± 1.1 hours) of the biotin-liposomes measured in this study
is considered to be relatively short compared to other long-circulating liposomes in the
same size range, whereas the terminal half-life (t1/2β = 15.1 ± 5.4 hours) appears to be
longer. Whether these differences can be attributed to differences in the lipid composition
of the liposomes presented in our study remains to be investigated.
Contrast agents that were cleared from the blood circulation accumulated in a number of
different organs. In all organs the Gd content and the amount of red fluorescent signal in
fluorescence microscopy images were in good qualitative agreement both at 1 and
48 hours post-contrast agent injection, which suggests that the paramagnetic and the
fluorescent lipids remained co-localized over a time period of at least 48 hours. These
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results confirmed that the Gd content can be used to assess the whole-body biodistribution
of the contrast agent, while fluorescence microscopy can be used to study the spatial
distribution of the contrast agent within the different tissues at the (sub)cellular level.
At 1 hour after injection of the biotin-liposomes massive Gd uptake was observed in the
lungs of mice that received an avidin chase, which most likely originated from filtration of
large avidin-induced liposomal aggregates by the lung capillaries. Only a small fraction of
the initial Gd content was still present in the lungs after 48 hours. However, no significant
secondary increase in Gd was observed in the blood between these two time points,
suggesting that the contrast agent was not released into the blood in time but transported
through the lymphatic system. A fraction of these liposomes are believed to end up in the
liver and spleen, as the Gd content in these organs was significantly increased between 1
and 48 hours post-contrast agent injection. This increase can not be accounted for by the
small amount of liposomes that were still to be cleared from the blood circulation between
these two time points.
The excretion rate of the biotinylated liposomes from the organs is considered to be higher
in saline-infused mice compared to mice that received an avidin chase. This is supported
by the observation that the Gd content in the organs was relatively smaller in salineinfused mice at 48 hours post-contrast agent injection, while mice from both groups
received the same dose of liposomes. Again, these differences can not be accounted for by
the small differences in liposomal blood content. It was shown that the contrast agents
remaining in the spleen and the liver were engulfed by macrophages. However, organ
tissues, blood, urine and feces should be studied over a longer time period to define the
excretion route and time window of the biotinylated liposomes, both with and without the
avidin chase.
In a study by Laverman et al. an avidin chase was applied after intravenous injection of
radiolabeled biotin-liposomes in order to improve the target-to-background ratio in
scintigraphic images15. Biodistribution studies were also performed, which did not show
pronounced accumulation of the radiolabeled biotin-liposomes in rat lung at 30 minutes
after avidin administration. However, in that study smaller liposomes with a diameter of
~ 90 nm were injected at a 5 times lower absolute dose than in the current study.
Furthermore, avidin was injected 4 hours after administration of the liposomes, whereas in
our study 3.3 times higher levels of avidin were infused already at 26 minutes after
liposome injection. Most likely, these conditions in the study by Laverman et al.15 have led
to smaller avidin-induced liposomal aggregates that were not trapped by the lungs.
Our in vitro data revealed relatively small aggregates (~ 222 nm) when avidin was added
to the paramagnetic biotinylated liposomes at a final concentration of 12.1 µM. In this case
the molar ratio between avidin and biotin is 1:1.65, which is the maximum ratio that can
be obtained in vivo by injection of 5 µmol total lipid (~ 50 nmol biotin) and 2 mg avidin
(~ 30.3 nmol avidin) per mouse. Aggregates of this size are not expected to accumulate in
the lungs. However, avidin was infused at low volume rate and liposomal aggregates are
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formed and cleared continuously. Consequently, the in vivo molar ratio between avidin and
biotin changes in time, which alters aggregate size, as was shown by the in vitro
experiments.
Ideally, the pronounced avidin-induced accumulation of biotinylated liposomal aggregates
in the lungs, as observed in the present study, should be prevented. One way to
accomplish this may be by reducing the liposome size to ~ 100 nm. Furthermore, the
amount of biotin-PEG2000-DSPE can be reduced since it was shown previously that avidininduced blood clearance was also successful for liposomes containing only 0.5% of
biotin-PEG2000-DSPE15. Studies by Dafni et al. showed that pre-blocking 2 out of 4
biotin-binding sites of the avidin reduced the occurrence of large branched complexes of
gadolinium labeled biotinylated BSA17. However, in the current study biotinylated
liposomes showed similar clearance rates when infusing pre-blocked avidin (avidin-2-B4F)
compared to untreated avidin, indicating that large aggregate formation was not
prevented by pre-blocking half of the biotin-binding sites. Most likely this relates to the
size of the nanoparticulate contrast agent.
The contrast agent presented in this study is a high payload carrier of Gd that has been
proven to be particularly suitable for targeted molecular imaging of vascular targets, such
as the αvβ3-integrin2, which is strongly expressed in angiogenic vessels. Little difference in
contrast enhancement between the RGD-functionalized and the non-targeted contrast
agent was observed in the MR images after their intravenous administration. This was
hypothesized to be caused by a difference in pharmacokinetics, resulting in relatively
prolonged circulation and increased extravasation of the non-targeted contrast agent. The
strategy proposed in the present study enables active control of the blood clearance
kinetics of this nanoparticulate contrast agent. This allows the assessment of the relative
contributions of targeted and circulating contrast agents to the MRI signal enhancement as
well as the kinetics of the targeting process. The T1 values in blood were found to linearly
correlate with the concentration of Gd over the complete range of concentrations between
0 to 0.4 mM Gd, which is of vital importance for the quantitative understanding of dynamic
contrast enhancement in target-specific MRI studies.
In conclusion, in this study we showed the ability to rapidly remove a bimodal liposomal
contrast agent from the blood circulation. This opens up exciting possibilities to improve
critical aspects of MR molecular imaging, such as contrast agent dynamics, specificity, and
imaging sequence parameters. Altogether the technology presented here will contribute to
the development of molecular imaging strategies for future clinical applications.
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Abstract
Angiogenic, i.e. newly formed, blood vessels play an important role in tumor growth and
metastasis and are a potential target for tumor treatment. In previous studies the αvβ3
integrin, which is strongly expressed in angiogenic vessels, has been used as a target for
RGD-functionalized

nanoparticulate

contrast

agents

for

MRI-based

visualization

of

angiogenesis. In the present study, the target-to-background ratio was increased by
diminishing the non-specific contrast enhancement that originated from contrast material
present in the blood pool. This was accomplished by the use of a so-called avidin chase,
which allowed rapid clearance of non-bound paramagnetic RGD-biotin-liposomes from the
blood circulation. C57BL/6 mice, bearing a B16F10 mouse melanoma, received RGDfunctionalized or untargeted biotin-liposomes which was followed by an avidin-infusion or
no infusion. Pre-contrast, post-contrast and post-avidin T1-weighted MR images were
acquired

at

6.3 Tesla.

Post-contrast

images

showed

similar

percentages

of

contrast-enhanced pixels in the tumors of mice that received RGD-biotin-liposomes and
biotin-liposomes. Post-avidin infusion this percentage rapidly decreased to pre-contrast
levels for biotin-liposomes, whereas a significant amount of contrast-enhanced pixels
remained present in images of mice that received RGD-biotin-liposomes. These results
showed that besides target-associated contrast agent, the circulating contrast agent
contributed significantly to the contrast enhancement as well. Ex vivo fluorescence
microscopy confirmed association of the RGD-biotin-liposomes to tumor endothelial cells
both with and without avidin infusion, whereas biotin-liposomes were predominantly found
within the vessel lumen. The clearance methodology presented in this study successfully
enhanced the specificity of molecular MRI and opens exciting possibilities for studying
detection limits and targeting kinetics of site-directed contrast agents in vivo.
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6.1

Introduction

Angiogenesis, the formation of new blood vessels from pre-existing blood vessels, is an
essential feature of tumor growth and metastasis1. Consequently, numerous angiogenesis
inhibitors have been developed over the last years as novel therapeutic agents for the
treatment of cancer2. Experimental and clinical studies have shown that anti-angiogenic
therapy can indeed cause tumor growth arrest or even tumor regression3;4. Within this
research field there is a great need for advanced diagnostic tools that allow for the
detection of tumor angiogenesis in vivo, as this would provide more and earlier insight in
treatment efficacy at the molecular level and in a longitudinal fashion.
In the process of angiogenesis, activated endothelial cells up-regulate the expression of
αvβ3 integrins, which bind to extracellular matrix (ECM) components through their
Arg-Gly-Asp (RGD) sequence. Experimental studies have shown that the αvβ3 integrin
plays a pivotal role in angiogenesis, as αvβ3 antagonists were able to inhibit tumor
angiogenesis5. Furthermore, low expression of the integrin is observed on resting
endothelial cells, which makes the αvβ3 integrin an excellent molecular marker for tumor
angiogenesis.

Several
7;8

fluorescently labeled

studies

have

been

performed

that

used

radiolabeled6

or

cyclic RGD-peptides for the in vivo detection of angiogenic blood

vessels with either nuclear or optical imaging techniques. These techniques display a high
detection sensitivity for the imaging probes, but they reveal little anatomical information.
Therefore, RGD-conjugated gadolinium-based9-14 or iron oxide-based15 magnetic contrast
agents were proposed for the in vivo detection of tumor-associated αvβ3 expression using
MRI, as this technique provides excellent contrast of opaque soft tissue. Most of these Gdbased contrast agents were either based on liposomal9;13;14 or emulsion nanoparticles11;12
that contain a large number of Gd3+ ions per particle to deal with the inherently low
sensitivity of MRI.
The average circulation half-life (t1/2) of such RGD-conjugated particles, which is in the
order of 2-8 hours11;16;17, is significantly elevated as compared to the intrinsic blood halflife of the RGD-peptide only (< 10 minutes)18. A long blood half-life prolongs the time
window during which the contrast agent can accumulate at the targeted site. However,
long-circulating properties also allow prolonged time for extravasation, which together with
the blood pool contrast agent, gives rise to non-specific contrast enhancement in the
T1-weighted images, as conventional T1-weighted imaging does not allow discrimination
between circulating, extravasated and target-associated contrast agent in the tumor. The
contribution from the circulating contrast agents can be eliminated by acquiring the MR
images when most of the contrast agent is cleared from the blood, as demonstrated in a
study by Sipkins et al.9. In this study, MRI experiments were performed at 24 hours after
injection

of

LM609

antibody-conjugated

paramagnetic

polymerized

liposomes

(t1/2 ~ 8 hours) to enable target-specific imaging of tumor angiogenesis. Moreover, signal
from flowing blood can be suppressed, which was shown to allow the visualization of
contrast enhancement in atherosclerotic plaques in the abdominal aorta already at 1 hour
after the injection of a long-circulating contrast agent (t1/2 ~ 11 hours)19. However, flow
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suppression in tumors is not that straightforward due to their complex and unstructured
vasculature as well as the relatively low blood flow rates in tumor blood vessels as
compared to that in arteries20;21.
Alternatively, in an experimental setting, a so-called avidin chase can be applied to
remove circulating contrast agent from the blood. Avidin is a 66 kDa glycoprotein that
displays a very short intrinsic blood half-life and can bind four biotin molecules with high
affinity (Kd < 10-15 M)22. Sinitsyn et al. were the first to show that the biotin-avidin
interaction can be used to rapidly clear long-circulating biotinylated antibodies from the
blood7. This clearance strategy has previously been used to increase the target-tobackground ratio of radiolabeled biotinylated monoclonal antibodies23 and liposomes24 for
nuclear imaging. The avidin chase has also been employed to study vascular permeability
and extravascular drainage of biotinylated albumin-based MR contrast agent in tumors
with MRI25. In previous studies we showed that an avidin chase can also be used to rapidly
clear bimodal biotin-liposomes from the blood pool26. In the present study we applied a
similar avidin chase, or no chase, to tumor-bearing mice that had been injected with either
untargeted or RGD-functionalized bimodal biotinylated liposomes. T1-weighted images
were obtained pre-contrast, post-contrast and post-avidin infusion in order to assess the
relative contributions of circulating-, target-associated-, and extravasated contrast agent
to the signal enhancement. Fluorescence microscopy was performed to determine the
spatial location of the contrast agent within the tumor ex vivo.

