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1.1  Myocardial infarction 

Ischemic heart disease has become the leading cause of death world-wide, 
surpassing cancer and communicable diseases as HIV and malaria [1-2]. It is 
characterized by hypoxia of the myocardium downstream to a blockage of the 
coronary arteries, which ultimately evolves into myocardial infarction [3-5]. In 
infarcted myocardium, cardiomyocyte death causes irreversible contractile 
dysfunction [6-7]. Unfortunately, regeneration of new myocardium is very 
limited and instead, inadequate remodeling processes transform the infarct into 
a non-contractile scar. As a consequence, many patients eventually die from 
heart failure [8].  
 
The high prevalence of myocardial infarction and heart failure poses a major 
burden on society. Treatment options, however, are limited and mainly consist 
of systemically acting drugs that only postpone the progression to heart 
failure [7]. Great benefit can be expected from novel therapies that directly 
improve the infarct remodeling processes. Promising examples are the 
transplantation of stem cells to replenish the infarct with functional contractile 
units and the infarct-specific delivery of e.g. pro-survival drugs to minimize 
native cell loss or pro-angiogenic drugs to promote the re-establishment of 
myocardial blood flow [9-11].  
 
Besides, there is a growing need to improve the monitoring of patients with 
myocardial infarction and their response to therapy [12]. In the clinics, 
myocardial infarction is currently diagnosed by global criteria, such as 
increased blood serum levels of cardiac markers (e.g. troponin or creatine 
kinase-MB) and an abnormal electrocardiogram (ECG) pattern, which are 
frequently combined with high-throughput imaging modalities as X-ray to detect 
coronary artery obstructions and ultrasound to evaluate the global functional 
deficit. Clinical decision making could profit from the development of more 
sophisticated methods that can give a detailed insight into the condition of the 
infarct and thus allow for an individualized treatment strategy and therapy 
evaluation [12].  
 
The research described in this thesis explored the use of magnetic resonance 
imaging (MRI) as a multifunctional tool to improve diagnosis and therapy 
evaluation in myocardial infarction. 
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1.2  Magnetic resonance imaging 

During the last decades, MRI has evolved from a high-potential preclinical 
imaging device to a clinically established technique for the monitoring of 
patients with cardiac dysfunction. MRI is a non-invasive imaging modality that 
creates superior soft tissue contrast compared to other medical imaging 
modalities [13]. Moreover, MRI provides high spatial and temporal resolution, 
which has been exploited to measure global cardiac anatomy and function, as 
well as local contractility (Fig. 1.1A, B). Additionally, MRI allows for accurate 
quantification of e.g. myocardial perfusion and infarct size (Fig. 1.1C, D).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1  MR images of a mouse heart in short-axis orientation acquired in the A) end-diastolic 
phase and B) end-systolic phase can be used to evaluate local left ventricular wall motion and wall 
thickening. Contrast agents can be administered to enhance the signal intensity of C) healthy and 
D) infarcted myocardium, depending on the timing of MRI data-acquisition. 

 
 
The principle of MRI is based on the minute imbalance in the number of parallel 
and anti-parallel oriented magnetic moments of nuclei, most commonly the 
protons in water molecules, when they are placed in a static magnetic field 
(B0) [14]. This results in a net equilibrium magnetization vector (M0) which is 
aligned with B0. M0 can be perturbed by application of additional magnetic 
fields in the form of radio-frequency (RF) pulses, which can rotate M0 into the 
transversal plane perpendicular to B0. The transversal component of M0 can be 
detected as an induction voltage, which is the basis of the MRI signal. To 
encode spatial information in the MRI signal, magnetic gradients are used that 
impose frequency and phase differences depending on the local position. Once 
the RF-pulse has ended, M0 will return back to its equilibrium orientation along 
B0 by two distinct processes called longitudinal and transversal relaxation, 
which describe the increase in magnetization parallel to B0 and decrease in 
magnetization perpendicular to B0, respectively. The relaxation times, T1 and 
T2, are quantitative measures of these processes and together with the proton 
density (ρ), they largely determine the MRI signal intensity. Endogenous tissue 
contrast on MR images is created by differences in T1, T2 and ρ between 
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tissues. For example, in myocardial infarction, edema prolongs the T1 and T2 of 
infarcted myocardium compared to healthy myocardium [15]. 
 
However, the intrinsic MRI contrast within the heart provides limited information 
on the pathophysiological status of the myocardium. Therefore, exogenous 
MRI contrast media are often applied that can gain more insight in the infarct 
structure [16-17]. MRI contrast agents can locally accelerate the longitudinal 
and transversal relaxation processes, thereby shortening the T1 and T2 [18]. 
T1-lowering contrast agents are mainly paramagnetic probes consisting of 
gadolinium (Gd) or manganese (Mn) that induce signal hyperintensity on 
T1-weighted MRI. Superparamagnetic probes composed of iron oxide are 
commonly used to reduce the T2, which results in a decrease of the signal 
intensity on T2-weighted MRI. 
 
The size and pharmacokinetic properties of a contrast agent predominantly 
determine its temporal distribution pattern in the heart. This has been exploited 
to evaluate e.g. infarct size or the condition of the coronary microcirculation. To 
acquire more information on the actual processes ongoing in the infarct at the 
cellular and sub-cellular level, contrast agents can be functionalized with 
targeting ligands that bind to a specific cell membrane receptor, protein or 
enzyme [19-21]. For this type of MRI, called molecular MRI, the accessibility 
and abundance of the target within the myocardium dictate the optimal size of 
the probe and the necessity for signal amplification strategies [22]. The 
targeting efficacy is also determined by the target-to-background ratio of 
specific vs. non-specific contrast agent accumulation [23]. The development of 
targeted MRI contrast agents has permitted studies on various hallmarks of 
myocardial infarction and cardiac remodeling and has great potential to 
improve the non-invasive survey of patients. An extensive review on the use of 
MRI contrast agents to characterize myocardial infarction is presented in 
Chapter 2. 
 
Importantly, MRI contrast agents are not only valuable in diagnostic 
applications, but also in the novel field of theranostics [24]. Theranostics uses 
constructs that contain both therapeutics and MRI contrast agents to non-
invasively trace the delivery of drugs to its target, such as the heart. In vivo MRI 
can be performed to follow the distribution pattern and local concentration of 
the contrast agent and indirectly drug delivery. In the clinics, inter-patient 
variation is often large and theranostic MRI could serve as a measure of drug 
delivery, which can be used for personalized planning of a patient’s treatment. 
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1.3  Murine cardiac MR imaging strategies 

In this thesis, cardiac MRI was used to evaluate myocardial infarction and 
cardiac remodeling in mice. To perform in vivo MRI of the small mouse heart, 
dedicated MRI sequences have been developed which can deal with the high 
heart rate (400-600bpm) and respiratory rate (50-100breaths/min under 
isoflurane anaesthesia), while maintaining sufficiently high spatial and temporal 
resolution. This section provides an overview of murine cardiac MR imaging 
strategies, with focus on T1-weighted sequences for the detection of 
paramagnetic MRI contrast agents. A more extensive description of MRI 
sequences for the mouse heart can be found in [25]. 

1.3.1 Cardiac and respiratory triggering 

For high-quality mouse cardiac MRI, triggering of the MRI sequence to cardiac 
and respiratory motion is crucial to obtain artifact-free images and movies. 
Commonly, the ECG is measured using electrodes, while respiratory 
movements are monitored with a pressure balloon placed on the abdomen of 
the mouse (Fig. 1.2A). In between respiratory events, the MRI acquisition 
window is synchronized with the ECG, commonly to the R-peak. Acquisition 
can be initiated at any predefined delay, after which the available time can be 
used to measure a single or a set of k-lines with repetition time TR. Variation in 
trigger intervals may occur as a result of undetected cardiac triggers or 
changes in breathing and heart rate, thereby causing disturbances in the 
steady-state signal intensities and intensity modulations in k-space. Steady-
state conditions can be improved by application of dummy pulses during 
respiration or even fully omitting respiratory gating [26-28].  
 
Alternatively, cardiac and respiratory triggering can be performed 
retrospectively, i.e. after data acquisition. In such an approach, k-lines are 
measured asynchronously with the cardiac and respiratory movements with a 
constant TR, thus maintaining a steady state (Fig. 1.2B). This limits the 
application of retrospective triggering to steady-state sequences. Different 
sorting strategies have been proposed to retrospectively assign each k-line to 
the correct cardiac phase, while excluding k-lines acquired during respiration. 
The assignment can be done by parallel recording of the physiological signals, 
by acquisition of a navigator signal from a slice experiencing periodic signal 
modulation due to cardiac and respiratory movement (Fig. 1.2B) or by using a 
radial k-space trajectory in which each k-line records the center of k-space and 
fluctuations in echo peak signal intensity are used for triggering [29-33]. 
Bovens et al. studied the performance of retrospective triggering in healthy 
mice and mice with myocardial infarction using a navigator signal originating 
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from the slice-selection gradients [34]. Compared to prospective triggering, no 
differences in global cardiac functional parameters were found. Retrospective 
triggering resulted in a higher signal-to-noise ratio (SNR) due to the use of a 
reconstruction algorithm that shares k-lines of consecutive heart phases, 
artificially increasing the number of averages. From our own experience, 
retrospective triggering using navigators sometimes is problematic in mice with 
severe infarcts, for which slow or turbulent blood flow creates poor periodicity in 
the navigator signal. Nonetheless, retrospective triggering has grown much in 
popularity because of its practical ease of use – no need for ECG and 
respiratory monitoring – and for the fact that mice with myocardial infarction 
can occasionally produce low quality ECG signals.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2  A) Prospective triggering. Acquisition is synchronized with the ECG and omitted during 
respiration (dashed line). The number of image frames per heartbeat is determined by TR. 
Acquisition is usually stopped 10-20ms before the next R-wave to prevent corruption of the 
subsequent ECG signal by the imaging gradients. B) Retrospective triggering. Acquisition is 
performed with constant TR asynchronously with heart and respiratory movements. 
Retrospectively, a navigator signal, which amplitude is modulated by cardiac and respiratory 
movements, is used to bin k-lines in the correct cine frame. About 30% of the k-lines, which are 
measured in the presence of large breathing motion, are discarded. Image reprinted with 
permission from Heijman et al. [30]. 
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1.3.2 Acquisition strategies 

State-of-the-art mouse cardiac MRI needs dedicated hardware and clever 
acquisition strategies to cope with a number of challenging properties of the 
mouse cardiovascular system. With a typical left ventricular wall thickness of 
around 1mm, high-resolution images are required, with reported in-plane pixel 
dimensions from 234x234μm2 down to 87x87μm2 [35-36]. Magnetic field 
strengths of 7T or higher are commonly used to obtain sufficiently high SNR. 
Strong gradients are needed to achieve short acquisition windows, which in 
turn are required to prevent motion artifacts from the fast beating mouse heart.  
 
