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1.1 Introduction 

Myocardial infarction and stroke are often caused by rupture of atherosclerotic plaques and 

related release of thrombotic material. Detection and classification of atherosclerotic plaques is 

currently being explored with molecular imaging, where the ultimate goal is the detection of 

rupture prone atherosclerotic plaques. Magnetic resonance imaging (MRI) may have a crucial 

role in this particular molecular imaging field, where targeted contrast agents for MRI are 

developed to detect and characterize plaques, and determine the response to treatment. In 

molecular MRI of atherosclerosis the following issues are of importance: (1.) the biology of 

atherosclerosis and the recognition of suitable targets, (2.) the development of contrast agents 

which efficiently produce MRI contrast and (3.) finding a suitable animal model to test efficiency 

and specificity of the contrast agents. This chapter will introduce atherosclerosis and molecular 

MRI, and describe the goal of this thesis and the outline of the following chapters. 

 

1.2 Atherosclerosis 

The normal human artery has a typical trilaminar structure. Endothelial cells are the cells, which 

are in contact with the blood in the arterial lumen and rest upon a basement membrane. The 

intima layer in adult humans generally contains small amounts of smooth muscle cells spread 

out through the extracellular matrix in the intima. The internal elastic lamina forms the barrier 

between intima and underlying media. The media consists of multiple layers of smooth muscle 

cells, much more tightly packed than in the intima, and embedded in an elastin- as well as 

collagen-rich matrix 
1
. 

Atherosclerosis is a progressive disease of mainly the large arteries, characterized by 

accumulation of lipids and fibrous tissue in the intima 
1, 2

. An atherosclerotic plaque initiates 

within the intima and evolves into a focal lesion, having a soft, yellow, thick and lumpy core of 

lipid (mainly cholesterol and cholesterol esters), covered by a firm, white fibrous cap. 

Atherosclerotic plaques have three main components: (1.) cells, including smooth muscle cells, 

macrophages and other leukocytes; (2.) extracellular matrix, including collagen, elastin fibers 

and proteoglycans; and (3.) intracellular and extracellular lipids 
2
. Figure 1.1 shows schematically 

potential scenarios of atherosclerosis development. 

In the early stage of atherosclerosis, influx of inflammatory cells and the accumulation of lipids 

lead to formation of a lipid-rich core. The artery enlarges in an outward direction to make room 

for the expansion of the intima. If inflammatory conditions and risk factors such as 

hyperlipidemia persist, the lipid core can grow. Proteinases secreted by the activated leukocytes 

degrade the extracellular matrix, while pro-inflammatory cytokines limit the synthesis of new 

collagen, a main component of the extracellular matrix 
1
. 
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Figure 1.1: Schematic overview of the life history of atherosclerosis starting with the transition from a normal 

human artery to an early atheroma, which can grow into a ‘vulnerable’ or ‘stabilized’ plaque. A ‘vulnerable’ 

plaque may rupture and cause luminal narrowing or thrombosis. Thrombosis is a major cause of myocardial 

infarction. Figure adapted from 
1
 with permission. 

 

The above-mentioned changes may lead to thinning of the fibrous cap, making it fragile and 

susceptible to rupture, causing a so-called ‘vulnerable’ plaque. When a plaque ruptures, blood 

comes in contact with tissue factor in the plaque and coagulates and this starts thrombus 

formation 
1
. The thrombus may occlude the vessel, or be released from the site and block 

smaller vessels downstream, leading to myocardial infarction or stroke.  

A thrombus may eventually be resorbed by endogenous or therapeutic thrombolysis.  A wound 

healing response may stimulate migration, proliferation and extracellular matrix synthesis of 

smooth muscle cells, which thickens the fibrous cap and causes further expansion of the intima. 

This often occurs in an inward direction, yielding partial or complete constriction of the lumen. 

Stenotic lesions produced by the luminal invasion of the fibrosed plaque may restrict flow, 

leading to ischemia. Advanced and more fibrous stenotic plaques prove less susceptible to 

rupture and thrombosis. Lipid lowering treatment can reduce plaque lipid content and calm the 

intimal inflammatory response, resulting in a more ‘stable’ plaque. 
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1.3 Molecular imaging 

Molecular imaging concerns non-invasive visualization and measurement of biological processes 

at the molecular and cellular level within a living organism 
3
. This is different from traditional 

diagnostic imaging that is based on detection of changes in anatomy and physiology. For 

molecular imaging a probe is used to detect biological processes, ideally without disturbing their 

function 
3
. Often a probe consists of a label system that can be visualized by imaging and a ligand 

that binds to the target. Antibodies, peptides or other specifically-binding small molecules can 

serve as ligands. To obtain a high target-to-background ratio, the probe should have favorable 

pharmacokinetics, high target-binding efficacy and specificity and low background binding 
3
.  

A probe should also have low toxicity. Molecular imaging could provide important insights into 

molecular and cellular mechanisms of diseases and therefore, improve early diagnosis and 

individual risk assessment, provide means to monitor therapy responses, and facilitate discovery 

and characterization of new pharmaceuticals 
3
. 

Several non-invasive imaging modalities are applicable for molecular imaging purposes, 

including single photon emission computed tomography (SPECT), positron emission tomography 

(PET), ultrasound (US), optical imaging (OPT) and magnetic resonance imaging (MRI). Each one 

of these imaging modalities has its advantages and disadvantages. MRI has the advantage of 

providing high spatial and acceptable temporal resolution with excellent soft tissue contrast. 

Anatomy and function can be characterized even without contrast agents. The use of targeted 

contrast agents enables visualization of molecular processes with MRI. A limitation of MRI for 

molecular imaging is its relatively low sensitivity to detect contrast agents. Nanoparticles, such 

as iron oxide particles, and gadolinium-containing micelles, liposomes and emulsions have the 

potential to deliver high payloads of contrast generating material and may be used to overcome 

this sensitivity problem. Molecular imaging has been applied to depict various molecular 

processes in several diseases, such as in the fields of oncology 
4
, neurology 

5, 6
 and cardiology 

7-12
. 

 

1.3.1 Molecular imaging of atherosclerosis 

Due to outward remodeling, rupture prone plaques often do not cause noticeable luminal 

obstruction or symptoms before an acute event occurs. This causes plaque rupture to be 

unpredictable with common diagnostic tools focusing on luminal narrowing 
3
. Molecular imaging 

may provide an opportunity to detect rupture prone plaques with contrast agents selectively 

targeted to markers of plaque vulnerability 
3, 13

. Figure 1.2 shows an illustration of the processes 

involved in atherosclerosis as a time line of plaque stages, with identification of various targets 

attractive for molecular imaging. Plaque vulnerability is dependent on a combination of features 

of the atherosclerotic plaque and therefore imaging of a combination of plaque markers could 

be of great value in the determination of plaque vulnerability. Important features in 

atherosclerosis are leukocyte adhesion, macrophage activity, apoptosis, angiogenesis, 

extracellular matrix remodeling and thrombus formation.  
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Figure 1.2: Illustration of the process of atherosclerosis from lesion initiation to thrombus formation (left to right) with 

American Heart Association classification at the bottom. The suitability of various imaging modalities, target and process 

to visualize key aspects of atherosclerosis are indicated above. Important markers are indicated in the bottom legend. 

Figure adapted from 
14

 with permission. 

Increased expression of leukocyte adhesion molecules on the endothelium is one of the earliest 

hallmarks of atherosclerosis and may serve as a biomarker for vascular inflammation 
15-21

. 

Molecules involved in the adhesion of leukocytes on the endothelium are P-Selectin, E-Selectin, 

VCAM-1 and ICAM-1. Inflammation is an important feature of plaques at risk of rupture. 

Molecular imaging can be directed to the detection of monocyte accumulation into 

atherosclerotic plaques. Also, the prevalence of macrophages in plaques represents a target of 

great interest, because macrophages secrete inflammatory cytokines and proteolytic enzymes 

that may weaken the fibrous cap 
1
. Another typical feature of vulnerable and ruptured 

atherosclerotic plaques is the high rate of macrophage apoptosis 
22, 23

. Intraplaque angiogenesis 

has been involved in rapid plaque growth, intraplaque hemorrhage, and plaque rupture 
3, 24

.  

A potential marker of inflammation and angiogenesis in atherosclerotic lesions is the αVβ3 

integrin, a cell surface glycoprotein receptor expressed by macrophages and activated 

endothelial cells 
25

. Extracellular matrix (ECM) is a major component of the fibrous cap of 

atherosclerotic plaques, which offers plaque stability. Contrast agents targeting ECM proteins, 
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such as collagen, proteoglycans, and elastin may be useful for assessment of the degree and 

stage of atherosclerosis and for following their progression 
1, 3, 26

. The ECM proteins are present 

in large amounts, which allows for the use of targeted low molecular weight MRI contrast agents 

with a small payload of gadolinium (a component of MR contrast agents a described below). 

Active MMPs are considered attractive for molecular imaging as well, since MMPs directly 

contribute to degradation of the protective fibrous cap of atherosclerotic plaques 
3
. Thrombus 

formation may be a target for identification of complicated atherosclerotic lesions as sources of 

thrombo-embolism 
27-29

. 

 

1.4 MRI contrast agents 

Magnetic resonance imaging (MRI) is a non-invasive imaging technique, which provides 

information about in vivo tissue anatomy, function and metabolism. MRI predominantly makes 

use of hydrogen atoms predominantly originating from tissue water, to generate images. By 

manipulation of the magnetic moments of the hydrogen nuclei with radio frequency (RF) fields, 

images can be produced 
30

. Contrast in MRI depends mainly on three parameters, which are 

proton spin density (PD), the longitudinal relaxation time (T1), and the transverse relaxation 

times (T2 and T2
*
). These properties are determined by the magnetic field strength of the MRI 

scanner, local microstructure and composition of biological tissues. Differences in relaxation 

times of different tissues can be exploited to obtain image contrast by using the appropriate 

parameters to produce so-called proton density, T1-weighted or T2
(*)

-weighted images 
31

.  

Excellent soft tissue contrast is characteristic for MRI and therefore MRI is often chosen for 

imaging of anatomy and physiological function. NMR is also suitable to study metabolism. 

Pathological changes, like for example the formation of lesions and masses, can be detected 

with anatomical imaging. MRI is also applied for imaging of physiological function, visualizing for 

example the consequences of myocardial infarction. Due to pathology also the T1 and T2 

relaxation times of tissue may change and provide a means to distinguish pathological from 

healthy tissue in this manner. However, all of these changes may manifest themselves only in 

late stages of disease, in some cases not at all, and often do not relate to specific changes on the 

cellular or molecular level complicating straightforward interpretation. MRI alone may not 

provide sufficient information on disease stage and introduction of an MRI contrast agent that 

locally changes the relaxation times of diseased tissue may aid in detection and staging of 

pathology. Traditional MR contrast agents are able to enhance local tissue contrast, but do not 

give information about specific biomarkers. For biomarker detection the use of targeted contrast 

agents is needed. Unfortunately, MRI has an inherently low sensitivity for detection of contrast 

agents. Therefore, MRI contrast agents should have a high potency of changing relaxation times, 

the so-called relaxivity indicated with r1 for T1 and r2 for T2, expressed in mM
-1

s
-1

. These 

relaxivities are related to contrast agent concentration in the following manner: 
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The ratio r2 / r1 determines whether a contrast agent is most suitable for contrast enhanced MRI 

in either T1-weighted (low r2 / r1) or T2-weighted imaging (high r2 / r1) 
31

. To overcome the 

contrast agent sensitivity problems of MRI, one may use nanoparticles that carry high payloads 

of contrast generating material. A wide range of contrast agents has been developed for 

molecular MRI. This section will be restricted to a description of the contrast agents used in this 

thesis. 

 

 

 

 

 

 

Figure 1.3: Schematic representation 

of several MRI contrast agents: (A) 

Gd-DTPA with a diameter of a few 

nm, (B) Gd-HP-DO3A also with a 

diameter of a few nm, (C) 

paramagnetic micelle with a 

hydrodynamic diameter of around 10 

– 50 nm, (D) paramagnetic liposome 

with a hydrodynamic diameter 

ranging between 60 – 1000 nm, (E) 

lipid coated micellar iron oxide with a 

hydrodynamic diameter ranging 

between 15 – 100 nm depending on 

iron oxide core size. Figure A and B 

adapted from 
32

 with permission.  

Note that the structures are not 

drawn to scale. 

 

1.4.1 T1 contrast agents 

T1 contrast agents have a low ratio r2 / r1 (typically between 1 and 5), generate positive contrast 

on T1-weighted images and usually contain paramagnetic metal ions. The most commonly used 

paramagnetic ion is the lanthanide Gd
3+

, which has a high paramagnetic moment (7 unpaired 

electrons) and a strong T1 lowering effect. However, as many other free metal ions Gd
3+

 is toxic 

and should be coordinated to a protective chelate to form a very stable non-toxic complex which 

remains chelated in the body 
31

. Two commonly used and clinically approved contrast agents are 

Gd-DTPA (gadopentate diglumine, ‘Magnevist’, Schering, Germany) and Gd-HP-DO3A 

(gadodiamide, ‘Prohance’, Bracco, Italy). A schematic drawing of these agents is provided in 

figure 1.3 A and B. Both agents have one gadolinium ion per chelate, are cleared rapidly from 

the body via the kidneys and are considered low molecular weight contrast agents. In many 

cases receptors of interest are only present in low concentrations of approximately 10
-13

 to 

10
-9

 mol/g, whereas a local gadolinium concentration of 10
-7

 mol/g tissue is needed to obtain 
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sufficient contrast in MR images 
31

.  Therefore, low molecular weight contrast agents are only 

applicable for very abundant targets. To overcome this sensitivity problem, attempts are made 

to increase the intrinsic r1 relaxivity, or the number of gadolinium entities per particle. Most 

approaches apply a combination of both. 

Nanoparticles of lipid aggregates, such as liposomes and micelles have been extensively 

investigated as drug carriers to improve pharmacokinetic properties or the bioavailability of the 

drug, to increase target-to-background ratio of the drug or to deliver hydrophobic drugs 
33

. 

These lipid aggregate strategies are also an attractive option to prepare contrast agents suited 

for molecular MRI. With the use of lipid aggregates the contrast agent’s pharmacokinetic 

properties can be improved, multi-modality can be introduced by incorporation of contrast 

generating entities for different imaging modalities, the intrinsic relaxivity can be greatly 

enhanced and additionally the number of contrast generating units per particle can be increased 

to tens or hundreds of thousands of gadolinium entities per particle 
31, 33

. In this way the local 

relaxivity per nanoparticle can be amplified dramatically making it possible to detect receptors 

expressed in low concentrations.  

 

1.4.2 T2 contrast agents 

T2 contrast agents have a high ratio r2 / r1 and generate dark spots (negative contrast) on 

T2-weighted images. An effective way of decreasing T2 is by using so-called superparamagnetic 

contrast agents. Usually these nanoparticles consist of a coated iron oxide core, which is 

composed of magnetite (Fe3O4) and maghemite (γ-Fe2O3) or other insoluble ferrites 
31, 34

. 

A typical core diameter of such a particle is in the order of 4 to 50 nm (coating included) 
31, 34

, 

where the size, coating and crystallinity will control the relaxivity 
35

. Iron oxide particles may 

contain thousands of magnetically ordered iron oxides and therefore the net magnetic moment 

of such a superparamagnetic particle is much higher than that of a single paramagnetic ion, 

typically up to more than 3 orders of magnitude depending on the particle size 
31

. The coating 

surrounding the iron oxide inorganic core plays a major role in both the in vitro stability and, 

over all, in vivo fate 
34

. Different physicochemical properties such as size, surface charge and 

coating density are key factors in this respect 
34, 36

. The coating may consist of polymers, small 

organic molecules or lipid aggregates 
33, 36

. However, in terms of chemical synthesis, it is still 

challenging to obtain magnetic particles with a narrow monodisperse population for large scale 

use 
34

. 
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A disadvantage of these relatively large nanoparticulate contrast agents is the particle’s limited 

ability to leave the bloodstream and to reach extravascular targets. Normal blood vessels are 

non-permeable to such ‘large’ contrast agents. In atherosclerosis, however, the inflamed 

endothelial layer becomes more permeable. Therefore in this thesis the applicability of 

nanoparticulate agents for molecular MR imaging of atherosclerosis was investigated. 

 

1.5 Mouse model of atherosclerosis 

In the pursuit of a representative, reproducible, and practical model to study the pathogenesis 

and potential treatment of atherosclerosic lesions numerous animal species have been used, 

such as non-human primates 
37-41

, swine 
42-46

, rabbits 
47-54

, hamsters 
55

, pigeons 
56

 and mice 
57-60

. 

The apolipoprotein E deficient (apoE
-/-

) mouse was developed by homologous recombination in 

embryonic stem cells, and has been shown to develop severe hypercholesterolemia and 

atherosclerotic lesions similar in appearance and distribution to those observed in humans 
58, 59

.  

This apoE
-/-

 mouse is also frequently used to study the effect of targeted contrast agents in 

MRI 
16, 18, 20, 21, 28, 61-66

. ApoE
-/-

 mice develop atherosclerotic vascular lesions in a reproducible 

manner, while being fed a regular mouse chow. Western type diet, with a high fat content, 

results in markedly accelerated atherosclerosis; it aggravates as well as accelerates the process 

of atherosclerosis 
58

. 

Figure 1.4 A illustrates the locations of spontaneous lesion development in the apoE
-/-

 mouse. 

Rapid and site-controlled lesion formation can be achieved by perivascular collar placement 

where the structural integrity of the endothelium is maintained 
60

. Von der Thüsen et al. 
60

 

showed for the carotid artery of apoE
-/-

 mouse on high cholesterol diet that the collar-related 

plaques formed are located primarily in the area proximal to the collar. Pathogenesis of these 

lesions depends on lipid accumulation as an initial stimulus rather than migration and 

proliferation of smooth muscle cells as reported for other animal species. This model offers 

several advantages over conventional animal models of mechanically induced atherosclerosis. It 

offers closer resemblance to human plaque morphology, its rapid pathogenesis offers efficiency 

due to limited duration of development, and the possibility of controlled lesion induction in 

easily accessible sites is suited for further instrumentation and application of therapeutic and 

diagnostic agents 
60

. Figure 1.4 B shows a schematic representation of such a collar around the 

carotid artery. 
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A 
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C 

 

 

 

 

Figure 1.4: (A) Locations of 

spontaneous lesion development 

in the apoE
-/- 

mouse (adapted 

from 
58

 with permission); (B) 

Schematic representation of 

carotid collar model (adapted 

from 
60

 with permission); (C) 

Schematic representation of shear 

stress patterns induced by the 

unilateral, carotid artery cast 

(adapted from 
57

 with permission) 

 

A limitation of the carotid collar model is that the silastic collar is tightened to the carotid artery 

using sutures, which leads to variation in luminal narrowing and lesion formation. If placed too 

tightly the carotid collar may lead to complete occlusion of the artery. Cheng et al. 
57

 introduced 

a somewhat similar shear stress modifier with a tapered shape (referred to as cast in the rest of 

this thesis) which induces changes in shear stress patterns in vivo in a well-defined manner 

(figure 1.4 C). The cast imposes a fixed geometry on the vessel wall and thereby causes a gradual 

stenosis, resulting in increased shear stress in the vessel segment inside the cast, a decrease in 

blood flow and consequently a lowered shear stress region upstream from the cast, and a vortex 

downstream from the cast (oscillatory blood flow) 
57

. Atherosclerotic lesions develop under 

condition of both lowered shear stress and vortices with oscillatory shear stress within 6 weeks 

of cast placement 
57

. Lowered shear stress induces development of extensive lesions with 

features of a vulnerable plaque phenotype, whereas vortices with oscillatory shear stress induce 

the growth of more stabilized lesions 
57

. Upstream, lowered shear stress lesions contain more 

lipids, fewer vascular smooth muscle cells and less collagen compared to the downstream lesion 

induced by oscillatory shear stress. Outward vascular remodeling, considered one of the 
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characteristic features of vulnerable plaques, is more prominent in the lowered shear stress 

region. The advantages mentioned above also hold for this model. An extra advantage of this 

‘tapered cast model’ is that both stable and unstable lesions can be studied in a single vessel 

segment. For these reasons, the cast model of experimental atherosclerosis was used 

throughout this thesis. 

 

1.6 Aim and thesis outline 

The aim of this thesis was to develop several MRI contrast agents targeted towards 

atherosclerotic plaque and to apply these agents in vivo in MRI studies of the tapered cast 

apoE
-/-

 mouse model of atherosclerosis. 

Chapter 2 focuses on the MRI characterization of mice with a tapered cast. Carotid artery flow 

velocities and vessel wall shear stresses were measured in the carotid arteries after cast 

placement. Prior to equipping them with targeting ligands, the ability of three differently sized, 

non-targeted gadolinium-based contrast agents to produce contrast enhancement in lesions 

with ‘stable’ and ‘vulnerable’ plaque characteristics was investigated (chapter 3). Chapter 3 

shows that paramagnetic micelles are able to accumulate in atherosclerotic plaque, while 

paramagnetic liposomes are too large to accumulate. This knowledge was further applied in the 

rest of this thesis. Collagen is an ECM constituent present inside atherosclerotic plaques and 

plays an important role in the stabilization of atherosclerotic plaques. Chapter 4 describes the 

use of collagen targeted paramagnetic micelles to discriminate between mouse plaques with 

differences in collagen content. In chapter 5 the use of both paramagnetic and 

superparamagnetic contrast agents is described which were compared for their ability to target 

and depict VCAM-1 expression.  A summarizing discussion (chapter 6) concludes this thesis. 
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Abstract 

Objectives: We report here on the pre-clinical MRI characterization of an apoE
-/-

 mouse model of 

stable and vulnerable carotid artery atherosclerotic plaques, which were induced by a tapered 

restriction (cast) around the artery. Specific focus was on the quantification of the wall shear 

stress, which is considered a key player in the development of the plaque phenotype.  

Methods: In vivo MRI was performed at 9.4 T. The protocol consisted of time-of-flight 

angiography, high-resolution T1- and T2-weighted black-blood imaging, and phase-contrast flow 

velocity imaging as function of time in the cardiac cycle. Wall shear stress was determined by 

fitting the flow profile to a quadratic polynomial.  

Results: Time-of-flight angiography confirmed preservation of blood flow through the carotid 

arteries in all cases. T1- and T2-weighted MRI resulted in high-resolution images in which the 

position of the cast, luminal narrowing introduced by cast and plaque, as well as the arterial wall 

could be well identified. Laminar flow with low wall shear stress (11.2 ± 5.2 Pa) was measured 

upstream to the cast at the position of the vulnerable plaque. Downstream to the cast at the 

position of the stable plaque, the apparent velocities were low, which is consistent with vortices 

and an oscillatory nature of the flow.  

Conclusions: Flow velocities and wall shear stress were successfully measured in this mouse 

model of stable and unstable plaque. The presented tools can be used to provide valuable 

insights in the pathogenesis of atherosclerosis. 
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2.1 Introduction 

The pathogenesis of atherosclerosis is complex process, with genetic predisposition, diet and 

lifestyle as contributing factors. Atherosclerosis displays a focal pattern, occurring 

predominantly at curvatures and branches of the vascular tree, which provides support to the 

hypothesis that local blood flow patterns play a role in the development of atherosclerosis. The 

local hemodynamic conditions, such as the flow velocity, wall shear stress and arterial wall 

compliance, are known to influence the endothelial biological function. High shear stresses with 

a well-defined constant direction are found to be atheroprotective, as the endothelial cells are 

able to remodel in a controlled way to maintain the vascular homeostasis. On the other hand, 

low and oscillatory shear stresses in regions of complex geometry, e.g. near bifurcations of 

arteries, are pro-atherogenic and cause molecular signaling of pro-inflammatory pathways 
1
. 

Several studies showed a clear relationship between the presence of atherosclerotic plaque in 

humans and animals at sites of altered wall shear stress 
2-4

. 

Recently, Cheng et al. have introduced a new technique, which allows for the controlled study of 

the influence of wall shear stress on the development of atherosclerosis 
5
. The method involves 

the placement of an innovative tapered restriction (cast) surgically placed around the right 

common carotid artery of an apoE
-/-

 mouse on a lipid-rich diet. Upstream to the cast (towards 

the heart) a region of lowered wall shear stress induced a lesion with characteristics of a 

vulnerable plaque, i.e. high macrophage, high lipid and low collagen content, while downstream 

to the cast oscillatory wall shear stress resulted in a lesion with characteristics of a stabilized 

plaque, i.e. lower lipid and higher collagen content. This model provides evidence that the local 

hemodynamics not only lies at the basis of the development of plaque, but also is implicated in 

plaque phenotype. 

Pre-clinical MRI plays a significant role in the study of experimental atherosclerosis. Currently, 

MRI is capable of detecting luminal narrowing, plaque size and morphology with high accuracy 

and reproducibility, providing reliable indices of plaque burden. With the progress in the design 

of targeted MRI contrast agents (molecular imaging) aimed at discriminating vulnerable from 

stable plaque phenotypes, there is great need for animal models of controlled plaque 

phenotype. The mouse model recently introduced by Cheng et al. is particularly suitable for that 

purpose. 

The aim of this study was to characterize the above apoE
-/-

 mouse model using pre-clinical 

high-field MRI. High-resolution black-blood T1- and T2-weighted imaging were used to depict the 

exact position of the cast and the size of the carotid artery lumen. Three-dimensional 

time-of-flight angiography was used to image the vascular tree and to confirm preservation of 

blood flow through the cast placed around the right carotid artery. Finally, high-resolution 

phase-contrast velocity imaging was used to measure maximum flow velocities and wall shear 

stress in the left and right carotid arteries. 
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2.2 Methods 

2.2.1 Mouse model 

The local institutional animal care and use committee approved all experimental procedures. 