6.2
6.2.1

Experimental procedures
Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine

(DSPC),

cholesterol,

glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene
DSPE),

1,2-distearoyl-sn-

glycol))-2000]

(PEG2000-

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(poly(ethylene

glycol))2000] (maleimide-PEG2000-DSPE),

1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[biotinyl(polyethylene glycol)2000] (biotin-PEG2000-DSPE) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
(rhodamine-PE)

rhodamine

B

sulfonyl)

were obtained from Avanti Polar Lipids (Albaster, AL). Gd-DTPA-

bis(stearylamide) (Gd-DTPA-BSA) was purchased from Gateway Chemical Technology (St.
Louis,

MO).

Liposomes

were

sized

with

a

Lipofast

Extruder

(Avestin,

Canada).

Polycarbonate filters that were required for liposome extrusion were obtained from Costar
(Cambridge, MA). HEPES, PBS and paraformaldehyde were purchased from Sigma and
bovine serum albumin (BSA) was obtained from Fluka. All other chemicals were of analytic
grade or of the best grade available.

108

MR molecular imaging of tumor angiogenesis

6.2.2

Liposome preparation

Paramagnetic liposomes were prepared by lipid film hydration of a lipid mixture that
typically contained 100 μmol total lipid. For biotinylated liposomes Gd-DTPA-BSA, DSPC,
cholesterol, maleimide-PEG2000-DSPE, PEG2000-DSPE and biotin-PEG2000-DSPE were
used at a molar ratio of 0.75/1.1/1/0.075/0.045/0.03. Non-biotinylated control liposomes
contained Gd-DTPA-BSA, DSPC, cholesterol, maleimide-PEG2000-DSPE and PEG2000DSPE at a molar ratio of 0.75/1.1/1/0.075/0.075. Lipid mixtures were dissolved in
chloroform/methanol 2:1 (v/v) and 0.2 mol% rhodamine-PE was added for fluorescence
microscopy. Subsequently, the solvent was removed by rotary evaporation, followed by
additional drying under nitrogen. The dry lipid film was hydrated in 4 ml of HEPES buffered
saline (20 mM HEPES and 135 mM NaCl, pH 6.7) at 65 ˚C. The resulting large
multilamellar vesicles were downsized to unilamellar liposomes by repetitive (> 10x)
extrusion at 65 ˚C through a stack of two 200 nm filters.

6.2.3

Coupling of RGD

Acetyl-protected cyclic RGD peptide (c(RGDf(-S-acetylthioacetyl)K), Ansynth Service B.V.,
Roosendaal, The Netherlands) was activated in a deacetylation solution (0.05 M HEPES,
0.05 M hydroxylamine, 0.03 mM EDTA, pH 7.0) at a 1:10 v/v ratio for 1 hour.
Subsequently, activated RGD peptide was added to the liposome suspensions at a final
concentration of 6 µg/µmol total lipid to allow covalent conjugation of the RGD peptide to
maleimide-PEG2000-DSPE by sulfhydryl-maleimide coupling at 4 ˚C overnight. Next,
unbound RGD peptide was removed by ultracentrifugation (1 hour at 60,000 rpm), and
liposomes were resuspended in HEPES buffered saline (20 mM HEPES and 135 mM NaCl,
pH 7.4) to a final concentration of approximately 50 mM total lipid. The final lipid
concentration was determined by a phosphate analysis according to Rouser27. Dynamic
light scattering was performed on a Malvern instrument (Zetasizer, Nano-S) to determine
the hydrodynamic size of the liposomes, as given by the intensity-weighted particle size
distribution (PSD). Untargeted biotin-liposomes and RGD-biotin-liposomes were measured
to have a mean diameter of 182 ± 8 nm and 190 ± 8 nm, respectively.

6.2.4

In vitro targeting

Target-specific association of RGD-liposomes to human umbilical vein derived endothelial
cells (HUVEC) was previously demonstrated both with CLSM and MRI13. In the present
study, the target-specificity of RGD-biotin-liposomes for HUVEC was determined and
compared to non-biotinylated RGD-liposomes. HUVEC were cultured at 37 ˚C in a
humidified atmosphere and 5% CO2 in medium RPMI1640 (Life Technologies, Breda, The
Netherlands), containing 20% human serum (HS; University Hospital Maastricht, The
Netherlands), 2 mM glutamine (Life Technologies), 100 U/ml penicillin, and 0.1 mg/ml
streptomycin (ICN Biomedicals, Aurora, OH). For each cell sample, approximately
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1·106 HUVEC were grown in gelatin-coated culture flasks. Cells were incubated with
control-, RGD-, biotin- or RGD-biotin-liposomes for 3 hours at a final concentration of
1 mM total lipid in HUVEC culture medium at 37 ˚C in a humidified atmosphere that
contained 5% CO2 in air. Following incubation, cells were washed 3 times in warm HUVEC
medium (37 ˚C). Fluorescence microscopy images were obtained and cells were washed
once more in warm PBS (37 ˚C). Next, HUVEC were either harvested for MRI
measurements, using a mild trypsinization procedure, or immediately fixed inside the
culture flask for 15 minutes in 4% PFA at room temperature. Fixed HUVEC were
subsequently incubated with streptavidin-FITC (Zymed, Invitrogen) for 30 minutes at a
1:50 v/v ratio in PBS (RT), to demonstrate whether streptavidin was still able to bind to
HUVEC-associated RGD-biotin-liposomes. Next, cells were extensively washed with PBS,
and images were obtained on a Zeiss fluorescence microscope.
The cells that were collected for MRI measurements were washed in PBS and resuspended
in 4% PFA (~ 100 µl). Loosely packed cell pellets were obtained by overnight settling in
250 µl PCR tubes. Subsequently, apparent T1 values of the pellets were measured at
6.3 Tesla (20 ˚C) using a fast T1 inversion recovery sequence with the following
parameters: TR = 10 ms, TE = 3 ms, α = 15˚, NEX = 2, matrix = 128 x 128, and 80
inversion times ranging from 67.5 ms to 4807.5 ms. Full recovery of the magnetization
between the different segments was allowed by using an overall repetition time of 20 s. T1
values were calculated as described by Deichmann et al.28.

6.2.5

In vivo targeting

B16F10 melanoma cells were cultured in minimum essential medium (MEM) supplemented
with Hank’s salts (Gibco, Invitrogen), 10% FCS, antibiotics, MEM-vitamins, glutamine,
non-essential amino acids, sodium pyruvate, and NaHCO3. At the onset of the experiment,
cells were harvested and a total of 28 C57BL/6 mice (Charles River, Maastricht, The
Netherlands) were inoculated subcutaneously with 1·105 B16F10 cells in 100 μl PBS on the
right hind leg. All experiments were approved by the animal ethical committee of
Maastricht University.
Between 14 to 17 days after inoculation, the tumor size was considered appropriate for
MRI. Mice with an average weight of 27 ± 4 g were initially anesthetized with 3%
isoflurane in medical air (0.4 l/min) that was supplied through a face mask. Anesthesia
was maintained using 0.8-1.6% isoflurane in medical air (0.4 l/min). A catheter was
placed in the tail vein, which allowed connecting two different tubings for subsequent
injection of the contrast agent and the avidin without prior mixture. Next, the avidin
catheter was connected to a flow pump (Harvard apparatus, Picoplus) that enabled
infusion at a well-defined volume rate.
During the MR experiments the mice were placed on a heating plate to regulate their body
temperature, while the respiratory signal was monitored using a pressure sensor
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connected to an ECG trigger unit (Rapid Biomedical, Rimpar, Germany) to regulate the
depth of the anesthesia. Each mouse received an intravenous bolus injection of
RGD-biotin-liposomes (n=14) or biotin-liposomes (n=14), at a dose of 5 µmol total lipid.
For 7 mice in each group the infusion with avidin (0.2 mg/min; 2 mg total) was started
approximately 1.5 hours post-contrast agent administration (Figure 1), whereas the
remaining mice (n=7/group) were not infused at all.
MRI was performed at 6.3 Tesla on a horizontal bore magnet (Oxford Instruments
Superconductivity, Eynsham, Oxon, UK) interfaced to a Bruker imaging console (Bruker,
Biospec, Ettlingen, Germany), using a 3 cm birdcage send and receive coil (Rapid
Biomedical, Rimpar, Germany) for imaging. The time schedule of the complete MRI
experiment is shown in Figure 1. At the onset of the MR experiment, multi-slice T2weighted images were acquired to discriminate tumor tissue from the surrounding tissue
using a fat-suppressed turbo spin echo sequence with TR = 4.2 s, TE = 25 ms,
turbo factor = 4, NEX = 8, matrix = 128 x 128, FOV = 3 x 3 cm2 and a slice thickness of
1 mm. Pre-contrast T1-weighted images were acquired at exactly the same slice positions
using a fat-suppressed multi-slice spin echo sequence with the following parameters:
TR = 800 ms,

TE = 8.8 ms,

NEX = 8,

matrix = 128 x 128

and

FOV = 3 x 3 cm2.

Subsequently, two T1-weighted 3D FLASH images were obtained both pre- and postcontrast agent injection to visualize the injection and clearance of the paramagnetic
liposomes from the large vessels using the following imaging parameters: TR = 10 ms,
TE = 3 ms, α = 30˚, matrix = 128 x 128 x 64 and FOV = 3.2 x 3.2 x 4 cm3. All precontrast imaging parameters and slice positions were exactly cloned for the post-contrast
imaging sequences. Post-contrast injection a series of three multi-slice T1-weighted images
was obtained within 1.5 hours, followed by the acquisition of two 3D FLASH images. Next,
the infusion of avidin was started, and one set of T1-weighted images was acquired.
Approximately 30 minutes after the onset of infusion two additional 3D FLASH images
were obtained to confirm avidin-induced liposomal clearance from the blood, followed by
acquisition of the final set of T1-weighted images.