To measure cardiac functional indices, a technique called cinematographic 
(cine) MRI is used, in which data are acquired from different cardiac phases to 
obtain high temporal resolution single-slice MR images throughout the entire 

cardiac cycle [37-38]. For contrast-enhanced MRI, imaging speed can be of 
great importance, especially when dynamic contrast agent in- and efflux needs 
to be monitored. For such applications, there is usually no need to acquire data 
from different cardiac phases, and therefore, the available RR interval can be 
used to record a multi-slice dataset of a single cardiac time frame. For such a 
multi-slice acquisition, the effective TR for each slice is generally longer than 
for a cine MRI, which is beneficial for the SNR. A drawback is that different 
slices are recorded at different time points in the cardiac cycle.  
 
Scan times can also be decreased by segmented acquisition. Multiple k-lines 
for reconstruction of a single cardiac frame can be recorded during 15-20ms of 
the end-diastolic phase, during which the mouse heart is relatively still. The 
ratio of TR to the heart cycle duration is almost a factor 10 higher as compared 
to human cardiac imaging. Therefore, segmentation is limited to a few k-lines 
per heartbeat, depending on TR. Segmentation has been used in many 
applications with both prospectively as well as retrospectively triggered 
sequences [15,38-39]. The good SNR efficiency of 3D imaging has been used 
to achieve isotropic voxel dimensions of less than 150μm, a slice thickness that 
is practically impossible using multi-slice 2D imaging approaches [31,36]. In 
addition, 3D acquisition is relatively immune to respiratory motion artifacts. 

1.3.3 T1-weighted imaging 

Gd-based contrast agents are among the most widely used contrast agents in 
studies on murine myocardial infarction (for an extensive review, see 
Chapter 2). They are commonly used in late gadolinium enhancement (LGE) 
imaging to highlight the infarct [40-41]. Readout of the Gd retention in the 
infarcted myocardium is commonly performed with T1-weighted MRI. A number 
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of papers have reported on the sequence optimization to maximize contrast 
between infarcted and remote tissue in LGE imaging, as explained below. 
 
Protocols for LGE imaging in mice are based on either an inversion recovery 
prepared FLASH sequence or multi-slice cine FLASH imaging (Fig. 1.3A). 
Inversion recovery sequences are frequently applied in clinical LGE imaging 
and have been adapted for use in small animals [20,42-44]. An important 
advantage of inversion recovery preparation is the ability to null the signal of 
the remote myocardium, creating high contrast with the infarcted myocardium. 
Bohl et al. investigated the optimal inversion time (TI) for suppression of remote 
myocardial tissue by quantifying changes in myocardial T1 at 9.4T after 
injection of Gd-DTPA [44]. For intravenous injection, maximal T1 contrast 
between infarcted and remote tissue was found at 14-22min after injection, a 
time point at which the T1 of remote tissue was 550ms. The optimal TI was 
calculated as 2/3 of this T1 value (= 380ms), which agrees with findings by 
Protti et al. [27]. High-quality 3D LGE images were acquired with this particular 
value for TI, in which almost complete nulling of remote myocardium was 
achieved (Fig. 1.3B). Moreover, the infarct size determined from the MR 
images matched very well with that determined by ex vivo histological 
analysis [44]. In another study at the same field strength, a lower value of 
268±28ms was reported for the optimal TI [45]. A limitation of this study was, 
however, that TI was varied during the accumulation of Gd-DTPA in the infarct 
area, which probably resulted in a significant underestimation of the optimal TI.  
 
In mice, typical TI values needed for myocardial signal nulling (300-400ms) do 
not allow inversion pulses and imaging readout to be applied during the same 
heart-beat, because of the high heart rate. This may lead to variations in TI or 
in the readout timing, depending on whether one or both of the inversion and 
readout pulses are ECG triggered. Additionally, neither of the above-mentioned 
studies used a sufficiently long TR to ensure full recovery of longitudinal 
magnetization after signal acquisition. Instead, a steady-state magnetization 
(Mz

SS) is reached, which depends both on TR and TI (Fig. 1.3A). In the design 
of an inversion recovery LGE imaging protocol one must therefore take into 
account that TR affects the effective TI for which full signal nulling of remote 
myocardium is achieved. 
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Figure 1.3  A) Schematic representation of an inversion recovery LGE imaging sequence. TR is 
short compared to T1, and therefore a steady-state magnetization Mz

SS will develop which is smaller 
than M0. Optimal contrast is achieved for the inversion time (TI) that nulls the signal of the remote 
myocardium. In this example, both the inversion and image readout are ECG-triggered and a 
segmented acquisition is performed with acquisition of 4 k-lines per inversion. B) In vivo inversion 
recovery LGE MR images (left) and corresponding ex vivo TTC staining (right). Bohl et al. Am J 
Physiol - Heart Circ Physiol (2009). Am Physiol Soc, used with permission [44]. 

 
 
2D multi-slice cine FLASH has also been applied for LGE imaging in mice 
[39,46-47]. Protti et al. investigated whether cine FLASH outperforms inversion 
recovery LGE imaging at high magnetic fields [27]. They optimized parameters 
for both sequences using in vivo experiments and simulations. Cine FLASH 
imaging was performed with TR≈14ms to achieve 9 cardiac frames per cardiac 
cycle. The optimal flip angle was found to be 40o, as this provided the best 
trade-off between SNR and blood flow artifacts. Results from LGE images 
showed that on the one hand, contrast-to-noise ratio (CNR) values for infarcted 
vs. healthy myocardium were twice as high for inversion recovery sequences 
as compared to cine FLASH imaging, even though three-times more signal 
averages were used for the latter sequence. On the other hand, CNR between 
blood and infarcted myocardium was three-times higher for cine FLASH, which 
proved beneficial for segmentation of the left ventricular myocardium as a 
whole and the infarct area in particular. The authors stressed the benefit of 
simultaneously acquiring functional and infarct size information. However, a 
single optimal set of sequence parameters for simultaneous cine and LGE 
does not exist. 
 
Although contrast-enhanced T1-weighted sequences produce images with a 
high CNR between healthy and infarcted myocardium, as well as good 
delineation of infarct regions, quantitative imaging of myocardial infarction has 
gained much interest in recent years [48-50]. Quantitative determination of 
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myocardial T1 has a number of advantages. First, T1 mapping provides 
myocardial signal quantification on a standard scale (ms), which increases 
reproducibility between studies or in longitudinal studies and reduces sensitivity 
to sequences parameters, coil sensitivity profiles, and cardiac and respiratory 
rates [15]. Moreover, combining pre- and post-contrast agent injection 
T1 measurements enables quantification of local contrast agent concentrations 
[51]. Finally, non-contrast-enhanced cardiac T1 mapping has proven useful in 
distinguishing infarcted from healthy myocardium in both mice and humans, as 
well as in detection of human myocardial fibrosis and murine cardiac 
amyloidosis [44,52-54]. 
 
Basically, T1 mapping is performed by acquisition of multiple T1-weighted 
images and relating the measured signal intensity to signal equations that 
describe T1 relaxation. However, this is often not straightforward for cardiac 
imaging, because equations assume known and constant timing parameters, in 
particular TR and TI [55]. Missed ECG triggers or changes in the cardiac and 
respiratory rates during the experiment, lead to variations in timing that corrupt 
the T1 calculation. Two strategies have been successfully developed to 
overcome these problems.  
 
In inversion recovery Look-Locker T1 mapping, the T1 relaxation curve is 
sampled at several inversion times using ECG-triggered small flip angle pulses 
(Fig. 1.4A, B) [56]. Typically, one or a few k-lines are measured for each 
inversion time and since the mouse heart rate is high as compared to 
T1 relaxation, the desired inversion times can be sampled after a single 
inversion pulse, which is often not possible in human studies [57]. Inversion 
recovery Look-Locker was used for myocardial T1 mapping in several studies 
[35,58-60]. Recently, Vandsburger et al. improved the technique to cope with 
variations in TI caused by the aforementioned problems with missed ECG-
triggers or changes in heart and respiratory rates during the experiment [55]. 
The improved method takes into account that each k-line in a Look-Locker 
series might be measured at a slightly different TI. With a so-called fuzzy 
C-means clustering algorithm the actual TI for each image was subsequently 
determined, improving accuracy and reproducibility of the myocardial 
T1 quantification. Instead of a rectilinear k-space acquisition, a spiral or radial 
acquisition was suggested. Besides a considerable reduction of motion artifacts 
from left ventricular blood, this approach also prevents the need for additional 
weights for TI values assigned to different k-lines, because each spiral equally 
contributes to the total SNR. A drawback of the inversion recovery Look-Locker 
technique is the long total acquisition time, due to the long TR (15-20s) that is 
needed for full recovery of the magnetization and the fact that it is a single-slice 
technique. Li et al. proposed a saturation recovery approach with TR=2.4s to 
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decrease scan time [61]. However, accuracy of a saturation recovery 
T1 determination is not as good as for the inversion recovery, because of a 
lower dynamic range of signal intensities.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4  Myocardial T1 mapping based on an inversion recovery Look-Locker sequence with A) 
MR images acquired with different TI and B) reconstructed T1 map. Images reprinted with 
permission from Vandsburger et al. [55]. T1 mapping by 3D retrospective steady-state imaging with 
variable flip angles with C) MR images measured with different flip angles α and D) reconstructed 
T1 map. Images reprinted with permission from Coolen et al. [39]. 

 
 
Recently, a new technique for mouse cardiac T1 mapping was described using 
steady-state imaging [15]. The method was based on a similar T1 mapping 
technique previously developed for human brain [62]. T1 maps were calculated 
from a set of RF-spoiled gradient-echo images obtained with different RF-pulse 
flip angles using the Ernst signal equation [63]. Imaging was performed without 
ECG and respiratory triggering to ensure a constant TR independent of cardiac 
or respiratory rates. A navigator technique with retrospective triggering 
(Fig. 1.2B) was used to reconstruct artifact-free images for acquisitions with 
different flip angles (Fig. 1.4C). The accuracy of the method in determining 
T1 depends critically on the accuracy of the pulse flip angle settings [64]. By 
combining a volume transmit coil with a surface receiver coil and by using 3D 
volume excitation, homogeneous and accurate excitation across the 
myocardium was achieved. In Fig. 1.4D, a T1 map of the mouse heart obtained 
with this method is shown. Thanks to the short TR of the gradient-echo 
sequence, high-resolution 3D T1 mapping of the entire mouse heart is feasible 
in 30 minutes. The above T1 mapping protocols resulted in reproducible within-
study T1 values. However, there is not yet clear consensus on the accuracy of 
T1 values reported across studies and research groups. 
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1.4 Aim and outline of the thesis 

In this thesis, the ability of traditional and novel cardiac MRI techniques to 
monitor mice with myocardial infarction and evaluate therapy was explored. An 
overview of the current status of contrast-enhanced MRI of the infarcted mouse 
heart is presented in Chapter 2.  
 
The first part of this thesis focused on lipid-based nanoparticles as MRI 
contrast agents for myocardial infarction. In Chapter 3, the use of 
paramagnetic lipid-based nanoparticles (i.e. micelles and liposomes) as 
theranostic MRI probes was evaluated. The feasibility of MRI to non-invasively 
visualize the distribution pattern of paramagnetic micelles and liposomes in the 
heart in mice with acute and chronic myocardial infarction was determined and 
combined with high-resolution fluorescence microscopy. In Chapter 4 and 5, 
the application of paramagnetic liposomes as molecular MRI probes for in vivo 
imaging of ICAM-1 expression on the coronary microvessels was explored. 
ICAM-1 is an endothelial cell membrane receptor involved in the recruitment of 
leukocytes to the infarct. The binding of ICAM-1 targeted liposomes to ICAM-1 
was extensively characterized in vitro (Chapter 4) and in vivo in both healthy 
mice and mice with myocardial infarction (Chapter 5).  
 