Experiments were performed on 6 female apoE
-/-

 mice (Charles River, Maastricht, the 

Netherlands), which were put on a Western-type diet (0.21 % cholesterol) when they reached an 

age of 12 weeks. Three weeks after start of the diet, a tapered cast (Promolding BV., The Hague, 

the Netherlands) was surgically placed around the right carotid artery to induce plaque 

formation on both sides of the cast 
5
. The inner diameter of the cast ranges from 500 μm 

upstream to 250 μm downstream and the cast was placed around the right carotid artery well 

separated (at least 1 mm) from the bifurcation. Six weeks after surgery MRI measurements were 

performed. 

 

2.2.2 Histology 

Both the upstream and downstream plaques were sectioned into 8 µm serial sections 

perpendicular to the vessel direction. Sections were stained with Hematoxylin & Eosin, Oil Red O 

for lipids and Picrosirius Red for collagen (analyzed with a circular polarizing filter) at 80 μm 

intervals. Bright-field microscopy was performed with a Zeiss Axio Observer Z1 microscope (Carl 

Zeiss, Inc.).  

 

2.2.3 MRI 

In vivo MRI was performed with a 9.4 T horizontal-bore animal scanner (Bruker BioSpin, 

Ettlingen, Germany) running Paravision 5 software. The mice were initially anesthetized with 3% 

isoflurane in medical air, and maintained with 1 - 2% isoflurane during the MRI experiments. The 

mice were placed in a custom-made cradle, which contained a heating pad with a temperature 

of approximately 37 °C to sustain the mouse body temperature and placed in the MRI scanner 

within a 3.5-cm-diameter quadrature birdcage RF coil. Respiration and heart rate were 

monitored with a balloon sensor and ECG trigger leads, connected to an ECG/respiratory unit 

(Rapid Biomedical, Rimpar, Germany). The MRI protocols (N = 6 mice) consisted of time-of-flight 

MR angiography, T1- and T2-weighted imaging and phase-contrast velocity imaging. The total 

examination time including preparations and planning was approximately 2 hours. 

Time-of-flight MR angiography was done with a three-dimensional gradient- 

echo sequence. Sequence parameters were: TR = 15 ms, TE = 2.5 ms, flip angle = 20
o
, 

FOV = 2.56 x 2.56 x 2.56 cm
3
, acquisition matrix = 256 x 256 x 256, NA = 2, total scan  

time = 18 min. T1- and T2-weighted imaging in sagittal and transversal orientations was 

performed using a black-blood multi-slice spin-echo sequence. Black blood was achieved by 
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placing two saturation slabs below and above the neck region saturating inflowing blood. 

Sequence parameters for T1-weighted imaging were: TR = 800 ms, TE = 7.5 ms, 

FOV = 2.56 x 2.56 cm
2
, acquisition matrix = 256 x 256, reconstruction matrix = 512 x 512, slice 

thickness = 0.5 mm, NA = 2, total scan time = 8 min. Sequence parameters for T2-weighted 

imaging were: TR = 2000 ms, TE = 20 ms, FOV = 2.56 x 2.56 cm
2
, acquisition matrix = 256 x 256, 

reconstruction matrix = 512 x 512, slice thickness = 0.5 mm, NA = 2, total scan time = 20 min. 

T1- and T2-weighted scans were triggered to heart and respiratory signals to suppress motion 

artifacts. Phase-contrast velocity imaging was performed using an ECG-triggered gradient-echo 

sequence with bipolar gradient pulses encoding for flow perpendicular to the imaging slice. To 

enhance the signal-to-noise a Gd-based blood pool agent (paramagnetic micelles, dose of 

50 mmol Gd per kg body weight) was intravenously injected prior to phase-contrast velocity 

imaging. We would like to stress that the purpose of this blood pool agent was solely to lower 

the T1 of the blood to enhance the signal-to-noise and was not intended to provide enhanced 

plaque contrast (chapter 3). Sequence parameters were: TR = 12 ms, TE = 5 ms, flip angle = 30
o
, 

FOV = 2.56 x 2.56 cm
2
, acquisition matrix = 384 x 384, reconstruction matrix = 512 x 512 (pixel 

size = 50 x 50 mm
2
), slice thickness = 0.5 mm, NA = 6, Venc = 100 cm/s, number of frames = 9. 

Flow encoding was repeated twice with encoding gradients in opposite direction to compensate 

for background phase caused by field inhomogeneities. The sequence was triggered by the 

QRS-complex and repeated three times with starting delays of 1, 5, and 9 ms, respectively, 

resulting in 27 time frames through the cardiac cycle with a time resolution of 4 ms. Total scan 

time for a single slice phase-contrast velocity image was approximately 18 min. Two slices were 

measured, one downstream and the other upstream to the cast (see Figure 3A). 

 

2.2.4 Image analysis 

Maximum intensity projections (MIP) of the time-of-flight angiography images were made using 

OsiriX 3.5.1 (www.osirix-viewer.com) software. Flow-velocity images were processed in 

Mathematica 7 (Wolfram Research, Inc.). First 4 regions of interest (ROI) where manually drawn 

to select the lumen of the left and right carotid arteries in the downstream and upstream 

anatomical images. Reported flow velocities in the arteries are the mean velocity of the 10 % 

pixels with the highest velocity within the ROIs at every time point through the cardiac cycle. 

Flow velocities of N = 6 mice were averaged. Subsequently, the flow velocity profiles of the 3 

time points in the cardiac cycle with the highest flow were fitted with a quadratic polynomial. 

The wall shear stress (WSS) was determined from WSS = μ
��

��
, with v the blood velocity at the 

carotid artery wall and mouse blood viscosity µ = 10 mPa·s 
6
. WSS from the 3 time points and 

N = 6 mice were averaged. 
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2.2.5 Statistical analysis

Differences in the flow velocities as function of time in the cardiac cycle 
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bifurcation and further, therefore confirms that the vessel is still patent. Upon closer inspection 

the tapered shape of the cast can be appreciated in the image, which confirms correct 

placement of the cast around the right carotid artery. The three

images were also useful to locate slices perpendicular to the carotid arteries for anatomical and 

flow velocity measurements.

 

2.3.2 Histology

Figure 2.2: Histological sections of right carotid arteries.

Sections were stained with Hematoxylin & Eosin, Oil Red O for lipids, and Picrosirius Red for collagen. The scale bar 

equals 200 µm. 
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2.3.3. T1- and T

Figure 2.3: T1- and T
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Flow measurements were analyzed in the left and right carotid arteries. Figures 2.4A and C show 

examples of T1-weighted images at upstream and downstream locations to the cast, with 

color-coded maximum flow velocities in the left and right carotid arteries. The panels in figures 

2.4B and D show the flow profiles along the red lines numbered 1 to 4 in the corresponding 

figures 2.4A and C. The flow profiles display a quadratic shape, indicative for laminar flow, 

except for the right carotid artery at downstream position, where the apparent flow is low and 

irregular.  

 

 

Figure 2.5: Flow velocities as function of time in the cardiac cycle. (A) Upstream to the cast. (B) Downstream to the 

cast. Solid squares are from the right carotid artery, whereas solid circles from the left carotid artery. Velocity is 

presented as mean ± standard deviation from N = 6 mice. 

In figure 2.5 the flow velocities as function of time through the cardiac cycle are shown. Flow in 

the left carotid artery, upstream as well as downstream positions, and the right carotid artery, 

downstream position only, peaked at about 15 ms after the R-top. The maximum flow velocity at 

upstream positions (figure 2.5A) seemed somewhat higher in the left carotid artery, although 

the difference was not statistically significant. At the downstream position of the left carotid 

artery flow displayed a similar profile as in the right carotid artery except for higher maximum 

flow velocity. At the downstream position of the right carotid artery the apparent flow was 

consistently low. The apparent flow during the systolic phase (approximately first 50 ms) was 

even somewhat lower than during the diastolic phase (starting at about 50 ms). 
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Figure 2.6: Box whisker plots of the wall shear stress 

(WSS) at maximum flow for the right carotid artery 

upstream location and the left carotid artery, 

upstream and downstream locations. The solid line 

represents the mean; the dashed line the median.  

*,† = significantly different (p < 0.05). 

WSS at maximum flow velocity is plotted in Figure 2.6. The average (N = 6 mice) WSS at the 3 

locations, i.e. right carotid upstream, left carotid upstream, and left carotid downstream, were 

11.2 ± 5.2 Pa, 17.5 ± 7.5 Pa, and 24.5 ± 10.9 Pa, respectively. WSS in the three locations were 

significantly different (significance level p < 0.05). WSS in the right carotid artery downstream 

position could not be determined as the flow profile displayed an irregular non-laminar flow 

profile. 

 

5.4 Discussion 

Various imaging modalities have been used to study plaque formation and characteristics in the 

apoE
-/-

 mouse model 
7-9

. MRI has been used to study plaque burden in the abdominal aorta of 

mice 
10-13

 and recently several studies have focused on pre-clinical evaluation of novel targeted 

contrast agents to identify molecular fingerprints of plaque vulnerability 
14-19

. The apoE
-/-

 mouse 

with tapered cast represents an extremely attractive model of atherosclerosis as it allows for 

studying plaques with both stable and vulnerable characteristics within one animal and within a 

single vascular segment. This study specifically focused on anatomical MRI characterization of 

the model and on quantification of flow velocities and wall shear stress. The latter is considered 

one of the key players in the development of plaque phenotype 
2-4

. 

MR angiography provided detailed images of the mouse neck vasculature, which were used to 

verify that the right carotid artery was still patent and to confirm correct placement of the cast. 

Additionally they proved useful for planning imaging slices exactly perpendicular to the carotid 

arteries. Similar MR angiography has previously been used to provide details on the mouse 

vasculature 
20-22

. Recently, a time-resolved three-dimensional angiography sequence was used to 

measure blood flow in the mouse carotid arteries 
23

. This technique, however, only measures the 
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averaged flow velocity within the carotid arteries and is therefore not suitable to provide details 

on the shape of the flow profile or the wall shear stress.  

Our flow velocity measurements indicated that the maximum flow velocity in the right carotid 

artery was somewhat lower than the contralateral left carotid artery, which roughly scaled to 

the difference in wall shear stress. We found a maximum flow velocity in the carotid arteries of 

about 35 cm/s, which is in good agreement with the MRI study by Parzy et al., who reported a 

vessel-averaged flow velocity of about 18 cm/s in the systolic heart phase 
24

. Maximum blood 

flow velocities up to 120 cm/s were reported at sites of mouse carotid artery plaque by means 

of pulse-wave Doppler 
8
. However, these high values as compared to our studies could well be 

due to a larger degree of stenosis in their mouse model. The apparent flow velocities in the right 

carotid artery downstream to the cast were consistently low with irregular flow profiles. Since 

total flow rate in the right carotid artery is preserved, the apparent flow velocities at this 

position do not represent total flow rates and are most probably caused by irregular 

non-laminar flow in this region. The wall shear stresses in the upstream region were 

11.2 ± 5.2 Pa and 17.5 ± 7.5 Pa for the right and left carotid arteries, respectively, which 

compares very well to 10 Pa and 15 Pa determined by Doppler ultrasound measurements in the 

same model 
5
. 

A limitation to the study is that it was not possible to confirm the oscillatory nature of the blood 

flow and the wall shear stress in the downstream location at the position of the stable plaque. 

The reason for this is twofold. First, the resolution in slice direction was 0.5 mm, which is likely 

not sufficient to reveal vortices or irregular flow of smaller dimensions directly after the cast. 

Second, we used a phase-contrast velocity imaging sequence in this study, which measures flow 

in slice-direction only. High-resolution Doppler ultrasound could provide an alternative imaging 

modality to confirm oscillatory flow 
8
. Nevertheless, because the total flow rate in the right 

carotid artery has to be preserved, the absence of a laminar flow profile in the downstream right 

carotid artery position actually is a strong indication that the flow is highly irregular there, 

providing indirect proof for the oscillatory nature of the flow. 

In the future, the pre-clinical MRI protocols presented here can be used to evaluate novel 

treatment strategies and new molecular imaging contrast agents for specific imaging of plaque 

constituents. The protocols are not exclusively suitable for imaging the carotid arteries. They can 

be straightforwardly translated to study the role of flow and wall shear stress in the aortic arch 

and the abdominal aorta 
25-27

. 
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5.5 Conclusions 

In conclusion, the apoE
-/-

 mouse model of atherosclerosis with tapered cast around the carotid 

arteries was characterized using pre-clinical high-field MRI, with specific focus on the 

measurement of flow in view of its relevance to plaque development patterns. MR angiography 

showed that blood flow through the right carotid artery was preserved and revealed the tapered 

nature of the constriction. Laminar flow with low wall shear stress was measured at the position 

of the vulnerable plaque, upstream to the cast. Apparent flow velocities were low at the position 

of the stable plaque, downstream to the cast, which is consistent with the occurrence of vortices 

or an oscillatory nature of the flow. 
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Abstract 

Objectives: Interest in the use of contrast-enhanced MRI to enable specific in vivo 

characterization of atherosclerotic plaques is increasing. In this study the intrinsic ability of three 

differently sized gadolinium-based contrast agents to permeate different plaque phenotypes 

was evaluated with MRI in mice. 

Methods: A tapered cast was implanted around the right carotid artery of apoE
-/-

 mice and 

plaques developed over 6 or 9 weeks. Signal enhancement in the carotid artery wall, following 

intravenous injection of Gd-HP-DO3A and paramagnetic micelles and liposomes was evaluated. 

In vivo T1-weighted MRI plaque enhancement characteristics were complemented by 

fluorescence microscopy and correlated to lesion phenotype.  

Results: The two smallest contrast agents, i.e. Gd-HP-DO3A and micelles, were proven to 

enhance contrast in T1-weighted MR images of both plaque phenotypes in both developmental 

stages. Maximum contrast enhancements ranged between 53 and 70% at 6 min after injection 

of Gd-HP-DO3A and between 24 and 35% at 24 hours after injection of micelles. Administration 

of the larger liposomes did not cause significant contrast enhancement in the atherosclerotic 

plaques. Confocal fluorescence microscopy confirmed the MRI-based differences in plaque 

permeation between micelles and liposomes.  

Conclusions: Plaque permeation of contrast agents was strongly dependent on size. Our results 

implicate that when equipped with targeting ligands, liposomes are most suitable for the 

imaging of plaque-associated endothelial markers due to low background enhancement, 

whereas micelles, which accumulated extravascularly on a long timescale, are excellently suited 

for imaging of less abundant markers inside plaques. Low molecular weight compounds may be 

employed for target-specific imaging of highly abundant extravascular plaque-associated targets. 
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3.1 Introduction 

Blood flow-induced shear stress on the vascular endothelium plays a critical role in the onset 

and development of atherosclerosis. Plaque formation has been shown to occur mostly in low 

shear stress areas such as the inner curvatures of coronary arteries, or near bifurcations where 

shear stress is oscillatory 
1
. Vascular segments with laminar flow and higher shear stress are less 

likely to develop atherosclerosis. Cheng et al. identified shear stress patterns as essential factors 

in the development, as well as in the size and composition of atherosclerotic lesions 
2
. Their 

studies in apoE
-/-

 mice on a lipid-rich diet revealed that a tapered cast, placed around the carotid 

artery, induces two different lesion phenotypes on either side of the cast. Upstream of the cast , 

due to lowered shear stress, a lesion with characteristics of a vulnerable phenotype was formed, 

i.e. distinguished by high lipid content, and lower collagen and smooth muscle cell content. 

Downstream of the cast, as a consequence of oscillatory shear stress, a lesion with stable 

characteristics was formed, i.e. with lower lipid content accompanied by a relatively high 

collagen and smooth muscle cell content. 

MRI has proven to be excellently suited for non-invasive high resolution imaging of the blood 

vessel lumen and wall, in particular of the larger vessels 
3-7

. Using a multicontrast approach, i.e. 

by combining different MRI protocols such as T1-weighted, T2-weighted, PD-weighted and 

diffusion-weighted sequences, MRI provides a basic analysis of the major plaque components 
8
.  

Apart from these ‘traditional’ MR imaging approaches, there is increasing interest in the use of 

MR contrast agents that enable a more refined characterization of atherosclerotic plaques 
9
. 

Dynamic contrast-enhanced imaging using gadolinium-based contrast agents such as 

gadofluorine 
10,11

 and gadodiamide 
12

 has been explored to investigate plaque neovascularization 

and permeability. Injection of USPIOs enabled the detection of plaque-associated macrophages 

in animal models 
13,14

 as well as in humans 
15

. Target-specific contrast agents have been applied 

for imaging of a range of plaque features, such as vascular adhesion molecules-1 expression 
16

, 

macrophage burden 
17,18

, angiogenic activity 
19,20

 and thrombus formation 
21,22

. 

Although the above studies have demonstrated that imaging of specific plaque processes is 

feasible, differentiation between stable and unstable plaque phenotypes on the basis of  

target-specific MR imaging has not been demonstrated thus far. The introduction of the  

above-mentioned mouse model
 2

 opens the possibility to investigate different plaque 

phenotypes within a single vascular segment, which allows rigorous studies with contrast agents 

that aim to discriminate plaque phenotypes. However, to discriminate between lesion 

phenotypes using targeted contrast agents, differences in non-specific accumulation could have 

an adverse effect on the detection of specific contrast agent accumulation. Therefore it is 

necessary to know the differences in accumulation of contrast agents based on the general 

differences in physiology of different plaque phenotypes. The goal of this study was to 

characterize the plaques in the above mentioned mouse model at two developmental stages 

using MRI by investigating plaque permeation of three differently sized gadolinium-based 
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contrast agents. To that aim we evaluated signal enhancement in plaques after intravenous 

administration of Gd-HP-DO3A as well as gadolinium-containing micelles (~15 nm in diameter) 

and liposomes (~125 nm in diameter). In vivo T1-weighted MRI enhancement characteristics 

were complemented by fluorescence microscopy and correlated to lesion phenotype as 

assessed by immunohistology. 

 

3.2 Results and discussion 

3.2.1 Plaque phenotype 

 

Figure 3.1: Sections of right carotid arteries 6 and 9 weeks after cast placement, which were stained with 

hematoxylin and eosin (H&E), Oil red O for lipids, anti-CD68-FITC for macrophages, anti-α-smooth muscle actin-

FITC for smooth muscle cells and picrosirius red for collagen. The dashed lines in the picrosirius red staining 

indicate the plaque borders. Based on histology plaques are classified as: 6 weeks = intermediate, 9 weeks = 

advanced, upstream =’ vulnerable’, downstream =’ stable’. 
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Histological evaluation confirmed distinct differences in plaque composition of the lesions 

upstream and downstream of the cast. From now on upstream lesions will be referred to as 

‘vulnerable’ and the downstream lesions as ‘stable’. Briefly, all plaques were rich in lipids (figure 

3.1B, G, L and Q), with the stable plaques displaying fewer droplets of lipids than the vulnerable 

plaques. Plaques developed over 9 weeks were larger in longitudinal direction and the above 

difference in lipid content between the two plaque types was more pronounced than for 

plaques developed over 6 weeks. Macrophages were present in similar amounts in the 

vulnerable and stable plaque, at both developmental stages of the lesions. A cap of smooth 

muscle cells was most evident after 9 weeks. In the vulnerable plaque at both developmental 

stages, only little collagen was present, consistent with a more vulnerable phenotype. In the 

stable plaque after 6 weeks collagen fibers were seen throughout the entire plaque (figure 3.1J).  

In the 9 weeks stable plaque also thicker collagen rich regions were found (figure 3.1T). In 

general, more pronounced differences in plaque phenotypes were found in the 9 weeks lesions 

as compared to the 6 weeks lesions. Although staging of the plaques was not completely 

verified, we will refer to the 6 weeks lesion as ‘intermediate’ and the 9 weeks lesion as 

‘advanced’, in the remainder of this chapter. Thus, the four different lesions will be referred to 

as: ‘intermediate vulnerable’, ‘intermediate stable’, ‘advanced vulnerable’ and ‘advanced 

stable’. 

 

3.2.2 Size and relaxivity of the different contrast agents 

Table 1: Size distributions and relaxivities of the different contrast agents 

 

The basic characterization of the paramagnetic agents involved measurements of their size and 

relaxivity at 1.41 T and 6.3 T as shown in table 1. At a mean diameter of 16 nm, micelles were a 

factor of 7-8 smaller than liposomes, but displayed the highest relaxivity. A lower relaxivity  

(both r1 and r2) at 6.3 T compared to 1.41 T was observed for liposomes and micelles, while for  

Gd-HP-DO3A slightly higher values were found at the higher field strength. 

 

 

Contrast 

Agent 

Hydrodynamic 

diameter (nm) 

r1, 1.41 T, 

37 °C  

(mM
-1

s
-1

) 

r2, 1.41 T  

37 °C  

(mM
-1

s
-1

) 

r1, 6.3 T,  

room temperature 

 (mM
-1

s
-1

) 

r2 , 6.3 T,  

room temperature 

 (mM
-1

s
-1

) 

Liposomes 123 ± 5 6.8
 

9.6 2.5 6.4 

Micelles 16 ± 1 11.8 17.8 4.5 13.0 

Gd-HP-DO3A - 3.3 4.0 4.2 4.5 
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3.2.3 Blood circulation half-lives and bio-distribution 

 

Figure 3.2: (A) ΔR1 of blood samples after injection of liposomes, micelles and Gd-HP-DO3A (n = 2 for each contrast 

agent). Solid lines are mono-exponential fittings of ΔR1 values as function of time. (t1/2 of liposomes =  

7.0 ± 1.0 hours, t1/2 of micelles = 22.5 ± 2.8 hours, t1/2 of Gd-HP-DO3A= 7.9 ± 3.0 min). (B) Gadolinium content  

(μg/g tissue) in liver, lung, spleen and kidney 48 hours after contrast agent injection as determined by ICP-AES and 

ICP-MS (n = 1 for each contrast agent). 

 

Knowledge of blood clearance rates and bio-distribution is critical for understanding contrast 

agent behavior. As shown in figure 3.2A, blood circulation half-lives were estimated with  

mono-exponential fittings of ΔR1 values as a function of time and amounted to 7.0 ± 1.0 hours 

(R
2 

= 0.94) for liposomes, 22.5 ± 2.8 hours (R
2 

= 0.93) for micelles, and 7.9 ± 3.0 min (R
2 

= 0.73) 

for Gd-HP-DO3A. As expected, at 48 hours after injection of liposomes and micelles, the highest 

gadolinium content was found in the liver and spleen (figure 3.2B). Gadolinium levels of the liver 

corresponded to approximately 50% and 35% of the total injected dose for liposomes and 

micelles, respectively. For the spleen, these values were approximately 1% and 3%. Negligible 

amounts of gadolinium were found in the lungs, while a small amount was found in the kidneys 

(~7 μg/g tissue). At 48 hours, Gd-HP-DO3A was found mostly in the kidneys (28 μg/g tissue, i.e., 

approximately 8% of the total injected dose). 

 

3.2.4 MR angiography 

MR imaging sessions routinely began with MR angiography (figure 3.3A) to confirm flow 

preservation through the right carotid artery and to precisely localize the position of the cast 

with respect to the arterial tree. A signal void was observed at the location of the cast, which 

was used to position slices for T1-weighted imaging perpendicular to the carotid artery directly 

upstream and downstream to the cast. Angiography performed after administration of 

paramagnetic liposomes (figure 3.3B) and micelles revealed the smaller arteries and larger veins 

as well. This observation confirmed successful tail-vein injection of contrast agent. 
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Figure 3.3: Maximum Intensity Projections of 3D TOF angiography of the neck region of a mouse before (A) and  

1.5 hours after (B) liposome injection. The position of the cast around the carotid artery is indicated by the arrows 

in A and B. Sagittal (C) and axial (D) T1-weighted images of the neck region of the mouse as collected before 

contrast agent injection. The axial image was made upstream of the cast. (H = head, F = feet, V = ventral,  

D = dorsal, L = left, R = right) 

 

3.2.5 Sagittal and axial imaging 

Sagittal imaging revealed the right carotid artery and the location of the cast (figure 3.3C). In 

these images narrowing of the vessel lumen was seen due to plaque formation on both sides of 

the cast. An axial image upstream of the cast made before contrast agent injection is shown in  

figure 3.3D. In most cases right carotid artery wall signal intensities were higher than 

surrounding muscle due to the presence of a lesion, which facilitated accurate positioning of the 

ROIs on the vessel wall lesion for quantitative image analysis. The MRI signal from the non-

lesioned artery wall was essentially iso-intense with muscle. 
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3.2.6 T1-weighted imaging 

 

Figure 3.4: Representative axial T1-weighted images of the right carotid artery for each group, as collected before 

and after contrast agent injection. The original images were cropped to select the right carotid artery  

(FOV 0.25 x 0.25 cm
2
).  

 

Figure 3.4 shows a collection of MR images of all different lesion types investigated, pre and post 

contrast agent injection of liposomes, micelles and Gd-HP-DO3A. T1-weighted MR imaging 

(figure 3.4A) did not show evidence of contrast enhancement by liposomes in vulnerable and 

stable lesions at both intermediate and advanced stages of development. Injection of micelles 

(figure 3.4B) did lead to visible, typically non-uniform, contrast enhancement for both plaque 

phenotypes after 24 hours. Contrast enhancement was already observed as early as 15 min after 

injection of paramagnetic micelles in 2 out of 6 mice. Gd-HP-DO3A caused maximum contrast 

enhancement at the first timepoint, i.e., 3.5 min after injection. Subsequently, the contrast 

enhancement decreased and was no longer visible after 1 hour (figure 3.4C).  
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3.2.7 Temporal contrast behavior 

 

 

 

 

Figure 3.5: (A-F) Percentage 

normalized signal 

enhancement (%NSE,  

mean +/- SEM) over time as 

measured in the upstream 

vulnerable plaque, the 

downstream stable plaque 

and the left carotid artery 

as a control, after injection 

of liposomes (A,B), micelles 

(C,D) and Gd-HP-DO3A 

(E,F), in the intermediate 

(A,C,E) and advanced  

(B,D,F) stage of plaque 

development.  