Figure 1: Time schedule of the in vivo MRI experiments.
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Directly after the MR experiments, blood samples were collected by orbita punction, mice
were sacrificed by cervical dislocation and organ tissues, i.e. liver, spleen, kidney, lung and
muscle, were dissected and snap frozen in melting isopentane for fluorescence microscopy
and ICP analysis of gadolinium (Gd) content. Similarly, tumors were collected for
fluorescence microscopy.

6.2.6

MR data analysis

Small displacements in the animal position are difficult to avoid upon avidin infusion, which
contributes to errors when analyzing the contrast enhancement in the tumor tissue on a
pixel-by-pixel basis. Therefore, we used a method where the signal intensity of each single
pixel was compared to the average pre-contrast signal intensity within the tumor tissue for
each individual mouse. First two regions of interest (ROIs) were manually drawn in the T2weighted images, which included the tumor tissue and a small area within the noise,
respectively. Next, the mean signal intensity within the tumor ROI was calculated for the
corresponding slices in the pre-contrast T1-weighted spin echo images (SItumorPre). The
standard deviation of the noise (SDnoise) in the T1-weighted spin echo images was
determined by the mean signal intensity within the noise ROI, divided by 1.25

29

.

Subsequently, a threshold was set for each imaging slice that was defined as:
SItumorPre + 5·SDnoise. Pixels within the tumor tissue were considered to be significantly
enhanced when their signal intensity was higher than the threshold set for that specific
imaging slice. Consequently, the pre-contrast image can also contain some pixels that are
classified as enhanced according to this definition.
The method described above was used to determine the fraction of enhanced pixels within
the total tumor for each individual mouse. Next, the fraction of enhanced pixels in the precontrast images was subtracted from the enhanced fractions in the corresponding postcontrast T1-weighted spin echo images, resulting in the real fraction of contrast-enhanced
pixels. From these values the enhanced fractions were calculated and averaged for each
group (n=7/group) at every time point, resulting in a mean fraction ± SD. All data
analysis was performed in Matlab, using a custom-built routine.

6.2.7

Statistical analysis

A repeated-measures ANOVA, with a Greenhouse-Geisser correction, was applied to detect
time-dependent changes in

contrast

enhancement.

Post-hoc pairwise

comparisons

between the different time points, using a Bonferroni adjustment for multiple comparisons,
were performed for each individual group of mice. Additional pairwise comparisons
between RGD-biotin-liposomes and biotin-liposomes at each individual time point were
performed using an unpaired Student’s t-Test. For these tests, non-avidin-infused and
avidin-infused mice were studied separately. Test statistics were considered to be
significant for p < 0.05. All analysis was performed in SPSS 16.0.
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6.2.8

Avidin-2-B4F

In the absence of an additional intervention, the avidin, as infused during the in vivo MRI
experiments, could not be detected by fluorescence microscopy. Previous studies
demonstrated that fluorescent avidin (avidin-2-B4F) has similar blood clearance kinetics as
avidin26. Therefore, a total of 3 mice with an average weight of 28 ± 2 g were infused with
fluorescently labeled avidin (2 mg; 0.2 mg/min), starting at 1.5 hours after the
intravenous administration of RGD-biotin-liposomes. Fluorescently labeled avidin (avidin2-B4F) was freshly prepared prior to the experiment, by overnight incubation of avidin
(Sigma) with biotin-4-fluorescein (Sigma) at a 1:2 molar ratio at 4 ˚C, as described
previously26. Approximately 1 hour after the onset of avidin infusion, mice were sacrificed,
following exactly the same time schedule as used for the in vivo MRI experiments. Tumors
and organ tissues were excised and snap frozen in melting isopentane for fluorescence
microscopy.

6.2.9

Fluorescence immunohistochemistry

Tumor tissue sections of 5 µm were cut at -20 ˚C. Sections were dried and stored at
-80 ˚C until the staining procedure was performed. Prior to each staining procedure, tissue
sections were thawed, fixed for 5 minutes in cold acetone (-20 ˚C), dried and extensively
washed in PBS. Subsequently, an immunohistochemical staining for endothelial cells was
performed

on

all

tumor

tissue

sections.

First,

sections

were

incubated

with

20% FBS/1% BSA/PBS for 15 minutes. This solution was removed gently and immediately
followed by incubation with the primary monoclonal antibody rat anti-mouse CD31 (BD
Pharmingen), which was diluted to a 1:100 v/v ratio in 1% BSA in PBS. Tumor sections
were incubated with the primary antibody for 2 hours at room temperature followed by
extensive washing in PBS. Next, the sections were incubated for 1 hour with the secondary
antibody goat anti-rat Ig-G FITC (Zymed Laboratories, Invitrogen) at a 1:100 v/v ratio in
1% BSA and 5% mouse serum (MS; animal facilities Maastricht University) in PBS.
Alternatively, tumor sections from mice that received avidin-2-B4F were incubated with
goat anti-rat IgG Alexa Fluor 350 (Molecular probes, Invitrogen) at a 1:200 v/v ratio under
equivalent conditions. Each tissue section was again extensively washed in PBS. In
between washing steps, sections that were incubated with the goat anti-rat Ig-G FITC
secondary antibody were counterstained for nuclei with DAPI (Molecular probes,
Invitrogen) at a final concentration of 0.1 µg/ml in PBS. Following the staining procedure,
tissue sections were mounted with mowiol and fluorescence microscopy images of the
stained tissue sections were obtained using a Zeiss fluorescence microscope. Shutter times
were

adjusted

for

the

non-avidin-infused

and

the

avidin-infused

mice,

to

allow

visualization of the liposomal rhodamine-lipid.
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6.2.10 Biodistribution
The gadolinium (Gd) content within the blood and the different organ tissues, i.e. liver,
spleen, kidney, lung and muscle, was determined with inductively coupled plasma atomic
emission spectrometry or mass spectrometry (ICP-AES/ICP-MS). In short, organ tissues
and blood samples were weighed, placed in special tubes and destructed in a mixture of
perchloric and nitric acid at 170 ˚C until a clear solution was obtained. The Gd contents
within the solutions were determined using different dilutions of a Gd stock solution for
calibration.

6.3
6.3.1

Results
In vitro targeting

Human umbilical vein derived endothelial cells (HUVEC) were incubated with nonbiotinylated or biotinylated paramagnetic liposomes, which were either untargeted or
functionalized with RGD-peptides. Fluorescence microscopy images clearly demonstrated
specific association of both the biotinylated and the non-biotinylated RGD-functionalized
liposomes to HUVEC, whereas marginal association was observed for both the untargeted
non-biotinylated liposomes (not shown) or untargeted biotin-liposomes (Figure 2).

Figure 2: Fluorescence microscopy images of HUVEC that were incubated for 3 hours with (A) biotinliposomes (B-L), (B) RGD-liposomes (RGD-L) or (C) RGD-biotin-liposomes (RGD-B-L), which contained
rhodamine-PE (red). HUVEC that were incubated with RGD-biotin-liposomes (D) were co-stained with
streptavidin-FITC (E) after removal of non-bound liposomes. An overlay of the different channels is
shown in F. Images were obtained at 200x (A-C) or 400x magnification (D-F).
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After 3 hours of incubation, a large fraction of the HUVEC-associated RGD-biotin-liposomes
were shown to still bind streptavidin-FITC, as most liposomes (Figure 2D) were observed
to co-localize (Figure 2F, yellow) with streptavidin-FITC (Figure 2E), which was added to
the fixed cells after removal of the unbound RGD-biotin-liposomes. In the absence of
liposomes no cell-associated streptavidin-FITC was observed (data not shown).
Quantitative MR measurements on the fixed cell pellets were in good agreement with the
fluorescence microscopy data, as relaxation rates R1, i.e. 1/T1, were only found to be
largely increased in pellets of cells that were incubated with RGD-functionalized liposomes
(both biotinylated and non-biotinylated). In contrast, R1 values were only slightly
increased for cells that were incubated with the untargeted non-biotinylated or biotinliposomes in comparison to untreated control cells (Figure 3). Importantly, no significant
effects of liposome biotinylation on target-specific or non-specific association of the
liposomes to HUVEC were observed (Figure 3).

Figure 3: Longitudinal relaxation
rates R1 (1/T1) of HUVEC cell pellets
after incubation with control liposomes
(C-L), biotin-liposomes (B-L), RGDliposomes (RGD-L), or RGD-biotinliposomes
(RGD-B-L).
Untreated
control cells (-) were added for
comparison. Bars represent mean R1
values ± SD (n=2/group).

6.3.2

In vivo targeting

T2-weighted images were used to discriminate the tumor tissue from surrounding muscle
tissue, as the tumor tissue appeared hyperintense (Figure 4A,H). In the pre-contrast, T1weighted images the tumors appeared essentially isointense with surrounding muscle, with
exception of some hypointense necrotic areas and hyperintense regions in the tumor rim
(Figure 4B,I). Following injection of the RGD-biotin-liposomes the signal intensity in both
tumor tissue and large blood vessels, for example around the spine, was increased due to
the T1-shortening effect of the paramagnetic liposomes (Figure 4C,J). The spatial
distribution of significantly contrast-enhanced pixels within the tumor was visualized by a
color overlay on the original T1-weighted image. As expected (see materials and methods),
some pre-contrast-enhanced pixels were already present within the tumor, as the signal
intensity of these pixels was calculated to be above the threshold that was employed
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(Figure 4E,L). Without an avidin chase, most of the contrast enhancement within the
tumor and the blood vessels persisted until at least 2.5 hours post-contrast injection
(Figure 4D). In these mice most of the significantly contrast-enhanced pixels were found in
the tumor rim (Figure 4G). Tumor tissue was also shown to be contrast-enhanced after the
injection of untargeted biotin-liposomes (images not shown). No differences between the
untargeted and RGD-functionalized biotin-liposomes were visually detected in the MR
images.

Figure 4: T2-weighted (A,H) and T1-weighted spin echo pre- and post-contrast MR images (B-G, I-N) of
tumor-bearing mice that received an intravenous bolus of RGD-biotin-liposomes (RGD-B-L). The mouse
in the upper panels (A-G) received no avidin. The mouse in the lower panels (H-N) was infused with
avidin, starting directly after the acquisition of the image shown in (J). Pixels within the tumor tissue
that were significantly enhanced are shown by a color overlay (E-G, L-N) on the corresponding T1weighted images in (B-D and I-K, respectively). The color bar shows the percentage of signal increase
relative to the threshold value.