In the second part of this thesis (Chapter 6), conventional cardiac cine and 
LGE MRI techniques were used to study the effects of cardiac progenitor and 
somatic cell transplantation on the remodeling of the infarcted mouse heart. In 
Chapter 7, the main findings of this thesis and the future perspectives for their 
clinical translation from mouse models of ischemic heart disease to humans 
are discussed. 
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Abstract 

The use of contrast agents has added considerable value to the existing 
cardiac MRI toolbox that can be used to study murine myocardial infarction, as 
it enables detailed in vivo visualization of the molecular and cellular processes 
that occur in the infarcted and remote tissue. A variety of non-targeted and 
targeted contrast agents to study myocardial infarction are available and under 
development. Manganese, which acts as a calcium analogue, can be used to 
assess cell viability. Traditionally, low-molecular-weight Gd-containing contrast 
agents are employed to measure infarct size in a late gadolinium enhancement 
experiment. Gd-based blood-pool agents are used to study the vascular status 
of the myocardium. The use of targeted contrast agents facilitates more 
detailed imaging of pathophysiological processes in the acute and chronic 
infarct. Cell death was visualized by contrast agents functionalized with 
annexin A5 that binds specifically to phosphatidylserine accessible on dying 
cells and with an agent that binds to the exposed DNA of dead cells. 
Inflammation in the myocardium was depicted by contrast agents that target 
cell adhesion molecules expressed on activated endothelium, by contrast 
agents that are phagocytosed by inflammatory cells, and by using probes that 
target enzymes excreted by inflammatory cells. Cardiac remodeling processes 
were visualized with a contrast agent that binds to angiogenic vasculature and 
with an MRI probe that specifically binds to collagen in the fibrotic myocardium. 
These recent advances in murine contrast-enhanced cardiac MRI have made a 
substantial contribution to the visualization of the pathophysiology of 
myocardial infarction, cardiac remodeling processes and the progression to 
heart failure, which helps to design new treatments. This chapter discusses the 
advances and challenges in the development and application of MRI contrast 
agents to study murine myocardial infarction. 
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2.1  Introduction 

Cardiovascular diseases are the major cause of mortality globally (30%), fueled 
by spreading of the western life-style into developing countries [1]. Particularly, 
ischemic heart disease has become the leading cause of death worldwide, 
accounting for 7.2 million deaths (12.2%) in 2004, which is predicted to 
increase to 9.5 million (14.2%) in 2030 [2]. The predominant cause of ischemic 
heart disease is the occlusion of a coronary artery in the cardiac 
microcirculation by either a stenotic atherosclerotic plaque or a thrombus 
formed after rupture of a vulnerable plaque [3]. As a result, the blood flow to the 
myocardium downstream to the occlusion becomes impaired, leading to 
cardiac ischemia [3-5]. If ischemia persists, irreversible myocardial cell death – 
a myocardial infarction – will occur. 
 
Acute myocardial infarction may lead to imminent death by arrhythmias or 
cardiac dysfunction [6]. In patients that survive the acute ischemic insult, 
elevated wall shear stress in the infarcted myocardium may initiate a 
progressive global cardiac remodeling process, characterized by left ventricular 
dilation and infarct wall thinning [7-8]. On the cellular and molecular level, a 
dynamic cascade of events is initiated, which can be schematically described 
by four principal phases (Fig. 2.1). Detailed descriptions on the cellular and 
molecular pathways involved in the remodeling processes can be found 
in [9-12]. Briefly, cell death proceeds through apoptosis in the first 6 to 8 hours 
and via necrosis in the next 12 hours to 4 days. Reperfusion of the occluded 
coronary artery limits the extent of necrosis, but causes additional apoptosis 
through the generation of cytotoxic reactive oxygen species [13]. The release 
of cytokines by apoptotic and necrotic cardiomyocytes generates the influx of 
leukocytes to the infarcted myocardium to remove dead cells [11-12]. New 
capillaries are formed from pre-existing blood vessels or by endothelial 
progenitor cells to restore tissue perfusion. Granulation tissue, produced by 
fibroblasts and contractile myofibroblasts, provides new tensile strength to the 
infarct. Myofibroblasts regulate the synthesis and cross-linking of collagen at 
the site of cardiac injury until the forces on the infarcted myocardial wall are 
equilibrated. Subsequently, most (myo)fibroblasts undergo apoptosis and 
fibrotic non-rhythmically contractile tissue remains [8-12]. Cardiac remodeling 
after myocardial infarction is associated with a poor prognosis. The five-year 
mortality is approximately 40%, with heart failure occurring in 10-25% of all 
patients [14]. Therefore, there is an urgent need for improved tools to 
determine the condition of the infarcted myocardium of individual patients to 
predict clinical outcome and monitor their response to treatment.  
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Figure 2.1  Schematic overview of the acute and chronic phases of a murine myocardial infarction. 
Infarct remodeling is characterized by distinct but temporally overlapping phases: 1) cell death 
proceeding via either apoptosis or necrosis; 2) an inflammatory response in which leukocytes are 
recruited to the infarct; 3) formation of granulation tissue, composed of (myo)fibroblasts that 
provide tensile strength to the infarct and new capillaries to restore myocardial perfusion; 4) fibrosis 
of the infarct resulting in a non-contractile scar. 

 
 
The mouse has become a popular model to study myocardial infarction by 
virtue of the availability of genetically modified murine models that allow for 
studies on the role of individual genes in the cardiac remodeling processes. 
Experimental myocardial infarction can be induced in mice by transient or 
permanent ligation of the left anterior descending coronary artery to mimic 
ischemia/reperfusion (IR) or permanent occlusion (PO) injury [13,15-18]. The 
infarct size and the extent of cardiac remodeling can be controlled by the 
location of the ligature and the duration of ischemia. Although there is a high 
degree of similarity between human and murine myocardial infarction, 
differences in the coronary anatomy affect the size and location of the 
infarct [18]. Besides, remodeling is accelerated in mice compared to humans [9]. 
Nonetheless, models of murine myocardial injury are exceedingly valuable for 
the development of new therapeutic interventions. Here, non-invasive readouts 
for phenotyping cardiac function and myocardial tissue status on the molecular 
and cellular level are highly desired. 
 
Currently, MRI is the gold standard for measurement of cardiac anatomy and 
function in mice, because of its high spatial and temporal resolution and its 
excellent endogenous soft tissue contrast [19]. Intrinsically, however, MRI has 
limited ability to report on the specific pathophysiological processes underlying 
adverse cardiac remodeling after myocardial infarction. For this purpose, 



 Contrast agents for contrast-enhanced MRI of murine myocardial infarction29 

(targeted) MRI contrast agents have been developed to visualize specific 
molecular and cellular processes in the infarcted myocardium. 
 
In this chapter, the current status of contrast-enhanced MR imaging of 
myocardial infarction and cardiac remodeling in mice will be discussed, in 
particular the application of contrast agents to improve non-invasive 
characterization of its pathophysiology. MRI contrast agents that are used in 
studies of myocardial infarction can roughly be divided based on their 
properties and specific applications. First, non-targeted contrast agents will be 
discussed. Manganese, which acts as a calcium (Ca2+) analogue, can be used 
to assess calcium fluxes and cell viability. Traditionally, low-molecular-weight 
Gd-chelates are employed to study infarct size in a late gadolinium 
enhancement (LGE) experiment. Gd-based blood-pool contrast agents can be 
used to study the vascular status of the myocardium. Secondly, targeted 
contrast agents for molecular MR imaging applications will be reviewed. A 
variety of novel MRI contrast agents has been developed that can detect 
distinct processes, including cell death, inflammation, angiogenesis and 
extracellular matrix (ECM) remodeling by binding or activation of contrast 
agents by cell receptors or the action of enzymes. 

2.2  Non-targeted contrast-enhanced MRI 

2.2.1 Manganese-enhanced MRI 

Ca2+ is an important regulator of cardiac contractility. Ca2+ enters 
cardiomyocytes during the cardiac action potential. This promotes additional 
Ca2+ release from the sarcoplasmatic reticulum, increasing the free intracellular 
Ca2+ concentration and triggering contraction [20]. During myocardial ischemia, 
an increased influx of Ca2+ and a reduced efflux lead to an intracellular Ca2+ 
overload, which impairs contractility and activates proteases that induce cell 
death [21]. The manganese ion (Mn2+) has a comparable ionic diameter and 
similar chemical properties as Ca2+. Mn2+ can substitute calcium by entering 
viable cells via voltage-gated calcium channels [22-23]. However, it exhibits 
slower excretion compared to Ca2+ and therefore accumulates in cells. Since 
Mn2+ has T1 lowering properties it offers an indirect readout of the otherwise 
MRI-indiscernible Ca2+ ions, providing useful information on cellular Ca2+ fluxes 
and cell viability. This technique is called manganese-enhanced MRI (MEMRI).  
 
The use of Mn2+ in high concentrations is limited by toxicity and cardiac 
depressive effects [24-25]. To reduce toxicity, a chelated form of Mn2+ was 
introduced, Mn-dipyridoxyldiphosphate (Mn-DPDP). Upon intravenous 
injection, Mn-DPDP is metabolized and Mn2+ is slowly released. Mn-DPDP has 
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been used in rats with PO or IR injury and in patients with myocardial 
infarction [26-28]. In mice, though, acute toxicity seems less of an issue, and 
slow infusion of MnCl2 is preferred. 
 
In a number of studies MEMRI was used to study myocardial infarct size in 
mice. Hu et al. showed that infusion of MnCl2 (≈ 25.8nmol/g body weight (BW) 
in 15min) seven days after a PO resulted in signal enhancement on 
T1-weighted MRI in the remote myocardium, which could be clearly delineated 
from the non-enhanced infarct [29]. Infarct areas determined with MEMRI 
correlated well with in vivo cardiac function and with ex vivo TTC staining 
(Fig. 2.2A). MEMRI has also been applied in an IR model with a 3T clinical 
scanner and an approximately 10-fold higher dose of MnCl2 and in a PO model 
using a 3D black-blood sequence [30-31]. Both studies confirmed that infarct 
size and location on MEMRI were in agreement with TTC staining. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Manganese-enhanced MRI. A) T1-weighted MR image 20-25min after infusion of MnCl2 
showing hypoenhancement of the infarct, which corresponded to the infarct areas detected with ex 
vivo TTC staining (left). The infarct size determined by MRI and TTC staining correlated strongly 
(right). Images reprinted with permission from Hu et al. [29]. B) T1 maps of a sham-operated mouse 
and a mouse with a PO myocardial infarction after the infusion of MnCl2 displayed longer T1 in the 
infarcted myocardium (left). ∆R1 (= R1,post - R1,pre) values were calculated for several regions of 
interest (right). The infarct area had a significant smaller ∆R1 compared to the adjacent border 
zones, whereas the borders had a smaller ∆R1 compared to healthy and sham-operated mice 
(p < 0.05). Images reprinted with permission from Waghorn et al. [35]. C) T1 maps at different time 
points after MnCl2 infusion (left). Mn2+ efflux half-life values (right) plotted as function of radial 
position (as indicated on T1 map). The fit shows long efflux half-lives in remote tissue and short 
efflux half-lives in infarcted tissue, while a border zone with intermediate values is present. Images 
reprinted with permission from Waghorn et al. [36]. 
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Furthermore, a recent study by Delattre et al. showed that Mn2+ influx kinetics 
were faster in acute IR injury compared to chronic IR injury, due to an 
increased distribution volume early after myocardial infarction [32]. In 
T1-weighted imaging of acute myocardial infarction, this resulted in 
hyperenhancement of the infarct area and hypoenhancement of the remote 
areas shortly after infusion of MnCl2, while the contrast was reversed at later 
time points after infusion.  
 