(G,H) The percentage signal 

enhancement (%SE,  

mean +/- SEM) of the vessel 

wall over time for the mice 

injected with Gd-HP-DO3A 

in the intermediate (G) and 

advanced (H) stages. 

Significantly different from 

pre (*); liposomes (†); 

micelles ($); and  

Gd-HP-DO3A (‡),  

Bonferroni 95%. 

Even though plaque dimensions were not quantified we infer that the analyzed images did not 

suffer from partial volume effects in the slice direction, since in most cases plaque enhancement 

was observed in multiple imaging slices. Injection of liposomes only led to a significantly 

increased percentage of normalized signal enhancement (%NSE) in the advanced vulnerable 

lesions 15 min after injection (figures 3.5A and B). Both vulnerable and stable plaques were 

significantly enhanced 24 hours after micelle administration at both intermediate and advanced 

stages (figure 3.5C and D). The micelle-induced enhancements of the intermediate vulnerable 

plaque and the advanced stable plaque were also significantly different from both liposomes 

and Gd-HP-DO3A after 24 hours. The average enhancement 24 hours after micelle injection 

ranged from 23.7 to 34.6%. For Gd-HP-DO3A enhancement occurred for all vessel wall segments 

after 15 min (figure 3.5E and F) with enhancements ranging from 12.0 to 18.0% in the left 

carotid artery and from 29.7 to 36.7% in plaques. At this timepoint enhancement in both plaque 

phenotypes was also different from liposomes and micelles, except for liposomes in the 
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advanced vulnerable plaque. It should be noted that the stable plaque exhibited the largest Gd-

HP-DO3A-induced enhancement (31.1-36.7%) in all cases, followed by the vulnerable plaque 

(23.5-29.7%). The left carotid artery always showed the smallest enhancement. However, 

differences in %NSE between stable and vulnerable plaques did not reach significance in any of 

the cases. 

 

3.2.8 High temporal resolution contrast behavior of Gd-HP-DO3A 

Figure 3.5G and H show the %SE for the Gd-HP-DO3A group at higher temporal resolution up to  

60 min after injection. The first timepoint showed the highest contrast enhancement  

(53.4 - 69.5% in plaques and 28.7 - 31.1% in the left carotid artery). A mono-exponential decay 

function was used to estimate the half-life of enhancement for each plaque phenotype. Half-

lives were found to be 15.3 ± 0.5 min (R
2
 = 0.996) for the intermediate vulnerable plaque in the 

right carotid artery, 20.1 ± 1.2 min (R
2
 = 0.982) for the intermediate stable plaque and  

18.9 ± 2.2 min (R
2
 = 0.941) in the vessel wall of the left carotid artery corresponding to the 

intermediate lesions. Values of 12.1 ± 1.6 min (R
2
 = 0.941) in the advanced vulnerable lesion, 

15.4 ± 1.1 minutes (R
2
 = 0.979) in the advanced stable lesion and 10.4 ± 1.2 minutes (R

2
 = 0.963) 

in the corresponding left vessel wall were found. At both intermediate and advanced stages, 

%SE in the vulnerable plaque, stable plaque and left vessel wall ROIs were significantly different 

from each other (multifactor ANOVA, p < 0.001). The stable plaque showed initially highest and 

longest retention of contrast enhancement after Gd-HP-DO3A injections as compared to the 

vulnerable plaque. 

 

3.2.9 Detection of MRI-contrast agent with confocal laser scanning microscopy 

Carotid artery specimens were obtained 24 hours after contrast agent injection. Confocal laser 

scanning microscopy of plaques from animals injected with paramagnetic, fluorescent liposomes 

did not convincingly reveal fluorescent signal from liposomes (figure 3.6A-D). In some cases, 

diffuse fluorescence was observed in the adventitia (figure 3.6B).  Fluorescence from micelles, 

however, was observed throughout the entire plaque in sections of the advanced lesions  

(figure 3.6G and H) as well as in the smaller plaques of the intermediate lesions  

(figure 3.6E and F). In the adventitia, the incidentally found fluorescence of micelles was much 

weaker than in the plaques. As Gd-HP-DO3A has no fluorescent label, material from animals 

injected with this agent served as a control for confocal laser scanning microscopy to show the 

absence of autofluorescent background signal. Representative images are shown in figure 3.6I-L. 

As expected, no fluorescence was detected. 

 



 

Figure 3.6: Confocal Laser Scanning Microscopy of right carotid artery specimens from mice injected with 

liposomes (top row, 

are shown in the left two colums (

(C, D, G, H, K, L). Vulnerable lesions are shown on position 

B, F, J, D, H and 

autofluorescence for anatomical reference. 
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3.2.11 Micelles 

Micelles were found to accumulate in both plaque phenotypes with comparable MRI signal 

enhancements (25 - 30%) 24 hours post injection. Some downstream plaques already enhanced 

within one hour. The close vicinity of the carotid artery bifurcation to the downstream plaque 

could have affected flow patterns at this location leading to an earlier uptake of micelles as 

compared to the upstream plaque. We were not able to confirm such variation using histology. 

Since micelles are able to penetrate plaques, they seem excellently suited to target intraplaque 

constituents. However, the site-dependency of the passive accumulation of micelles must be 

carefully considered.  Targeted micelles already have been used in several studies to visualize 

intraplaque markers 
17,

 
25, 26

. Attaching ligands to nanoparticles may cause a considerable 

increase in their size. We therefore advocate the use of micelles equipped with non-binding 

antibodies or scrambled peptides as controls for targeted micelles instead of non-conjugated 

micelles to rule out size-related differences in distribution pattern. Moreover, differences in 

blood clearance kinetics between different agents should be carefully considered. 

In our study an amimal model was employed in which two phenotypically different plaques 

develop in the same arterial segment. Equal levels of contrast enhancement in both plaques 

were found 24 hours after micelles administration. This justifies the comparison of enhancement 

levels between these two phenotypes when applying targeted contrast agents. However, within 

the first hour after injection of micelles the downstream plaque showed large variation in 

contrast enhancement behavior, which will make straightforward comparison between targeted 

and control agents at these timepoints more difficult. 

 

3.2.12 Gd-HP-DO3A 

Images made after injection of Gd-HP-DO3A showed that this contrast agent diffuses easily into 

the vessel wall and is already washed out in approximately 1 hour. The left carotid artery as 

control showed a much lower enhancement as compared to plaques, which however displayed 

varying retention patterns. In all cases, the initial vessel wall enhancement and the estimated 

signal enhancement half-life was larger for the stable plaque than for the vulnerable plaque, 

indicating a more extensive accumulation of Gd-HP-DO3A in the stable lesion. Even though this 

difference was rather subtle, higher contrast enhancement of more fibrous lesions was 

previously also found in other studies with low molecular weight contrast agents. Yuan et al. 
27

  

and Wasserman et al. 
28

 showed minimal entry in lipid rich necrotic regions and highest levels of 

contrast enhancement in fibrous tissue in plaques in patients. Kerwin et al. 
12

 observed a range 

in plaque enhancement patterns in patient carotid artery plaques and showed that the initial 

entry of contrast agent into plaques correlated with the extent of neovascularization. The 

delivery of contrast agents into the extravascular extracellular space appeared to depend on a 

combination of neovasculature supply and permeability. Following ligand conjugation, low 
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molecular weight gadolinium-based contrast agents are also suited for target-specific MR 

imaging of very abundant targets 
29

. However, due to possible higher accumulation in stable 

lesions, one should wait long enough after contrast agent administration for the washout of 

unbound contrast material.  

 

3.3 Conclusions 

Vascular endothelium in atherosclerotic plaques is known to be more permeable than healthy 

vessel wall endothelium. In this study three differently sized contrast agents were employed to 

study their ability to produce T1-weighted MRI contrast enhancement, in stable and vulnerable 

mouse carotid atherosclerotic plaques at two stages of development. Blood flow through the 

lesioned artery after cast implantation was preserved, implying that the contrast agents were 

able to access the desired area. The two smallest of the tested contrast agents, i.e. micelles and 

Gd-HP-DO3A, resulted in contrast enhancement in all plaque phenotypes on T1-weighted MR 

images. Liposomes, on the other hand, were too large to accumulate and caused no significant 

contrast enhancement in the atherosclerotic plaques. Confocal microscopy confirmed these 

findings. Histology showed that phenotype differences as well as sizes of the plaques were larger 

at 9 weeks after cast placement than at 6 weeks after cast placement.  

These results imply that when suitably modified with targeting ligands, the fast permeation of 

Gd-HP-DO3A into plaques make low molecular weight contrast agents suitable for imaging of 

abundant targets inside atherosclerotic plaques. The lack of intraplaque accumulation of 

liposomes makes these particles a good candidate for imaging of plaque-associated vascular 

markers, because these contrast materials cause little background enhancement and the 

endothelial markers are directly accessible from the lumen. Micelles accumulate into 

atherosclerotic plaques on a longer timescale, which makes them suitable for imaging of less 

abundant markers inside atherosclerotic plaques. 

 

3.4 Experimental 

3.4.1 Preparation of paramagnetic liposomes and micelles 

Liposomes and micelles were prepared by lipid film hydration 
30

.  A mixture of the appropriate 

amounts of lipids was dissolved in chloroform:methanol 3:1 (v/v) and evaporated to dryness by 

rotary evaporation. For liposomes, Gd-DTPA-BSA (Gd-DTPA-bis(stearylamide)), DSPC  

(1,2-distearoyl-sn-glycero-3-phosphocholine), cholesterol, PEG2000-DSPE (1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)2000]) were used at a molar 

ratio of 0.75/1.1/1/0.15 For fluorescent detection, 0.1 mol% NIR664-DSPE (SyMO-Chem B.V., 

Eindhoven, The Netherlands) was added. For micelles, Gd-DTPA-BSA and PEG2000-DSPE were 

used at a molar ratio of 1/1 with 1% NIR664-DSPE. The lipid film was subsequently hydrated in 
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HEPES buffered saline (HBS), containing 20 mM HEPES and 135 mM NaCl (pH 7.4). The liposomes 

were sized at 65 °C using a Lipofast Extruder (Avestin, Canada) and a filter with a diameter of 

100 nm. Micelles were prepared via lipid hydration and vigourous stirring at 65 °C for 45 min. 

The size and size distribution were assessed by dynamic light scattering (DLS) at 25 °C with a 

Malvern ZetaSizer Nano S (Malvern, UK). The relaxivity was measured at 37 °C and 1.41 T using a 

Minispec MQ60 Spectrometer (Bruker, Germany), and at room temperature and 6.3 T. The 

phospholipid concentration was determined by phosphate analysis according to Rouser 
31

 after 

destruction in perchloric acid. 

 

3.4.2 Circulation half-lives and organ distribution of the contrast agents 

The local institutional animal care and use committee approved all experimental procedures and 

the investigation conforms with the Guide for the care and use of laboratory animals (NIH 

publication No. 85-23, revised 1996). For the determination of the blood circulation half-lives of 

the different contrast agents, 12 female apoE
-/-

 mice (age 12 weeks) that were on a Western-

type diet (0.21% cholesterol) for a period of 12 weeks were anesthetized. Before contrast agent 

injection a 20 μl blood sample was obtained from the saphenous vein. Paramagnetic liposomes, 

micelles or Gd-HP-DO3A (ProHance, Bracco Diagnostics, Inc.) were injected via the tail vein 

(equivalent to 50 μmol Gd / kg body weight) and 20 μl blood samples were collected after 2, 15, 

30, 45 and 60 min while the mouse was kept under anesthesia. Additional blood samples were 

obtained at 4, 8, 24 and 48 hours after injection of the contrast agent. To prevent coagulation of 

the blood samples they were mixed with 20 μl of heparinized physiological salt solution  

(50 i.E. heparin / ml). After the last time point the mice were sacrificed by exsanguination and 

arterial PBS perfusion was performed. The liver, lungs, kidneys and spleen were excised, snap 

frozen and stored at -80 °C. The longitudinal relaxation rate (R1) of the blood samples was 

determined at room temperature with a 6.3 T horizontal-bore scanner (Bruker BioSpin, 

Ettlingen, Germany) using a fast inversion recovery segmented FLASH sequence (TE = 1.5 ms,  

TR = 3 ms, flip angle =  15°, TI ranging from 67 ms to 4800 ms in 80 steps,  

overall repetition time = 20 s, FOV = 3 x 2.81 cm
2
, matrix = 128 x 128, slice thickness = 1 mm, 

averages = 2, total scan time = 21m20s). The decrease in R1 (ΔR1) values of the blood samples 

over time were fitted in Origin (OriginLab Corporation, Northampton, USA) with a mono-

exponential decay function (y = Ae��/τ) to determine circulation half-lives (t	/
 = τln2). 

Gadolinium content of liver, lung, kidney and spleen of one mouse of each group was 

determined with ICP-AES or ICP-MS (Philips Research, Eindhoven, The Netherlands). 
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3.4.3 Mouse model  

For this study 36 female apoE
-/-

 mice (age 12 weeks) were fed a Western-type diet (0.21% 

cholesterol) for a period of 3 weeks, after which a tapered cast was surgically placed around the 

right carotid artery 
2
. The stiff tapered cast (Promolding BV., The Hague, The Netherlands) with 

an inner diameter ranging from 500 μm upstream to 250 μm downstream was placed around 

the right common carotid artery at least 1 mm upstream from the bifurcation. After cast 

placement a period of either 6 weeks or 9 weeks with continuing diet was allowed for plaque 

development.  

 

3.4.4 In vivo MRI 

MRI measurements were performed with a 6.3 T horizontal-bore animal scanner (Bruker 

BioSpin, Ettlingen, Germany) equipped with a 3-cm diameter quadrature birdcage RF coil (Rapid 

Biomedical, Rimpar, Germany). The mice were initially anesthetized with 3% isoflurane in 

medical air, and kept on 1-2% isoflurane during the MRI experiments. The mice were placed in a 

custom-made cradle, which was kept at a constant temperature of approximately 37 °C to 

maintain body temperature. Respiration was monitored with a balloon sensor connected to an 

ECG/respiratory unit (Rapid Biomedical, Rimpar, Germany). 

The MRI protocol started with a 3D time-of-flight (TOF) gradient echo sequence of the neck area 

(TR = 15 ms, TE = 2.5 ms, α = 20°, FOV = 3.3 x 3.5 x 4 cm
3
, matrix = 256 x 192 x 192, NEX = 1, 

scan time = 9 min). For contrast-enhanced imaging the mice were injected with paramagnetic 

liposomes, paramagnetic micelles or Gd-HP-DO3A (n = 6 for each group) through a catheter 

placed in the tail vein. T1-weighted multi-slice spin-echo images (TR = 800 ms, TE = 10.3 ms, FOV 

= 2.56 x 2.56 cm
2
, matrix = 256 x 256, slice thickness = 0.5 mm, NEX = 8, scan time = 27 min) 

were acquired before and at different timepoints after contrast agent. Slices were carefully 

positioned perpendicular to the right carotid artery both upstream and downstream of the cast.  

T1-weighted images were acquired 15 min, 60 min and 24 hours after injection of liposomes and 

micelles. Upon administration of Gd-HP-DO3A, mice were scanned up to 1 hour after injection 

with a higher temporal resolution by reducing the number of averages to 2 (scan time = 6.5 min) 

and again after 24 hours. After the MRI experiments the mice were sacrificed by exsanguination 

followed by arterial PBS perfusion. The carotid arteries were dissected, embedded in 10% 

gelatin, snap frozen and stored at -80 °C until further processing for histological evaluation. 

 

3.4.5 Image Analysis 

Initially, the images were zero-filled to an in-plane pixel dimension of 50 x 50 μm
2
. Regions of 

interest (ROI) containing tissue directly surrounding the vessel lumen were drawn in 

Mathematica (Wolfram Research, Inc) for the left and right carotid arteries and the average 
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signal intensities were calculated (IW). ROIs were also drawn in surrounding muscle tissue (longus 

capitis muscle) and outside each mouse to calculate muscle tissue signal intensity (IM) and noise 

level (IN), respectively. The percentage signal enhancement (%SE) was determined according to 

%SE = � ��,�
��,���

− 1� × 100%. 

For comparison with data collected 24 hours after contrast agent injection, the vessel wall signal 

intensities were normalized to muscle tissue. The resulting normalized percentage signal 

enhancement (%NSE) was determined according to 

%NSE = � ��,�/��,�
��,���/��,��� − 1� × 100%. 

 

3.4.6 Histology and Fluorescence Microscopy 

Both the upstream and downstream plaques were cut into 8 µm serial sections perpendicular to 

the vessel direction. Sections were stained with hematoxylin and eosin, Oil red O for lipids and 

picrosirius red for collagen (analyzed with a circular polarizing filter) at 80 μm intervals. 

Macrophages were detected by FITC labeled antibodies directed against CD68-FITC (dilution 

1:100 (10 μg/ml), AbD Serotec, clone FA11), smooth muscle cells using FITC labeled antibodies 

directed against α-Smooth Muscle Actin-FITC (dilution 1:250, Sigma-Aldrich, Inc., St Louis, USA, 

clone 1A4) and the endothelium using antibodies directed against PECAM-1 (dilution 1:250 (2 

μg/ml), BD Pharmingen, clone MEC13.3) with goat-anti rat IgG AlexaFluor 488 as secondary 

antibody (dilution 1:500 (4 μg/ml), Molecular Probe, Inc., Eugene, USA).  

Bright-field microscopy was performed with a Zeiss Axio Observer Z1 microscope (Carl Zeiss, 

Inc.). Fluorescently labeled sections were analyzed by a Zeiss Axiovert 200M microscope (Carl 

Zeiss, Inc.).  Macrophages, smooth muscle cells and the endothelium were visualized on 

separate sections with a 455 - 495 nm excitation and a 500 - 550 nm emission filter.  

For detection of liposome and micelle fluorescence, confocal laser scanning microscopy was 

performed on a Zeiss LSM 510 META system (Carl Zeiss, Inc.). NIR664 was excited with a 633 nm 

HeNe laser. Emission was filtered through a band-pass filter of 650 - 710 nm. FITC or Alexa Fluor 

488 was excited with a 488 nm Argon laser in combination with an emission band-pass filter of 

500 - 550 nm. Autofluorescence of elastin was excited with a 543 nm HeNe laser and emission 

was filtered through a bandpass filter of 565 - 615 nm. 

 

 

 

 



Accumulation of differently sized MRI contrast agents 

45 
 

3.4.7 Statistics 

Statistical analyses were performed to test whether (1) %SE and %NSE had changed significantly 

upon injection of contrast agent in time, (2) contrast enhancement differed between contrast 

agents, and (3) the upstream and downstream plaques showed a distinct response. For this 

purpose, one-way analysis of variance (ANOVA) (significance level: p < 0.05) with Bonferroni 

correction for multiple comparisons was performed with Statgraphics Centurion XV (StatPoint, 

Inc., Virginia, USA). 
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Abstract 

Objectives: Collagen plays an important role in the stabilization of atherosclerotic plaques, and 

limited collagen content may represent a risk for plaque rupture. Imaging of collagen as a key 

plaque component could help in risk assessment, monitoring the progression of the disease, and 

evaluating the efficacy of therapy. In this study the collagen-binding protein CNA35 was 

conjugated to paramagnetic and fluorescent micelles as a tool for MR and fluorescent imaging of 

collagen in atherosclerotic lesions. A mouse model of experimental atherosclerosis, developing 

lesions with different levels of collagen content, was used to assess the ability of the micelles to 

produce differential MR contrast enhancement. 

Methods: CNA35-functionalized micelles and control mutant-CNA35-micelles were prepared and 

carefully characterized with respect to biochemical and magnetic properties and in vivo 

circulation times. Atherosclerosis in mice was induced by surgical placement of a tapered cast 

around the right carotid artery, leading to collagen-richer and collagen-poorer lesions. MRI was 

performed pre- and post-injection of contrast agent (50 µmol Gd/kg).  

Results: MRI revealed highest signal enhancement in the lesions after injection of CNA35-

functionalized micelles. At early time points after administration of CNA35-functionalized 

micelles, contrast enhancement was higher in the collagen-richer lesions compared to the 

collagen-poorer lesions. Confocal scanning laser microscopy confirmed the collagen-related 

accumulation of CNA35-functionalized micelles in the plaques. 

Conclusions: We have demonstrated molecular MR imaging of collagen in experimental 

atherosclerosis using a CNA35-functionalized micellar contrast agent. 
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4.1 Introduction 

Atherosclerosis is characterized by a lipid-driven chronic inflammation of the arteries leading to 

phases of stable and unstable lesions. Rupture of an unstable lesion is considered responsible 

for myocardial infarction and stroke 
1
. Currently, diagnostic imaging is primarily focused on the 

size and hemodynamic consequences of plaques 
2
. However, it is well established that unstable 

lesions are associated with a certain plaque morphology, characterized by a large lipid core, 

inflammation in the shoulders of the plaque and a thin cap overlying the lipid core. The collagen 

content of the cap has been considered essential in providing material strength, as it is believed 

that rupture of cap or shoulder may lead to thrombosis formation and vessel occlusion. 

Therefore, imaging of these key plaque components might prove crucial in assessing the risk of 

plaque rupture and in monitoring progression of disease, as well as to evaluate the efficacy of 

therapy 
3-5

. 

Collagen plays an important role in stabilization of atherosclerotic plaques. Collagen levels in 

plaque are regulated by proteinases, which degrade the extracellular matrix (ECM), as well as by 

pro-inflammatory cytokines, which inhibit the synthesis of new collagen 
6
. Reduction of collagen 

in plaques can result in thinning of the fibrous cap, which, in combination with a large lipid pool 

and many inflammatory cells, leads to reduced plaque stability. On the other hand a plaque with 

a small lipid core and a thick fibrous cap in the presence of a preserved vascular lumen is 

considered to be stable. Patients with plaques prone to rupture are at risk, since rupture may 

cause thrombosis and possibly leads to clinical events such as myocardial infarction and  

stroke 
1, 6

. The non-invasive visualization of collagen in atherosclerotic plaques could therefore 

be of great value to differentiate between vulnerable and stable plaques, and offer great clinical 

utility.  

Magnetic resonance imaging (MRI) has proven to be a powerful modality for in vivo imaging of 

the larger vessel walls, in both patients and animal models of atherosclerosis 
7-11

. Multi-contrast 

MRI protocols (using T1-, T2-, PD- or diffusion-weighting), allow quantification of different plaque 

characteristics, including size, necrotic core volume, fibrous cap thickness and degree of luminal 

narrowing. Although successfully applied for characterization of these aforementioned 

morphological features, the multi-contrast approach cannot be applied for accurately depicting 

molecular markers of plaque vulnerability. Therefore, plaque imaging research is expanding 

towards molecular imaging, where targeted contrast agents are used for the detection of 

specific biomarkers, including macrophages 
12-14

, thrombus 
15-19

, cell adhesion molecules 
20

 and 

angiogenesis 
21, 22

. Collagen detection in atherosclerotic plaques has not been subject of MR 

molecular imaging so far, but could be of great value to discriminate between plaques with a 

stable and unstable phenotype.  
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In this study a paramagnetic and fluorescent micellar contrast agent, functionalized with the 

bacterial collagen adhesion molecule CNA35 
23, 24

 or a mutated version of the protein CNA35 

(mutant-CNA35) with very low affinity for collagen as control, was developed. Its suitability for 

MRI based molecular visualization of collagen in atherosclerosis was investigated in the apoE
-/-

 

mouse model, in which a tapered cast was placed around the right carotid artery. It was 

previously reported that upstream to the cast (towards the heart) a region of lowered wall shear 

stress induced a lesion with characteristics of a vulnerable plaque, i.e. high macrophage, high 

lipid and low collagen content, while downstream to the cast oscillatory wall shear stress 

resulted in a lesion with characteristics of a stabilized plaque, i.e. lower lipid and higher collagen 

content 
25

. Therefore, this model is excellently suited to test our collagen-specific molecular 

imaging approach. Another attractive feature of the model is that both lesion types are located 

in the same vessel segment and the left carotid artery, which serves as a control, can be MR 

imaged within the same scan session. To validate the in vivo MRI findings extensive 

immunofluorescence and histology studies were performed on excised tissue.  

 

4.2 Methods 

4.2.1 CNA35-expression 

Vector pQE30CNA35, coding for the collagen binding part of the A-domain of Staphylococcus 

aureus collagen adhesin (amino acids 30-344), fused to an N-terminal His-tag was a kind gift 

from Dr. Magnus Höök (Texas A&M University, USA). The plasmid was transformed into E. coli 

BL21(DE3) (Novagen, Nottingham, UK). The recombinant expression and purification of CNA35 

were carried out as described before 
26

. For the generation of mutant-CNA35, the control 

protein (with low affinity for collagen 
27

), a Y175K mutation was introduced in the 6His-CNA35 

gene from pQE30-CNA35 using the QuickChange Site-directed mutagenesis kit (Stratagene), and 

the primers 5’-CGGGAACAAGTAGTGTTTTCTA TAAAAAAACGGGAGATATGCTACC-3’ and 

5’-GGTAGCCATATCT CCCGTTTTTTTATAGAAAACACTACTTGTTCCCG-3’, yielding pQE30-

CNA35(Y175K).  