116

MR molecular imaging of tumor angiogenesis

Figure 5: (A,B) Time dependence of the percentages of significantly contrast-enhanced pixels in T1weighted spin echo MR images of tumors after subtraction of the pre-contrast-enhanced fraction. RGDbiotin-liposomes (RGD-B-L) or biotin-liposomes (B-L) were injected at time = 0. Subsequently, mice
were left untreated (A) or avidin was infused between approximately 100 and 110 minutes after
contrast agent injection as indicated by the grey bar (B). Data points represent the mean fraction of
enhanced pixels ± SD (n=7/group). * p < 0.05 between the two contrast agents at the given time
point. # p < 0.05 relative to the first post-contrast time point. (C,D) Mean tumor sizes ± SD
determined from the MR images for the different groups.

The total fraction of contrast-enhanced pixels within the entire tumor was quantified to
compare the contrast enhancement following injection with biotin-liposomes and RGDbiotin-liposomes. Approximately 30.8 ± 8.1 % and 35.4 ± 6.7 % of the tumor volume was
found to be significantly enhanced at 30 minutes after the intravenous administration of
the paramagnetic RGD-functionalized and untargeted biotin-liposomes, respectively
(Figure 5A). Approximately 2.5 hours after injection of the RGD-biotin-liposomes the
enhanced fraction was reduced to 24.4 ± 9.9 %, whereas 29.3 ± 5.7 % of the tumor
tissue was shown to be enhanced for the untargeted biotin-liposomes. In these mice no
significant differences in the enhanced fractions were observed between the two contrast
agents at any time point, which is in agreement with observations in a previous study13.
In contrast to non-avidin-infused mice, the signal intensity in the large blood vessels of
avidin-infused mice returned towards pre-contrast values within 1 hour after the onset of
infusion, both in T1-weighted spin echo images (Figure 4K) and T1-weighted 3D FLASH
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images (data not shown). These results indicate avidin-induced blood clearance of both
biotin-liposomes and RGD-biotin-liposomes26. In mice that had previously received RGDbiotin-liposomes, the increased signal intensity within the tumor tissue was also visibly
reduced within 1 hour after the onset of avidin infusion (Figure 4K). The majority of the
pixels that remained significantly enhanced were located in the tumor rim (Figure 4N).
For avidin-infused mice the fractions of significantly enhanced pixels within the tumor were
26.7 ± 5.9 % and 27.2 ± 8.2 % at 30 minutes after injection of RGD-biotin-liposomes and
untargeted biotin-liposomes, respectively (Figure 5B). For the RGD-biotin-liposomes this
fraction was significantly reduced to 10.3 ± 4.7 % at 30 minutes and 6.2 ± 3.9 % at
1 hour after the onset of avidin infusion. In mice that had been injected with biotinliposomes, the percentage of enhanced pixels within the tumor was significantly decreased
to 0.2 ± 2.4 % and 1.4 ± 1.6 % at the early and late time point after the onset of avidin
infusion. Importantly, at those two time points the contrast-enhanced fraction remaining
after avidin infusion was significantly higher for the RGD-biotin-liposomes compared to the
biotin-liposomes. No significant differences in tumor size were found between the different
groups (Figure 5C,D), which excludes that the above differences in MRI contrast changes
were due to differences in tumor size.

6.3.3

Fluorescence immunohistochemistry

Fluorescence microscopy images demonstrated that the RGD-biotin-liposomes co-localized
with endothelial cells within the tumor (Figure 6A,B). Rhodamine fluorescence from these
liposomes was also found within the vessel lumen. Biotin-liposomes were also detected
within the lumen, whereas for this contrast agent no endothelial cell association was
observed (Figure 6C,D). Following the avidin chase, RGD-biotin-liposomes were found to
remain co-localized with the endothelial cells (Figure 6E,F). In this case, the liposomal
fluorescence was more intense and clustered compared to mice that had received RGDbiotin-liposomes without avidin infusion. Intensely fluorescent liposomal clusters were
occasionally also observed in the vessel lumen of avidin-infused mice that had been
injected with biotin-liposomes (Figure 6G,H).
Alternatively, three mice were infused with fluorescent avidin (avidin-2-B4F) after the
injection of RGD-biotin-liposomes in order to visualize possible binding of avidin to targetassociated contrast agents and its role in the formation of the aggregates that were
described above. Infusion with avidin-2-B4F clearly demonstrated that the intense
fluorescent liposomal clusters of RGD-biotin-liposomes (Figure 7A,B) co-localized both with
avidin-2-B4F (Figure 7A,C) and endothelial cells in the tumor (Figure 7A,D).
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Figure 6: Fluorescence microscopy images of tumor sections from mice that received RGD-biotinliposomes (A,B,E,F) or biotin-liposomes (C,D,G,H). Subsequently, mice were left untreated (A-D) or
avidin was infused (E-H). Liposomal fluorescence from rhodamine-PE is shown in the left panels.
Sections were co-stained for endothelial cells using an anti-mouse CD31 antibody (green), and for
nuclei with DAPI (blue). Color overlays are shown in the right panels. All images were obtained at 400x
magnification.
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Figure 7: Fluorescence microscopy images of tumor sections from mice that had first been injected
with RGD-biotin-liposomes, followed by an avidin-2-B4F chase. The overlay (A) is composed of signal
from rhodamine-PE in the liposomes (B), fluorescent avidin (C) and endothelial cells, stained with an
anti-mouse CD31 antibody (D). All images were obtained at 400x magnification.

Figure 8: Biodistribution of RGD-biotin-liposomes (RGD-B-L) and biotin-liposomes (B-L) approximately
170 minutes after intravenous liposomal administration, in mice that were subsequently left untreated
(A) and in mice that were infused with avidin (B). Bars represent mean Gd content per g tissue ± SD
(n=2/group).
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6.3.4

Biodistribution

All mice were sacrificed at approximately 170 minutes after the intravenous administration
of the contrast agent. At this time point, significant quantities of both the RGD-biotinliposomes and the biotin-liposomes were still present in the blood in case no avidin was
infused

(Figure

8A).

The

concentration

of

RGD-biotin-liposomes

in

the

blood

(60.9 ± 2.8 μg Gd/g tissue) was however slightly lower than that of the biotin-liposomes
(91.7 ± 24.7 μg Gd/g tissue). In contrast, the amount of RGD-biotin-liposomes in the
spleen

(208.0 ± 7.1 μg Gd/g tissue)

was

higher

compared

to

the

biotin-liposomes

(131.0 ± 7.1 μg Gd/g tissue), while Gd levels in liver, kidney and lungs were comparable
for the two liposomal preparations. In avidin-infused mice the blood pool concentration of
both contrast agents was decreased below 3.8 ± 0.7 μg Gd/g tissue, whereas the uptake
in the spleen, liver and lungs was found to be strongly increased (Figure 8B). In these
avidin-infused mice, no differences in biodistribution were observed between the RGDbiotin-liposomes and the biotin-liposomes. No Gd uptake in skeletal muscle tissue was
observed (data not shown).

6.4

Discussion

In the present study we showed that an avidin chase can be used to rapidly clear nonbound RGD-functionalized or untargeted biotin-liposomes from the blood circulation, which
facilitated early imaging and increased the specificity of target-specific MR imaging of
tumor angiogenesis in vivo. Without avidin infusion, the RGD-functionalized and
untargeted biotin-liposomes caused similar levels of contrast enhancement in T1-weighted
MR images of B16F10 mouse melanoma, which slowly decreased in time. In contrast the
percentage of contrast enhancement in avidin-infused mice was rapidly reduced after the
onset of avidin infusion. The main result of this study was that avidin infusion in case of
biotin-liposomes led to almost complete elimination of the initial signal enhancement,
whereas a sizeable fraction of significantly enhanced pixels remained in case of RGDbiotin-liposomes. This notable difference between the two types of liposomes can not be
attributed to differences in Gd levels in the blood, as ICP measurements showed that the
concentrations of Gd after the last imaging time point were very low in both cases, i.e.
0.015 ± 0.007 mM and 0.024 ± 0.004 mM for the RGD-biotin-liposomes and the biotinliposomes, respectively. This is at least 4 times below the detection limits of the current
MRI scan procedure. Therefore, we interpret these data to imply that a significant fraction
of the contrast enhancement caused by RGD-biotin-liposomes in the tumors of non-avidininfused mice originated from target-associated contrast agent, while the remaining
contribution to MRI contrast enhancement originated from contrast agent circulating in the
blood. This signal enhancement associated with the latter fraction could potentially be
used to determine the total tumor blood volume. The above interpretation of the data was
confirmed by fluorescence microscopy, as in absence of an avidin chase RGD-biotinliposomes were found both in the vessel lumen and associated to the endothelial cells in
the tumors. The low percentage of pixels that remained enhanced within the tumors of
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avidin-infused mice that had first received biotin-liposomes strongly suggests that little
extravasation of these liposomes had occurred in the relatively short time span of our
study. This is supported by fluorescence microscopy images that showed only little
extravascular fluorescence. Several studies presented in literature showed that sterically
stabilized liposomes indeed require considerable time to accumulate into tumors30. This
finding suggests that the avidin chase can also be exploited for dynamic studies on the
extent of contrast agent extravasation in vivo. The actual rate and extent of liposome
extravasation depends both on the tumor type and microenvironment, as well as the size,
dose, formulation and blood half-life of the liposomes30;31. In B16F10 melanoma tumorbearing C57BL/6 mice, maximal accumulation of PEG-liposomes with a size of ~ 100 nm
was observed around 16 hours after intravenous injection32.
It is important to note that the calculated contrast-enhanced fractions of the tumor do not
provide absolute numbers on the volume fraction of angiogenic blood vessels but only
allow one to study the relative contributions of target-associated, extravasated or
circulating contrast agent. This is due to the fact that the measured contrast-enhanced
fractions depend on multiple factors, including imaging sequence parameters, signal-tonoise and data analysis criteria. Conventionally, contrast enhancement in MR images is
quantified by comparing the post-contrast signal intensity of each single pixel to its precontrast signal intensity. However, pixel-by-pixel analysis could not be applied in the
present study, as a careful analysis of the time-course images revealed unacceptable
displacements in the order of ≥ 2 pixels, when comparing images before and after onset of
avidin infusion. Consequently, we needed to resort to an alternative method of data
analysis, in which the signal intensity was considered significantly contrast-enhanced
above a threshold value that was determined by the average signal intensity in the tumor
plus 5 times the standard deviation of the noise. In this manner an unbiased threshold was
set for each imaging slice. The disadvantage of this method is the occurrence of precontrast-enhanced pixels, which are excluded from the final post-contrast-enhanced
fraction, even if they are further enhanced following contrast injection.
In the present study, the final contrast-enhanced fraction remaining after avidin infusion
was 6.2 ± 3.9 % in mice that received RGD-biotin-liposomes. We consider it likely that
these values are relatively low due to the large extent of necrosis in the fast growing
B16F10 tumor model. A slower growing tumor model might have resulted in a larger
fraction of target-associated contrast agent.
Fluorescence microcopy images showed that avidin-2-B4F (Figure 7) co-localized with a
substantial