In the healthy mouse heart, R1 (= 1/T1) was shown to correlate linearly with the 
myocardial Mn2+ concentration, with an in vivo relaxivity r1=6.92(mM Mn)-1·s-1 at 
7T [33]. The amount of Mn2+ accumulation in the heart was varied by 
pharmacological inhibition of the sodium-calcium exchanger and by 
measurements at different time points after infusion of 190nmol Mn2+/g BW. For 
healthy rat hearts, infusion of different MnCl2 doses (0-240nmol/g BW) also 
resulted in a linear relationship between ∆R1 (= R1,post - R1,pre) and cardiac Mn2+ 
concentration, up to a dose of approximately 180nmol/g BW [34]. Quantitative 
R1 values may therefore be used as a measure of manganese concentration in 
the myocardium, although this has thus far only been validated for the healthy 
myocardium.  
 
T1 mapping has also been used to quantitatively study the kinetics of 
myocardial Mn2+ in- and efflux. Waghorn et al. determined the manganese 
influx in mice with a PO infarct [35]. MEMRI was performed at 13±4days after 
the surgery. MnCl2 was infused (282.5±4.0nmol/g BW) and 0.25±0.05h after 
the initial infusion T1 mapping was performed to determine Mn2+ concentrations 
in the infarct and remote regions. Reduced Mn2+ influx in the infarcted 
myocardium could be well recognized in the maps by higher T1 values as 
compared to remote tissue (Fig. 2.2B). When quantified, the infarct zone had a 
significantly lower ∆R1 compared to the myocardium of healthy control and 
sham-operated mice (Fig. 2.2B). Additionally, an area of intermediately lowered 
∆R1 could be recognized in the border zones of the infarct, which may be 
potentially salvageable tissue or a heterogeneous border zone of infarcted and 
remote tissue. In a follow-up study, T1 mapping was used to determine the 
efflux of Mn2+ from the myocardium [36]. Mice with PO myocardial infarction 
were infused with MnCl2 (190 or 280nmol/g BW) at 7±1days after the surgery. 
T1 mapping to monitor myocardial manganese levels was performed up to 24h 
after infusion (Fig. 2.2C). Manganese efflux half-life time constants were 
determined by mono-exponential fitting of ∆R1 as function of time. No 
significant differences in efflux time constants were found between remote 
myocardium and the myocardium of healthy or sham-operated mice. A 
significantly lower manganese half-life time constant was found in the infarcted 
myocardium, indicating a faster washout of Mn2+ (Fig. 2.2C). 
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The above studies show that MEMRI is useful to determine infarct size and in 
addition can classify infarct, area-at-risk and remote myocardium on the basis 
of manganese in- and efflux kinetics. Nevertheless, the exact mechanisms of 
manganese uptake and excretion by cells in the myocardium and how this 
relates to Ca2+ handling are still under investigation.  

2.2.2 Late gadolinium enhancement MRI 

Gd-chelates have been applied extensively as extracellular paramagnetic 
contrast agents to visualize the infarcted myocardium with in vivo MRI in 
animals and humans [37-38]. Low-molecular-weight Gd-chelates (e.g. 
Gd-DTPA) display a passive distribution in the myocardium throughout the 
extracellular compartment, which consists of blood, interstitial fluid and 
extracellular matrix proteins [39-41]. In an infarct, Gd-chelates exhibit a delayed 
accumulation and prolonged retention kinetics compared to remote 
myocardium, due to decreased tissue perfusion combined with compromised 
cellular integrity and extracellular edema. This results in so-called late 
gadolinium enhancement (LGE) of the infarct in T1-weighted MRI, which can be 
used to measure infarct size [38,41-44].  
 
Wesbey et al. were the first to apply LGE to study myocardial infarction in a 
canine model using ex vivo MRI [45]. In 2004, Yang et al. validated LGE to 
study infarct size in a mouse model of acute cardiac IR injury in vivo 
(Fig. 2.3A, B) [37]. The areas of signal enhancement in T1-weighted MRI 15min 
after intravenous administration of 0.3-0.6mmol Gd-DTPA/kg BW showed 
excellent correlation with infarct sizes quantified from ex vivo TTC staining 
(r2=0.92). This finding was confirmed by numerous other studies, which 
resulted in broad acceptance of LGE MRI as a non-invasive measure of infarct 
size in mice with acute myocardial infarction and as a method to follow 
changes in infarct size during the cardiac remodeling phase [46-49]. 
 
Ojha et al. observed a progressive increase in infarct size, measured by both 
in  vivo LGE and ex vivo TTC, within the first days after IR injury, which 
decreased after one and two weeks (Fig. 2.3C) [46]. French et al. performed 
longitudinal LGE MRI up to four weeks after IR injury and observed a similar 
decrease in long-term infarct volume, which was accompanied by an increase 
in the circumferential extent of the infarct [49]. Above findings can be attributed 
to infarct edema and expansion in the acute phase, followed by the formation 
of a thin fibrotic scar and dilation of the chronic infarct [50].  
 
The influence of the administration route, intravenous versus intraperitoneal, on 
the timing of LGE MRI in mice with acute PO injury was studied by 
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Bohl et al. [48]. Clear differences in the time course of contrast agent 
accumulation in the heart were observed between both routes of administration 
(dose=0.5mmol Gd-DTPA-BMA/kg BW) (Fig. 2.3D, E). Intravenous injection 
resulted in an immediate decrease of the myocardial T1, followed by a gradual 
T1 increase over time. Highest contrast between infarcted and remote tissue 
was observed 13.5-22min after administration. Intraperitoneal administration 
resulted in delayed myocardial accumulation, due to redistribution of the 
contrast agent to the blood compartment, with maximal contrast at 40min after 
injection. Moreover, the maximal contrast between infarcted and remote tissue 
was somewhat higher for intravenous injection.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3  Late gadolinium enhancement MRI. A) T1-weighted MRI one day after IR injury showed 
hyperenhancement of the infarct 15-30min after administration of Gd-DTPA. The location and size 
of these areas were in excellent agreement with the infarct area determined with TTC staining 
(white region). B) The areas of hyperenhancement on LGE MRI (expressed as percent of LV) 
correlated well with infarct sizes determined by TTC staining (line indicates y = x). Images in A and 
B reprinted with permission from Yang et al. [37]. C) Infarct size determined with LGE (white bars) 
and TTC staining (black bars) progressively increased up to 3 days after IR injury followed by a 
decrease after 7 days and 14 days (* p < 0.05). Ojha et al., Am J Physiol - Heart Circ Physiol 2008, 
Am Physiol Soc, used with permission [46]. D, E) The time course of cardiac contrast agent 
accumulation was obtained from the T1 of remote myocardium (black bars) and infarcted 
myocardium (white bars) before and up to one hour after D) intravenous or E) intraperitoneal 
contrast agent administration. Contrast between infarcted and remote myocardium (gray bars) was 
higher and peaked earlier after intravenous administration compared to intraperitoneal 
administration. D and E Bohl et al., Am J Physiol - Heart Circ Physiol 2009, Am Physiol Soc, used 
with permission [48]. 
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Bohl et al. accurately determined the time point of maximal contrast 
enhancement [48]. However, they did not evaluate whether at this time point 
the area of signal enhancement also most accurately reflected the actual infarct 
size. Ojha et al. showed that 40min after intraperitoneal injection of 
Gd-DTPA-BMA, the infarct area determined by LGE was maximal and indeed 
correlated well with TTC staining (r2=0.85) [46]. Studies in rats with acute 
myocardial IR injury showed that early after contrast agent administration LGE 
MRI overestimates infarct size as a result of intermediate contrast agent 
accumulation kinetics in edematous tissue in peri-infarct zones within the 
area-at-risk [41,51]. To the best of our knowledge, possible overestimation of 
infarct size with LGE MRI in acute IR myocardial infarction was not addressed 
in mice thus far. Overestimation of infarct size in LGE MRI is less of an issue 
for acute PO or chronic PO or IR infarct models, since there is no area of 
reversible injury surrounding the infarct [47-48].  
 
For accurate quantification of infarct size with LGE MRI, reproducible and 
reliable methods are required to segment areas of hyperenhancement. Infarct 
borders are often delineated manually or by visual thresholding algorithms, 
which might be subjective and sensitive to inter-observer errors. More robust 
criteria have been developed based on the full width at half maximum signal 
intensity of the hyperenhanced infarct or by using the mean and variation of the 
signal intensity in the remote myocardium [52]. Hsu et al. designed a 
segmentation method based on automated feature analysis assuming a 
homogeneous infarct area [53]. However, this may not be a suitable approach 
to determine effects of therapeutic interventions, since treatment may affect the 
infarct heterogeneously, leading to a patchy enhancement of the infarct with 
LGE MRI. 

2.2.3 Intravascular contrast agents 

An alternative to LGE with a low-molecular-weight Gd-chelate is the use of an 
intravascular contrast agent (also called blood-pool contrast agent). 
Immediately after their intravenous injection, the infarcted myocardium will 
appear hypoenhanced on T1-weighted MRI compared to remote tissue due to 
impaired perfusion of the infarct. Administration of Gd-DTPA-albumin (human 
albumin decorated with approximately 18 Gd-chelates) in rats with cardiac IR 
injury resulted in a significant signal enhancement in remote tissue whereas the 
infarcted tissue remained isointense. The infarct areas determined by MRI 
correlated well with the hypoperfused regions determined by microsphere 
blood-flow measurements [54]. 
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Although blood-pool contrast agents are principally designed to remain in the 
circulation, they can slowly extravasate into the infarcted tissue through the 
damaged and leaky vascular walls. Administration of Gd-DTPA-albumin 
(approximately 92kDa) early after reperfusion led to a progressive increase in 
∆R1 of infarcted myocardium and the area of signal enhancement on 
T1-weighted MRI co-localized with the infarct area determined by TTC staining. 
However, when Gd-DTPA-albumin was injected later after reperfusion (24h) 
signal enhancement by extravasation of Gd-DTPA-albumin was primarily 
observed in the infarct border zones [55].  
 