 

4.2.2 NIR664-DSPE synthesis 

Commercially available N-hydroxysuccinimide(NHS) activated ester NIR664 (Sigma Aldrich) was 

conjugated to the primary amine of DSPE (Alexis Biochemicals) with diisopropylethylamine 

(DiPEA) as a base. After purification, NIR664-DSPE was obtained with a yield of 90% (For details 

see Appendix 4). 
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4.2.3 Preparation of paramagnetic micelles 

Paramagnetic, fluorescent micelles were prepared by the lipid film hydration method 
28

. The 

lipid film was formed by rotary evaporation of Gd-DTPA-bis(stearylamide) (Gd-DTPA-BSA), 

DSPE-PEG2000, DSPE-PEG2000-maleimide and NIR664-DSPE (or occasionally rhodamine-PE) in a 

molar ratio 4:1:5:0.02, dissolved in a mixture of chloroform/methanol (4:1 v/v). After rotary 

evaporation to dryness, the lipid film was further dried under N2 for 30 min. Next, the lipid film 

was hydrated with HEPES buffered saline (HBS) at pH 6.7, containing 20 mM HEPES and 135 mM 

NaCl. The solution was slowly rotated at 65 °C
 
for 1 hour, which resulted in a clear micelle 

solution.  

CNA35 (molar ratio CNA35:lipid was 1:50) was coupled to the micelles by a sulfhydryl-maleimide 

coupling method as reported before 
28

. Briefly, CNA35 was reacted with succinimidyl 

S-acetylthioacetate (SATA) in a molar ratio of 1:8 for 1 hour in a 0.1 M NaHCO3 buffer at pH 8.0. 

Uncoupled SATA was removed by using a centrifuge concentrator with a molecular weight cutoff 

(MWCO) of 10 kDa (Sartorius). Subsequently, deacetylation was conducted with a 

hydroxylamine solution (0.5 M hydroxylamine, 1 M HEPES, 32 mM EDTA, pH 7.0) for 1 hour. 

Modified CNA35 was then allowed to react with pre-formed micelles at 4 °C overnight in HBS of 

pH 6.7. Uncoupled CNA35 was separated from CNA35-functionalized micelles using centrifuge 

concentrators with a MWCO of 100 kDa (Sartorius), and by extensive washing with HBS of pH 7.4 

the pH was increased to 7.4. The same procedure was used for mutant-CNA35-micelles. A 

schematic representation of the micellar nanoparticle is depicted in figure 4.1A. The average 

hydrodynamic radius of the micelles was determined using a Malvern ZetaSizer Nano S 

(Malvern, UK) at a temperature of 25 °C and a 50 μM lipid concentration. 

 

4.2.4 Lipid concentration determination 

To determine the composition of the final micelle solution both phosphate and gadolinium 

content were measured. Gadolinium content was quantified using inductively coupled plasma 

atomic emission spectroscopy (ICP-AES) (Philips Research, Eindhoven, The Netherlands). 

Phosphate was determined using the Rouser method 
29

. 

 

4.2.5 Protein determination 

The total amount of CNA35 protein coupled to the micelles was determined using a modified 

Bradford method 
30

. The modification consisted of using equal lipid concentration in both 

calibration curve and actual samples, ensuring the same background signal of lipids. This 

modification allowed an accurate measurement of the protein content of the samples.  
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4.2.6 Fluorescence-based collagen binding assay 

Wells of 8-well strip plate (Corning, Schiphol-Rijk, the Netherlands) were incubated overnight at 

4 °C with 50 μl of 55 μg/ml rat-tail collagen type I (C7661, Sigma-Aldrich) in HEPES-buffered 

saline (HBS). Next, non-bound collagen was aspirated from the wells using an automated 

Wellwash AC plate washer (Thermo, Breda, the Netherlands) and the wells were rinsed 3 times 

with 300 μl HBS at 20 °C. Subsequently, wells were blocked with 250 μl of 5% (w/v) milk powder 

in HBS for 3 h at 20 °C, aspirated and again rinsed 3 times with 300 μl HBS. 50 μl of a solution 

(concentration: 1 mM lipid) of micelles in HBS was added to each well and incubated for 3 hours 

at 20 °C. Wells were aspirated and washed 10 times with 300 μl HBS.  Fluorescence was 

subsequently measured using a Fluoroskan Ascent FL plate reader (excitation: 578 nm; emission: 

620 nm). 

 

4.2.7 Mouse model of atherosclerosis 

For this study 16 apoE
-/-

 mice (age 12 weeks) were placed on a Western-type diet (0.21% 

cholesterol, purified diet W 4021.06, Arie Blok BV, Woerden, The Netherlands). After three 

weeks, a tapered cast was placed around the right carotid artery to induce plaque formation 
25

. 

At the day of surgery, mice were initially anesthetized with 3% isoflurane in medical air, and 

maintained at ~2% during the placement of the cast. The right carotid artery was prepared free 

from the surrounding connective tissue, and a stiff polymeric tapered cast (Promolding BV, The 

Hague, The Netherlands) with an inner diameter ranging from 500 µm upstream to 250 µm 

downstream, was placed around the right common carotid artery well distanced from the 

bifurcation. Postoperative analgesic medication consisted of s.c. injection of buprenorfine 

(Temgesic, 0.1 mg / kg body weight). Following surgical cast placement, the animals were 

continued on the lipid-rich diet over a period of 9 weeks to allow plaque development 
25

. After 

the MRI experiment the mice were sacrificed by exsanguination followed by arterial PBS 

perfusion. The carotid arteries, liver, lung, spleen and kidneys were dissected, embedded in 10% 

gelatin, snap-frozen and stored at -80 
o
C until further processing for histological evaluation. 

 

4.2.8 In vivo MRI  

MRI measurements were performed with a 6.3 T horizontal-bore animal scanner (Bruker 

BioSpin, Ettlingen, Germany) and a 3-cm-diameter quadrature birdcage RF coil (Rapid 

Biomedical, Rimpar, Germany). The mice were initially anesthetized with 3% isoflurane in 

medical air, and maintained with 1 - 2% isoflurane during the MRI experiments. An infusion line 

was filled with contrast agent and fixed in the tail vein. The mice were placed in a custom-made 

cradle, which was kept at a constant temperature of approximately 37 °C. Respiration was 

monitored with a balloon sensor connected to an ECG/respiratory unit (Rapid Biomedical, 

Rimpar, Germany). 
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For contrast-enhanced imaging the mice were injected with either CNA35-conjugated micelles 

or mutant CNA35-micelles (50 μmol Gd / kg, n = 8 for each group). T1-weighted  

spin-echo imaging (TR = 800 ms, TE = 10.3 ms, FOV = 2.56 x 2.56 cm
2
, matrix = 256 x 256, 

slice thickness = 0.5 mm, NEX = 8, scan time = 27 min) was performed before, and at 15 min, 

60 min and 24 hours after injection of the contrast agent to follow the contrast changes over 

time. Slices were carefully situated perpendicular to the flow direction of the right carotid 

artery. Because of the curvature of the carotid artery, two separate slice packages were planned 

upstream and downstream to the cast. 

 

4.2.9 Histology, immunohistochemistry and fluorescence microscopy   

Both upstream and downstream plaques were divided into 80-µm-thick sections perpendicular 

to the vessel direction. To determine the differences in collagen content, 8-µm-thick sections 

were obtained at these 80 μm intervals. The following stainings were performed: hematoxylin 

and eosin, picrosirius red (collagen), Masson Trichrome (cytoplasm and muscle fibers in red, 

collagen in blue, and cell nuclei in purple), and anti-α-Smooth Muscle Actin-FITC for smooth 

muscle cells (dilution 1:250, clone 1A4, Sigma-Aldrich, Inc., St Louis, USA). Bright-field 

microscopy of the hematoxylin and eosin and Masson trichrome sections and circularly polarized 

light microscopy of the picrosirius red sections was performed on a Zeiss Axio Observer Z1 

microscope (Carl Zeiss, Inc.). Smooth muscle cells were analyzed by a Zeiss Axiovert 200M 

microscope (Carl Zeiss, Inc.) and were visualized using a 455 - 495 nm excitation and a 

500 - 550 nm emission filter. With these filters the elastin autofluorescence was also detected.  

For evaluation of the presence of contrast agent, confocal laser scanning microscopy was 

performed on a Zeiss LSM 510 META system (Carl Zeiss, Inc.). Autofluorescence of elastin was 

excited with a 488 nm Argon laser. Emission was filtered through a band-pass filter of 

500 - 550 nm. NIR664 was excited with a 633 nm HeNe laser, emission was filtered through a 

bandpass filter of 650 - 710 nm.  

 

4.2.10 MR Image analysis 

Mathematica (Wolfram Research, Inc.) was used to analyze the slices directly upstream and 

downstream of the cast for each time point. A circular region of interest (ROI) was drawn to 

select the vessel wall directly around the vessel lumen. ROIs were drawn for the left and right 

carotid arteries and the average signal intensities were calculated (IW). ROIs were also drawn in 

surrounding muscle tissue and outside of the mouse to calculate the muscle tissue signal 

intensity (IM) and the noise level (IN), respectively. To be able to compare images measured on 
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different days, the vessel wall signal intensities (IW) were normalized to nearby skeletal muscle 

tissue. The normalized percentage signal enhancement (%NSE) was calculated according to:  

%NSE = � I�,
 I�,
⁄
I�,�� I�,��⁄ − 1� × 100% 

 

4.2.11 Statistics  

Statistical analysis was performed to test, whether (1) contrast enhancement was observed over 

time, (2) the two different contrast agents differed in their contrast enhancement and (3) the 

upstream and downstream plaques showed a different response. For this purpose, one-way 

analysis of variance (ANOVA) (p < 0.05) with Bonferroni correction for multiple comparisons was 

performed with Statgraphics Centurion XV (StatPoint, Inc., Virginia, USA). 

 

4.3 Results 

4.3.1 CNA35-micelle characterization 

 

Figure 4.1: (A) Cartoon of CNA35-micelle. (B) CryoTEM image of CNA35-conjugated micelles. (C) Fluorescence 

binding assay. CNA35-micelles (CNA), mutant-CNA35-micelles (Mutant) and unconjugated micelles (Bare) were 

incubated on either a collagen-coated surface or a collagen-free surface. The level of background signal was 

measured in wells that were not incubated with micelles (Bars labeled: No).  

CNA35-micelles (schematically shown in figure 4.1A) and mutant-CNA35-micelles were 

characterized in terms of physical properties, binding to collagen, MR-properties in vitro and 

clearance characteristics in vivo. Successful conjugation (nearly 100% of protein was coupled) of 

CNA35 and mutant-CNA35 to preformed micelles was confirmed by SDS-PAGE analysis (not 

shown) 
31, 32

. Protein, gadolinium and phosphate determinations yielded a ratio of 25:25:1 for 

Gd-DTPA-BSA: PEG2000-DSPE: targeting ligand. On average 1 to 2 CNA35 or mutant-CNA35 

proteins were conjugated per micelle, assuming 50 - 100 lipids per micelle 
33

. 

CryoTEM images of micelles (figure 1B) showed small black dots, which confirmed uniform 

micelle size and absence of aggregation of the particles. Dynamic light scattering measurements 
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revealed a hydrodynamic radius (rh) of 12.0 ± 1.5 nm for both CNA35-micelles and 

mutant-CNA35-micelles (i.e. control micelles). These data correspond to an increase in radius of 

3 nm compared to unfunctionalized paramagnetic micelles (rh = 9.0 ± 0.5 nm). 

As one of the measures of micelle stability, the critical micelle concentration (CMC) was 

determined with two different approaches, i.e. the Wilhelmy plate technique 
34

 and proton 

relaxivity measurements. Both methods gave a CMC between 50 and 100 µM (for more detail 

see data supplement), which lies far below the initial blood concentration (1.25 mM assuming 

2 ml total mouse blood volume). NMRD profiles (see data supplement) showed no difference in 

HBS and human blood serum, suggesting that micellar integrity was maintained in the presence 

of blood plasma proteins. The longitudinal relaxivities r1 were 12 mM
-1

s
-1

 at 1.41 T and 37 °C, and 

3.5 mM
-1

s
-1

 at 6.3 T and room temperature (RT). 

A fluorescence binding assay, based on the incorporated fluorescent lipid, was conducted to 

assess the capacity of the micelles to bind to collagen. The results (figure 4.1C) showed a high 

fluorescent signal upon incubation of CNA35-micelles on collagen-coated surfaces. Non-specific 

binding of CNA35-micelles on a non collagen-coated surface was absent as can be deduced from 

the fact that a similar fluorescence level was measured from non-incubated wells (two columns 

labeled ‘No’ in figure 4.1C). Unfunctionalized micelles showed no non-specific binding to 

collagen, whereas mutant-CNA35-micelles showed a marginally higher fluorescent signal, 

indicative of some binding of mutant-CNA35-micelles to collagen, which is in agreement with 

recent data from Reulen et al. 
35

 The shelf life for CNA35-micelles was found to be at least 1 

month using this assay.  

Micelle-induced increase in longitudinal relaxation rate, ΔR1, of blood samples was used to 

determine the blood circulation half-lives of the micelles (see data supplement). Non-conjugated 

micelles had a blood circulation half-life of 22.5 ± 2.8 hours. A very similar value of 

22.6 ± 2.5 hours was found for the control protein conjugated, mutant-CNA35 micelles, while for 

the collagen binding CNA35-micelles a slightly decreased blood circulation half-life of 17.1 ± 4.3 

hours was found. 

 

4.3.2 MRI  

T1-weighted MRI was used to detect MRI contrast changes brought about by i.v.-injected 

paramagnetic micelles. Typical examples of MR images of the carotid arteries of mice injected 

with CNA35-micelles and mutant-CNA35-micelles are shown in figure 4.2. Mice treated with 

CNA35-micelles (figure 4.2A-H) displayed vessel wall enhancement of the right carotid artery 

downstream to the cast as early as 15 min after injection (figure 4.2F and G). A heterogeneous 

enhancement of the vessel wall was observed. After 24 hours a more pronounced vessel wall 

enhancement was observed, while the heterogeneity of the enhancement was preserved 

(figure 4.2H). In addition to the downstream segment, the vessel wall at the upstream side was 

also clearly enhanced 24 hours after injection with CNA35-micelles (figure 4.2D). A marginal 
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vessel wall signal increase was found in animals injected with mutant-CNA35-micelles  

(figure 4.2J-L and N-P). The left carotid artery (control) showed no visible vessel wall 

enhancement after both CNA35-micelle and mutant-CNA35-micelle injection.  

 

 

Figure 4.2: T1-weighted images of a mouse injected with CNA35-micelles (A-H) and a mouse injected with 

mutant-CNA35-micelles (I-P), showing a slice upstream (first and third row) and downstream (second and fourth 

row) of the cast. Original images were cropped to a field of view of 0.75 x 0.75 cm
2
. The lesioned artery is shown 

on the right. The right carotid artery (I), trachea (II), left carotid artery (III), spinal cord (IV), external jugular vein 

(V) and internal jugular vein (VI) are indicated by arrowheads.  

Figure 4.3 shows the mean signal enhancement of the different vascular segments over time. At 

all time points for both downstream and upstream plaques collagen binding CNA35-micelles 

gave a higher average signal enhancement compared to mutant-CNA35-micelles, which was in 

agreement with the above visual inspection. This difference reached significance at 24 hours for 

the downstream stable lesion. For the left carotid artery, in which no plaque was present, the 

reverse trend was apparent; the mutant-CNA35-micelles led to a larger average signal 

enhancement.  
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Figure 4.3: Percentage normalized signal enhancement (mean ± SEM) of the different vascular segments over time 

for CNA35-micelles (n = 7) and for mutant-CNA35-micelles (n = 8). Upstream (A) of the cast is the collagen-poorer 

lesion, downstream (B) of the cast is the collagen-richer lesion and the left (C) carotid artery had no plaque. 

* Significantly enhanced, Bonferroni, p < 0.05 

# CNA35-micelles significantly different from mutant CNA35-micelles, Bonferroni, p < 0.05 

 

In the first hour after micelle administration, a more pronounced difference between down- and 

upstream plaques was seen. This was due to a faster accumulation of CNA35-micelles in the 

downstream, collagen-richer plaque than in the upstream, collagen-poorer plaque. To a lesser 

extent this effect was also seen for mutant-CNA35-micelles, where signal enhancement was 

lower and both plaques became almost equally enhanced after 1 hour.  

In all studied carotid wall segments, a signal enhancement indicative of micelle accumulation 

over time was found. In case of the mutant-CNA35-micelles an equal accumulation in all three 

vessel wall segments was observed at 24 hours after micelle administration. Average signal 

enhancement for CNA35-micelles was, however, higher for both lesion types compared to the 

left carotid artery.  
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4.3.3 Microscopy  

The hematoxylin and eosin, picrosirius red, Masson trichrome, and smooth muscle cell stainings 

of both an upstream and downstream lesion are shown in figure 4.4. The Picrosirius red (figure 

4.4B and F) and the blue staining in the Masson trichrome images (figure 4.4C and G) confirmed 

the presence of a higher collagen content in the downstream lesion. The downstream lesion 

appeared to also have a little higher smooth muscle cell content (figure 4.4D and H). Microscopy 

studies performed on segments of the left carotid artery that corresponded to the area used for 

MR analysis revealed no plaque (data not shown). These observations are in line with previous 

work by Cheng et al. 
25

, who also reported a higher collagen and smooth muscle cell content in 

the downstream plaque as compared to the upstream plaque.  

 

Figure 4.4: Stainings of the upstream and downstream atherosclerotic plaques. From left to right: hematoxylin and 

eosin, picrosirius red, masson trichrome and anti-α-smooth muscle actin-FITC. Pre and 24 hours after injection MR 

images of the corresponding lesions are shown in the left column. The dashed lines in the picrosirius red staining 

indicate the plaque borders. 

 

Confocal laser scanning microscopy of sections that were collected at 24 hours after micelle 

injection confirmed a clear accumulation of CNA35-micelles in both the upstream and the 

downstream plaque as is shown in figure 4.5. For the upstream lesion intense CNA35-micelle 

fluorescence was found near the vessel lumen (figure 4.5A), while for the downstream lesion the 

CNA35-micelle positive regions were larger, more intense and also extended deeper into the 

atherosclerotic plaques. Upon application of a 3-fold higher laser intensity (indicated by 3x in 

figure 4.5), in both cases weak CNA35-micelle fluorescence was observed in the rest of the 

plaque. For mutant-CNA35-micelles, fluorescence was significantly less with highest intensity 

near the vessel lumen (figure 4.5B).  
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Figure 4.5: Confocal laser scanning microscopy of upstream and downstream lesions from sections obtained at 

24 hours after injection of CNA35-micelles (A) or mutant-CNA35-micelles (B). For the images in the right column a 

3-fold higher laser intensity was used than for the images in the middle column. Pre and 24 hours after injection 

MR images of the corresponding lesions are shown in the left column. Red: NIR664-DSPE of the micelles; Green: 

elastin autofluorescence.  
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4.4 Discussion  

Molecular MRI of collagen with CNA35-micelles in experimental atherosclerosis was shown to 

discriminate collagen-richer from collagen-poorer lesions. Ex vivo fluorescence microscopy 

supported the in vivo findings and showed pronounced accumulation of CNA35-micelles in the 

collagen richer plaques, whereas control mutant-CNA35-micelles accumulated to much less 

extent. A significant higher signal enhancement in the collagen-richer plaque was observed for 

collagen-specific micelles as compared to control micelles. 

Previously, Cheng et al. 
25

 used histochemical techniques to determine that the downstream 

plaque in this mouse model contains 22% collagen and the upstream plaque 15% (area 

percentage of the intima). These histological observations were confirmed in this study 

(figure 4). In agreement with these findings, the downstream collagen-richer plaque showed 

highest MRI signal enhancement in the early time points after CNA35-micelle administration. 

This signal enhancement progressed up to 33% after 24 hours, whereas animals injected with 

mutant-CNA35-particles displayed a significant lower enhancement of 17%. The upstream 

plaque, which is the collagen-poorer lesion, showed significantly less signal enhancement at the 

early time points. However, after 24 hours signal enhancement of the upstream plaque 

increased to 28% after CNA35-micelles injection, lower than in the collagen-richer downstream 

plaque but not significantly.  

Both the downstream and upstream signal enhancements were higher upon CNA35-micelles 

administration compared to the control vessel enhancement of 13%, which is attributed to 

specific accumulation of micelles. At 24 hours, the mutant-CNA35-particles caused a mean 

enhancement of 17% in both types of plaques, which is similar to the control vessel without 

plaque. This leads us to conclude that in all studied vessel wall segments, either control or 

atherosclerotic, the same non-specific accumulation had occurred 24 hours post injection. This 

non-specific accumulation might interfere with the detection of specific collagen binding 

masking the differences in contrast enhancement of the two plaque phenotypes at the 24-hour 

time point.  

The percentage MRI signal enhancement reported in this study was calculated by normalizing 

the measured signal intensity increase to muscle signal intensity to enable the comparison of 

measurements on different days. However, the signal intensity in muscle was also affected by 

the injected micelles and was found to be 6 - 10% higher for all post injection time points (equal 

for the early and 24 hour time point for both CNA35- and mutant-CNA35-micelles). 

Normalization to muscle signal intensity therefore resulted in a lower fractional signal 

enhancement. However, normalization to tissue (and muscle tissue is a logical choice) is 

necessary to compensate for overall signal intensity differences between scans and turned out 

to have an equal effect for all post-injection time points and both contrast agents.  
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The blood circulation half-life was approximately 17 hours for CNA35-micelles. 

Mutant-CNA35-micelles and unfunctionalized micelles displayed blood circulation half-lives of 

circa 23 hours. In the ideal case, the blood half-life of mutant-CNA35-micelles would be exactly 

the same as that of CNA35-micelles. This longer half-life time nevertheless makes 

mutant-CNA35-micelles suitable as control particles. However, the longer circulation time of this 

control micelle is expected to lead to more non-specific accumulation. The fact that the 

mutant-CNA35-particles resulted in less contrast enhancement is therefore additional proof that 

CNA35-micelles are indeed specifically associated. Another important feature of the control 

particles is their hydrodynamic radius (rh), which is of key importance for penetration in the 

tissue. Mutant-CNA35-micelles (rh = 12 nm, which is the same as for CNA35-micelles) are 

therefore a better choice than unfunctionalized micelles (rh = 9 nm).  

Differences in plaque permeability between downstream and upstream lesions might play a 

considerable role as can be inferred from the initial contrast enhancement with both types of 

micelles. At 15 min differences were present in the level of contrast enhancement of upstream 

and downstream plaques by accumulation of mutant-CNA35-particles. However, these particles 

also accumulated in the upstream plaque at 60 min and all vessel wall segments exhibited the 

same signal change at 24 hours. This suggests that long circulation time eventually leads to equal 

non-specific vessel wall accumulation. The average signal enhancement of CNA35-micelles is 

higher compared to mutant-CNA35-micelles, which unambiguously indicates that we are dealing 

with specific accumulation here.  

Collagen is known to be one of the most important components in plaque stability 
1, 6

 and being 

able to monitor collagen levels non-invasively might be a tool to identify plaques at risk. With 

molecular imaging of atherosclerosis, one of the ultimate goals is to determine plaque 

vulnerability. Markers, like macrophages, matrix metalloproteinases and products of reactive 

oxygen species have been proposed for this purpose 
12, 14, 36, 37

. This study shows a different 

approach. By targeted imaging of collagen, low risk stable lesions could possibly be distinguished 

from plaques at risk. More importantly however, the effect of treatment on plaque stability can 

be followed via the assessment of collagen levels in atherosclerotic plaques. Changes in plaque 

composition, as a consequence of therapy to improve plaque stability, might be monitored by 

combining different targeted contrast agents. 

Low molecular weight non-targeted paramagnetic contrast agents have already been used to 

identify fibrous tissue in patients 
38

. These studies appear to be successful; however the relation 

between contrast agent accumulation, collagen content and plaque vulnerability remains an 

issue. Specific targeting of collagen in atherosclerotic plaques could therefore lead to more 

accurate estimation of collagen content in atherosclerotic plaques and better assessment of 

treatment response. 

In previous studies, MRI was used to image collagen in myocardial infarction using a 

collagen-specific peptide equipped with three Gd-DTPA moieties 
39-41

. The peptide probes used 
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in these studies, which were small and cleared via the kidneys, were shown to bind to collagen 

40 days after myocardial infarction. In the current work a larger probe with a higher payload of 

gadolinium and thus a higher relaxivity per particle was used. The particle exhibited a long blood 

circulation time, which allows ample time for diffusion into the atherosclerotic plaques to reach 

collagen and helps to overcome the disadvantage of reduced tissue penetration. In future 

research the focus may lie on changing the targeting ligand. For instance the use of the collagen 

binding domain of human integrins 
26

, human antibodies directed against collagen or 

collagen-specific peptidic ligands 
39, 42

 might be taken into consideration.  

In summary, the work presented here showed that MR imaging of collagen with paramagnetic 

CNA35-micelles in experimental atherosclerosis was able to discriminate collagen-richer from 

collagen-poorer lesions. Ultimately, this technique could be made suitable for use in patients 

and offer the unique capability of detecting and phenotyping atherosclerotic plaques. 