fraction

of

the

endothelial

cell-associated

RGD-biotin-liposomes,

which

suggests limited internalization of this contrast agent in vivo. Consequently, the infusion of
avidin may have dissociated a fraction of the membrane-bound RGD-biotin-liposomes from
the endothelial cells due to the high binding affinity of avidin to biotin. Moreover, avidin
may also have bound to endothelial cell-associated RGD-biotin-liposomes without
dissociating the contrast agent from these cells, which in turn could have recruited more
RGD-biotin-liposomes from the blood pool to the endothelial target through the biotin-
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avidin interaction. The latter effect indeed seemed to occur, as avidin-induced liposomal
aggregates were observed in the tumor, where they co-localized with the endothelial cells.
Furthermore, binding of avidin-2-B4F to the cell-associated RGD-biotin-liposomes could
have

induced

internalization

of

the

RGD-biotin-liposome-avidin-2-B4F

complex

as

previously observed for biotinylated monoclonal antibodies33 and dendrimers34.
The onset of avidin infusion initiated an initial large drop in the percentage of contrastenhanced pixels in the MR images in the RGD-biotin-liposome group, which was further
decreased in a gradual manner. Possibly, this secondary decrease can be attributed to the
gradual dissociation of some target-associated RGD-biotin-liposomes. In that case, some
dissociation from the target may have also occurred at the early time point post-avidin
infusion. Moreover, the measured contrast enhancement could also suffer from partial
quenching of the T1-shortening due to limited water exchange with the inside of the large
target-associated liposomal aggregates that were formed due to the avidin-infusion and/or
due to internalization of these aggregates. Both partial dissociation and quenching of T1
may lead to an underestimation of the contribution of the target-associated contrast agent
to the observed contrast enhancement in T1-weighted MR images.
ICP analysis of the organ tissues showed a higher uptake of the RGD-biotin-liposomes by
the spleen as compared to the untargeted biotin-liposomes, whereas only little differences
were observed between the targeted and the untargeted liposomes for the other organs.
This is in agreement with previous studies reported in literature, which predominantly
showed receptor-dependent uptake of radiolabeled RGD by macrophages in the spleen and
liver when compared to non-integrin binding controls18;35. Radiolabeled long-circulating
RGD-functionalized liposomes also showed significantly increased accumulation in the
spleen at 24 hours after intravenous administration compared to control-liposomes both in
rats17 and mice16, whereas no significant differences were observed in the liver. In those
studies the RGD-liposomes displayed a blood half-life in the order of 2-8 hours, which was
increased by at least a factor 2 for control liposomes. Blood half-lives of the untargeted
and the RGD-functionalized biotin-liposomes used in the present study were not
determined. Alternatively, the blood levels of Gd were measured at 170 minutes after
intravenous injection of the contrast agent. At this time point the blood levels of RGDbiotin-liposomes were lower than that of biotin-liposomes. However, this difference was
relatively small compared to the RGD-induced decrease in liposomal blood levels described
in literature16;17. Differences in blood clearance kinetics between the biotin-liposomes used
in the present study and the radiolabeled liposomes presented in literature could originate
from several differences in experimental design, including liposome dose, liposome size,
liposome composition, and the amount of RGD per liposome36.
In previous studies massive avidin-induced accumulation of biotin-liposomes was observed
within the lungs at a spleen-to-lung ratio of ~ 1:226. In contrast, in the present study the
Gd content in the lungs upon avidin infusion was relatively low, as the spleen-to-lung ratio
was measured to be ~ 5.5:1. Most probably this is due to differences in the time point at
which the avidin infusion was started since both the biotinylated liposomes and the avidin
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were administrated at the same dose and volume rate. In the previous study the infusion
of avidin was started at 30 minutes after injection of the contrast agent, while it was
started after 1.5 hours in the present study. Consequently, the circulating levels of
contrast agent were lower in the present study, probably leading to smaller liposomal
clusters that were trapped by the lung capillaries to a smaller extent.
Over the last decades, liposomes were extensively applied as nanoparticulate drug carriers
for cancer therapy, in order to prevent drug degradation, inactivation and undesirable side
effects while increasing the amount of drug delivered to the tumor37. As discussed above,
RGD-biotin-liposomes aggregate on the tumor endothelium of avidin-infused mice. This
aggregation could be exploited as an amplification method to recruit large quantities of
biotin-liposome associated drugs to the tumor endothelium. For this purpose a third
injection with the drug-containing nanoparticle should be administered following the avidin
chase. These so-called 3-step labeling approaches have already been successfully applied
to improve the target-to-background ratio in nuclear imaging by radiolabeling biotinylated
monoclonal antibodies (mAb) only at the targeted site as circulating mAb were rapidly
removed through an avidin chase38;39. Importantly, in the present experimental set-up
only a relatively low dose of the nanoparticulate drug carrier would be required due to the
high binding affinity of biotin for avidin and the abundance of biotin at the targeted site.
However, directly following the avidin chase, significant accumulation of the RGD-biotinliposomes was also observed within the lung, spleen and liver, which may lead to
undesired side effects of the drugs and reduced binding of drug-containing liposomes to
the tumor endothelium. As shown in previous studies26, in these organs the contrast
agents were either internalized by macrophages or removed over time. Consequently, one
should find the optimal time point for the administration of the liposomal drugs.
In conclusion, the clearance strategy presented in this study can be used to investigate the
relative contributions of target-associated and circulating non-bound contrast agent to the
MRI contrast enhancement in tumor tissue. This allows studying tumor vascularization and
tumor angiogenesis in one single MRI experiment. Importantly, the presented strategy can
be applied to remove the blood pool component in the contrast-enhanced MR images at
various sites where flow suppression is not allowed or insufficient, which opens exciting
possibilities for studying detection limits and targeting kinetics of target-specific MRI
contrast agents in vivo.

124

MR molecular imaging of tumor angiogenesis

6.5
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

References
J. Folkman, Ann.Surg. 175, 409-416 (1972).
J. Folkman, EXS 79, 1-8 (1997).
A. W. Griffioen and G. Molema, Pharmacol.Rev. 52, 237-268 (2000).
R. Kerbel and J. Folkman, Nat.Rev.Cancer 2, 727-739 (2002).
P. C. Brooks et al., Cell 79, 1157-1164 (1994).
S. Liu, Mol.Pharm. 3, 472-487 (2006).
V. V. Sinitsyn, A. G. Mamontova, Y. Y. Checkneva, A. A. Shnyra, S. P. Domogatsky, J.Nucl.Med.
30, 66-69 (1989).
W. Cai et al., Nano Lett. 6, 669-676 (2006).
D. A. Sipkins et al., Nat.Med. 4, 623-626 (1998).
T. Ke et al., Int.J.Nanomedicine. 2, 191-199 (2007).
P. M. Winter et al., Cancer Res. 63, 5838-5843 (2003).
A. H. Schmieder et al., Magn Reson.Med. 53, 621-627 (2005).
W. J. Mulder et al., FASEB J. 19, 2008-2010 (2005).
W. J. Mulder et al., FASEB J. 21, 378-383 (2007).
C. Zhang et al., Cancer Res. 67, 1555-1562 (2007).
R. M. Schiffelers et al., J.Control Release 91, 115-122 (2003).
G. A. Koning et al., Arthritis Rheum. 54, 1198-1208 (2006).
A. J. Schraa et al., Int.J.Cancer 102, 469-475 (2002).
M. Sirol et al., Circulation 109, 2890-2896 (2004).
D. M. McDonald and P. L. Choyke, Nat.Med. 9, 713-725 (2003).
D. M. McDonald and P. Baluk, Chest 128, 602S-608S (2005).
B. Schechter, R. Silberman, R. Arnon, M. Wilchek, Eur.J.Biochem. 189, 327-331 (1990).
H. Kobayashi et al., Journal of Nuclear Medicine 35, 1677-1684 (1994).
P. Laverman et al., J.Nucl.Med. 41, 912-918 (2000).
H. Dafni et al., Magn Reson.Med. 50, 904-914 (2003).
G.A. van Tilborg, Ann Proceedings ISMRM, abstract 1698 (2008).
G. Rouser, S. Fkeischer, A. Yamamoto, Lipids 5, 494-496 (1970).
R. Deichmann and A. Haase, Journal of Magnetic Resonance 96, 608-612 (1992).
E. M. Haacke, R. W. Brown, Thompson M.R., Venkatesan R., Magnetic Resonance Imaging,
Physical Principles and Sequence Design, John Wiley and Sons, Inc. (1999).
D. C. Drummond, O. Meyer, K. Hong, D. B. Kirpotin, D. Papahadjopoulos, Pharmacol.Rev. 51, 691743 (1999).
S. K. Hobbs et al., Proc.Natl.Acad.Sci.U.S.A 95, 4607-4612 (1998).
H. D. Han et al., J.Control Release 120, 161-168 (2007).
P. Casalini et al., J.Nucl.Med. 38, 1378-1381 (1997).
H. Kobayashi et al., Bioconjug.Chem. 12, 587-593 (2001).
M. L. Janssen et al., Cancer Res. 62, 6146-6151 (2002).
P. Holig et al., Protein Eng Des Sel 17, 433-441 (2004).
V. P. Torchilin, AAPS.J. 9, E128-E147 (2007).
P. Magnani et al., Journal of Nuclear Medicine 37, 967-971 (1996).
P. Casalini et al., Journal of Nuclear Medicine 38, 1378-1381 (1997).

125

Chapter 6

126

Chapter 7

General discussion

Chapter 7

In this thesis novel contrast agents and improvement strategies for MR molecular imaging
of apoptosis and angiogenesis were introduced. A general discussion on issues that were
not addressed in the preceding chapters will be given here, followed by some future
perspectives of the presented work.

7.1

Contrast agent internalization

In Chapter 2, three different lipid-based annexin A5-functionalized particles were
presented for molecular imaging of apoptosis, which were all shown to allow the detection
of apoptotic Jurkat cells in T1- or T2-weighted MR images in vitro. Subsequently, it was
demonstrated in Chapter 3 that co-incubation of Jurkat cells with the apoptotic stimulus
for 3.5 hours in Ca2+-containing medium results in endosomal internalization of a
polysaccharide-coated

annexin A5-functionalized

iron oxide

particle.

In

contrast,

incubation following the standard binding procedure, i.e. 15 minutes incubation with an
apoptotic cell suspension (~ 40-50% apoptosis) in Ca2+-containing buffer in the absence of
the

apoptosis-inducing

ligand,

was

shown

to

predominantly

result

in

membrane

association of the contrast agent. As the latter method was also used for incubation with
the particles presented in Chapter 2, the main fraction of these lipid-based agents can be
assumed to be bound to the cell membrane. This hypothesis appears to be confirmed by
fluorescence microscopy investigations. Whether lipid-based agents are also internalized
when cells are simultaneously exposed to the apoptotic stimulus remains to be
investigated. This is especially of importance since massive internalization of similar
paramagnetic liposomes into endosomal compartments in a endothelial cell line has been
recently shown to strongly quench the T1 effect1. Possibly, the annexin A5-functionalized
paramagnetic micelles that were applied in the in vivo mouse model of atherosclerosis
(Chapter 4) were also internalized, either by cells dying due to exposure to an apoptotic
stimulus or by macrophages. Consequently, the relatively small increase in the T1weighted signal intensity of the atherosclerotic abdominal aorta may result from a
quenching effect. Importantly, the relatively small amount of annexin A5-iron oxide
internalization observed in Chapter 3 did not seem to strongly affect the different MR
parameters in vitro.