Micelles and liposomes, containing Gd-DOTA-lipids and fluorescent lipids, 
have been used to study myocardial infarction in mice [56-57]. These 
lipid-based contrast agents have blood circulation half-lives of several hours 
and therefore can be considered blood-pool agents. Intravenous injection of 
micelles or liposomes (0.05mmol Gd/kg BW) one day after IR injury resulted in 
immediate signal enhancement of the remote myocardium on T1-weighted MRI, 
whereas the infarct area remained isointense [56]. Therefore, paramagnetic 
micelles and liposomes are able to report on the perfusion status of the 
myocardium. At 2.5h after injection, micelles started to accumulate in the 
infarcted myocardium, whereas no accumulation was observed for liposomes, 
which is probably related to their larger size and thus slower extravasation 
kinetics. At 24h after administration, both micelles and liposomes had 
accumulated in the infarcted myocardium, resulting in significant hyperintensity 
of the infarct. Histology confirmed the accumulation of micelles and liposomes 
in the infarcted myocardium. Coolen et al. have applied a T1 mapping protocol 
to study liposome accumulation in the infarcted myocardium in the same 
mouse model, and used the local T1 to quantify the contrast agent 
concentration in the myocardium [58]. 

2.3 Targeted contrast agents 

2.3.1 Cell death 

In the acute phase of myocardial infarction, cells die by apoptosis or 
necrosis [59-60]. In a PO infarct cell death occurs predominantly via necrosis, 
due to a lack of oxygen and nutrients. Reperfusion of the infarct results in 
restoration of the oxygen and nutrient supply, but also induces the formation of 
harmful oxygen species, which promote apoptosis [61-64]. The relative 
contribution of apoptosis and necrosis to IR myocardial injury is still subject to 
debate. Apoptotic fractions between 0.1% and 59% of total cell death in the 
area-at-risk were reported [65-70]. The large spread may be explained by 
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differences in the experimental models of myocardial infarction and ex vivo 
analysis methods. The use of in vivo MRI with apoptosis- or necrosis-specific 
contrast agents could clarify the relative contribution of both types of cell death. 
Such information could be used to design and evaluate dedicated therapies to 
rescue part of the dying myocardium. 
 
A common way to detect apoptosis is using the 36kDa protein annexin A5 
(anxA5). AnxA5 binds with high affinity to phosphatidylserine (PS) in the 
presence of calcium. In healthy cells, PS is exclusively present on the inner 
leaflet of the cell membrane. When a cell becomes apoptotic, PS is exposed on 
the outer leaflet as well, where it promotes phagocytosis by inflammatory cells 
and is available for binding to anxA5 [71]. However, anxA5 may not exclusively 
bind to apoptotic cells, since PS also becomes exposed on necrotic cells. 
 
To enable in vivo MRI of apoptosis in myocardial infarction, anxA5 has been 
conjugated to cross-linked iron oxide (CLIO) nanoparticles [72]. On average 
3.5 anxA5 proteins were conjugated per nanoparticle, which was sufficient for 
specific binding to apoptotic cells in vitro. The apoptosis-specific nanoparticles 
were used in a mouse model of IR myocardial injury to depict apoptosis by 
in vivo MRI [73]. AnxA5-CLIOs were injected at the start of reperfusion at a 
dose of 2mg Fe/kg BW. T2

*-weighted MRI and T2
* mapping were performed 

24h later. Injection of anxA5-CLIOs resulted in a significantly lower T2
* in the 

infarcted myocardium (8.1±0.9ms) as compared to injection with 
non-functionalized CLIOs (13.2±0.5ms). Ex vivo microscopy of the fluorescent 
dye that was coupled to the anxA5-CLIOs confirmed increased accumulation in 
the infarct. A limitation of the study was that no histology was performed to 
confirm that anxA5-CLIOs co-localized with apoptotic cells. 
 
In a follow-up study, a similar protocol for imaging of apoptosis was used, 
except that MRI was performed 4-6h after the start of reperfusion during which 
apoptosis is most prevalent [74]. Also, macrophages which might 
non-specifically phagocytose the anxA5-CLIOs are largely absent at this time 
point [75]. As controls inactivated anxA5-CLIOs were used, which have the 
same blood circulation half-life as specific anxA5-CLIOs. Injection of anxA5-
CLIOs (4mg Fe/kg BW) resulted in areas of hypointense signal in the 
mid-myocardium in T2

*-weighted images (Fig. 2.4A, B). Histology confirmed the 
presence of anxA5-CLIO and apoptotic cells, which were primarily 
cardiomyocytes (83±3%), in the infarct. In the same study, MR imaging of 
apoptosis was followed by LGE to visualize the necrotic myocardium. 
T1-weighted MRI revealed significant contrast enhancement of the 
subendocardium in mice with severe IR injury (Fig. 2.4C). Enhancement was 
observed in only 21±3% of the myocardial area that contained anxA5-CLIO 
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(Fig. 2.4D). Thus, molecular MRI with anxA5-CLIOs of cardiomyocyte 
apoptosis with simultaneous LGE MRI was able to distinguish apoptotic and 
necrotic cardiomyocytes in vivo. Nevertheless, from this study it was not clear 
whether anxA5-CLIOs influenced the LGE measurements, since T2

*-induced 
signal loss by the iron oxides is not easily recovered on T1-weighted LGE MRI. 
Indeed, areas of LGE signal enhancement were much smaller than previously 
reported in similar mouse models of IR myocardial infarction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4  MR imaging of apoptotic and necrotic cell death. A) T2

*-weighted MRI after injection of 
apoptosis-targeted anxA5-CLIO nanoparticles resulted in signal attenuation in the infarcted 
myocardium (indicated by arrows). Administration of non-targeted CLIOs did not result in signal 
attenuation in T2

*-weighted images (inact_CLIO). B) Injection of anxA5-CLIOs resulted in a 
significant higher CNR between infarcted and remote myocardium compared to inact_CLIOs. C) 
T2

*-weighted MRI after injection of apoptosis-targeted anxA5-CLIO nanoparticles succeeded by 
LGE T1-weighted MRI after injection of Gd-DTPA-NBD. D) Only 21% of the area of signal 
attenuation after injection of anxA5-CLIOs showed hyperenhancement on LGE imaging. All images 
reprinted with permission from Sosnovik et al. [74]. 

 
Imaging of apoptosis has been explored less extensively with Gd-based 
targeted contrast agents. Van Tilborg et al. designed paramagnetic liposomes 
conjugated with anxA5, which were able to depict apoptotic cells in vitro by MRI 
and fluorescence microscopy [76]. In vivo the anxA5-liposomes were applied in 
a mouse model of IR myocardial injury [77]. Injection of liposomes directly at 
the start of reperfusion at a dose of 0.05mmol Gd/kg BW resulted in significant 
signal enhancement in the infarcted myocardium on T1-weighted MRI. 
However, contrast enhancement was similar as for the injection of control 
liposomes. It is likely that passive accumulation of liposomes in the infarct area 
obscured specific binding of anxA5-liposomes to apoptotic cells. 
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MRI of necrosis was recently reported using a contrast agent that binds to DNA 
that becomes accessible after necrosis due to the loss of cell-membrane 
integrity. The contrast agent consisted of Gd-DTPA conjugated to 
TO-PRO-1 [78]. The MRI probe was used to image necrosis in a PO infarct 
mouse model [79]. T1 mapping after injection of the probe in the acute phase 
resulted in a significant increase in R1 in the infarct area, while this was not 
observed for older infarcts (72-96h) or after injection of Gd-DTPA. Maximal 
contrast agent accumulation was observed 9-18h after induction of the 
occlusion. Histology confirmed binding of the targeted agent to DNA in the 
infarct. However, the blood clearance half-life of the DNA-binding probe was 
not reported, which in case it is longer than that of Gd-DTPA could have 
affected the observed signal enhancement and consequently complicates the 
interpretation of the experiment.  

2.3.2 Inflammation 

Activated vascular endothelium 

Cardiomyocyte death induces an acute inflammatory response in the 
infarct  [11]. The secretion of cytokines by cardiomyocytes provokes 
upregulation of cell adhesion molecules on the blood vessel wall to mediate 
leukocyte recruitment. MRI of this activated endothelium could provide novel in 
vivo readouts of the level of cardiac inflammation, which can be used to 
fine-tune therapeutic interventions against excessive inflammation after 
myocardial infarction.  
 
Molecular MR imaging of target molecules on the blood vessel wall requires 
probes with a high MR sensitivity and limited non-specific extravasation 
through damaged endothelium. Cell adhesion molecule binding nanoparticles 
have previously been applied for successful in vivo MRI of inflamed 
endothelium in atherosclerosis and stroke [80-83]. However, imaging of the 
endothelium in the myocardium is challenging, as illustrated below by two 
recent studies [84-85]. 
 
McAteer et al. developed a vascular cell adhesion molecule-1 (VCAM-1) 
binding probe using a polyurethane coated micron-sized particle of iron oxide 
(MPIO) functionalized with murine anti-VCAM-1 antibodies (aVCAM-1 MPIO) 
[81,86-87]. In vitro studies demonstrated VCAM-1-related binding of aVCAM-1 
MPIO to inflammatory endothelial cells [86]. In mice with IR myocardial 
infarction, administration of aVCAM-1 MPIO resulted in a signal decrease in the 
infarcted lateral wall on in vivo and ex vivo T2

*-weighted MRI within 30min after 
injection [84]. The area of signal hypoenhancement was significantly larger in 
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mice with IR injury compared to control mice without myocardial infarction. The 
authors suggested additional control experiments with non-specific IgG MPIO 
to validate whether aVCAM-1 MPIO accumulation in the infarct could be 
attributed to specific VCAM-1 binding or to non-specific extravasation. 
 
Molecular MRI of intercellular adhesion molecule-1 (ICAM-1) was studied with 
paramagnetic fluorescent liposomes functionalized with anti-ICAM-1 antibodies 
(aICAM-1 liposomes). The liposomes had a mean diameter of approximately 
140nm and each contained about 105 Gd-DOTA moieties and 150 
antibodies [85]. The binding of aICAM-1 liposomes to ICAM-1 expressing 
endothelium was extensively characterized in vitro to determine a.o. the 
influence of the presence of leukocytes and shear stress on ICAM-1 binding 
(Chapter 4). In the following in vivo studies, described in Chapter 5, the 
behavior of aICAM-1 liposomes was evaluated in both healthy mice and mice 
with cardiac IR injury to explore the ability of aICAM-1 liposomes to detect 
endothelial inflammation by in vivo T1-weighted MRI.  

Inflammatory cells 

The cell adhesion molecules expressed on inflamed endothelium promote 
binding of inflammatory cells and mediate their infiltration in the myocardium. 
During the first hours after myocardial infarction neutrophils infiltrate the infarct, 
followed by the migration of macrophages in the following days. Inflammatory 
cells remove dead cells and promote infarct healing and thus play an essential 
role in the cardiac remodeling process [11,88]. Molecular MR imaging of 
inflammatory cells therefore may aid in the prediction of long-term outcome 
after myocardial infarction. 
 