Furthermore the effect of treatment could be monitored to evaluate whether a certain 

intervention has a collagen-stabilizing effect on vulnerable atherosclerotic plaques. 
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Appendix 4: Supplemental material  

A4.1 Supplementary methods 

Synthesis of NIR664-DSPE 

The strategy for the synthesis of NIR664-lipid (1) is shown in figure A4.1. Commercially available 

N-hydroxysuccinimide (NHS) activated ester NIR664 (2) was conjugated to the primary amine of 

DSPE (3) using diisopropylethylamine (DiPEA) as a base. First NIR664 (2) and DiPEA were 

dissolved in anhydrous DMF followed by the addition of the phospholipid (3) dissolved in 

chloroform. The reaction mixture was stirred overnight under an inert atmosphere. After 

purification NIR-lipid (1) was obtained in a yield of 90%.  

 

Figure A4.1: Synthesis of NIR664-DSPE (1). 

Structural characterization was performed with RP-HPLC and MALDI-TOF. In the MALDI-TOF 

spectrum (negative mode) of (1) the [M-H]
-
 ion was registered at 1354.8 Da as the most 

abundant molecular ion (figure A4.2). The RP-HPLC elution profiles of the starting material DSPE 

(3) and the product (1) are shown in figure A4.2; the purity of the NIR664-lipid was estimated to 

be 92%.  
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Materials 

Unless stated otherwise, all reagents and chemicals were obtained from commercial sources and 

used without further purification. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (3) was 

purchased from Alexis Biochemicals. The NHS ester of NIR664 (2) was purchased from Sigma-

Aldrich. DMF was dried over molsieves. All hygroscopic compounds were stored in a desiccator 

over P2O5. DiPEA was stored over KOH pellets. 

 

Instrumentation 

MALDI-TOF MS spectra were obtained on a Perspective Biosystems Voyager DE-Pro. The HPLC 

system was coupled to an evaporative light scattering detector (ELSD), Alltech ELSD 2000. All 

HPLC runs were executed with a 0.5 ml/min flow rate, gradient 20-90 %v THF in water, 1.0 TFA, 

using an Alltech Kromasil C18 column, 5 µm, LxID 150 × 3.2 mm. 

 

Synthesis 

NIR664 (2) (17.0 mg 0.024 mmol) was dissolved in 2 ml of DMF, followed by the addition of 

DiPEA (41 µl, 0.235 mmol). Subsequently, DSPE (3) (17.6 mg, 0.024 mmol) dissolved in 

chloroform (2 ml) was added and the reaction mixture was stirred overnight at RT under an 

argon atmosphere. The solvent was removed under reduced pressure, after which 5 ml toluene 

was added twice and subsequently evaporated under reduced pressure to remove residual DMF. 

Dichloromethane (10 ml) was added and the organic phase was washed with saturated NaHCO3 

solution (3 ml) and water (3 ml). The organic phase was next dried with Na2SO4 and the solvent 

was removed under reduced pressure, resulting in (1) as a dark blue powder (29 mg, 90% yield). 

MALDI-TOF (negative mode): m/z [C78H122N3O12PS – H]
- 
Calcd. 1355.9 Da.; Obsd. 1354.8 Da. HPLC 

elution time 18.2 min for (1).  

             

Figure A4.2: (left) HPLC elution profiles of DSPE (3) and NIR664-DSPE (1) in 20-90% THF/H2O, 1.0 % TFA; a 

dominant peak occurred at 18.2 min for (1) and at 18.6 min for (3). (right) MALDI-TOF MS spectrum of NIR664-

DSPE in negative mode; a species of [M-H]
-
 1354.8 Da was detected for (1). 
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The critical micelle concentration (CMC) 

The critical micelle concentration (CMC) was estimated with two different approaches, i.e. the 

Wilhelmy plate technique, a conventional technique, and proton relaxivity measurements. In the 

Wilhelmy plate method the surface tension, which decreases in the presence of free lipids, is 

measured.  

 

Surface tension measurements to determine the critical micelle concentration 

The surface tension of 10 ml samples of a concentration series (from 0.1 µM till 0.5 mM total 

lipid) was determined at 37 
o
C by the Wilhelmy Plate method 

34
. A vertical platinum plate was 

attached to a balance and the force due to wetting was measured with a Krüss digital 

tensiometer k10T. The plate was moved towards the surface until it contacted the meniscus. The 

surface tension was calculated from the resulting force, using F = pγ ∙ cosθ = ρgV  
34

. Here, F is 

the force on the plate measured by the balance, p is the perimeter of the Wilhelmy plate at the 

liquid/air interface, θ is the contact angle of the liquid on the Wilhelmy plate, ρ is the liquid 

density, g is the gravitational acceleration, and V is the volume of the part of the plate immersed 

in the liquid. The contact angle θ of the water or micelle solution on the platinum plate is very 

small and can be regarded as zero. Perimeter (p) and volume (V) are known properties of the 

Wilhelmy plate. 

Above the CMC, the free lipid concentration is assumed to be constant, while below the CMC 

the free lipid concentration is equal to the total lipid concentration. For the surface tension it 

holds that with increasing lipid concentration the surface tension decreases linearly until the 

CMC is reached. With further increasing lipid concentration the surface tension will remain 

constant. Figure A4.3A shows a linear drop in surface tension until a concentration between 50 

and 100 µM was reached, which corresponds to the CMC. 

 

Figure A4.3:(A) Surface tension data collected with the Wilhelmy plate technique. Surface tension is plotted as 

function of lipid concentration. The lines are displayed to guide the eye. (B) Longitudinal relaxation rate R1 

measurements of different concentration of micelles. Linear fits were made from points below and above the 

apparent CMC and were plotted as straight lines. Arrows in A and B indicate the apparent CMCs, as deducted using 

the two methods. 
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1
H relaxivity measurements to determine the critical micelle concentration 

Since we are dealing with paramagnetic micelles, NMR can be also exploited as an alternative to 

estimate the CMC (Figure A4.3B). The longitudinal relaxation time (T1) of a concentration series 

(0.4 µM – 2 mM total lipid) of micelles was determined at 60 MHz and 37 
o
C with a Bruker 

Minispec MQ60 (Bruker, Ettlingen, Germany). An inversion recovery sequence (4 averages) was 

used with 10 different inversion times τi, ranging from 10 ms to 8000 ms in an exponential 

fashion, and with a relaxation delay of 8 s. Each point was based on 4 independent 

measurements. 

NMR measured in the low concentration regime, i.e. below the CMC, yielded a relaxivity of 

8 mM
-1

s
-1

. When incorporated in micelles the rotation correlation time of Gd-DTPA-BSA 

becomes longer and hence the relaxivity increases. In the high concentration range indeed a 

higher relaxivity of 12 mM
-1

s
-1

 was observed, caused by micelle bound Gd-DTPA-BSA lipids. The 

intersection of linear fits below and above the CMC are shown in figure A4.3B and yielded a 

critical micelle lipid concentration of 70 ± 20 µM (average ± standard deviation, determined for 5 

different micelle batches) for these particles. 

 

Nuclear Magnetic Resonance Dispersion (NMRD) 

Nuclear Magnetic Resonance Dispersion (NMRD)-profiles were obtained by performing T1 

measurements at different magnetic field strengths. The NMRD profiles were measured over a 

broad range of magnetic field strengths from 0.00024 to 0.47 T (corresponding to a 0.01-20 MHz 

proton Larmor frequency) on a Stelar field-cycling relaxometer (Mede, Pv, Italy). Data points 

from 0.47 T (20 MHz) to 1.7 T (70 MHz) were collected on a Stelar Spinmaster spectrometer 

(Mede, Italy) operating at variable fields. 

 

 

Figure A4.4: NMRD-profiles of CNA35-micelles (50 mM lipid) in human blood serum (gray triangles) and in HBS 

(black squares) at 37 
o
C. 
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The NMRD profiles, recorded in order to determine the magnetic properties of the micelles, 

(figure A4.4) showed a typical macromolecular peak at clinically relevant field strengths. Both 

mutant-CNA35-micelles and CNA35-micelles behaved similarly. Also, no difference between 

micelles in HBS and human blood serum was found, which strongly suggests that micellar 

integrity was maintained in the presence of blood plasma proteins. At 37 
o
C and 60 MHz 

(clinically relevant field strength) a relaxivity r1 of 12 mM
-1

s
-1

 for both mutant-CNA35 micelles 

and CNA35-micelles was obtained as described above (only measurements above CMC were 

used). At 6.3 T, the field strength used in the in vivo measurements, a lower relaxivity r1 of 

3.5 mM
-1

s
-1

 was found at RT.  

 

Blood circulation half-lives 

For the determination of the circulation half-lives of CNA35-micelles (n = 3), mutant-CNA35-

micelles (n = 3) and unconjugated micelles (n = 3) apoE
-/-

 mice (age 12 weeks) were put on a 

Western-type diet (0.21% cholesterol) for a period of 12 weeks. This 12-week period 

corresponds to the diet period for the in vivo MRI measurements. The mice were anesthetized 

with 3% isoflurane in medical air, and maintained with 1 - 2% isoflurane in medical air. Before 

injection of the contrast agent a 20 μl blood sample was obtained from the saphenous vein. The 

contrast agents were injected via the tail vein (equivalent to 50 μmol Gd / kg body weight) and 

20 μl blood samples were collected from the saphenous vein at 2, 15, 30, 45 and 60 min while 

the mouse was under anesthesia. The mouse was allowed to recover from anesthesia and 

additional blood samples were obtained from the saphenous vein at 4, 8, 24 and 48 hours after 

injection of the contrast agent. To prevent coagulation the blood samples were mixed with 20 μl 

of heparinized physiological salt solution (50 i.e. heparin / ml). After the final time point the mice 

were sacrificed by exsanguination and arterial PBS perfusion was performed.  

 

Figure A4.5: The change in longitudinal relaxation rate ΔR1 of blood samples as a function of time after injection of 

bare micelles, mutant-CNA35-micelles and CNA35-micelles. Mono-exponential fittings were used to estimate the 

blood circulation half-lives. 
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The longitudinal relaxation rate of the samples was determined at RT with a 6.3 T horizontal-

bore scanner (Bruker Biospin, Ettlingen, Germany), using a 3-cm-diameter birdcage RF coil with a 

fast inversion recovery segmented FLASH sequence (TE = 1.5 ms, TR = 3 ms, flip angle = 15°, TI 

ranging from 67 ms to 4800 ms in 80 steps, overall repetition time = 20 s, FOV = 3 x 2.81 cm
2
, 

matrix = 128 x 128, slice thickness = 1 mm, NEX = 2, total scan time = 21min20s).  

The change in longitudinal relaxation rate ΔR1 values of the blood-mixtures over time were fitted 

using Origin (OriginLab Corporation, Northampton, USA) with a mono-exponential decay 

function (y = Ae#
 $⁄ ) to determine the circulation half-lives (t&/( = τln2). Figure A4.5 shows the 

individual data points and the fitted curves for the three different micelle preparations. For 

unconjugated micelles a blood circulation half-life of 22.5 ± 2.8 hours (R
2 

= 0.93) was estimated 

for that fit.  For mutant-CNA35-micelles a half-life of 22.6 ± 2.5 hours (R
2 

= 0.91) was estimated, 

and for CNA35-micelles the blood circulation half-life was 17.1 ± 4.3 hours (R
2
 = 0.70). 
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Abstract 

Objectives: Migration of leukocytes into tissues is a common feature of inflammatory diseases 

such as atherosclerosis. Vascular adhesion molecules, like vascular cell adhesion molecule-1 

(VCAM-1), are important in mediating leukocyte adhesion to endothelial cells and diapedesis to 

underlying tissue. Imaging of VCAM-1 expression with MRI is valuable, because it could aid in 

monitoring inflammatory cell recruitment into atherosclerotic plaques. 

Methods: The efficacy of positive (T1-weighted) and negative (T2-weighted) contrast approaches 

for imaging VCAM-1 expression in atherosclerotic plaques was explored. For this purpose 

VCAM-1-targeted paramagnetic liposomes as well as superparamagnetic micellar iron oxides 

were developed. In vitro specificity was tested on VCAM-1 expressing mouse heart 

endothelioma (H5V) cells. In vivo MRI was focused on cartotid arteries of apoE
-/-

 mice following 

placement of a tapered cast to induce unilateral plaque formation. Vessel wall contrast was 

evaluated before and at 24 hours after injection of VCAM-1-targeted or control particles. 

Additionally, the distribution of the contrast agents in the vascular segments and inside the 

plaques was investigated ex vivo using microscopy.  

Results: Both paramagnetic liposomes and superparamagnetic micellar iron oxides were 

effectively and selectively targeted to VCAM-1 over-expressing mouse endothelioma cells, as 

evidenced by various readout methods including relaxivity and CLSM. In vivo MRI of the carotid 

arteries of apoE
-/-

 mice showed largest contrast changes 0.5 to 1.5 mm upstream of the tapered 

cast. This shoulder region of the plaque is known to be the most actively involved in leukocyte 

recruitment. Liposomes accumulated preferentially near the vessel lumen, while micellar iron 

oxides were found deeper inside the plaques. Both types of contrast agents were associated 

with VCAM- 1 expressing endothelial cells, macrophages and smooth muscle cells. 

Conclusions: In vivo MR imaging of VCAM-1 expression in experimental atherosclerosis was 

successful with both positive and negative contrast approaches, revealing known spatial 

difference in VCAM-1 expression levels. Use of VCAM-1-targeted paramagnetic liposomes led to 

the highest contrast changes that best could be discriminated from confounding factors, related 

to blood flow and image artifacts. 
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5.1 Introduction 

Atherosclerosis is a chronic inflammatory disease of the vessel wall of large arteries. The main 

processes involved are cholesterol deposition in the intima of the arterial wall, inflammation, 

extracellular-matrix formation and degradation, as well as thrombosis. Earliest molecular 

changes occur on the arterial endothelial surface and these changes are highly important for 

initiation, progression, and thrombotic complications of atherosclerosis. Accumulation of 

leukocytes into tissues is a common feature of inflammation, where movement of leukocytes 

through the vessel wall by diapedesis is facilitated by a series of interactions between leukocytes 

and endothelial cells. This process starts with leukocyte rolling along the endothelial surface 

(mediated by E- and P-selectins), followed by firm adhesion to the endothelium and eventually 

by leukocyte migration mediated by VCAM-1 and ICAM-1. These leukocyte-endothelial 

interactions are regulated by cell adhesion molecules, which are expressed on the surface of 

activated endothelial cells, macrophages, and smooth muscle cells. Vascular cell adhesion 

molecule-1 (VCAM-1) and its ligand, very late antigen-4 (VLA-4) are important mediators of 

mononuclear leukocyte adhesion to endothelial cells and diapedesis to underlying tissue and 

therefore lesion initiation and progression. VCAM-1 is known to bind to monocytes and 

T-lymphocytes, which are the classes of leukocytes found in developing atherosclerotic  

lesions 
1-4

. For the above reasons imaging of VCAM-1 expression is attractive, because it may 

serve as a surrogate marker of inflammatory cell recruitment into atherosclerotic plaques. 

Recently, considerable effort has been made to image VCAM-1 expression using various imaging 

modalities 
5-12

. MRI with targeted iron oxide particles has been exploited for the detection of 

VCAM-1 on cultured endothelial cells as well as in vivo in atherosclerosis in mice 
13-16

. Recently 

also a low molecular weight paramagnetic probe has been exploited for this purpose 
17

.  

These previous studies have focused on imaging the relatively advanced mature atherosclerotic 

lesions in the aortic roots and abdominal aortas of mice. Imaging of VCAM-1 expression in 

smaller early phase atherosclerotic plaques, like for example in the carotid arteries of mice has 

not been performed with MRI so far. Since VCAM-1 is a molecule which is expressed on three 

major cell types in atherosclerotic plaques, specifically endothelial cells, smooth muscle cells and 

macrophages, it is necessary to investigate the spatial distribution of the contrast agent. In 

general, there are several important features in molecular MRI, which also hold for imaging of 

VCAM-1 expression in atherosclerosis. These features include the effect of contrast agent type 

and size on target-ability of different VCAM-1 expressing cells in the atherosclerotic plaques and 

their effectiveness in producing contrast changes in MRI. This includes investigation of the 

contrast agent distribution in the plaque and association with different VCAM-1 expressing cell 

types. Furthermore investigation of VCAM-1 expression levels in different phenotypes of plaque 

may aid in the discrimination of plaque phenotype. 

In the apoE
-/-

 mouse carotid artery tapered cast model two different lesions are formed 
18

. 

A ‘vulnerable’ phenotype is formed at the upstream side, with high macrophage and lipid 
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content, and low collagen and smooth muscle cell content. At the downstream side of the cast 

the lesion resembles a ‘stabilized’ phenotype with lower lipid content, and relatively high 

collagen and smooth muscle cell content. Cheng et al. 
18

 reported a two-fold increase in VCAM-1 

expression in the upstream lesion as compared to the downstream lesion. Therefore, this model 

allows for a direct comparison of contrast agent accumulations between the two lesion 

phenotypes in the same artery.   

In this study the efficacy of both positive and negative contrast generating approaches for 

MRI-based imaging of VCAM-1 expression in atherosclerotic plaques was explored. For this 

purpose VCAM-1-targeted paramagnetic liposomes as well as superparamagnetic micellar iron 

oxides were developed. In vitro specificity was tested on VCAM-1 expressing mouse heart 

endothelioma (H5V) cells. In vivo MRI studies were performed on mouse carotid arteries with a 

tapered cast before and 24 hours after injection of VCAM-1-targeted or control particles. The 

efficacy of both types of contrast generating approaches to produce specific MRI contrast 

changes and the distribution of the contrast agents in the vascular segment as well as inside the 

plaque itself were investigated. 

 

5.2 Methods 

5.2.1 Preparation of paramagnetic liposomes 

Liposomes were prepared by lipid film hydration and extrusion 
19

. The monoclonal antibody 

against mouse VCAM-1 or the non-specific isotype control IgG (clone 429 and RTK2758 

respectively, BioLegend, San Diego) was coupled to liposomes containing Mal-PEG2000-DSPE 

(1,2-distearoyl-sn-glycero-3-phophoethanolamine-N-[maleimide(polyethyleneglycol)2000]) by a 

sulfhydryl-maleimide coupling method as described previously 
20, 21

. A detailed description of 

liposome composition and preparation is given in Appendix 5.    

 

5.2.2 Preparation of superparamagnetic micellar iron oxides 

Water insoluble oleic-acid-coated iron oxides were obtained from Philips Research (Philips 

Research, Eindhoven, The Netherlands). These iron oxides were coated with a lipid monolayer to 

obtain water-soluble biocompatible micellar iron oxides (MCIO). For this purpose iron oxides 

were mixed with a ten-fold molar excess of lipids dissolved in chloroform and subsequently 

infused in water of 80 °C. Centrifugation was used to remove aggregates and non-iron-core 

micelles. The monoclonal antibody against mouse VCAM-1 or the non-specific isotype control 

IgG was coupled to micellar iron oxides in the same manner as for liposomes. A detailed 

description of composition and preparation is given in Appendix 5.    
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5.2.3 Particle characterization 

The size and the size distribution of both nanoparticle types were determined by dynamic light 

scattering (DLS) at 25 °C with a Malvern ZetaSizer Nano S (Malvern, UK).  The relaxivities were 

determined at 37 °C using a Minispec MQ60 Spectrometer (Bruker, Germany) operating at 

1.41 T, and at room temperature (RT) using a 6.3 T animal scanner.  The phospholipid content 

was determined by phosphate analysis according to Rouser 
22

 after destruction with perchloric 

acid. The iron content of the micellar iron oxides was determined using atomic absorption 

spectrometry (AAS) after destruction with hydrochloric acid (5M) for 5 hours at 37 °C. 

A calibration line was made of iron(III) nitrate with sample concentration between 0.25 and 

6 µg/ml.  

 

5.2.4 In vitro assessment of target specificity 

Specificity of VCAM-1-targeted nanoparticles were studied on a cell culture of TNFα activated 

H5V cells (murine heart endothelioma cells) 
23

. H5V cells were grown as a monolayer to 95% 

confluency and stimulated for 16 hours with 250 ng TNFα (BioSource) / ml medium for 

upregulation of VCAM-1 expression. Non-stimulated cells were used as controls. Cells grown in 

T25 culture flasks were used to make pellets for MRI (n = 3). For CLSM, cells were grown on 

coverglasses in 6-wells plates. For quantitative fluorescence analysis, cells were grown in 

12-wells plates.  

Table 5.1: Groups for incubation of H5V cells. 

Group Contrast agent Antibody TNFα stimulation Duration of incubation (hr) 

no CA(-) - - - - 

no CA(+) - - + - 

b-Lip(-) Liposomes - - 1 

I-Lip(-) Liposomes non-specific IgG - 1 

V-Lip(-) Liposomes anti-VCAM-1 - 1 

b-Lip(+) Liposomes - + 1 

I-Lip(+) Liposomes non-specific IgG + 1 

V-Lip(+) Liposomes anti-VCAM-1 + 1 

b-MCIO(-) micellar iron oxides - - 3 

I-MCIO(-) micellar iron oxides non-specific IgG - 3 

V-MCIO(-) micellar iron oxides anti-VCAM-1 - 3 

b-MCIO(+) micellar iron oxides - + 3 

I-MCIO(+) micellar iron oxides non-specific IgG + 3 

V-MCIO(+) micellar iron oxides anti-VCAM-1 + 3 
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Table 5.1 lists the different experimental groups. Cells were incubated either without contrast 

agents (no CA), or with bare liposomes (b-Lip), non-specific IgG liposomes (I-Lip), 

anti-VCAM-1 liposomes (V-Lip), bare micellar iron oxides (b-MCIO), non-specific IgG micellar iron 

oxides (I-MCIO) or anti-VCAM-1 micellar iron oxides (V-MCIO). TNFα-stimulated cells are 

indicated by (+). As controls also non-TNFα-stimulated (-) cells were included. For micellar iron 

oxides an incubation time of 3 hours was used, while for liposomes the incubation time was 

1 hour to limit non-specific uptake in view of the higher gadolinium concentration the cells were 

exposed to. 

After incubation cells were washed to remove unbound contrast agent, dead cells and other 

debris. Cells grown on cover slides were fixed with 4% PFA for 30 min and washed with PBS. 

Cells grown in T25 culture flasks were harvested by incubation with 0.25% trypsin-EDTA 

(Cambrex) and subsequently centrifuged at 500 x g for 5 min. Supernatant was removed and the 

remaining cell pellet was resuspended in 4% PFA and stored overnight at 4 °C to form a pellet. 

 

5.2.5 Quantitative analysis of H5V cells 

The T1 and T2 relaxation times of loosely packed cell pellets were measured at RT with a 6.3 T 

horizontal bore animal MR scanner (Bruker, Ettlingen, Germany) using a 3-cm-diameter send 

and receive quadrature-driven birdcage coil (Rapid Biomedical, Rimpar, Germany) (for scan 

parameters see Appendix 5). The volumes of the iron oxide incubated cell pellets were 

determined for each sample separately in a 0.7-cm-diameter solenoid coil using a three-

dimensional FLASH sequence (for scan parameters see Appendix 5) to obtain a better spatial 

resolution.  

Gadolinium and iron content were determined by inductively coupled plasma mass 

spectrometry (ICP-MS, Philips Research, Eindhoven, The Netherlands) for the gadolinium or iron 

incubated samples, respectively. 

Rhodamine fluorescence of cell lysates was determined as a measure of liposome uptake of H5V 

cells. Fluorescence was measured with a Synergy HT platereader (Bio-tek), equipped with a 

Tungsten quartz halogen lamp (20 W) with excitation and emission filters suitable for the 

detection of rhodamine (518 - 542 nm and 573 - 607 nm, respectively). Within one 

measurement 10 shots were taken from each well with a 1 ms delay between samplings. Data 

were blank corrected with Gen5 software.  

NIR664 fluorescence of cells incubated with micellar iron oxides was analyzed using a BD 

FACSCanto II flow cytometer (Becton Dickinson) running the BD FACS Diva II software. 

Fluorescence of 10,000 cells was recorded and normalized to background signal.  
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5.2.6 Confocal laser scanning microscopy of H5V cells 

After fixation, the coverslips with H5V cells incubated with liposomes were stained using an 

Alexa Fluor 647 conjugated rat anti-mouse CD31 monoclonal antibody (clone MEC13.3, 

BioLegend, San Diego) for 1 hour to visualize the cellular membrane. The nuclei were stained 

with DAPI and the coverslips were mounted on microscopy slides using Mowiol Mounting 

Medium. 

The coverslips with H5V cells incubated with iron oxides were stained using a biotin conjugated 

rat anti-mouse CD31 monoclonal antibody (clone MEC13.3, BioLegend, San Diego) for 1 hour.  As 

a secondary step the cells were incubated for 30 min with streptavidin-Cy3 (BioLegend, San 

Diego), which was followed by staining of the nuclei with DAPI.  

Confocal fluorescence images were recorded on a Zeiss LSM 510 META system using a 

Plan-Apochromat® 63×/1.4 NA oil-immersion objective. Rhodamine-PE and Cy3 were excited 

using the 543 nm line of a HeNe laser, and NIR664 and Alexa Fluor 647 were excited using the 

633 nm line of a HeNe laser. The fluorescence emission of rhodamine-PE and Cy3 was detected 

with a 565 - 615 nm bandpass filter. For NIR664 and Alexa Fluor 647 fluorescence emission a 

657 - 710 nm bandpass filter was used. To avoid photobleaching of NIR664 and Alexa Fluor 647, 

DAPI staining of nuclei was visualized last by two-photon excitation fluorescence microscopy 

using the same Zeiss LSM 510 system. Excitation at 780 nm was provided by a pulsed Ti:Sapphire 

laser (Chameleon
TM

; Coherent, Santa Clara, CA), and fluorescence emission was detected with a 

395 - 465 nm bandpass filter. All experiments were combined in multitrack mode and acquired 

confocally. 