7.2

Contrast agent improvements

Recently, several improvements in the design of lipid-based contrast agents were
investigated by our group. The first concerns the preparation of the micellular agents with
an iron oxide or quantum dot nanocrystallic core. In Chapter 2 these particles were
prepared by hydration of a lipid film that additionally contained either iron oxide particles
or quantum dots. Recently, these particles were prepared by continuous infusion of
chloroform-dissolved lipid/iron oxide or lipid/quantum dot mixtures into warm HEPES
buffered
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saline,

resulting

in

more

monodisperse

micellular

agents2.

Furthermore,
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near-infrared fluorescent PEG2000-DSPE lipids were developed, which were incorporated
in

the

paramagnetic

micelles

presented

in

Chapter

4.

Near-infrared

dyes

are

advantageous as they both are excited by and emit light of a longer wavelength which
dramatically increases the penetration depth of fluorescence imaging techniques, while
reducing interference from tissue autofluorescence. Since the near-infrared probe (Cy5.5)
was conjugated to the distal end of the PEG spacer, this agent is expected to allow
significant improvement of the fluorescent properties of the micellular iron oxide, which
suffered from fluorescent quenching that was most likely induced by the iron oxide core
(Chapter 2). Moreover, a novel Gd-based lipid (Gd-DOTA-DSPE) has been developed. GdDOTA-DSPE-based liposomes had a longitudinal relaxivity that was almost a factor 2
higher than that of our previously developed Gd-DTPA-BSA-containing liposomes3. This
increase in r1 was attributed to improved access of water molecules to the inner sphere of
the novel DOTA chelate, as evidenced by a significantly lower water exchange correlation
time τm for Gd-DOTA-DSPE-liposomes compared to liposomes containing Gd-DTPA-BSA.
Differences in τm were hypothesized to result from the position of the Gd-based lipids in
the liposome membrane. The Gd-DOTA complex most likely extends from the liposome
membrane as it is conjugated to the phosphate group of the phospholipid, whereas the
Gd-DTPA complex is presumably positioned in between the polar headgroups of the other
phospholipids in the membrane since the complex itself forms the polar headgroup of GdDTPA-BSA. Obviously these improvements are advantageous for molecular imaging of
sparse molecular epitopes at disease sites.

7.3

Biodistribution and toxicity

The biodistribution of a biotinylated version of the paramagnetic liposomes, as presented
in Chapter 2, was studied in Chapter 5. Biotin-liposomes displayed long circulation times
in C57BL/6 mice (t1/2α = 2.1 ± 1.1 hours; t1/2β = 15.1 ± 5.4 hours), which were drastically
shortened by subsequent administration of avidin. Biodistribution studies described in
Chapter 5 were limited to a time window of 48 hours post-injection of the nanoparticulate
contrast agent, during which the biotin-liposomes were observed to accumulate primarily
in the spleen and liver, whereas significant additional deposition was observed in the lungs
of mice that received avidin for accelerated blood clearance. The time point at which the
avidin chase was started appeared to be of key importance for the accumulation of biotinliposomes in the lungs, as the gadolinium content in mouse lung was strongly reduced
when avidin infusion began at 90 minutes (Chapter 6) instead of 30 minutes after
contrast agent injection (Chapter 5).
These short-term biodistribution studies should be followed by long-term assessments of
the

tissue

retention

time,

biodegradation,

excretion

and

toxicity

profile

of

the

paramagnetic agent. This is especially of importance as free Gd3+ ions are known to be
highly toxic and may dissociate from its chelate under certain conditions. Over the last
years, release of Gd3+-ions from clinically approved chelates has been related to the
occurrence of nephrogenic systemic fibrosis (NSF) in patients with severe or end-stage
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renal failure4;5. In these patients the blood half-life of the complex may be increased up to
a factor of 20 in comparison to healthy individuals. This phenomenon increases the chance
for dissociation of the Gd3+-ion from the chelate through transmetallation by endogenous
cations such as Zn2+, Cu2+ and Ca2+. Especially linear gadolinium chelates like Gd(DTPA)2-,
Gd(DTPA-BMA) and Gd-DTPA-BSA were found to be susceptible to transmetallation with
Zn2+, which is considered the most important candidate for in vivo transmetallation.
Importantly, the newly designed Gd-DOTA-DSPE showed no significant transmetallation
with Zn2+, and is therefore more suitable for in vivo applications than Gd-DTPA-BSA3.
Similar research should also be performed on the pharmacokinetic behavior and toxicity of
the micellular contrast agents presented in Chapter 2. Toxicity studies are particularly
important for the in vivo application of the paramagnetic micellular quantum dots, as the
lipid monolayer contains 50% of Gd-DTPA-BSA, while the quantum dot core consists of the
metals cadmium (Cd) and selenium (Se). These latter metals are known to be highly toxic
at relatively low concentrations (parts per million)6. Recently, several improvements
concerning quantum dot toxicity have been proposed such as the replacement of cadmium
with zinc7 or the introduction of a silica coating for improved stability8. In contrast to
paramagnetic micellular quantum dots, superparamagnetic iron oxide micelles are
expected to be marginally toxic as iron oxide-based imaging agents are known to be
biodegraded and recycled by cells using normal biochemical pathways for iron metabolism,
without inducing toxic effects9.

7.4

Avidin-induced blood clearance

In Chapter 6 an avidin chase was applied for studying target-specific imaging of tumor
angiogenesis, using paramagnetic RGD-functionalized biotin-liposomes. A similar approach
could potentially be used in case of molecular imaging of apoptosis with the annexin A5liposomes presented in Chapter 2. Preliminary ellipsometry experiments indeed revealed
that paramagnetic biotinylated annexin A5-liposomes maintain their specificity for PS and
remain associated with a PS/PC bilayer upon binding of avidin (data not shown). Similar
results were obtained in experiments with Jurkat cells, in which the annexin A5-biotinliposomes were shown to bind specifically to apoptotic cells and allowed successive
association of streptavidin-FITC without being released from their target, as measured
with flow cytometry (data not shown).
Several studies presented in literature successfully demonstrated the use of an avidin
chase to rapidly clear a wide range of biotinylated materials from the blood pool, including
proteins10, monoclonal antibodies11, dendrimers12 and liposomes (Chapter 5 and 6).
Therefore, avidin probably also is capable of inducing accelerated blood clearance of
biotinylated versions of the micellular agents presented in Chapter 2 and 4. Both for the
liposomal and micellular contrast agents this would allow an increase of the target-tobackground ratio and/or a study of targeting kinetics in experimental models in vivo,
which may provide handles to improve formulations of MR molecular imaging agents and
MRI detection methods.
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7.5

Clinical translation

All contrast agents introduced in Chapter 2 are composed of micellular or liposomal
structures that either enclose or include MR contrast agents. At present, several MR
contrast agents are FDA- and/or EMEA-approved. For positive contrast agents these
include gadolinium-based extracellular agents such as Gd(DTPA)2- (Magnevist®) and
Gd(DOTA)-1 (Dotarem®), the albumin-binding blood-pool agent gadofosveset trisodium
(Vasovist®), and manganese dipyroxyl diphosphate (Mn(DPDP), Teslascan®), which is
approved for the detection of liver lesions. In case of negative contrast agents a number of
SPIOs such as Endorem® and Feridex®

are accepted for T2-weighted imaging of liver

lesions, while several USPIOs are undergoing clinical trials for the detection of lymph node
metastasis (Sinerem®, Combidex®) and for use as blood-pool agents (Supravist®).
Currently, liposomes and micelles are predominantly applied as drug carriers for improved
cancer

chemotherapy.

doxorubicin-containing

Such

pharmaceutical

PEGylated

liposomes

vehicles
(Doxil®)

include
and

clinically

liposomal

approved

daunorubicin

(DaunoXome®) for the treatment of Kaposi’s sarcoma, as well as paclitaxel-loaded
polymeric micelles (Genexol-PM), which are currently in clinical evaluation for the
treatment of pancreatic cancer. In contrast to lipid-based drug carriers, the use of
liposomes and micelles for diagnostics has been limited to experimental applications only.
The bimodal contrast agents introduced in Chapter 2 and 4 are not considered suitable
for clinical applications. First of all due to the incorporation of non-approved contrastgenerating molecules such as Gd-DTPA-BSA, oleic acid coated iron oxide particles and
quantum dots. Possibly these issues can be overcome by the introduction of improved
compounds such as the more stable Gd-DOTA-DSPE. Secondly, the lipid-based imaging
agents display unfavorable biodistribution as they accumulate in organs such as liver and
spleen, whereas renal excretion would be favorable for its clinical application as a
diagnostic agent. Nevertheless, these particles are considered to be of great value for preclinical studies, since they introduce the possibility to non-invasively image disease
progression as well as therapeutic efficacy at the cellular and even molecular level in a
longitudinal fashion.