The most widely applied method to visualize inflammatory cells with MRI is by 
labeling the cells in vivo or in vitro with iron oxides. MRI of inflammation in 
atherosclerosis and stroke using iron oxide labeling has been studied 
previously [89-91]. Yang et al. intravenously injected fluorescent MPIOs 
(14.5mg Fe/kg BW) in mice seven days before PO myocardial infarction 
surgery to pre-label macrophages [92]. The infarcted myocardium displayed a 
gradual signal intensity decrease over time in T2

*-weighted images, induced by 
MPIO-laden macrophages that were recruited to the infarct (Fig. 2.5A, B). 
Histology confirmed the presence of MPIO-labeled macrophages, mainly in the 
borders of the infarct (Fig. 2.5C). In a follow-up study, the optimal MPIO 
injection dose for macrophage imaging by a T2

*-weighted gradient echo 
sequence was determined to be 9.1-14.5mg Fe/kg BW [93].   
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Figure 2.5  In vivo MRI of inflammatory cells with iron oxide nanoparticles. A) T2

*-weighted MRI 
before and at 3, 7 and 14 days after PO myocardial infarction. In mice injected with MPIO 
nanoparticles 7 days before the surgery, a gradual signal decrease was observed in the infarct 
area, while this was not seen for mice without MPIO administration. B) CNRs were significantly 
decreased in mice with MPIO administration at all time points after the PO myocardial infarction 
(* p < 0.01, ** p < 0.001). C) Histology showed the presence of both MPIOs (Prussian blue 
staining) and macrophages (F4/80 staining) in the infarct area seven days after PO (indicated by 
arrows). Images in A, B and C reprinted with permission from Yang et al. [92]. D) T2

*-weighted MRI 
of mice with a PO infarct or sham-operated mice, 24h after injection of CLIO nanoparticles. 
Hypoenhancement by CLIO accumulation was only observed in mice with a PO infarct (indicated 
by arrows). E) The CNR between infarcted and remote tissue was significantly higher for mice with 
a PO compared to sham-operated mice (* p < 0.01). F) Histology confirmed the co-localization of 
fluorescent CLIOs with macrophages (Mac3 staining). D, E and F images reprinted with permission 
from Sosnovik et al. [98]. 

 
 
Interestingly, pre-labeling of macrophages with very small iron oxide particles 
(VSOP) seven days before IR injury did not result in signal decrease by 
accumulation of labeled macrophages in the infarct [94]. The lack of contrast 
was probably related to insufficient labeling of the macrophages, since high 
numbers of macrophages and neutrophils are present after IR injury [95]. 
Furthermore, in vitro studies have shown that cellular uptake of MPIOs is 
higher than for the smaller iron oxide nanoparticles and that uptake of a single 
MPIO is sufficient to generate MRI contrast, while this is not the case for 
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smaller iron oxide particles due to their lower iron content [96-97]. In contrast, 
injection of VSOPs (15mg Fe/kg BW) one day after induction of IR injury 
resulted in significant signal reduction in T2

*-weighted images after 3 and 
10 days. Nevertheless, the area of contrast enhancement was decreased by 
60±5% after 10 days, which was attributed to apoptosis or migration of 
VSOP-labeled macrophages.  
 
Inflammatory cells have also been labeled with fluorescent CLIOs to study 
inflammation in a PO mouse model of myocardial infarction [98-99]. CLIOs 
were injected intravenously 24h (15mg Fe/kg BW) or 48h (20mg Fe/kg BW) 
before MRI to assure sufficient uptake by macrophages and complete blood 
clearance (blood circulation half-life ≈ 10h). A significant signal decrease was 
observed in the hypokinetic infarct areas (Fig. 2.5D). Contrast-to-noise ratios 
(CNRs) between septum and anterolateral wall were significantly enhanced in 
mice with an infarct as compared to sham-operated mice (Fig. 2.5E). In vivo 
fluorescence molecular tomography (FMT) confirmed the MRI and histology 
established presence of CLIOs in regions with high macrophage infiltration 
(Fig. 2.5F). Panizzi et al. showed by in-depth flow cytometry analysis that 
5 days after PO surgery, CLIO-loaded cells in the infarct were indeed mainly 
monocytes [100]. 
 
Recently, Gd-based contrast agents have been applied to study inflammation 
in myocardial infarction in mice. Paramagnetic liposomes were used for 
labeling of inflammatory cells before and after induction of the infarct. Naresh 
et  al. injected Gd-containing fluorescent liposomes two days before IR 
injury [101]. A significant increase in R1 in the infarct was observed 4 days after 
myocardial infarction, whereas R1 was decreased at 1, 4 and 7 days for non-
injected mice as a result of edema. T1 mapping of the spleen confirmed the 
presence of liposome-labeled monocytes up to seven days after the IR injury. 
No additional histological validation was presented. 
 
Geelen et al. developed a paramagnetic liposome containing PS for specific 
labeling of inflammatory cells after IR injury [102]. As described before, PS 
promotes phagocytosis by inflammatory cells. Paramagnetic liposomes with 
6 mol% PS were maximally phagocytosed by murine macrophages. 
T1-weighted MRI after injection of the liposomes (0.05mmol Gd/kg BW) 
revealed contrast enhancement in the infarct and ex vivo fluorescence 
microscopy confirmed association of liposomes with macrophages. Further 
investigations are needed to confirm that the MRI contrast enhancement, which 
varied strongly between individual mice, correlates with macrophage density in 
the infarct. 
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Finally, inflammatory cells have been labeled with 19F-containing contrast 
agents for imaging by 19F-MRI. Fluorine imaging enables so-called ‘hot-spot’ 
imaging of the contrast agent in an MRI-silent background, since soft tissues 
contain very little native fluorine. Flögel et al. made nanoparticles consisting of 
perfluoro-15-crown-5-ether emulsified in egg lecithin (PFC emulsion) [103]. 
19F-MRI of blood samples of mice injected with the PFC emulsions revealed a 
time-dependent accumulation of the contrast agent in mononuclear cells, with a 
total clearance from the blood after three days. Flow cytometry showed that 2h 
after injection approximately 50% of the blood monocytes and macrophages 
were labeled with PFC emulsions. The emulsions were injected 2 hours and 
4 days after PO myocardial infarction and the time-dependent accumulation of 
macrophages was followed with 19F-MRI (Fig. 2.6A). The PFC emulsions 
accumulated in the infarct, as well as in the tissue wound that had remained 
from the thoracotomy. Histology confirmed the presence of macrophages 
labeled with the PFC emulsions in the infarct (Fig. 2.6B). Analyses of blood 
samples and in vivo MRI led to the conclusion that circulating blood monocytes 
and macrophages were labeled with PFC emulsions and subsequently 
accumulated in the infarct over time. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6  19F-MRI of macrophages labeled with PFC emulsions. A) Corresponding 1H- and 19F-
MR images showed a time-dependent accumulation of PFC emulsions in the infarct area and in 
surgical wound tissue. PFC emulsions were injected 2 hours before and 4 days after PO 
myocardial infarction. B) Histology showed the presence of rhodamine-labeled PFC emulsions in 
the infarcted myocardium four days after PO (left, middle). At this time point macrophages, which 
were detected with anti-CD11b antibodies (right), were present in the same areas. All images 
reprinted with permission from Flögel et al. [103]. 
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Inflammatory cell products 

Instead of tracking inflammatory cells directly, products of inflammatory cells 
can be used as targets for imaging as well. Myeloperoxidase (MPO) is excreted 
by monocytes, macrophages and neutrophils recruited to the infarcted 
myocardium and MPOs generate high-reactive moieties such as reactive 
oxygen and nitrogen species [104]. Querol and colleagues developed a 
contrast agent (bis-5-hydroxytryptamide-Gd-DTPA or Gd-MPO) that is 
specifically activated by MPO [105]. Enzymatic activity of MPO leads to 
polymerization of the Gd-MPO probe, which by virtue of its increased size gets 
trapped in the tissue. The Gd-MPO probe was applied to study inflammation in 
mice with a PO infarct [106]. Injection of Gd-MPO (0.3mmol Gd/kg BW) 
resulted in enhancement of the infarct that persisted for a longer time than LGE 
with Gd-DTPA (Fig. 2.7A). Injection of Gd-MPO in heterozygous and 
homozygous MPO-deficient mice with a PO myocardial infarction resulted in 
lower enhancement on T1-weighted MRI. In vivo myocardial MPO activity 
determined with MRI showed an excellent correlation with the ex vivo MPO 
activity (Fig. 2.7B). Furthermore, mice with IR myocardial injury were treated 
with the anti-inflammatory drug atorvastatin. MPO-Gd revealed significant 
differences in MPO activity between treated and non-treated mice 
(Fig. 2.7C, D).  

2.3.3 Angiogenesis 

Neovascularization (angiogenesis) in the infarcted myocardium plays an 
essential role to improve or restore tissue perfusion and therefore is an 
important imaging target [10-11]. Both Gd-chelates and larger blood-pool 
contrast agents can be applied to report on myocardial tissue perfusion, 
fractional blood volume and vascular density. Moreover, various MRI 
detectable nanoparticles have been developed for molecular MR imaging of 
angiogenesis. Many of them use the peptide sequence RGD to specifically 
target αvβ3 integrins overexpressed on angiogenic endothelial cells [107-109]. 
Also, a CD13 binding peptide (cNGR) has been identified with a 3-fold higher 
specificity for angiogenic vasculature than RGD [110]. In mice with myocardial 
infarction, CD13 expression was maximally upregulated on the vasculature 
7 days post surgery [111]. 
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Figure 2.7  In vivo MRI of MPO activity. A) T1-weighted MRI two days after PO showed persistent 
hyperenhancement in the infarcted myocardium up to 120min after injection of Gd-MPO. B) MPO 
activity was imaged at different time points after PO myocardial infarction with the Gd-MPO probe. 
In vivo CNRs showed a good correlation with ex vivo MPO tissue activity levels. C) T1-weighted MR 
images 4h and 24h after IR of mice treated with atorvastatin and untreated control mice. MPO-Gd 
was administered before imaging. D) Treatment with atorvastatin resulted in significantly lower 
CNRs 24h after IR injury compared to untreated mice. All images reprinted with permission from 
Nahrendorf et al. [106]. 

 
 
Oostendorp et al. have developed cNGR-functionalized paramagnetic quantum 
dots (cNGR-QD) and successfully applied them to visualize angiogenesis after 
myocardial infarction with in vivo MRI [112]. cNGR-QDs have a diameter of 
about 30nm and contain 192 Gd atoms and 6 cNGR peptides per quantum 
dot [112-113]. Administration of cNGR-QDs to mice 7 days after PO myocardial 
infarction created an increased area of signal hypoenhancement in 
T2

*-weighted images 60min after injection as compared to non-specific QDs 
(Fig. 2.8A). However, the CNRs of infarcted and remote myocardium with 
muscle were not significantly different, which was explained by an increased 
endogenous T1 in the infarct. Ex vivo fluorescence microscopy confirmed the 
association of the cNGR-QDs with the microvasculature in the infarct and 
border zones, whereas non-specific QDs were mainly located extravascularly. 
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The reason for using a Gd-containing QD in combination with T2
*-weighted MRI 

is not obvious, since these QDs were originally designed for T1-weighted 
imaging [114]. Probably the use of an iron oxide nanoparticle conjugated with 
cNGR would have resulted in more sensitive detection of angiogenesis in the 
infarct.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8  In vivo MRI of cardiac remodeling processes. A) Angiogenesis was visualized with 
cNGR-QD on T2

*-weighted MRI seven days after PO myocardial infarction. cNGR-QD were 
detected in infarct border zones, but especially in the infarcted myocardium and were associated 
with the vasculature. Non-targeted QD were also detected, mostly in the lumen of vessels or 
extravasated into the myocardium. Images reprinted with permission from Oostendorp et al. [112]. 
B) In vitro binding affinity of EP3533 and EP3612 to collagen indicated the specificity of EP3533 for 
collagen. C) T1-weighted MRI shows the retention of EP3533 but not EP3612 in the mouse heart 
40 days after IR myocardial infarction. Images in B and C reprinted with permission from [115]. D) 
EP3533 increased the SNR of the infarct scar compared to the remote myocardium up to 50min 
after administration on T1-weighted MRI. Image reprinted by permission from Helm et al., 
Radiology, 2008, 247:788-796, Radiological Society of North America [116]. 
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2.3.4 Fibrosis 

The final stage of cardiac remodeling after myocardial infarction is 
characterized by fibrosis through the extensive deposition of collagen, 
providing tensile strength to the myocardium and preventing rupture [9-10]. To 
visualize fibrosis, Caravan et al. have developed a type I collagen-specific 
contrast agent (EP3533), which consists of a collagen-binding peptide 
conjugated to three Gd-DTPA moieties [115]. Since collagen is abundantly 
present in the fibrotic myocardial scar, a contrast agent with only three 
Gd-DTPA provides sufficient MRI detection sensitivity. Additionally a 
low-molecular-weight contrast agent can more easily penetrate into the fibrotic 
tissue as compared to a large nanoparticle. 
 