 

5.2.7 In vivo blood circulation half-lives 

Blood circulation half-lives were determined for the different contrast agents using 18 (n = 3 per 

group) female apoE
-/-

 mice (age 24 weeks) on Western-type diet (0.21% cholesterol) for a period 

of 12 weeks. Blood samples were collected from the Saphenous vein before and up to 48 hours 

after contrast agent administration. The change in relaxation rate of the samples was used to 

estimate blood circulation half-lives. A detailed description is given in Appendix 5. 

 

5.2.8 Mouse model of carotid artery atherosclerosis 

The local institutional animal care and use committee approved all experimental procedures. For 

this study 36 female apoE
-/-

 mice (age 12 weeks) were fed a Western-type diet (0.21% 

cholesterol) for a period of 3 weeks, after which a tapered cast was surgically placed around the 

right carotid artery
18

. The stiff tapered cast (Promolding BV., The Hague, The Netherlands) with 

an inner diameter ranging from 500 μm upstream to 250 μm downstream was placed around 
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the right common carotid artery at least 1 mm upstream from the bifurcation. After cast 

placement a period of 9 weeks with continuing diet was allowed for plaque development.  

 

5.2.9 In vivo MRI 

MRI measurements were performed with a 6.3 T horizontal-bore animal scanner equipped with 

a 3-cm-diameter quadrature birdcage RF coil. The mice were initially anesthetized with 3% 

isoflurane in medical air, and kept on 1 - 2% isoflurane during the MRI experiments. The mice 

were placed in a custom-made cradle, which was kept at a constant temperature of 

approximately 37 °C to maintain body temperature. Respiration was monitored with a balloon 

sensor connected to an ECG/respiratory unit (Rapid Biomedical, Rimpar, Germany). 

For contrast-enhanced imaging the mice were injected with V-Lip or I-Lip (100 μmol Gd /kg, n = 4 

for each group) through a catheter placed in the tail vein. T1-weighted multi-slice  

spin-echo images (TR = 800 ms, TE = 10.3 ms, FOV = 2.56 x 2.56 cm
2
, matrix = 256 x 256, 

slice thickness = 0.5 mm, NEX = 8, fat saturation, scan time = 27 min) were acquired before and 

24 hours after contrast agent administration. For imaging of contrast changes in mice injected 

with V-MCIO or I-MCIO (2.6 mg Fe /kg, n = 3 for each group), T2-weighted multi-slice  

spin-echo images (TR = 2000 ms, TE = 20 ms, FOV = 2.56 x 2.56 cm
2
, matrix = 256 x 256, 

slice thickness = 0.5 mm, NEX = 4, fat saturation, scan time = 34 min) were acquired before and 

24 hours after contrast agent administration. To cover the carotid artery a total of 14 slices, 

divided into 2 slice packages (upstream and downstream of the cast) were acquired 

perpendicular to the vessel direction. Slices were carefully positioned perpendicular to the right 

carotid artery both upstream and downstream of the cast. Following the post-contrast MRI 

experiments the mice were sacrificed by exsanguination followed by arterial PBS perfusion. The 

carotid arteries, liver, lung, kidney, spleen and a piece of muscle tissue were dissected, 

embedded in 10% gelatin, snap frozen and stored at -80 °C until further processing for 

histological evaluation. 

 

5.2.10 Image analysis 

Initially, the images were zero-filled to an in-plane pixel dimension of 50 x 50 μm
2
. ROIs 

containing tissue directly surrounding the vessel lumen were drawn in Mathematica (Wolfram 

Research, Inc) for the left and right carotid arteries and the average signal intensities were 

calculated (IW). ROIs were also drawn in surrounding muscle tissue (longus capitis muscle) and 

outside each mouse to calculate muscle tissue signal intensity (IM) and noise level (IN), 

respectively. To compare images measured on different days, the vessel wall signal intensities 

were normalized to muscle tissue. The percentage of normalized signal change (%NSC) was 

determined according to:  
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5.2.11 Histology and fluorescence microscopy 

Kidney, liver, lung, muscle and spleen of V-Lip, I-Lip, V-MCIO and I-MCIO injected mice were cut 

in 8-µm-thick sections. Sections of liposome-injected mice were stained with DAPI for nuclei and 

imaged with confocal laser scanning microscopy to investigate contrast agent organ distribution. 

A DAB (3,3’- diaminobenzidine tetrahydrochloride) enhanced Prussian blue staining for iron was 

performed on the sections of micellar iron oxide injected mice (for details see Appendix 5).  

Right carotid arteries were sectioned into 8-µm-thick serial sections longitudinal to the vessel 

direction. For both contrast agent types macrophages were detected by FITC labeled antibodies 

directed against CD68 (dilution 1:100 (10 μg/ml), AbD Serotec, clone FA11) and smooth muscle 

cells using FITC labeled antibodies directed against α-Smooth Muscle Actin (dilution 1:250, 

Sigma-Aldrich, Inc., St Louis, USA, clone 1A4). The endothelium of sections of liposome-injected 

mice was stained by Alexa Fluor 647 labeled antibodies directed against PECAM-1  

(dilution 1:250, 2 μg/ml, BioLegend, clone MEC13.3). VCAM-1 was stained by Alexa Fluor 647 

antibodies directed against VCAM-1 (dilution 1:250, 2 µg/ml, BioLegend, clone 429). For sections 

of mice injected with micellar iron oxides, the endothelium was stained by using antibodies 

directed against PECAM-1 (dilution 1:250, 4 µg/ml, Thermo Fisher Scientific, clone MA3105) with 

FITC labeled antibodies as a secondary step (dilution 1:250, 4 µg/ml, BioLegend, clone Poly4055). 

For these mice VCAM-1 was stained using biotin-labeled antibodies directed against VCAM-1 

(dilution 1:200, 2.5 µg/ml, Biolegend, clone 429) with streptavidin-Cy3 as secondary step 

(dilution 1:250, 2 µg/ml, Biolegend). 

Confocal laser scanning microscopy was performed on a Zeiss LSM 510 META system (Carl Zeiss, 

Inc.). Alexa Fluor 647 was excited with a 633 nm HeNe laser. Emission was filtered through a 

band-pass filter of 650 - 710 nm. FITC, Alexa Fluor 488 and autofluorescence of elastin were 

excited with a 488 nm Argon laser in combination with an emission band-pass filter of 

500 - 550 nm. Rhodamine and Cy3 were excited with a 543 nm HeNe laser and emission was 

filtered through a bandpass filter of 565 - 615 nm. DAPI was excited with two-photon excitation 

at a wavelength of 780 nm with a pulsed Ti:Sapphire laser (Chameleon; Coherent, Sante Clara, 

CA). Emission was filtered with a 395 - 465 nm bandpass filter. 

 

5.2.12 Statistics 

Statistical analysis was performed to test whether %NSC significantly changed at the different 

slice positions. For this purpose, one-way analysis of variance (ANOVA, p<0.05) with Bonferroni 

correction for multiple comparisons was performed with Statgraphic Centurion XV (Statpoint, 
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Inc., Virginia, USA). As a further analysis step %NSC was also pooled for each contrast agent 

upstream and downstream. A student t-test (p < 0.05) was performed to test whether signal 

enhancement was significantly different for the VCAM-1-targeted particles as to the 

corresponding non-VCAM-1-targeted particle. 

 

5.3 Results 

5.3.1 Particle characterization 

All nanoparticle types were characterized with respect to their size using DLS and relaxivity at 

1.41 T and 6.3 T (table 5.2). The bare liposomes had a hydrodynamic diameter of 117 nm. After 

conjugation of antibodies an increase in hydrodynamic diameter of approximately 13 nm was 

observed for both the non-binding IgG and the anti-VCAM-1 antibody. Also a slight increase in 

polydispersity was noted. After conjugation of antibodies the longitudinal relaxivities decreased 

slightly for liposomes. For the micellar iron oxides the initial diameter was 38 nm. Conjugation of 

antibodies caused an increase in diameter of approximately 10 nm. Cryo-TEM images confirmed 

rather monodisperse particles and for liposomes the antibody on the surface was visualized 

(Appendix 5). Conjugation of antibodies did not influence the relaxivity of micellar iron oxides. 

 

Table 5.2: Hydrodynamic diameter (n = 3), relaxivities at 1.41 T and 37 °C (n = 1), relaxivities at RT at 6.3 T (n = 1), 

and the blood circulation half-lives (n = 3) of the different contrast agent preparations. 
 

 b-Lip I-Lip V-Lip b-MCIO I-MCIO V-MCIO 

Hydrodynamic diameter (nm) 117 ± 2 129 ± 2 130 ± 1 38 ± 3 52 ± 13 46 ± 6 

r1 (mM
-1

s
-1

) at 1.41T 7.4 6.2 5.9 1.2 1.4 1.2 

r2 (mM
-1

s
-1

) at 1.41T 10.9 8.9 8.2 32.7 35.4 34.8 

r1 (mM
-1

s
-1

) at 6.3T 1.9 2.1 1.8 0.12 0.14 0.15 

r2 (mM
-1

s
-1

) at 6.3T 8.5 19.7 20.2 55.1 39.4 35.1 

Blood t1/2 (min) 420 ± 61 325 ± 92 37 ± 11 137 ± 25 129 ± 23 43 ± 6 
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5.3.2 In vitro targeting to H5V cells 

To assess targeting specificity, TNFα-stimulated H5V cells were incubated with the different 

contrast agent preparations. Longitudinal and transversal relaxation rates of cell pellets were 

determined. For liposomes a T1-map and corresponding R1 values are given in figure 5.1A and C, 

while for micellar iron oxides a T2-map and the R2-values are shown in figure 5.1B and D. Cell 

pellets displayed an increase in R1 and R2 only for TNFα-stimulated cells incubated with 

VCAM-1-targeted contrast agents, as compared to control cells. Control incubations resulted in 

very low non-specific uptake. Figure 5.1E and F show the amount of cell-associated gadolinium 

and iron for liposome and micellar iron oxide incubated cell pellets, respectively. The pattern of 

accumulation of gadolinium or iron was in agreement with the pattern of increases in relaxation 

rate. These results were also confirmed by measurement of fluorescence intensity  

(figure 5.1G and H). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: In vitro results of 

H5V cells incubated with 

liposomes (left column, A,C,E,G) 

and micellar iron oxides (right 

column, B,D,F,H). T1-map of cell 

pellets with liposomes (A) and a 

T2-map of cell pellets with 

micellar iron oxides (B). Of each 

liposome sample the R1 (C), Gd
3+

 

content (E) and fluorescence (G) 

was determined. Of each iron 

oxide sample the R2 (D), iron 

content (F) and fluorescence (H) 

was determined. TNFα-

stimulated cells are indicated 

with +, while non-TNFα-

stimulated cells are indicated 

with -. 
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CLSM revealed highly specific uptake of VCAM-1-targeted contrast agents by TNFα-stimulated 

cells. Figure 5.2 shows an overview of CLSM of TNFα-stimulated cells incubated with VCAM-1 

specific and non-specific contrast agents as well as non-TNFα-stimulated cells incubated with the 

VCAM-1 specific contrast agents (V-Lip and V-MCIO). The non-targeted contrast agents did not 

exhibit significant association with VCAM-1 expressing H5V cells. Non-TNFα-stimulated H5V cells 

are expected to have non-significant VCAM-1 expression. VCAM-1-targeted contrast agents did 

not reveal uptake in these non-TNFα-stimulated H5V cells. Only the combination of TNFα 

stimulation and the use of functional, VCAM-1-targeted contrast agents led to appreciable 

contrast agent uptake. Liposomes appeared to accumulate in relatively large intracellular 

structures, while more and smaller fluorescent spots were observed for micellar iron oxides. 

 

Figure 5.2: CLSM images of H5V cells. In blue nuclei (DAPI), in green cell membrane (CD31), and in red contrast 

agent (rhodamine or NIR664) are shown. The second column displays the rhodamine (red) channel only and the 

fourth column displays the NIR664 (red) channel only. b-Lip = bare liposomes; I-Lip = non-specific IgG liposomes; 

V-Lip = anti-VCAM-1 liposomes; b-MCIO = bare micellar iron oxides; I-MCIO = non-specific IgG micellar iron oxides; 

V-MCIO = anti-VCAM-1 micellar iron oxides. (-) = non-stimulated cells; (+) = TNFα-stimulated cells. The scale bar in 

the upper left image indicates 50 µm for all images. 
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5.3.3 Blood circulation half-lives and bio-distribution 

Blood circulation half-lives of the different contrast agents were determined via blood sampling 

before and after contrast agent administration and measurement of the corresponding 

relaxation rates. A mono-exponential curve was fitted on the ΔR1 or ΔR2 data to estimate the 

half-lives.  The bottom row of table 5.2 shows the blood circulation half-lives for the different 

types of contrast agents. Non-conjugated liposomes had a half-life of around 7 hours. Coupling 

of antibodies to liposomes decreased the half-life. For the non-specific antibody the half-life 

decreased to approximately 5.4 hours. Coupling of the anti-VCAM-1 antibody resulted in a 

drastic reduction in half-life to 37 min. Micellar iron oxides without antibodies had a blood 

circulation half-life of a little over 2 hours. Coupling of a non-specific antibody did not decrease 

the half-life for these particles. Also in this case a significantly lower half-life of 45 min was 

observed for the anti-VCAM-1 antibody conjugated MCIO. 

 

Figure 5.3: Contrast agent distribution in several organs 24 hours after V-Lip (first column), I-Lip (second column), 

V-MCIO (third column) or I-MCIO (fourth column) administration. For liposome-injected mice CLSM images are 

shown (blue = DAPI, red = rhodamine). For micellar iron oxide injected mice DAB-enhanced Prussian blue-stained 

sections are shown (pink = nuclei, brown = iron). The scale bar equals 200 µm. 
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Organ accumulation of the different contrast agent types was investigated using kidney, liver, 

lung, muscle and spleen histological sections. Figure 5.3 shows fluorescence images of 

liposome-injected mice and bright-field iron-stained images of micellar iron oxide injected mice. 

Contrast agents mostly accumulated in the liver and spleen (figure 5.3E-H and Q-T). Both 

VCAM-1-targeted particles showed higher retention in the spleen as compared to their 

non-targeted controls. In all organs some association of VCAM-1-targeted contrast agents with 

blood vessels was found. An example for V-Lip is given in figure 5.3I, which shows clear contrast 

agent fluorescence surrounding an artery (arrow). No contrast agent was found in muscle and 

lung tissue after 24 hours. Kidney tissue was slightly positive for rhodamine fluorescence or 

positive for iron staining, possibly associated to small blood vessels. 

 

5.3.4 In vivo MRI 

T1-weighted imaging was performed for mice injected with liposomes. Contrast changes in mice 

injected with micellar iron oxides were quantified using T2-weighted imaging. Figure 5.4 shows 

typical examples of T1- and T2-weighted MR images of the right carotid artery at 14 axial 

positions along the carotid artery for the four different groups. A schematic representation of 

the corresponding slice position is given on the left side of this figure. Contrast changes were not 

constant over the entire vessel as is shown in this figure. An increase in vessel wall signal 

intensity was found with V-Lip. For I-Lip a small increase in vessel wall signal intensity was found, 

which was highest directly upstream and downstream to the cast. For the upstream vessel 

segment maximal contrast change with the VCAM-1-targeted liposomes was observed a few 

slices further upstream of the cast. For V-Lip maximum contrast enhancement occurred 

0.5 - 1.5 mm upstream to the cast (arrows). The images obtained at the position of the cast 

revealed the tapered nature of the cast. Injection of V-MCIO led to a decrease in intensity of the 

right carotid artery wall on T2-weighted images, although contrast changes were less evident 

than for liposomes. Also I-MCIO-injected mice showed some signal decrease of the vessel wall 

directly upstream and downstream of the cast. In agreement with V-Lip, V-MCIO injected mice 

displayed largest signal change 0.5 - 1.5 mm upstream from the cast. 
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Figure 5.4: T1-weighted MR images of the right carotid artery before and 24 hours after injection of V-Lip and I-Lip. 

T2-weighted images of the right carotid artery before and 24 hours after injection of V-MCIO and I-MCIO. On the 

left a schematic representation of the right carotid artery is given to indicate the slice position. The white arrow 

indicates the slice with maximal signal change after injection of V-Lip. 

 

The percentage change in vessel wall signal intensity (% NSC) averaged for each slice position is 

shown in figure 5.5A-C. For both liposomes and micellar iron oxides a similar trend was found at 

the upstream side of the cast. At all positions %NSC with V-Lip was equal or higher than for I-Lip. 

For micellar iron oxides, the opposite was noted, in that %NSC with V-MCIO was equal or lower 

(i.e., more negative) than for I-MCIO. For V-Lip contrast enhancement of the vessel reached 

significance at slices 2 and 3 upstream of the cast with an average %NSC of 16 and 21%, while 

for I-Lip (control) no significant vessel wall enhancement was found. For V-MCIO contrast 

decrease reached significance at slice 4 upstream (%NSC = -20%), while for the control I-MCIO 

no significant contrast decrease was found at any position.  
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In the downstream segment of the carotid artery %NSC was different for liposomes and micellar 

iron oxides. For V-Lip significant signal enhancement of 18% was found directly upstream of the 

cast, while on average no signal enhancement was observed for I-Lip. For micellar iron oxides 

both particles seemed to accumulate in the downstream lesion, however significant vessel wall 

signal decrease was only observed in the second slice downstream of the cast after 

administration of V-MCIO (%NSC = -21%) and not for the control particle I-MCIO. 

 

 

 
 

Figure 5.5: Percentage normalized signal change (%NSC ± SEM) of the right carotid artery 24 hours after injection 

of liposomes (A) and micellar iron oxides (C) as a function of slice position. Schematic drawing of slice positions in 

the carotid artery (B). Slices of the upstream or downstream segment were pooled and averaged for liposomes (D) 

and micellar iron oxides (E). Due to poor image quality or presence of the carotid artery bifurcation, the number of 

analyzed slices per point differed. For each data point the number of averaged slices is given. * = Significantly 

different from pre injection, 95% confidence, Bonferroni. # Significant difference between specific and control 

contrast agent, t-test, p < 0.05. 
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In figure 5.5D and E all slices upstream or downstream were pooled into one group for each of 

the tested contrast agents. Using this representation of the data, V-Lip was found to cause 

significant enhancement both at the upstream and downstream side, while for the control I-Lip 

no enhancement was found. The %NSC with V-Lip was also significantly different from I-Lip at 

the upstream side of the cast. At the downstream side the number of slices was less and 

difference in %NSC did not reach significance. For micellar iron oxides significant contrast change 

was found both upstream and downstream for V-MCIO. The %NSC with V-MCIO was also found 

to be significantly different from I-MCIO upstream of the cast. Downstream to the cast a high 

degree of uptake of I-MCIO was observed, causing similar signal decrease expressed as %NSC, 

compared to the V-MCIO formulation. 

 

5.3.5 Ex vivo validation 

Ex vivo microscopy was performed to examine contrast agent distributions in the plaques of the 

carotid artery. To investigate association with different cell types and components in the plaque, 

CLSM images of immunofluorescently stained carotid artery sections were made. 

Figure 5.6A and B show representative transverse carotid artery sections stained for VCAM-1 

expression of a mouse, which was not injected with any contrast agent. Both a section of the 

upstream and downstream plaque is shown. These images demonstrate that both in the 

upstream and downstream lesion expression of VCAM-1 is located at the endothelium as well as 

spread throughout the plaque. Further quantitative assessment of differences in VCAM-1 

expression between the upstream and downstream lesions proved difficult.  

Figure 5.6C shows fluorescence microscopy images of transverse carotid artery sections of mice 

injected with V-Lip (top row) or I-Lip (bottom row), both of an upstream (left) and downstream 

(right) lesion. Only with V-Lip the contrast agent (in red) was observed both upstream and 

downstream of the cast. 

In figure 5.6D the carotid artery of a V-Lip-injected mouse was sectioned in the longitudinal 

direction to provide a complete overview of the contrast agent distribution through the vessel 

wall. This image shows a plaque shoulder region at the upstream side of the cast and reveals 

contrast agent lining the vessel wall with high accumulation in the plaque, but also accumulation 

at the vessel wall without visible underlying plaque. 

The other CLSM images in figure 5.6 were obtained from longitudinally sectioned carotid 

arteries. CLSM of V-Lip and V-MCIO injected mice revealed extensive contrast agent 

accumulation in the plaques. Control particles (I-Lip and I-MCIO) accumulated to a much lesser 

extent (figure 5.6C-F). The fluorescence intensity distribution in the plaque differed for 

liposomes and micellar iron oxides. V-Lip accumulation occurred closer to the vessel lumen 
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(figure 5.6C), while V-MCIO was also detected deeper in the plaques (figure 5.6E). V-Lip 

co-localized with endothelial cells (CD31, figure 5.6G). The arrows in figure 5.6G point to 

liposome internalization into endothelial cells (a line of green is surrounding the red). A low level 

of association of V-Lip with macrophages was observed (CD68, figure 5.6H). The arrows in 

figure 5.6H point to regions of co-localization of V-Lip and CD68. Additionally co-localization was 

observed with the anti-α smooth muscle actin staining (figure 5.6I). V-Lip also appeared to 

accumulate between layers of smooth muscle cells, and VCAM-1 staining did not lead to 

co-localization with the liposomes, possibly due to saturation of the target, because the same 

antibody was used for VCAM-1 staining. 

Similar observations were made for V-MCIO-injected mice. Association and uptake into 

endothelial cells was found (figure 5.6K). The arrows show the yellow color of co-localization of 

the CD31 staining in green and anti-VCAM-1 antibody staining of the micellar iron oxides in red. 

Some association was found with macrophages. The contrast accumulation again appeared to 

be partly localized between smooth muscle cell layers. Very limited direct association between 

contrast agent and smooth muscle cells was found. In contrast to V-Lip, VCAM-1-targeted 

micellar iron oxides co-localized extensively with the VCAM-1 staining. Possibly, the plaque 

associated VCAM-1 was not saturated with V-MCIO because of a lower injected particle dose. 

 

 

 

 

 

 

Figure 5.6: Bright-field microscopy, fluorescence microscopy and CLSM of carotid artery sections. 

Upper row: Example of staining for VCAM-1 expression in the upstream lesion (A) and downstream lesion (B). 

Fluorescence microscopy of transverse sections of V-Lip and I-Lip injected mice (C) (Red: contrast agent; 

Green: elastin autofluorescence) 

Second row: Example of an upstream lesion of a longitudinally sectioned right carotid artery of a V-Lip-injected 

mouse to evaluate the contrast agent distribution (D). (Red: contrast agent; Green: elastin aurofluorescence) 

Third row: CLSM images of longitudinally sectioned right carotid arteries of mice injected with V-Lip (E), I-Lip (F), 

V-MCIO (G) and I-MCIO (H). (Red: contrast agent; Green: elastin autofluorescence and CD31 (G and H); 

Yellow: CD31 (E and F)).  

Fourth and fifth row: Higher magnifications to specifically investigate co-localization of VCAM-1-targeted agents 

with CD31 (I and K), CD68 (J and L), smooth muscle actin (M and O) and VCAM-1 (N and P). (Red: contrast agent; 

Green: staining for the component mentioned in the upper left corner; Blue: DAPI staining of the nuclei). The 

arrows indicate locations with co-localization. 
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5.4 Discussion 

In this study paramagnetic and superparamagnetic lipid-based nanoparticles were developed for 

MR imaging of VCAM-1 expression in mouse atherosclerotic lesions. Before in vivo application 

the particles were carefully characterized in terms of size and relaxation properties. Binding 

specificity was proven with in vitro cell cultures. In vivo blood circulation half-lives and organ 

distributions were determined. In vivo MRI was performed on carotid arteries of apoE
-/-

 mice on 

a high fat diet, following implantation of a tapered cast around the right carotid artery. 

Multi-slice 2D MR imaging of the entire carotid artery was performed to investigate contrast 

changes in the arterial segments related to VCAM-1 expression. The paramagnetic liposomes 

and superparamagnetic micellar iron oxides were compared to each other for their efficacy in 

producing contrast changes in the MR images. 

Both paramagnetic liposomes and superparamagnetic micellar iron oxides were effectively 

targeted to VCAM-1 over-expressing mouse endothelioma cells with very low non-specific 

uptake, as shown by shortening of relaxation times of cell pellets. This was in agreement with 

previous findings for other VCAM-1-targeted agents 
13-15

. Nanoparticle uptake was confirmed by 

fluorescence analysis, as well as quantitative gadolinium and iron analyses. CLSM proved that 

uptake of VCAM-1-targeted agents was associated with VCAM-1 over-expression.  

In vivo circulation times were significantly shorter for VCAM-1 specific agents as compared to 

control particles. ApoE
-/-

 mice develop atherosclerotic lesions all over the arterial tree and are 

known to express VCAM-1 in the arteries as well as in the organs involved in nanoparticle 

clearance, which could well lead to accelerated removal of the VCAM-1 specific contrast agents 

from the blood. The differences in circulation half-lives complicate direct comparison between 

targeted and control particles, because a non-targeted agent has more time to accumulate 

passively into the plaques. Moreover, at early time points after injection the MRI signal might 

partly reflect differences in blood concentration levels rather than specific accumulation. 

Therefore, post-contrast MRI was performed at 24 hours after injection, at which time point the 

blood concentration of all contrast agents was sufficiently low, although an earlier time point 

would have been more optimal for the VCAM-1-targeted agents. Even though the circulation 

times of targeted and control agents were different, we still advocate the use of similar sized 

control particles rather than similar circulation times, since we have shown that plaque 

permeation is influenced by contrast agent size (chapter 3). 