7.6

Future perspectives

Throughout this thesis several agents for MR molecular imaging of apoptosis and
angiogenesis were presented, while additionally introducing a novel strategy to improve
target-specific MR imaging. Importantly, both apoptosis and angiogenesis are involved in
different

stages

of

several

clinically

relevant

disorders,
14;15

cardiovascular diseases such as myocardial infarction

including

cancer13

and

. Tumors growing beyond a

diameter of ~ 2 mm are characterized by extensive angiogenesis, while displaying
significantly reduced overall tumor cell apoptosis compared to dormant tumors. In case of
myocardial infarction, extensive cardiomyocyte apoptosis is observed acutely after the
ischemic insult, whereas angiogenesis occurs as part of the healing and remodeling
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process. Consequently, non-invasive imaging of apoptosis and angiogenesis is considered
of great value for the diagnostics of the aforementioned diseases. Especially since both
processes are also recognized to be important therapeutic targets. For instance, numerous
anti-angiogenic drugs have been developed for cancer therapy16. Several of these drugs
were shown to induce endothelial cell apoptosis in the tumor vasculature, leading to a
capillary drop-out that subsequently evokes apoptosis of surrounding tumor cells.
Moreover, angiogenesis-promoting and apoptosis-inhibiting therapies are explored as
potential strategies for the treatment of ischemic heart disease17;18.
The tools presented throughout this thesis may provide a window of opportunities to noninvasively study disease stage as well as therapeutic efficacy in high resolution MR images
with excellent soft tissue contrast. Interestingly, complementary functional information
such as cardiac function after myocardial infarction can be obtained within the same MR
experiment by applying different imaging protocols. Incorporated fluorescent labels
additionally allow validation of target-specific interaction of the contrast agent at the
cellular level both in vivo, using intravital microscopy and ex vivo, using microscopic
analysis of tissue sections. Furthermore, such studies could also largely benefit from the
latest advances on hybrid imaging technologies, like positron emission tomography
(PET)/MRI19 and single photon emission computed tomography (SPECT)/MRI20. First of all,
combining target-specific contrast-enhanced MR images with

18

F-FDG PET scans would be

highly valuable, as the latter procedure is clinically approved and frequently used for
tumor staging and the assessment of myocardial viability. Moreover, SPECT tracers could
be easily included into the lipid-based agents, thereby allowing long-term quantitative
studies on whole body biodistribution of the contrast agent in vivo, which at present is not
possible with MRI and optical imaging techniques. Altogether, these advances in
multimodal technologies as well as molecular imaging offer great promise for future
diagnostics.
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Summary
Molecular imaging is a rapidly emerging field of research, which can be broadly defined as
the in vivo characterization and measurement of biological processes at the cellular and
molecular level. In contrast to conventional clinical diagnostic imaging, this novel field
focuses on the in vivo visualization of molecular and cellular processes that underlie
disease, thereby allowing its early detection and characterization. For this purpose,
conventional imaging modalities are combined with the use of so-called targeted contrast
agents that are intended to specifically bind to receptors, which are abundantly expressed
at diseased sites.
The objective of the present thesis was to develop novel methods for magnetic resonance
(MR) molecular imaging of apoptosis (programmed cell death) and angiogenesis (the
formation of new blood vessels from pre-existing vessels), as these processes play a key
role in the etiology as well as treatment of various disorders with a high prevalence, such
as cancer and cardiovascular disease. Magnetic resonance imaging (MRI) was used as this
imaging modality provides excellent soft tissue contrast at a high spatial resolution
throughout the whole body without using ionizing radiation. MRI however suffers from
relatively low sensitivity, and therefore potent contrast agents were designed that
contained a high quantity of contrast-generating material such as iron oxide crystals or
gadolinium ions. Furthermore, novel molecular imaging methods were introduced and
applied to examine important aspects of biomarker-specific MRI.
Chapter 1 gives a general introduction to contrast agents for MRI, in which basics such as
T1 and T2(*) relaxation, relaxivities (r1 and r2(*)) and contrast-generating mechanisms, as
well as contrast agent applications are discussed. Moreover, the main molecular pathways
of apoptosis and angiogenesis are described.
The following three chapters concentrate on molecular imaging of the apoptotic process.
An

important

hallmark

of

apoptosis

is

the

appearance

of

the

phospholipid

phosphatidylserine (PS) in the outer leaflet of the cell membrane, which can be exploited
as a diagnostic marker for apoptosis by using annexin A5 conjugates. Chapter 2 and 3
contain in vitro studies on annexin A5-functionalized contrast agents, whereas an in vivo
application is described in Chapter 4.
In Chapter 2 three different types of lipid-based annexin A5-functionalized MR contrast
agents were designed with either a micellular or liposomal morphology. MR contrast was
generated by incorporation of T1-reducing paramagnetic gadolinium lipids in the lipid
(bi)layer or by encapsulation of T2(*)-reducing superparamagnetic iron oxide particles in
the micellular core. Bimodality was obtained by additional inclusion of fluorescent labels,
i.e.

fluorescent

paramagnetic

lipids

micelles

or

quantum

(~ 10 nm),

dots.

The

resulting

superparamagnetic

annexin A5-functionalized

micelles

(~ 10 nm),

and

paramagnetic liposomes (~ 100 nm) all demonstrated high specificity for apoptotic Jurkat
cells, and could be easily detected with MRI and fluorescence microscopy. Their differences
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in size, magnetic and fluorescent properties provide the possibility to choose the optimal
contrast agent for future in vivo applications.
Chapter 3 showed specific association of commercially available annexin A5-functionalized
polysaccharide-coated iron oxide particles to apoptotic Jurkat cells. Importantly, it was
shown that cell membrane association led to internalization of these particles when coincubated with the apoptotic stimulus, which is also expected to occur in vivo. In the
present study, marginal differences were observed between the r2*/r2 ratios of membraneassociated and internalized iron oxide particles, which suggested that both T2- and
especially T2(*)-weighted imaging sequences are suitable for their detection.
In Chapter 4 annexin A5-functionalized paramagnetic micellular contrast agents were
applied for the non-invasive MRI-based detection of PS-exposing cells in atherosclerotic
lesions. Both in vivo MRI as well as ex vivo near-infrared fluorescence imaging (NIRF)
showed higher signal enhancement in aortas of apoE-/- mice at 24 hours post-injection of
the annexin A5-micelles compared with untargeted control micelles. Confocal fluorescence
microscopy confirmed association of the target-specific contrast agent with macrophages
and apoptotic cells. These results may be of great value for future diagnostics of
atherosclerotic lesion type, as the presence of PS-exposing cells is believed to strongly
correlate with plaque vulnerability.
The last part of this thesis deals with the pharmacokinetic behavior of liposomal contrast
agents as presented in Chapter 2. These nanoparticles were coated with poly(ethylene
glycol) (PEG), which is known to increase their circulation half-life and should allow for
extensive accumulation at the targeted site. However, the resulting target-to-background
ratio may be reduced due to circulating agents that are also detected in the MR images.
Therefore, in Chapter 5 we incorporated biotin in the bilayer of the paramagnetic
liposomes and successfully introduced a novel strategy to rapidly clear these liposomes
from the blood circulation in C57BL/6 mice through a so-called avidin chase. Avidininduced clearance was confirmed both with dynamic in vivo MRI and by determination of
the Gd content in blood samples ex vivo.
In Chapter 6 the avidin chase was applied to remove non-bound RGD-biotin-liposomes
from the blood pool in B16F10 tumor-bearing C57BL/6 mice. These liposomes target the
αvβ3 integrin, which is strongly expressed in angiogenic blood vessels. The avidin chase
demonstrated that besides target-associated contrast agent, the circulating contrast agent
contributed significantly to the MR contrast enhancement in the tumor as well. These
results were confirmed by ex vivo fluorescence microscopy. Consequently, this clearance
methodology may be used to increase the specificity of molecular MRI of tumor
angiogenesis.
Finally, Chapter 7 concludes with a general discussion on the preceding chapters, followed
by some thoughts on future perspectives of the work presented.
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De afgelopen jaren heb ik me regelmatig hardop afgevraagd of worst verkopen bij de
HEMA me niet gelukkiger zou maken dan een promotie. Gelukkig heb ik die carrière move
nooit gemaakt, en zie hier het resultaat! Graag wil ik van deze mogelijkheid gebruik
maken om een aantal mensen te bedanken die (op welke wijze dan ook) hebben
bijgedragen aan het bereiken van deze mijlpaal.
Klaas, ongeveer 5,5 jaar geleden vroeg jij me voor een promotieplek nadat ik in jullie
groep was afgestudeerd. Bedankt dat je me daarmee de mogelijkheid hebt gegeven om in
alle vrijheid mijn eigen onderzoek te kunnen doen, en dit vervolgens op verschillende
internationale congressen te presenteren. Jouw vertrouwen en kritische houding hebben
ertoe geleid dat hier nu een heel mooi boekje ligt.
Gustav, als mijn dagelijkse begeleider moet mijn perfectionisme je af en toe wel eens tot
wanhoop hebben gedreven. Bedankt dat je op ieder moment van de dag toch altijd weer
de tijd nam om mijn lijstjes met vragen te beantwoorden of me (op verzoek) gerust te
stellen dat alles wel goed zou komen. Naast een geweldige begeleider heb ik je ook leren
kennen als een gezellige kerel. Ik hoop dat er nog vele gelegenheden volgen waarop we
samen één (of meerdere) biertje(s) kunnen drinken. Drie december wordt de eerste!
Chris, als apoptose expert was jij onmisbaar voor het ontstaan van een groot deel van
mijn proefschrift. Bedankt voor de stimulerende discussies op de momenten dat we weer
eens met zijn allen om de tafel zaten. Tevens zou ik hierbij meteen Niko, Cecile, Petra en
Lisette van de afdeling Biochemie in Maastricht willen bedanken voor alles wat te maken
heeft met annexine, FACS-en, ellipsometrie en natuurlijk gezelligheid tijdens een lab-dagje
in Maastricht.
Willem, toen ik je tijdens mijn afstudeerperiode leerde kennen vond ik je een beetje eng.
Gelukkig zijn die tijden al lang voorbij en hebben we de afgelopen jaren op geweldige
wijze samengewerkt en menig feestje gevierd. Ik heb enorme waardering voor je
creativiteit, enthousiasme (hetgeen je ook altijd weer over weet te brengen op anderen)
en de manier waarop je jouw onrust omzet in productiviteit (of spierballen). Bedankt dat
je er altijd voor me was, zelfs al zat je in New York! Veel succes in je verdere
wetenschappelijke carrière en heel veel geluk met je vrouwen.
With this I would also like to thank Zahi for providing the opportunity to visit the Imaging
Science Laboratories in New York, which finally resulted in Chapter 4. Furthermore, I
would like to thank all members of that group for their hospitality, and especially Gilbert,
Venky, Esad, Torjus and Karen for their experimental assistance.
Daarnaast wil ik Holger Gruell, Sander Langereis, Roy le Clercq, Jeannette Smulders en
Thea Haex van Philips Research bedanken voor alle DLS en ICP metingen.