The collagen-binding probe was characterized in vitro and subsequently 
evaluated in a mouse model of myocardial infarction [115]. The collagen 
dissociation constant of EP3533 was 1.8μM compared to 400μM for EP3612, 
which was used as a non-binding control (Fig. 2.8B). In healthy mice, EP3533 
accumulation was increased compared to EP3612 in kidney, spleen, liver, 
heart and lungs, which was attributed to collagen binding. In mice 40 days after 
IR myocardial infarction, in vivo T1-weighted MRI revealed prolonged retention 
of EP3533 in the fibrotic infarct in comparison to EP3612 (Fig. 2.8C). In a 
follow-up study, in vivo MRI was performed six weeks after myocardial 
infarction comparing EP3533 (0.075mmol Gd/kg BW) to Gd-DTPA 
(0.2mmol Gd/kg BW) [116]. EP3533 exhibited a persistent signal increase in 
the infarct up to 50min post injection (Fig. 2.8D), whereas Gd-DTPA was 
washed out rapidly. A good correlation was obtained between the 
circumferential extent of the MR signal enhancement and area of fibrosis 
determined by ex vivo histology. The comparison of EP3533 with Gd-DTPA 
should be interpreted with caution though. The high molecular weight of 
EP3533 compared to Gd-DTPA could also explain the prolonged retention of 
EP3533 in the infarcted myocardium, even in the absence of collagen-specific 
binding. Control experiments using the non-binding variant of the probe, 
EP3612, would be needed to separate the relative contributions of collagen 
binding from size-dependent retention in the infarct. 

2.4 Conclusion 

In recent years, substantial progress has been made in the use of contrast-
enhanced MRI for the characterization of cellular and molecular pathways that 
underlie the progress of cardiac remodeling after coronary ischemic heart 
disease. Advances in MRI probe design and preclinical MR imaging strategies 
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have facilitated detailed non-invasive phenotyping in the extremely challenging 
environment of the rapidly contracting mouse heart. Non-targeted contrast 
agents can provide detailed understanding of myocardial perfusion and 
viability, whereas targeted approaches add knowledge by revealing the 
molecular and cellular processes that underlie myocardial infarction and lead to 
adverse remodeling. Consequently, MRI has become of major importance in 
preclinical studies on the basic mechanisms of cardiac remodeling, to evaluate 
novel drugs or stem cell treatment strategies (Chapter 6) [106, 117].  
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Abstract 

Background - Adverse cardiac remodeling after myocardial infarction 
ultimately causes heart failure. To stimulate reparative processes in the infarct, 
efficient delivery and retention of therapeutic agents is desired. This might be 
achieved by encapsulation of drugs in nanoparticles.   
 
The goal of this study was to characterize the distribution pattern of differently 
sized long-circulating lipid-based nanoparticles, namely micelles (~15nm) and 
liposomes (~100nm), in a mouse model of myocardial infarction (MI).  
 
Methods - MI was induced in mice (n=38) by permanent occlusion of the left 
coronary artery. Nanoparticle accumulation following intravenous 
administration was examined one day and one week after surgery, 
representing the acute and chronic phase of MI, respectively. In vivo magnetic 
resonance imaging of paramagnetic lipids in the micelles and liposomes was 
employed to monitor the trafficking of nanoparticles to the infarcted 
myocardium. Ex vivo high-resolution fluorescence microscopy of fluorescent 
lipids was used to determine the exact location of the nanoparticles in the 
myocardium. 
 
Results & Conclusion - In both acute and chronic MI, micelles permeated the 
entire infarct area, which renders them very suited for the local delivery of 
cardioprotective or anti-remodeling drugs. Liposomes displayed slower and 
more restricted extravasation from the vasculature and are therefore an 
attractive vehicle for the delivery of pro-angiogenic drugs. Importantly, the 
ability to non-invasively visualize both micelles and liposomes with MRI creates 
a versatile approach for the development of effective cardioprotective 
therapeutic interventions. 
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3.1  Introduction 

In patients with myocardial infarction (MI) that have suffered from prolonged 
periods of cardiac ischemia, the affected myocardium cannot be salvaged by 
reperfusion of the occluded coronary arteries [1]. An irreversible loss of 
cardiomyocytes has occurred, which causes permanent cardiac dysfunction 
and initiates progressive adverse cardiac remodeling [2]. As a result of 
inadequate healing of the infarcted myocardium, many patients eventually 
develop congestive heart failure [3-4]. Currently prescribed therapeutics such 
as ACE-inhibitors act systemically by globally supporting cardiac 
contraction [2,5]. It would be highly desirable, though, to locally trigger 
regenerative processes in the infarct. Therefore, emerging treatment strategies 
using novel drug delivery systems are aimed at local myocardial delivery of 
therapeutic compounds, for example, to fight inflammation, to promote 
angiogenesis or to fine-tune extracellular matrix deposition [2,6]. 
 
To maximize its biological effect, the drug should be efficiently delivered to and 
retained in the infarct. However, many compounds exhibit a short blood 
circulation half-life or poor solubility in blood, which limits their accumulation in 
the infarct [7]. Besides, other compounds have been shown to induce severe 
systemic side effects [7]. These drawbacks might be overcome by enclosing 
the therapeutic compound into a nanoparticulate carrier, which specifically 
accumulates in the infarcted tissue by exploiting its ability to extravasate from 
the blood at sites with damaged leaky vascular endothelium [7-9]. 
Nevertheless, in acute non-reperfused MI, the infarct area is very poorly 
perfused, making efficient local delivery challenging [10]. In chronic MI, 
perfusion is partially restored by angiogenesis [3]. However, the permeability of 
these newly formed blood vessels to nanoparticle-based carrier systems is not 
known. Not only the state of the microvasculature in the infarct is important, but 
accumulation characteristics may also critically depend on nanoparticle size, 
composition and blood circulation kinetics.  
 
The goal of this study was therefore to characterize the accumulation behavior 
of differently sized long-circulating lipid-based nanoparticles in acute and 
chronic non-reperfused myocardial infarcts (one day and one week after 
induction of MI, respectively) in mice. Two different types of nanoparticles were 
studied, namely micelles and liposomes which differ in size (~15nm vs. 
~100nm) and structure (single vs. double lipid layer). Both were coated with 
polyethylene glycol (PEG) to avoid rapid opsonization in the blood, which 
delays phagocytosis by liver-resident macrophages, and thereby prolongs the 
in vivo blood circulation time [11-12]. This ultimately lengthens the time-window 
for nanoparticle accumulation in the infarcted myocardium. Several micellar 
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and liposomal formulations have been FDA-approved as a drug delivery 
system for treatment of inflammatory diseases and cancer. Micelles and 
liposomes can be decorated with different types of imaging labels to study their 
distribution patterns in the heart.  
 
For in vivo magnetic resonance imaging (MRI) monitoring of nanoparticle 
trafficking to the infarct, paramagnetic gadolinium (Gd)-containing lipids were 
incorporated in the micellar and liposomal membranes [13-14], whereas 
addition of fluorescent lipids enabled ex vivo high-resolution microscopic 
analysis of nanoparticle location in the infarcted myocardium. Moreover, 
conventional in vivo cinematographic (cine) MRI was used to measure local 
and global cardiac function [15-17]. Thereby, MRI allowed for a non-invasive 
co-registration of the nanoparticle distribution in the heart in relation to 
location of MI. 

3.2  Methods 

3.2.1 Nanoparticle preparation 

Micelles were composed of Gd-DOTA-1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (Gd-DOTA-DSPE, SyMO-Chem, Netherlands; for 
synthesis see [14]), DSPE-N-[methoxy(PEG)2000] (PEG-DSPE, Lipoid, 
Switzerland) and DSPE-N-[maleimide(PEG)2000] (Mal-PEG-DSPE, Avanti 
Polar Lipids, USA) in a molar ratio of 5:4:1 and 1% near-infrared664-DSPE 
(NIR664-DSPE, SyMO-Chem). For liposomes, Gd-DOTA-DSPE, 
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Lipoid), cholesterol (Avanti 
Polar Lipids), PEG-DSPE and Mal-PEG-DSPE were used in a molar ratio of 
2.5:3.7:3.3:0.25:0.25 and 0.1% NIR664-DSPE. In future studies, Mal-PEG-
DSPE in the formulations can be used for coupling targeting ligands.  
 
Lipid films were prepared by rotary evaporation (30oC) of 50μmol lipid 
dissolved in a mixture of chloroform and methanol, with additional drying 
under N2. To obtain micelles, lipid films were hydrated at 65oC for 1h in 
HEPES-buffered saline (HBS) (pH6.7), containing 10mM HEPES and 
135mM NaCl. Micelles were concentrated to 50-70mM lipid in HBS (pH7.4) by 
centrifugation on a Vivaspin concentrator (100kDa cut off; 3000rpm; 4oC). For 
liposomes, lipid films were hydrated in HBS (pH6.7) at 65oC for 10min, followed 
by extrusion through polycarbonate membrane filters of 400nm (2x), 
200nm (4x) and 100nm (8x). Liposomes were concentrated by 
ultracentrifugation (55,000rpm; 45min; 4oC) to a final concentration of 50-70mM 
lipid in HBS (pH7.4) [14]. 
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3.2.2 Characterization 

The number-weighted size distribution of micelles and liposomes was 
assessed at 20oC by dynamic light scattering (DLS) on a Zetasizer Nano S 
(Malvern Instruments, UK). Longitudinal and transversal relaxivities (r1 and r2 in 
mM-1Gd·s-1) of Gd-DTPA (Bayer HealthCare Pharmaceuticals, Netherlands), 
micelles and liposomes were determined at 1.41T (37oC) and 9.4T (20oC). 
Relaxation times (T1

 and T2) of samples with [Gd] varying from 0.01-1mM were 
measured with 1) a Minispec MQ60 Spectrometer (Bruker BioSpin GmbH, 
Germany) using an inversion recovery (IR) sequence for T1 and a CPMG 
sequence for T2 and 2) a 9.4T horizontal bore scanner (Bruker BioSpin) with a 
segmented IR FLASH sequence (TR=15s; TI=72.5-4792.5ms; 60 inversion 
times) for T1 and a multi-spin-echo sequence (TR=2s; TE=9-288ms; 32 echoes) 
for T2. Relaxivities were obtained by fitting the data with:  
Ri = Ri,0 + ri·[Gd], with i  {1,2}, Ri = 1/Ti.  