Liver and spleen were found to have significant roles in both liposome and micellar iron oxide 

blood clearance. At 24 hours post injection no retention of contrast agent in the lungs and 

muscle tissues was observed. For liposomes liver and spleen accumulation was reported 

previously 
15, 24

. The spleen, which is known to be VCAM-1 positive, showed the highest 

accumulation of VCAM-1-targeted agents in this study, although no quantitative numbers could 

be provided as the accumulation was assessed rather qualitatively using microscopy. 
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In vivo MRI revealed largest contrast changes in the slices 0.5 - 1.5 mm upstream to the cast, at 

the plaque shoulder where the lesion was smaller than directly upstream and downstream to 

the cast. This observation is in agreement with the known heterogeneity of VCAM-1 expression 

in atherosclerotic plaque and elevated VCAM-1 expression and monocyte recruitment at the 

shoulder regions. Duplàa et al. 
25

 observed a permanent basal VCAM-1 expression covering 

atherosclerotic plaques and a 1.5- to 2.5-fold elevation in expression of endothelial adhesion 

proteins in the presence of recent monocyte recruitment.  

For liposomes a maximum normalized signal change (%NSC) of approximately 40% was observed 

when considering the individual imaging slices. Mean plaque values averaged to about 20%, due 

to the above-mentioned heterogeneities in signal change and VCAM-1 expression. Normalized 

signal change of neighboring slices differed significantly (Figure 5.5) and the MRI slices (0.5 mm) 

were relatively thick as compared to plaque dimensions. Furthermore, fluorescence microscopy 

revealed that liposomal accumulation preferentially occurred near the vessel lumen. The above 

factors are likely to lead to considerable partial volume averaging of peak signal changes. 

Nevertheless, a significant contrast enhancement for VCAM-1-targeted liposomes was found. 

Microscopy showed that VCAM-1-targeted micellar iron oxides were more evenly distributed 

throughout the plaques. Their detection was possibly less affected by in-plane partial volume 

effects in the MRI scans. However, differences between slices were also present here. For 

VCAM-1-targeted micellar iron oxides a maximum normalized signal change (%NSC) of 

approximately -30% was observed, which averaged to about -20% for the whole plaque.  

Burtea et al. 
17

 applied a peptidic low molecular weight gadolinium based contrast agent for the 

detection of VCAM-1. They reported detection of contrast agent combined with VCAM-1 

expression in a wide range of plaque phenotypes in apoE
-/-

 mice. Both VCAM-1 expression and 

contrast agent accumulation was associated with capillary-like structures in plaques, possibly of 

angiogenic nature, which plays a role in plaque instability. This low molecular weight 

paramagnetic contrast agent easily penetrates into atherosclerotic plaques en therefore can 

easily bind to intraplaque VCAM-1, which differs from our paramagnetic liposomes. Due to the 

relatively large size of paramagnetic liposomes they are better suited to image endothelial 

VCAM-1 expression more specifically, which could explain why the liposomal formulation tended 

to give more enhancement in plaque shoulder regions. The plaque shoulder contrast changes 

better represent the activity of leukocyte accumulation, which was the goal of this study. 

Considering the use of superparamagnetic agents, Nahrendorf et al. 
16

 also applied 

superparamagnetic iron oxide particles of a similar size to detect VCAM-1 with MRI. Their 

approach differed in the sense that they used a peptidic ligand on non-PEG-coated particles to 

image plaques of the aortic roots of apoE
-/-

 mice. They have shown that their particles target 

endothelial cells and macrophages that express VCAM-1. However, because macrophages 

outnumber endothelial cells in atherosclerotic plaques, the uptake into macrophages may have 

a significantly larger contribution in the MRI contrast by targeted uptake in vivo. This most likely 



Chapter 5 

92 

 

also holds for our superparamagnetic contrast agent in the smaller plaques of the carotid 

arteries. However, our use of PEG coated particles may have reduced macrophage uptake. 

Confocal laser scanning microscopy indicated cellular internalization of the VCAM-1-targeted 

material, both in vitro and in vivo. Receptor-mediated cellular internalization may lead to 

compartmentalization, which could be beneficial for increasing the r2 relaxivity of iron oxide 

particles 
26

. However, for the r1 relaxivity of paramagnetic liposomes cellular internalization may 

become a disadvantage. Kok et al. 
27

 demonstrated that targeted cellular internalization and 

compartmentalization of paramagnetic liposomes into endothelial cells in vitro leads to a 

significant reduction of the effective longitudinal relaxivity due to limited exchange of water 

protons between the endosomes and the bulk.  

For the detection of contrast changes with paramagnetic liposomes we applied a T1-weighted 

spin-echo imaging sequence with a relatively long acquisition time to obtain high image quality. 

This method is excellently suited for imaging 24 hours post injection. In literature similar 

methods were applied for imaging of atherosclerotic plaques using paramagnetic agents in the 

carotid arteries as well as abdominal aortas of apoE
-/-

 mice 
28-31

. Additionally, the use of 

T1-weighted black-blood RARE imaging 
17

 or gradient echo 
32

 protocols have been reported for 

detection of paramagnetic agents. This method results in a higher degree of T2-weighting, but 

enables faster imaging which in some cases may be desired when for example applying fast 

cleared low molecular weight contrast agents.  

Often, T2
*
-weighted FLASH sequences are used for the detection of superparamagnetic contrast 

agent accumulation 
13, 16

. Typically, the aortic root and arch of apoE
-/-

 mice were measured in this 

manner, since FLASH allows fast imaging with relatively short echo times and is often combined 

with cardiac triggering and respiratory gating to minimize motion artifacts due to cardiac motion 

and respiration. A downside of the use of a bright-blood T2
*
-weighted sequence is that 

circulating superparamagnetic contrast agent may cause signal decrease in close proximity to 

the vessel wall, which may hamper the detection of specific contrast agent accumulation at this 

site. Since we are dealing with a considerable difference in blood circulation half-lives the use of 

such a bright-blood sequence may lead to misinterpretation of non-specific accumulation. Our 

black-blood T2-weighted imaging was more sensitive to motion artifacts caused mainly by 

respiration and arterial pulsation. This led to a reduction in image quality, especially on images 

that were obtained closer to the heart and lungs. Occasionally, poor image quality prevented 

accurate vessel wall signal intensity determination, which led to a reduced number of images 

analyzed closer to the heart and lungs (further upstream from the cast). Motion artifacts make 

micellar iron oxides less favorable as a contrast agent compared to liposomes in this case.  

Comparison of upstream (‘vulnerable’) with downstream (‘stable’) plaque did not reveal 

statistically significant differences. Cheng et al. 
18

 reported a two-fold higher total VCAM-1 

expression in the upstream lesion. However, because of their size, the nanoparticles used in this 
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study have limited ability to penetrate the plaque and are likely not able to reach the entire pool 

of plaque associated VCAM-1. This is in agreement with our observation that signal changes are 

highest at the plaque shoulders where highest endothelial VCAM-1 expression is reported 
25

. 

Ex vivo microscopy confirmed specific association of VCAM-1-targeted agents with plaque. For 

liposomes the fluorescent label could be detected directly. However for micellar iron oxides 

fluorescence was quenched almost completely due to close proximity of the fluorescent label to 

the iron oxide core. Therefore a secondary antibody labeling of anti-VCAM-1 or IgG antibody was 

used, to reveal the accumulation of VCAM-1-targeted iron oxides in the plaque. Furthermore, 

histological sections were partly made in the longitudinal direction to assess the distribution of 

contrast agent along the vessel direction. Although it proved experimentally difficult to cut the 

vessel walls containing plaque along this direction, this approach nevertheless confirmed the 

MRI observations that both contrast agents were mostly associated with the plaque shoulders. 

Others have identified VCAM-1 expression in atherosclerotic lesions, and have reported on 

accumulation and colocalization of targeted MRI contrast agents with VCAM-1 expression on 

histological sections 
13, 15-17, 33

. The results presented here in general are in good agreement with 

these previous studies. Our approach is unique in a sense that we have applied both positive 

contrast (T1-weighted) and negative contrast (T2-weighted) approaches towards molecular MR 

imaging of VCAM-1 expression in the same mouse model of atherosclerosis, which allowed for a 

direct comparison. Both approaches proved equally effective in imaging the VCAM-1 expression 

and spatial distribution in the atherosclerotic plaques. Therefore, there is no clear ‘winner’ in 

terms of preferred approach, although the VCAM-1-targeted liposomes resulted in the highest 

contrast changes and suffered the least from flow- and movement-related artefacts. 

In conclusion, paramagnetic VCAM-1-targeted liposomes and superparamagnetic 

VCAM-1-targeted micellar iron oxides were developed for molecular MR imaging of VCAM-1 

expression in a mouse model of atherosclerotic plaque. The spatial distribution of VCAM-1 

expression in the plaque could be visualized using both contrast agents. Highest contrast 

changes were observed at the shoulder of the plaques in regions of highest VCAM-1 expression, 

using paramagnetic liposomes.  
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Appendix 5: Supplemental material 

A5.1 Supplementary methods 

Preparation of paramagnetic liposomes 

Liposomes were prepared by lipid film hydration 
19

. Gd-DTPA-BSA (Gd-DTPA-bis (stearylamide)), 

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), cholesterol, PEG2000-DSPE (1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyetheleneglycol)2000]) and PEG2000-

DSPE(maleimide) (1,2-distearoyl-sn-glycero-3-phophoethanolamine-N-[maleimide(polyethylene-

glycol)2000]) were dissolved in chloroform:methanol 3:1 (v/v) and evaporated to dryness by 

rotary evaporation at a molar ratio of 0.75/1.1/1/0.075/0.075. For fluorescence detection 0.1 

mol% Rhodamine-PE was added. The dried lipid film was subsequently hydrated in HEPES 

buffered saline (HBS), containing 20 mM HEPES, 135 mM NaCl (pH 6.7). The resulting lipid 

dispersion was extruded sequentially 2 times through polycarbonate membrane filters with a 

pore diameter of 200 nm and subsequently 10 times through filters with a pore diameter of 100 

nm using a Lipofast Extruder (Avestin, Cananda). The temperature during extrusion was 65 °C.  

The monoclonal antibody against mouse VCAM-1 or the non-specific isotype control IgG  

(clone 429 and RTK2758 respectively, BioLegend, San Diego) was coupled to liposomes 

containing Mal-PEG2000-DSPE by a sulfhydryl-maleimide coupling method as described 

previously 
20, 21

. In short, the monoclonal antibody (0.5 mg/ml) was modified with N-succinimidyl 

S-acetylthioacetate (80:1 SATA:antibody mole:mole ratio) and incubated for 30 min at a 

roller-bench at RT. Free SATA was separated from the antibody/SATA solution by centrifugation 

on a Vivaspin concentrator with a 50 kD MW cut off filter followed by thorough washing for 

4 times with HBS. The SATA-derivatized antibody was deacetylated by incubation with 

hydroxylamine solution for 1 hour at RT. The activated antibody was added to the Mal-PEG2000-

DSPE-containing liposomes in a 50 µg/µmol protein/lipid ratio with a lipid concentration of 

approximately 10 mM. This preparation was stored at 4 °C under N2 overnight.  

After overnight coupling the immunoliposomes were further diluted with HBS pH 7.4 to a 

concentration of approximately 1 mM and stored at 4 °C under N2 for a day. Uncoupled antibody 

was separated from immunoliposomes by centrifugation at 55,000 rpm (Beckman Coulter 

Optima L-90K rotor type 70.1 Ti) for 45 min. The supernatant was removed and an appropriate 

amount of buffer was added to the pellet to obtain a lipid suspension with a lipid concentration 

of approximately 50 mM. The final liposomal suspension was stored at 4 °C and was used within 

14 days. 

 

 

 



VCAM-1-targeted MRI 

95 

 

Preparation of superparamagnetic micellar iron oxides 

Water insoluble oleic acid coated iron oxides were obtained from Philips (Philips Research, 

Eindhoven, The Netherlands), with a concentration of 68 mM Fe in hexane and a mean diameter 

of 15 nm. Before use the iron oxides were sonificated for 5 min. An approximately 10-fold molar 

excess of PEG2000-DSPE, Mal-PEG2000-DSPE, NIR664-DSPE (at a molar ratio of 89/10/1) was 

dissolved together with the iron oxides in chloroform. The iron oxide/lipid mixture with a typical 

iron concentration of 2.3 mM Fe was slowly infused into vigorously stirred MQ of 80 °C at a rate 

of 2 ml/hour. After infusion the sample was centrifuged 3 times for 30 minutes at 65,000 rpm 

(Beckman Coulter L-90K, rotor type 70.1 Ti) to separate micelles with a magnetite core from 

empty micelles. The supernatant was removed gently each time and the pellet was resuspended 

in an appropriate amount of HBS, pH 6.7. Aggregates were removed by centrifugation at 

3000 x g for 1 min. The single magnetite-core micelles in the supernatant were used for coupling 

to the monoclonal antibody. 

The specific monoclonal antibody or the non-specific isotype control IgG were coupled to 

micellar iron oxides in the same manner as described above for liposomes with a SATA:antibody 

molar ratio of 20:1. The activated antibody was added to the Mal-PEG2000-DSPE-containing 

micellar iron oxides in a 1:100 protein:lipid (mole:mole) ratio. This preparation was stored at 

4 °C under N2 overnight. After overnight coupling, size exclusion chromatography was 

performed, using a sepharose CL-4B column (15 cm x 1.2 cm I.D.) equilibrated in HBS pH 7.4, to 

separate aggregates and uncoupled antibody from immuno-iron-oxide-micelles. The samples 

were loaded by gravity flow and 1 ml fractions were collected and the diameter of the iron oxide 

particles in each fraction was determined using dynamic light scattering. Subsequently, the 

samples containing immuno-iron-oxide-micelles were pooled and concentrated using a Vivaspin 

concentrator with a 100 kD MW cut off filter. 

 

 

T1 and T2 relaxation times of cell pellets and blood samples, as measured at 6.3T 

The T1 and T2 relaxation times were measured at RT on a 6.3 T horizontal bore animal MR 

scanner (Bruker, Ettlingen, Germany) using a 3-cm-diameter send and receive quadrature-driven 

birdcage coil (Rapid Biomedical, Rimpar, Germany). T1 was measured using a fast inversion 

recovery segmented fast low-angle shot (FLASH) sequence with an echo time (TE) of 1.5 ms, a 

repetition time (TR) of 3.0 ms, a flip angle of 15°, and an inversion time (TI) ranging from 67 ms 

to 4800 ms in 80 steps. Overall repetition time was 20 s. Field of view (FOV) was 3 × 3 cm
2
, using 

a matrix size of 128 × 128, a slice thickness of 0.75 mm and 2 averages. T2 was measured using a 

multi-slice multi-echo sequence with TE ranging between 9 and 288 ms in 32 steps and a TR of 

1000 ms. FOV was 3 × 2.2 cm
2
, slice thickness was 0.75 mm using a matrix size of 128 × 128. 

Number of averages was 4. From the images a T1- or T2-map was calculated using Mathematica 
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(Wolfram Research Inc, Champaign, IL). T1 and T2 of the different cell pellets were determined by 

selecting a region-of-interest within the pellet.  

Cell pellet volumes were determined for each sample separately in a 0.7-cm-diameter solenoid 

coil using a three-dimensional FLASH sequence with TE = 3.2 ms, TR = 25 ms, and a flip angle of 

30°. FOV was 1.6 × 1.6 × 1.6 cm
3
, matrix size was 128 × 128 × 128. Number of averages was 1. 

Threshold values were set manually to select the voxels inside the pellet, multiplied by the voxel 

volume to obtain the total volume of the pellet.  

 

In vivo blood-circulation half-lives 

For the determination of the blood circulation half-lives of the different contrast agents 18 (n = 3 

per group) female apoE
-/-

 mice (age 12 weeks) were fed a Western-type diet (0.21% cholesterol) 

for a period of 12 weeks. The mice were anesthetized with 3% isoflurane in medical air, and 

maintained with 1 - 2% isoflurane. Before injection of the contrast agent a 20 μl blood sample 

was obtained from the saphenous vein. Unconjugated liposomes (b-Lip), control antibody 

conjugated liposomes (I-Lip), anti-VCAM-1 liposomes (V-Lip), unconjugated micellar iron oxides 

(b-MCIO), control antibody conjugated micellar iron oxides (I-MCIO) or anti-VCAM-1 micellar 

iron oxides (V-MCIO) were injected via the tail vein (equivalent to 50 μmol Gd / kg body weight, 

or 2.6 mg Fe / kg body weight) and 20 μl blood samples were collected after 2, 15, 30, 45 and 

60 min while the mouse was kept under anesthesia. Additional blood samples were obtained at 

4, 8, 24 and 48 hours after injection of the contrast agent. To prevent coagulation of the blood 

samples they were mixed with 20 μl of heparinized physiological salt solution 

(50 i.E. heparin / ml). The longitudinal relaxation rate (R1) of gadolinium-containing blood 

samples and the transversal relaxation rate (R2) of iron-oxide-containing samples was 

determined at RT with a 6.3 T scanner, as described above. The decrease in R1 (ΔR1) or R2 (ΔR2) 

values of the blood samples over time was fitted in Origin (OriginLab Corporation, Northampton, 

USA) with a mono-exponential decay function ( /t
y Ae

τ−
= ) to determine circulation half-lives (

1 2
ln 2t τ= ).  

 

Cryogenic transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo-TEM) was used to investigate the size, size 

distribution and morphology of the nanoparticles after antibody conjugation. The sample 

vitrification procedure was carried out using an automated vitrification robot (FEI Vitrobot 

Mark III). TEM grids, R2/2 Quantifoil Jena grids, were purchased from Aurion (Wageningen, 

Netherlands). The Quantifoil grids were surface plasma treated using a Cressington 208 carbon 

coater operating at 5 mA for 40 s prior to the vitrification procedure. Antibody conjugated 

liposomes were imaged on a FEI Titan Krios TEM equipped with a field emission gun (FEG) 
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operating at 300 kV. Images were recorded using a 2k x 2k Gatan CCD camera equipped with a 

post column Gatan energy filter (GIF) at an angle of zero degrees. Imaging of 

antibody-conjugated iron oxides was performed on a FEI Tecnai 20, type Sphera TEM instrument 

equipped with a LaB6 filament operating at 200 kV. Images were recorded with a bottom-

mounted 1k x 1k Gatan CCD camera. A Gatan cryoholder operating at −170 °C was used for the 

cryo-TEM measurements. 

 

Prussian blue staining for iron 

Cryosections were fixed in 4% PFA for 10 min and washed 3 times in tris-buffered saline (TBS, 

pH 7.5), followed by a 10 min wash in tap water. Subsequently, the sections were washed 

3 times in distilled water. The tissue sections were incubated for 1 hour with Prussian blue 

reagent (2% HCl wixed with 2X potassiumhexacyanoferrate Fe
2+

 1:1, freshly prepared). After 

incubation the sections were washed 3 times with distilled water. Freshly activated DAB solution 

(3,3’- diaminobenzidine tetrahydrochloride, 1 mg/ml with 20 µl 1% H2O2 per 1 ml DAB) was 

incubated for 15 min, followed by 3 times washing with distilled water. Nuclei were stained with 

Nuclear fast red for 2 min. Sections were washed 3 times with distilled water, dehydrated and 

covered with etellan. 

 

  



Chapter 5 

98 

 

A5.2 Supplementary results 

Cryo-TEM 

 
Figure App5A.1: Cryo-TEM of anti-VCAM-1 liposomes (V-Lip) and anti-VCAM-1 micellar iron oxides (V-MCIO) 

 

Figure App5A.1 shows cryo-TEM images of V-Lip and V-MCIO. The consequences of antibody 

coupling could be visualized on the liposomal surface as can be appreciated in this image as a 

ring of dots surrounding the bi-layer of the liposomes. The liposomes were often grouped 

together, possibly because the antibody-coupled liposomes have some affinity for each other. 

Cryo-TEM of micellar iron oxides displayed the presence of single iron oxide cored structures. 

However, occasionally some larger aggregates were found as is displayed in the lower right 

corner of this image. 
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The purpose of this thesis was to develop targeted contrast agent for molecular magnetic 

resonance imaging of atherosclerosis and apply these agents in a mouse model, which develops 

two phenotypically different lesions. 

 

6.1 Evaluation of the mouse model 

A recently developed apoE
-/-

 mouse model with a tapered cast around one carotid artery leading 

to the development of plaques with two distinct phenotypes was used for the research 

described in this thesis. The mouse model proved to be well suited for testing our newly 

developed targeted MRI contrast agents. It is a very attractive model, because it allows for 

studying two different plaque phenotypes within one animal and within one vascular segment. 

The characterization with MRI was illustrated mainly in chapter 2, which described 

measurements of flow velocities and wall shear stresses. Flow velocities and wall shear stress 

are considered key players in the development of plaque phenotype. Flow patterns in the right 

carotid artery with cast confirmed the observations made by Cheng et al. 
1
. Reduced flow and 

shear stress were found upstream from the cast, whereas flow in the downstream section 

appeared extremely low, indicative for irregular non-laminar flow. Unfortunately it was not 

possible to confirm the oscillatory nature of the blood flow, because phase-contrast velocity 

imaging is not performing well in these areas of rapidly changing flow conditions requiring high 

temporal and spatial resolution. Other techniques, such as pulsed wave Doppler ultrasound may 

provide more accurate information here. 

MR angiography at 6.3 T and 9.4 T was able to produce detailed images of the mouse neck 

vasculature and provided information about the patency of the right carotid artery after cast 

placement. Angiographic images additionally proved valuable for planning of slices for imaging 

exactly perpendicular to the vessel direction. In both chapters 2 and 3 angiograms were 

presented, obtained with 3D TOF MR angiography. The polymeric cast was MRI silent and a 

signal void in the artery was present at the location of the cast (chapter 3). In the angiograms in 

chapter 2, which had a higher resolution, the signal void was no longer present. The tapered 

shape of the cast could be appreciated in this angiogram. In chapter 5 also axial images through 

the cast were shown positioned from a few millimeters upstream to a few millimeters 

downstream to the cast. Particularly in the T1-weighted images, in which signal-to-noise was 

higher, the tapered shape of the cast was evident. A larger lumen was seen close to the 

upstream side, while the lumen cross-sectional area decreased towards the downstream side. 

The mouse model was developed on the basis of the hypothesis that altered patterns of shear 

stress have influence on plaque phenotype. For each of the studies in this thesis the model was 

histologically re-evaluated. In general, differences between the lesion phenotypes (‘stable’ and 

‘vulnerable’) were confirmed. In chapter 3, mice were used in which vascular lesions were 

allowed to develop for 6 and 9 weeks after cast placement. It was shown that phenotypical 
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differences between the upstream and downstream lesions were more pronounced after 

9 weeks than after 6 weeks. A lesion with characteristics of a ‘vulnerable’ atherosclerotic plaque 

was developed upstream of the cast. These lesions were rich in lipids and macrophages, while 

collagen and smooth muscle cells were present to a lesser extent. The term ‘vulnerable’ refers to 

a high chance of plaque rupture. Plaque rupture rarely occurs spontaneously in these mice and 

therefore using this term is not completely correct. The classification ‘vulnerable’ rather refers 

to the fact that these upstream atherosclerotic plaques have a number of characteristics that 

are associated with plaque vulnerability and subsequent plaque rupture in human 

atherosclerosis. The downstream lesion was presented with lower lipid content and a higher 

content of collagen and smooth muscle cells. In view of these characteristics, the downstream 

lesion was referred to as the ‘stable’ lesion. For chapters 4 and 5 mice with 9-week-old lesions 

were used for contrast agent accumulation analyses, because phenotypical differences as well as 

plaque sizes were larger at this time point. The ability to measure differences in collagen content 

between the two different plaques as described in chapter 4 was assumed to be more optimal 

after 9 weeks. Even though VCAM-1 is already expressed at the onset of atherosclerosis, 9-week-

old lesions were also chosen for the VCAM-1 targeting studies in Chapter 5. As VCAM-1 remains 

highly expressed in developing atherosclerotic lesions, the larger 9-week-old lesions were 

preferred as they are more easily imaged with MRI. 

Most molecular MRI studies of atherosclerosis in mice focus on the plaques of the abdominal 

aorta 
2-7

, aortic root 
8, 9

 or aortic arch 
8
. Using the apoE

-/-
 mouse with a tapered cast around the 

carotid artery is more challenging than most other mouse models. The carotid artery is smaller, 

and also the plaques that develop are much smaller as compared to the very advanced lesions of 

the abdominal aorta, and the large plaques developing in the aortic arch. A unique feature of the 

particular mouse model used in this thesis is that it enabled more controlled comparisons of 

different plaque phenotypes and epitope expression levels. The time scheme of plaque 

development also allows the possibility to study plaque initiation and progression in the future.  