139

Dankwoord

Nico Sommerdijk, Emilie Pouget, Erik Sanders, Peter Frederik, Paul Bomans en Hans
Duimel, bedankt voor alle prachtige (cryo-)TEM plaatjes die in verschillende hoofdstukken
terug te vinden zijn.
Tevens zou ik graag Arjan en Petra van het angiogenese lab in Maastricht willen bedanken
voor hun expertise, gastvrijheid en hulp bij alle angiogenese-gerelateerde experimenten.
In dit rijtje mag natuurlijk ook Daisy niet ontbreken. Daisy, zonder jou had geen enkele
muis een tumor gehad, hetgeen positief is voor de invulling van hoofdstuk 6! Het was leuk
om je een jaartje als collega in ons midden te hebben en ik wens je heel veel succes in je
verdere carrière.
Gedurende een promotie zijn vooral je kamergenoten vaak de mensen waar je al je
werkgerelateerde (en soms ook persoonlijke) lief en leed mee deelt. Aangezien ik een
record aantal van 4 verschillende kamers binnen de B-vleugel heb bewoond is er een lijstje
aan (ex)-kamergenoten die ik graag in het zonnetje wil zetten. Nicole, persoonlijk denk ik
dat een tennis carrière er voor ons nooit meer in zal zitten, maar ik blijf dromen van een
dagje competitie. Bedankt voor je luisterend oor en als ik jou ooit om 23:00 uur met een
gebroken pols naar het ziekenhuis moet brengen dan weet je me te vinden. Ewelina, my
favorite chaotic Polish woman! I really enjoyed working with you and I hope we will ever
be able to forget about our phosphate determination trauma. If you ever find out about
the toucans, please let me know! Bram, het menneke van onze kamer en ontzettende
spuit 11. Respect voor de manier waarop jij je kunt afsluiten voor je omgeving om je
volledig te kunnen concentreren op de belangrijke zaken in het leven: onderzoek! Jammer
dat je niet van de ICT service desk was maar toch bedankt voor al je hulp bij bijvoorbeeld
het kiezen van een kleur groen. Ward, als er iemand altijd voor me klaar stond (om
bijvoorbeeld ernstige Matlab issues op te lossen of met een lekker bakje koffie wanneer ik
een enorme kater had) was jij het wel. Samen hebben we heel wat lol gehad tijdens de
catering boodschapjes, als film regisseurs en tijdens de diverse uitjes. We houden zeker
contact! Henk, als uitvinder van de y-connector heb jij onbewust een substantiële bijdrage
geleverd aan zowel hoofdstuk 5 als 6. Daarnaast heeft ons gemeenschappelijke sarcasme
tot veel gezelligheid geleid. Jammer dat je nu in de USA zit maar gelukkig bestaat er
zoiets als (functional)-MSN. Anneriet, bedankt voor alle benodigde girl-talk tijdens de
eerste jaren en ik zal nooit vergeten hoe jij me hebt bijgestaan tijdens mijn eerste
experimentele in vivo dagen. Edwin, als collega-aio zaten wij de afgelopen maanden in een
soortgelijk schuitje. Gefeliciteerd met jouw titel en heel veel geluk in jullie nieuwe huisje.
Bart Erich, ondanks het feit dat de mij lang beloofde site www.geraldating.com nog steeds
niet in de lucht is hoop ik je toch nog eens aan de vrouw te helpen. En Hans, mocht je ooit
nog eens een uitje naar het zwembad organiseren dan ben ik erbij!
Buiten alle kamers zijn er een aantal mensen waar ik ook graag nog een aantal woorden
aan wil wijden. Jeanine, als ik ooit nog eens hulp nodig heb bij het kiezen van wasmiddel
ben je de eerste die ik bel. Succes met je mannen! Jef, er is niemand die zo enthousiast
over de gang kan schreeuwen: “koffie!!”. Ooit gaan we samen nog eens die spoel bouwen
en ik blijf wachten op die uitnodiging voor een stukje vers gebakken appeltaart bij jou
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N-laag af te leveren, wat een service! En Bram, guitar hero spelen doet inderdaad
wonderen, bedankt!
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Hanneke, bedankt voor alles en heel veel geluk met de gezinsuitbreiding.
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afgesloten. Het was niet altijd even gemakkelijk maar we hebben het gered. Nu is het tijd
voor ons!

141

Dankwoord

142

List of publications

List of publications
Papers
•

W.J.M. Mulder, G.J. Strijkers, G.A.F. van Tilborg, A.W. Griffioen, K. Nicolay.
Lipid-based nanoparticles for contrast-enhanced MRI and molecular imaging,
NMR Biomed. 2006 Feb;19(1):142-164.

•

G.A.F. van Tilborg, W.J.M. Mulder, N. Deckers, G. Storm, C.P.M. Reutelingsperger,
G.J. Strijkers, K. Nicolay.
Annexin A5-functionalized bimodal lipid-based contrast agents for the detection of
apoptosis, Bioconjug Chem. 2006 May-Jun; 17(3):741-9.

•

G.A.F. van Tilborg, W.J.M. Mulder, P.T.K. Chin, G. Storm, C.P.M. Reutelingsperger,
K. Nicolay, G.J. Strijkers.
Annexin A5-conjugated quantum dots with a paramagnetic lipidic coating for the
multimodal detection of apoptotic cells, Bioconjug Chem. 2006 Jul-Aug;17(4):865868.

•

G.J. Strijkers, W.J.M. Mulder, G.A.F. van Tilborg, K. Nicolay.
MRI contrast agents: current status and future perspectives, Anticancer Agents Med
Chem. 2007 May; 7(3): 291-305.

•

G.A.F. van Tilborg, G.J. Strijkers, E.M. Pouget, C.P.M. Reutelingsperger,
N.A.J.M. Sommerdijk, K. Nicolay, W.J.M. Mulder.
Kinetics of avidin-induced clearance of biotinylated bimodal liposomes for improved
MR molecular imaging, Magn Reson Med. 2008, In press.

•

G.A.F. van Tilborg, W.J.M. Mulder, D.W.J. van der Schaft, C.P.M. Reutelingsperger,
A.W. Griffioen, G.J. Strijkers, K. Nicolay.
Improved MR molecular imaging of tumor angiogenesis by avidin-induced clearance of
non-bound bimodal liposomes, Neoplasia 2008, In press.

•

G.A.F. van Tilborg, T. Geelen, H. Duimel, P.H.H. Bomans, P. Frederik,
H.M.H.F. Sanders, N.M. Deckers, R. Deckers, C.P.M. Reutelingsperger, G.J. Strijkers,
K. Nicolay.
Internalization of annexin A5-functionalized iron oxide particles by apoptotic Jurkat
cells, Submitted.

•

W.J.M. Mulder, G.J. Strijkers, G.A.F. van Tilborg, D.P. Cormode, Z.A. Fayad,
K. Nicolay.
Nanoparticulate assemblies of amphiphiles and diagnostically active materials for
multimodality imaging, Submitted.

•

G.A.F. van Tilborg, E. Vucic, T. Skajaa, D.P. Cormode, V. Mani,
C.P.M. Reutelingsperger, G.J. Strijkers, Z.A. Fayad, W.J.M. Mulder, K. Nicolay.
Molecular MRI and fluorescence imaging of atherosclerosis using annexin A5functionalized bimodal nanoparticles, In preparation.

Book chapter
•

G.J. Strijkers, G.A.F. van Tilborg, T. Geelen, C.P.M. Reutelingsperger, K. Nicolay.
Current Applications of Nanoparticles for MR Imaging of Apoptosis, Methods in
Molecular Biology. Cancer Nanotechnology in Methods in Molecular Biology Series.
Eds.: Stephen Grobmyer, Brij Moudgil. Humana Press Inc. (2008).

143

List of publications

Conference proceedings (first author only)
•

G.A.F. van Tilborg, G.J. Strijkers, C.P.M. Reutelingsperger, K. Nicolay.
Annexin V-functionalized USPIO as a contrast agent for apoptotic jurkat cells,
Proceedings Ann Meeting ESMRMB 2004, Magma, Vol.17, Suppl.1, S223.

•

G.A.F. van Tilborg, G.J. Strijkers, W.J.M. Mulder, C.P.M. Reutelingsperger,
K. Nicolay.
Annexin V-functionalized multimodal liposomes as contrast agents for apoptotic cells,
Proceedings Ann Meeting ISMRM 2005.

•

G.A.F. van Tilborg, W.J.M. Mulder, G.J. Strijkers, C.P.M. Reutelingsperger,
K. Nicolay.
Imaging of apoptosis using targeted lipid-based bimodal contrast agents, Proceedings
Ann Meeting SMI 2005, Molecular Imaging, volume 4, number 3, 546.

•

G.A.F. van Tilborg, W.J.M. Mulder, N. Deckers, P.T.K. Chin, C.P.M. Reutelingsperger,
G.J. Strijkers, K. Nicolay.
Targeted lipid-based bimodal contrast agents for the detection of apoptosis,
Proceedings Meeting ESMI 2006.

•

G.A.F van Tilborg, W.J.M Mulder, P.T.K. Chin, C.P.M Reutelingsperger,
G.J. Strijkers, K. Nicolay.
Annexin A5-conjugated quantum dots with a paramagnetic lipidic coating for the
multimodal detection of apoptotic cells, Proceedings Ann Meeting ISMRM 2006.

•

G.A.F. van Tilborg, G.J. Strijkers, H. Duimel, P. Bomans, P.M. Frederik,
C.P.M Reutelingsperger, K. Nicolay.
Internalization of annexin A5-USPIOs by apoptotic cells, Proceedings Ann Meeting
ISMRM 2006.

•

G.A.F. van Tilborg, W.J.M. Mulder, N.A.J.M. Sommerdijk, G.J. Strijkers, K. Nicolay.
Avidin-induced clearance of biotinylated paramagnetic liposomes for improved
magnetic resonance imaging, Proceedings Ann Meeting ISMRM 2007.

•

G.A.F. van Tilborg, G.J. Strijkers, E.M. Pouget, C.P.M. Reutelingsperger,
N.A.J.M. Sommerdijk, K. Nicolay, W.J.M. Mulder.
Kinetics of avidin-induced clearance of biotinylated bimodal liposomes for improved
MR molecular imaging, Proceedings Ann Meeting ISMRM 2008.

•

G.A.F. van Tilborg, W.J.M. Mulder, C.P.M. Reutelingsperger, A.W. Griffioen,
D.W.J. van der Schaft, G.J. Strijkers, K. Nicolay.
Avidin-induced clearance of non-bound RGD-biotin-liposomes for target-specific MR
molecular imaging of tumor angiogenesis, Proceedings Ann Meeting ISMRM 2008.

•

G.A.F van Tilborg, G.J. Strijkers, C.P.M. Reutelingsperger, A.W. Griffioen,
D.W.J. van der Schaft, W.J.M. Mulder, K. Nicolay.
Avidin-induced clearance of non-bound RGD-biotin-liposomes for target-specific MR
molecular imaging of tumor angiogenesis, Proceedings WMIC 2008.

144

Curriculum Vitae

Curriculum Vitae
Geralda van Tilborg was born October 29, 1979, in
Sleeuwijk, The Netherlands. She grew up in Sleeuwijk and
graduated from secondary school (VWO) at the Altena
College in Sleeuwijk in 1997. In the same year she started
studying Biomedical Engineering at Eindhoven University of
Technology, from which she obtained her Master of Science
degree in 2003. During her studies she did an externship
on MRI-based temperature mapping in moving phantoms in
the group of dr. Chrit Moonen at Université Victor Segalen
Bordeaux II in France. Her masters project on MRI-based
quantitative perfusion measurements was performed in the Biomedical NMR group of
prof.dr. Klaas Nicolay at the department of Biomedical Engineering at Eindhoven
University of Technology. In the latter group she started her PhD project in 2003, which
focused on novel contrast agents and improvement strategies for MR molecular imaging of
apoptosis and angiogenesis in both cell lines and mouse models. Part of the work was
performed during a 1.5 month research visit in the group of prof.dr. Zahi Fayad at Mount
Sinai School of Medicine in New York, USA. In October 2008 she was appointed as a postdoctoral researcher in dr. Rick Dijkhuizen’s group at the Image Sciences Institute,
University

Medical

Center

Utrecht.

Here

she

will

work

on

cellular

imaging

of

neuroinflammation after experimental stroke.

145