One of the main foci of molecular imaging of atherosclerosis is to detect rupture-prone 

atherosclerotic plaques. Contrast agents are developed to target features of these rupture-

prone plaques.  For this purpose a model which develops rupture-prone plaques is desirable, but 

not yet available. The mouse model described in this thesis offers two different plaque 

phenotypes, which is a good start in characterizing plaque discriminating capabilities of contrast 

agents. Phenotyping each lesion separately may become necessary, to compensate for plaque-

variability. All in all, this model offers a unique platform for investigating molecular MR imaging 

of atherosclerosis.  
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6.2 Targeted versus non-targeted contrast agent accumulation 

The choice of contrast agent is of crucial importance for achieving optimal contrast changes with 

MRI. We evaluated the influence of contrast agent size on the accumulation into the 

atherosclerotic plaques. As expected, large particles did not permeate easily into atherosclerotic 

plaques. Normal endothelium is in essence an impassable barrier for nanoparticulate contrast 

agents. As a consequence of diseases, like atherosclerosis, the endothelial barrier is disrupted 

and becomes penetrable to proteins and cells (as well as contrast agent) from the blood. In this 

thesis contrast agents of a large size range (few nanometers to approximately 150 nm in 

diameter) were investigated for their ability to accumulate in the atherosclerotic plaques 

(chapter 3). This information was used to guide the choice of targeted contrast agents (chapters 

4 and 5). Additionally, knowledge on passive accumulation of differently sized contrast agent can 

be used in future studies on (passive) drug delivery using nanoparticulate carrier systems. This 

thesis was restricted to the use of lipid-based particles. A number of different types of MRI 

contrast agents are currently being developed, such as gadolinium labeled peptides 
4, 5

, 

paramagnetic quantum dots 
7, 10-13

, dextran or other non-lipid coated iron oxides  

particles 
8, 9, 14-16

, chemical exchange saturation transfer agents (CEST) 
17

 or fluorine based  

agents 
18

. These particles have a broad size distribution, ranging from nanometer (labeled 

peptides) to micrometer (micron-sized particles of iron-oxide, MPIO) scale. This range is broader 

than was used for this thesis. Nonetheless, knowledge on the permeation of our contrast agents 

may also aid in understanding (future) contrast behavior of the above mentioned agents. 

Passive accumulation of contrast agent can be used as a tool for discriminating plaque features 

and plaque phenotype. For example, in chapter 3 it was shown that Gd-HP-DO3A caused a larger 

change in MRI contrast in case of the stable lesion. This observation was supported by other 

studies 
19-21

, reporting on strong contrast enhancement by Gd-DTPA for fibrous lesions. 

Gd-HP-DO3A was the only contrast agent applied in this thesis that diffused readily into 

atherosclerotic plaque. It is cleared rapidly from the mouse body and therefore will have, when 

suitably equipped with a targeting ligand, not have a lot of time to bind. Nevertheless, for highly 

abundant targets expressed throughout the plaque, a low molecular weight contrast agent is a 

feasible option. 

Paramagnetic micelles were used for the studies presented in chapters 3 and 4. Paramagnetic 

micelles accumulated in both plaque phenotypes with comparable MRI signal enhancements 

24 hours post injection. However, when using non-targeted micelles, some downstream plaques 

were already enhanced within one hour. Such incidental observations should be carefully 

studied as they could provide leads to identify differences between plaques of individual mice. 

Paramagnetic micelles were used to target collagen in plaque (chapter 4) and especially 

accumulated in the downstream lesions within the hour. Part of this accumulation could be 

a-specific. However, mutant-CNA35-micelles accumulated to a lesser amount, indicating that 

targeting of collagen was, at least partly, involved in the accumulation. 
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Differences in the level of accumulation of micelles were observed in the studies described in 

chapters 3 and 4. Non-conjugated micelles resulted in 24 - 35% contrast enhancement, while 

injection with non-specific mutant-CNA35-micelles only led to 17% enhancement. This 

difference can probably be attributed to the increase in micelle diameter from 18 to 24 nm upon 

conjugation with mutant-CNA35. This modest increase in size presumably leads to less passive 

accumulation of the micelles, indicating that appropriate choice of contrast agent size and 

proper controls are essential when studying plaque-targeted contrast agents. 

Collagen is known to be of prime importance for plaque stability. One of the main goals of 

molecular imaging of atheroscerosis is to use imaging as a tool to determine plaque 

vulnerability. The imaging of collagen, however, is in essence an opposite approach – high 

collagen content is indicative for plaque stability. Nevertheless, it is a very useful method, 

because it could contribute to the discrimination between more vulnerable and stable lesions by 

highlighting the stable lesions and to monitor therapeutic interventions. 

Liposomal contrast agents were applied in the studies of chapters 3 and 5. The main observation 

of chapter 3 was that liposomes did not accumulate into the atherosclerotic plaques of the 

tapered cast mouse model. Chapter 5 focused on the application of antibody-coupled liposomes 

for targeting of VCAM-1. VCAM-1 is highly expressed on the endothelium of atherosclerotic 

plaques and therefore non-specific accumulation of contrast agent inside the plaque is 

preferably prevented. Nevertheless, some accumulation of the liposomes inside the plaque was 

observed, however, to a limited extent. Most accumulation was found near the vessel lumen. 

The reasons for VCAM-1 liposomal accumulation in the plaque could be several. VCAM-1 binding 

results in diapedisis of leukocytes into plaques, which could have shuttled liposomes into the 

plaque as well. For the studies of chapter 5 a two-fold higher dose was used as compared to the 

experiments described in chapter 3. This higher dose could also have led to increased plaque 

accumulation. Finally, monocytes in the bloodstream might have collected VCAM-1-targeted 

liposomes and subsequently infiltrated into the plaques.  

Micellar iron oxides were not as extensively investigated with respect to their passive 

accumulation properties. Since they are also lipid-based, exposing a similar outer lipid 

monolayer, it was assumed that their behavior is an intermediate between paramagnetic 

micelles and paramagnetic liposomes, based on their relative size. IgG-conjugated iron oxides 

were used as controls, rather than non-conjugated iron oxides, as the previous studies with 

micelles had shown that the increase in size upon conjugation plays an important factor in 

non-specific accumulation of contrast agent in plaque. VCAM-1-targeted iron oxides were shown 

to produce differential plaque contrast on T2-weighted images. A one-to-one comparison of 

VCAM-1-targeted iron oxides with VCAM-1-targeted liposomes did not produce a ‘winner’ in 

terms of detection sensitivity, specificity or amount of contrast enhancement. Both types of 

contrast agents proved very well suited for imaging of VCAM-1 expression, with both of them 

having their own advantages and disadvantages. 
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The main question, whether it is possible to discriminate plaque phenotypes by using contrast 

agents for MRI is still open for answer. We did not use targets to visualize plaque ‘vulnerability’ 

for this thesis. Collagen is a target for plaque stability and VCAM-1 is a target for imaging of 

progressing lesions. These two markers provide valuable information. Therefore, combinations 

with other markers of vulnerability such as macrophages, matrix metalloproteinases (MMPs), 

and apoptosis may results in increased potential for discriminating plaque phenotypes. More 

extensive in vivo and ex vivo validations of contrast agent accumulation pathways might prove 

essential. Intracellular trapping of paramagnetic agents may lead to quenching of T1-based MR 

contrast, while for superparamagnetic agents this may lead to an increase in T2-based contrast 

change. Also uptake into unwanted cell types should be avoided. Expression levels of collagen 

and VCAM-1 reported in this thesis were based on whole-plaque quantities reported previously 

by Cheng et al. 
1
. It would be recommendable to evaluate expression levels and target locations 

for each mouse, as to correlate them with MRI contrast changes on an individual mouse basis. 

 

6.3 Blood clearance and bio-distribution 

Knowledge on blood clearance rates and bio-distribution is very important for understanding 

contrast agent in vivo behavior. The relaxation rates of liposome-containing blood samples have 

previously been shown to correlate to gadolinium content, as determined by ICP-MS 
22

, from 

which blood-clearance kinetics could be determined. A similar approach was used to determine 

the circulation half-lives of paramagnetic micelles and micellar iron oxides. Paramagnetic 

micelles were shown to have a very long circulation half-life of approximately 23 hours, which 

means that micelles are still circulating when imaging is performed at 24 hours. Coupling of 

CNA35 and mutant-CNA35 proteins to micelles did not result in a significant effect on half-life as 

was shown in chapter 4. Coupling of an anti-VCAM-1 antibody on the other hand resulted in a 

considerable decrease in blood half-life for paramagnetic liposomes and superparamagnetic 

micellar iron oxides (chapter 5). Both type of target and ligand proved important factors in 

determining blood clearance rates. Collagen is an extravascular target and micelles do not 

extravasate through intact blood vessel walls. Therefore, when injected i.v., the micelles will 

normally not come into contact with collagen in the body and will not be cleared from the blood 

stream through specific binding. On the other hand, CNA35 is a protein from bacterial origin and 

may induce an immunogenic response. VCAM-1 is an intravascular target and therefore easily 

accessible for the contrast agents. The rapid clearance of VCAM-1-targeted contrast agents is 

likely caused by specific binding with vascular endothelium, and in the liver and spleen. 

Some quantitative and qualitative information on contrast agent organ distributions and 

clearance pathways was provided in chapters 3 and 5. Gadolinium content was determined for 

liver, lung, spleen, and kidney tissue using ICP-MS. As expected Gd-HP-DO3A was cleared very 

rapidly from the body and after 48 hours only some gadolinium could be found in the kidneys. 
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Clearance of liposomes and micelles occurred via liver and spleen. After 48 hours some 

gadolinium was detected in the kidneys. Chapter 5 provided a qualitative analysis of contrast 

agent bio-distribution using histological sections of organs. Both quantitative (chapter 3) and 

qualitative (chapter 5) analyses were in agreement with each other. Liposomes and micellar iron 

oxides were also found to accumulate in the liver and spleen based on histological analysis. 

Kidney clearance was not observed.  

Investigation of contrast agent blood circulation half-lives and bio-distribution in vivo is rather 

limited with MRI. In this thesis blood samples were taken and organ distribution was determined 

at one time point ex vivo. Another, more suitable method to obtain kinetics and bio-distribution 

data could be valuable. Labeling of the contrast agent with a suitable SPECT isotope for example 

may give the opportunity to investigate and quantify contrast agent kinetics and distribution in 

vivo. In vivo MR imaging time points could be optimized to the blood circulation half-life, where 

kinetic modeling may be applied.  

 

6.4 Magnetic resonance imaging to determine tissue contrast 

Vessel wall signal intensities were determined on axial images of the carotid arteries using either 

T1-weighted or T2-weighted imaging. Histology showed that plaques have dimensions ranging 

between 50 and 300 µm. With the measured resolution of 100 x 100 µm
2
 this means that a ring 

of approximately 2 pixels thickness contains plaque, which makes imaging of contrast changes 

rather challenging. Local contrast agent concentrations should be high enough to overcome 

partial volume effects. Pulsatile motion of the artery may cause additionally volume averaging. 

In this respect the approach used for this thesis was very challenging, as compared to those 

studies focusing on the much larger plaques in the abdominal aorta. 

Several improvements to the imaging protocols may be considered. First of all, 3D imaging could 

be implemented to increase resolution and decrease partial volume effects in the vessel 

direction. Quantitative T1-mapping and T2-mapping sequences could be applied to supply 

optimal contrast and provide more quantitative information on local contrast agent 

concentrations. Finally, the time resolution of imaging could be increased in order to provide 

quantitative information on influx and efflux kinetics of contrast agent in the plaque.  
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6.5 Future perspectives 

One of the aims of molecular imaging of atherosclerosis is to provide a means for the 

determination of plaque vulnerability and subsequent risk for plaque rupture. Extensive 

research is being performed to find the markers in atherosclerotic plaques, which are only 

present in plaques that are at high risk for rupture. It is generally accepted that plaque rupture 

has a multi-factor origin. In this respect, MRI may become the imaging modality of choice since it 

can provide multi-contrast information on plaque morphology, hemodynamic conditions, as well 

as on molecular processes.  

The development of more sensitive and less toxic MR contrast agents, and advances in MR 

acquisition may lead to more accurate detection and characterization of atherosclerotic lesions. 

An extensive library of contrast agents and targets for imaging of atherosclerosis is being 

developed, which may lead to solid characterization and better understanding of the disease. 

For clinical purposes, the immunogenic antibodies are unsuitable for repeated use, therefore 

alternative high-affinity and non-immunogenic ligands should be developed. The design of more 

stable gadolinium chelates may improve the suitability of gadolinium-based agents for clinical 

use. However, recent efforts to develop positive contrast MR imaging sequences for iron oxide 

particles can also be expected to have a positive impact on the clinical utility of iron oxides.  

Nevertheless, the future is probably in multi-modal imaging approaches. Combinations of 

medical imaging modalities, such as PET, SPECT, ultrasound and CT may become important. In 

this respect, hybrid systems, like PET/CT or PET/MRI, are particularly attractive. Most 

importantly, molecular MRI could have a role in the follow up to evaluate therapy response. 

Preclinical molecular MRI may also be suited for testing of novel medication aimed at changing 

plaque composition.  

 

6.6 Conclusion 

The apoE
-/-

 carotid artery tapered cast model was proven to provide a very attractive platform 

for testing molecular MRI concepts in atherosclerosis research. Anatomical characterization with 

MRI was performed and included quantification of flow velocities and wall shear stresses. The 

choice of contrast agent was shown to be important for contrast changes observed with MRI, 

where contrast agent size was shown to be a critcal factor for accumulation into the 

atherosclerotic plaques. Two different targets were successfully imaged with contrast enhanced 

MRI. Collagen, a highly abundant marker for plaque stability, was imaged using 

collagen-targeted paramagnetic micelles. VCAM-1 targeting was carried out with paramagnetic 

liposomes and superparamagnetic iron oxide nanoparticles. Both paramagnetic and 

superparamagnetic approaches produced significant VCAM-1-specific contrast changes on MRI 

scans. In summary, this thesis successfully demonstrated the feasibility of target-specific MRI of 

plaque-associated markers in experimental atherosclerosis.  
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Summary 

Atherosclerosis is a disease that mainly affects the large arteries and is characterized by 

accumulation of lipids and fibrous tissue in the vessel wall intima. The major risk of 

atherosclerosis is thrombus formation, which may lead to for example myocardial infarction or 

stroke.  Molecular imaging is the non-invasive visualization and measurement of biological 

processes at the molecular and cellular level within a living organism. The detection and 

classification of atherosclerotic plaques with molecular imaging is currently being explored. This 

thesis addresses the potential role of magnetic resonance imaging for molecular imaging of 

atherosclerosis. Specifically, the aim of this thesis was to develop several MRI contrast agents 

targeted towards atherosclerotic plaque and to study the utility of these agents in vivo in MRI 

studies of a refined mouse model of atherosclerosis. 

Chapter 1 gives an introduction to this thesis and shortly explains the main subjects involved. A 

short overview of the pathology of atherosclerosis is given, followed by introducing molecular 

imaging of atherosclerosis. MRI contrast agents used in this thesis are briefly introduced as well. 

The mouse model involved placement of a tapered cast around the carotid artery of apoE
-/- 

mice. 

This results in the formation of vascular lesions on both sides of the cast. Upstream a lesion with 

more vulnerable characteristics and downstream a lesion with more stable characteristics was 

formed. This mouse model was used throughout the thesis. 

The MR characterization of the above mouse model is described in chapter 2. Angiography, 

high-resolution T1- and T2- weighted black blood, and phase-contrast flow velocity imaging was 

performed on the carotid arteries of these mice. MR angiography showed that blood flow 

through the right carotid artery was preserved and confirmed the tapered nature of the 

constriction. Laminar flow with low wall shear stress was measured upstream of the cast, which 

is related to the development of a vulnerable lesion. Apparent flow velocities were low 

downstream to the cast, which is consistent with the occurrence of vortices or an oscillatory 

nature of the flow. This explains the formation of a stabilized lesion at this position. 

Detailed characterization of the vascular properties of the mouse model was performed in 

chapter 3. Vascular endothelium in atherosclerotic plaques is known to be more permeable than 

healthy vessel wall endothelium. In this study three differently sized paramagnetic contrast 

agents were employed to study their ability to produce T1-weighted MRI contrast enhancement 

by their passive accumulation, in stable and vulnerable mouse carotid atherosclerotic plaques at 

two stages of development. The two smallest of the tested contrast agents, i.e. Gd-HP-DO3A and 

micelles, resulted in contrast permeate the vessel wall in all plaque phenotypes on T1-weighted 

MR images. Liposomes, on the other hand, were too large to accumulate and caused no 

significant contrast enhancement in the atherosclerotic plaques. These findings were also 

confirmed using fluorescence microscopy. Histology showed that phenotype differences as well 

as sizes of the plaques were larger at 9 weeks than at 6 weeks after cast placement. These 
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results imply that when suitably modified with targeting ligands, the fast permeation of Gd-HP-

DO3A into plaques make low molecular weight contrast agents suitable for imaging of abundant 

targets inside atherosclerotic plaques. The lack of intraplaque accumulation of liposomes makes 

these particles a good candidate for imaging of plaque-associated vascular markers, because 

these contrast materials cause little background enhancement and the endothelial markers are 

directly accessible from the lumen. Micelles accumulate into atherosclerotic plaques on a longer 

timescale, which makes them suitable for imaging of less abundant markers inside 

atherosclerotic plaques. 

Collagen plays an important role in the stabilization of atherosclerotic plaques, and limited 

collagen content may represent a risk for plaque rupture. Imaging of collagen as a key plaque 

component could help in risk assessment, monitoring the progression of the disease, and 

evaluating the efficacy of therapy. In chapter 4 the collagen-binding protein CNA35 was 

conjugated to paramagnetic and fluorescent micelles as a tool for MR and fluorescent imaging of 

collagen in atherosclerotic lesions. The above described mouse model of experimental 

atherosclerosis, developing lesions with different collagen contents, was used to assess the 

ability of the micelles to produce differential MR contrast enhancement. Molecular MRI of 

collagen with CNA35-micelles was shown to discriminate collagen-rich from relatively  

collagen-poor lesions. Ex vivo fluorescence microscopy supported the in vivo findings and 

showed pronounced accumulation of CNA35-micelles in the higher collagen content plaques, 

whereas control mutant-CNA35-micelles showed much less accumulation. A significantly higher 

signal enhancement in the collagen-richer plaque was observed for collagen-specific micelles as 

compared to control micelles.  

Migration of leukocytes into tissues is a common feature of inflammatory diseases such as 

atherosclerosis. Vascular adhesion molecules, like vascular cell adhesion molecule-1 (VCAM-1), 

are important in mediating leukocyte adhesion to endothelial cells and diapedesis to underlying 

tissue. Target-specific imaging of VCAM-1 expression is valuable, because it serve as a surrogate 

marker of inflammatory cell recruitment into atherosclerotic plaques.  The efficacy of positive 

(T1-weighted) and negative (T2-weighted) MRI contrast approaches for imaging VCAM-1 

expression in atherosclerotic plaques was explored in chapter 5. For this purpose VCAM-1-

targeted paramagnetic liposomes as well as superparamagnetic micellar iron oxides were 

developed. In vitro specificity was shown on VCAM-1 expressing mouse heart endothelioma 

(H5V) cells. Vessel wall contrast changes were evaluated by comparing MRI scans acquired 

before and at 24 hours after injection of VCAM-1-targeted or control particles. The measured 

MRI contrast changes agreed with the spatial distribution of VCAM-1 expression in the plaque 

for both contrast agents. Highest contrast changes were observed at the shoulder of the plaques 

in regions of highest VCAM-1levels. These in vivo data were in line with ex vivo microscopy.  

Chapter 6 concludes this thesis with a summarizing discussion of the work presented and future 

perspectives of MRI of atherosclerosis. 



Dankwoord 

117 

 

Dankwoord 

Na ruim vier jaar promotieonderzoek ligt hier dan uiteindelijk mijn boekje. Natuurlijk zijn er 

bepaalde mensen die tijdens mijn promotie een belangrijke rol gespeeld hebben en bij deze wil 

ik iedereen die een bijdrage heeft geleverd aan dit proefschrift bedanken. Er zijn een aantal 

mensen die ik persoonlijk wil bedanken. 

 

Als eerste Klaas, bedankt voor het aanbieden van dit promotie onderzoek. Zonder jouw inzicht 

en vertrouwen in de wetenschap was het een stuk lastiger geworden om de hier beschreven 

resultaten te bereiken. Ik heb als student in 2003 voor het eerst  kennisgemaakt met de toen 

nog redelijk nieuwe groep.  Ik heb de groep in de afgelopen jaren steeds verder zien groeien en 

heb  ontzettend veel respect voor jouw manier van betrokkenheid en leiding geven aan deze 

groep. Ik ben blij dat ik er een onderdeel van geweest ben. 

 

Beste Gustav, jij bent een geweldige begeleider voor een promovendus. Jouw kennis, inzicht en 

snelheid zijn ontzettend hoog en ik heb jouw wetenschappelijke input erg gewaardeerd. Soms 

leken bepaalde concepten niet te werken, maar door jouw optimistische blik is het toch gelukt 

om door te zetten en een goed resultaat te bereiken. Klaas en Gustav, ik ben blij dat met jullie 

input het mogelijk was om mijn Engelse teksten tot wetenschappelijke stukken om te toveren.  

 

Zonder de magische handen van het biotechnisch team was het doen van onderzoek met het 

hier beschreven muismodel een stuk lastiger geworden. Het plaatsen van de castjes rondom de 

piepkleine halsslagaders bij muizen is nog niet zo eenvoudig, maar bij jullie, Jo en Leonie, lijkt het 

zo makkelijk. Ontzettend bedankt voor jullie ondersteuning en goede verzorging van de muisjes. 

Terwijl ik al druk bezig was dit proefschrift te schrijven, moesten er nog een aantal muizen 

gemeten worden. David, bedankt dat je mij kon helpen met deze laatste experimenten. 

 

Het lijkt alsof ik in de herhaling val, maar zonder het cast muismodel, zou dit proefschrift er een 

stuk anders uit gezien hebben, met een ander, minder elegant muis model van arteriosclerose. 

Ik wil graag Rob Krams bedanken voor dit muizenmodel en zijn belangrijke adviezen hoe dit 

model correct te omschrijven in onze artikelen. 

 

Verder wil ik Holger bedanken voor de ijzeroxides. Ria en Hedwig, bedankt voor jullie 

ondersteuning. Larry, bedankt dat er mede dankzij jouw inzet mooi ingerichte labs, scanner 

ruimtes en andere faciliteiten zijn gekomen die het doen van onderzoek een stuk aangenamer 

maken. 

 

Ik ben in de gelukkige positie geweest om tijdens mijn promotie vier afstudeerders te mogen 

begeleiden, waarvan de resultaten ook hebben bijgedragen aan dit proefschrift. Als eerste 

Wolter, je was eerder begonnen met je afstudeerproject dan ik met mijn promotie, dit leverde 

eigenlijk wel een aparte situatie op.  Ondank dat er niet rechtstreekse resultaten van jouw werk 

zichtbaar zijn in dit proefschrift heb je wel een belangrijke bijdrage geleverd. De opgedane 

ervaringen en inzichten hebben invloed gehad op vervolg experimenten. Ook Leonie wil ik 

bedanken voor haar enorme bijdrage. Jouw drive, nauwkeurigheid en tempo zijn soms zo hoog 

dat maar weinig mensen dit bij kunnen houden. Jouw inzet heeft een enorme boost gegeven 
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aan het ontstaan van de hoofdstukken 3 en 5. Bedankt daarvoor. Mariska, mede door jouw inzet 

en gestructureerde manier van werken is hoofdstuk 4 zo’n compleet stuk is geworden. En ook 

Martijn wil ik bedanken, het is niet eenvoudig om begeleid te worden door een promovenda die 

in de laatste fase van haar promotie zit. Ik vind dat jij een enorme hoeveelheid werk hebt 

verricht en dat is ook te zien in hoofdstuk 5. 

 

De meeste werktijd is doorgebracht samen met mijn kamergenoten Erik, Maarten en Roel. Ik wil 

jullie alle drie bedanken voor de gezellige sfeer op de kamer. Maarten, ik heb jou als eerste leren 

kennen, op een summerschool op Kreta. Jij als onze celkweek expert hebt ook je kennis 

overgedragen aan mij. Roel, jouw onderzoekt raakt het meest aan het mijne. Jouw medische en 

soms ook totaal andere kijk op zaken was voor mij vaak heel verhelderend. Erik, ‘jouw’ CNA35 

gekoppelde deeltjes hebben tot een schitterende samenwerking geleid. Het was fijn om met jou 

samen te werken en om jou als kamergenoot gehad te hebben. Ook bedankt voor het maken 

van mooie cryo-TEM plaatjes van mijn deeltjes. 

 

Ik wil ook alle andere collega’s van de Biomedical NMR groep bedanken die hebben gezorgd 

voor een goede sfeer door de jaren heen: Jeanine, Larry, Anneriet, Willem, Henk, Edwin, 

Geralda, Ewelina, Nicole, Bram, Leonie, Tessa, Jolita, Prashant, Daisy, Richard, Bastiaan, Ot, Bart, 

Desiree, Sjoerd. Daarbij horen ook de collega’s werkzaam bij Philips Research, alle studenten en 

afstudeerders. En nu maar hopen dat er in dit lijstje niemand vergeten is. 

 

En als laatste, maar zeker niet als minste wil ik ook mijn vrienden en familie bedanken voor alle 

steun in de afgelopen 4 jaar. Hierbij horen ook mijn Tamarbie volleybal vriendinnetjes. Het is 

gewoon heerlijk om frustraties weg te kunnen slaan en tegelijk een gezellig team te hebben. 

Toine, bedankt voor de ontspannen koffie pauzes. 

 

Pap, mam, Serge, bedankt voor jullie altijd aanwezige geduld, liefde en begrip. Pap en Serge, 

stiekem heb ik wel eens wat computer gerelateerde vraagjes bij jullie gedumpt, waarbij jullie mij 

altijd goed hebben kunnen helpen. Ik weet dat het soms voor mij moeilijk is om uit te leggen wat 

mij bezighoudt.  

 

Jesse, ik ben blij dat wij elkaar zo goed begrijpen. Bedank voor alle steun, begrip en liefde. 

 

 

 

Glenda, januari 2010 
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