3.2.3 Circulation half-lives and organ distribution 

All animal experiments were performed in accordance with the declaration of 
Helsinki and were approved by the local ethical committee for animal 
experiments of the University of Maastricht. The blood circulation half-lives (t1/2) 
and organ distribution of Gd-DTPA, micelles and liposomes were determined in 
healthy male Swiss mice (n=3 per group; 36±1g) (Charles River Laboratories, 
Germany). A control blood sample (20μl) was taken from the saphenous vein, 
followed by the administration of Gd-DTPA (300μmol Gd/kg), micelles or 
liposomes (both 50μmol Gd/kg) through an intravenous catheter in the tail vein 
under general inhalation anesthesia (1.5–2% isoflurane in medical air). Blood 
samples were collected from the saphenous vein after 2, 15, 30, 45 and 60min 
and at 4, 8, 24 and 48h. To prevent coagulation, blood samples were 
immediately diluted in heparinized physiological saline solution (20μl). After 
48h, mice were sacrificed by cervical dislocation. Liver, spleen, kidneys, lungs 
and thigh muscles were excised, snap-frozen in isopentane and stored at 
-80oC. Organs were sectioned (5μm thickness) to determine the nanoparticle 
organ distribution. The T1 of the blood samples was determined at 9.4T as 
described above. ∆R1(t)=1/T1(t)–1/T1,control was used as a measure for the 
concentration of Gd [18]. Circulation half-lives (t1/2) were estimated using a 
mono-exponential fitting routine (∆R1= Ae-ln2*t/t

1/2) in Origin8.5 (OriginLab 
Corporation, USA). 
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3.2.4 Experimental protocol 

The ability of micelles and liposomes to accumulate in the infarcted 
myocardium was studied at 24 hours (acute phase) and 7 days (chronic phase) 
after induction of MI, respectively. At both time points, mice that received 
Gd-DTPA were included as controls. In acute MI mice, two protocols were used 
to determine the effect of circulation time on accumulation in the myocardium. 
1) Short circulation protocol: Gd-DTPA, micelles, or liposomes were 
administered one day after MI surgery, with in vivo MRI performed before and 
up to 1.5h after injection (n=12). 2) Long circulation protocol: Gd-DTPA, 
micelles, or liposomes were administered directly after MI surgery, followed by 
in vivo MRI after 24h (n=12). Next, mice were sacrificed for ex vivo histological 
evaluation. In mice subjected to chronic MI, in vivo MR images were acquired 
before and up to 1.5h after administration of Gd-DTPA, micelles, or liposomes 
(n=14). After 24h and 48h, additional MRI-data were collected. Subsequently, 
mice were sacrificed for ex vivo histological evaluation (long circulation 
protocol, n=11). In addition, for each agent, one mouse was sacrificed after 
1.5h (short circulation protocol, n=3). 

3.2.5 Myocardial infarction 

Anterolateral myocardial infarctions were generated in male Swiss mice (n=38; 
34±1g) (Charles River Laboratories) as described before [19]. Briefly, under 
general anesthesia (1.5-2% isoflurane in medical air) mice were intubated and 
mechanically ventilated. Left lateral thoracotomy was performed in the fourth 
intercostal space to expose the heart. The left anterior descending coronary 
artery was permanently ligated directly distal to the main bifurcation, which was 
verified by blanching of the myocardium. The thorax was closed and mice were 
allowed to recover overnight at 30oC.  

3.2.6 In vivo MRI 

In vivo cardiac MRI was performed with a 9.4T horizontal bore MRI scanner 
(Bruker Biospin, Germany) equipped with a 35mm-diameter quadrature proton 
RF-coil (Rapid Biomedical, Germany). Mice were anesthetized with 1.5-2% 
isoflurane and were placed in supine position in a home-built cradle with 
sensors to continuously monitor the electrocardiogram (ECG), respiration and 
temperature (Small Animal Instruments Inc., USA) [20]. 
 
For all paramagnetic particles, measurements were performed with a 
T1-weighted multi-slice short-axis FLASH sequence with ECG-triggering and 
respiratory-gating using the following parameters: TR=63ms; TE=1.8ms; 
FA=60o; FOV=3x3cm2; matrix=192x192; NEX=6; slice thickness=1mm; number 
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of slices=9; total acquisition time=3-4min. MR images were acquired before 
and at different time points after the intravenous injection of Gd–DTPA 
(300μmol Gd/kg), micelles or liposomes (both 50μmol Gd/kg) in the tail vein. 
For mice that were injected directly after MI surgery (long circulation protocol), 
obviously no pre-injection MRI scan could be performed. 
 
Cine MR images were acquired with a single-slice FLASH sequence (TR=7ms, 
TE=1.8ms, FA=15o, FOV=3x3cm2, matrix=192x192, NEX=6, slice 
thickness=1mm, number of cardiac frames=13-18). Two long-axis oriented 
slices and 9 to 11 slices from apex to base in short-axis orientation were 
recorded to analyze global and regional cardiac morphology and function.  

3.2.7 MRI data analysis 

T1-weighted MR images were analyzed at the mid-left ventricular level in two 
slices that contained both infarcted and remote myocardium using home-built 
software in Mathematica 6.0 (Wolfram Research Europe, UK). The infarct was 
identified based on local wall thickening values as described below. Regions of 
interest (ROI) were drawn in various parts of the heart: remote myocardium, 
border zones, infarcted myocardium, and subepicardial and adjacent 
subendocardial areas within the infarct. The contrast-to-noise ratios (CNR) 
between various ROIs were calculated from: CNR=(μA-μB)/noise, with μA and μB 
the mean signal intensities in ROI-A and ROI-B (as defined below), 
respectively, and noise the standard deviation of the noise. For each time point, 
the moving average CNR of three consecutive scans was taken. To determine 
to what extent paramagnetic particles accumulated in infarcted myocardium, 
the CNR between infarcted (ROI-A) and remote (ROI-B) myocardium was 
determined. The CNR between border zones and remote myocardium provided 
additional information on the accumulation kinetics. Possible differences in 
distribution within the infarct were determined by calculating the CNR between 
subepicardium (ROI-A) and subendocardium (ROI-B). 
 
Global and regional cardiac morphology and function were evaluated with 
CAAS MRV FARM 2.0 Software (Pie Medical Imaging, Netherlands) by 
segmentation of the epi- and endocardial contours of the left ventricle in 
end-diastole and end-systole in the cine MRI frames. From these contours, 
end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (EF), 
cardiac output (CO), wall thickness and wall thickening were derived. The 
fraction of the left ventricle with considerably reduced wall thickening (wall 
thickening<15%) served as a measure of infarct size (IS) [21]. 
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3.2.8 Ex vivo confocal laser scanning microscopy (CLSM) 

After the final MRI session, mice were sacrificed by cervical dislocation. The 
hearts were carefully excised and placed in OCT-compound, snap-frozen in 
isopentane and stored at -80oC for subsequent histological analysis. After 
preparing short axis orientated cryosections (5μm) of each heart, dual 
fluorescent stainings were performed following aceton-fixation to determine the 
location and severity of myocardial infarction and the exact location of micelles 
and liposomes. Leukocytes and macrophages were labeled with rat-anti-mouse 
CD18-PE (4μg/ml, Biolegend, Netherlands) and rat-anti-mouse CD68-FITC 
(2μg/ml, AbD Serotec, Germany), respectively. Blood vessels were labeled with 
rat-anti-mouse CD31-biotin (2μg/ml, Biolegend) conjugated to streptavidin-Cy3 
(1μg/ml, Biolegend) and basal membranes were detected using rabbit-
anti-mouse laminin (9μg/ml, Sigma-Aldrich Chemie BV, Netherlands) and goat-
anti-rabbit Alexa488 (10μg/ml, Molecular Probes, Netherlands). 
 
NIR664-lipids incorporated in micelles and liposomes were visualized with an 
LSM 510 META system (Carl Zeiss BV, Netherlands) equipped with a 633nm 
HeNe laser (5.0mW) in combination with a 680/60nm filter. Fluorescently 
labeled antibodies were detected with a 488nm Ar laser (CD68 and laminin) 
and a 543nm HeNe laser (CD18 and CD31), using 525/50nm and 598/107nm 
filters, respectively. All images were acquired with a 20x objective at 
0.22x0.22μm2 in-plane resolution (2048x2048 matrix, 4 averages) using 
optimized settings for each dual staining. Images were obtained in various 
regions of the heart (remote myocardium, border zones, infarcted myocardium) 
and were visually scored for the presence of NIR-fluorescence, inflammatory 
cells and blood vessels.  

3.2.9 Statistics 

Data are presented as mean±SEM. Student’s t-tests were used to compare the 
in vitro size and relaxivities of micelles and liposomes. For analysis of cardiac 
function and CNRs, one-way analysis of variance (ANOVA) with Bonferroni 
correction for multiple group comparisons was performed. The level of 
significance was set at p=0.05. 
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3.3 Results 

3.3.1 Characterization 

In Table 3.1, the mean diameter and longitudinal and transversal relaxivities (r1 
and r2) of Gd-DTPA, micelles and liposomes are listed. As anticipated, micelles 
(diameter ~15nm) were significantly smaller than liposomes (~100nm). The r1 
and r2, which determine the MRI-detection sensitivity, depended on both 
magnetic field strength and nanoparticle formulation. The r1 of micelles and 
liposomes, normalized to Gd concentration, was 5-10 fold higher than the r1 of 
Gd-DTPA at 1.41T, but dropped to similar values at 9.4T. Importantly, at both 
field strengths, micelles had a significantly higher r1 than liposomes. Moreover, 
the r2 of micelles and liposomes was higher compared to Gd-DTPA.  
 

Table 3.1  In vitro characterization of Gd-DTPA, micelles (n=3; meanSEM) and liposomes (n=4; 
meanSEM), and in vivo circulation half-lives (t1/2) (n=3 each; meansd).  

 
diameter 

[nm] 
r1 at 1.41T 

[mM-1Gd·s-1]
r2 at 1.41T 

[mM-1Gd·s-1] 
r1 at 9.4T 

[mM-1Gd·s-1] 
r2 at 9.4T 

[mM-1Gd·s-1] 
t1/2 
[h] 

Gd-DTPA NA 2.8 3.2 3.9 4.2 0.30±0.05 

micelles 14.9±0.8 30.8±1.2 49.1±1.5 6.2±0.2 43.9±7.6 3.90±0.44 

liposomes 101.5±2.0a 15.0±0.4a 23.7±0.6a 3.0±0.3a 62.5±8.5 2.31±0.40 

r1,2 at 1.41T measured at 37oC, r1,2 at 9.4T measured at 20oC. Half-lives presented as the mean fit 
of 3 mice. a = p<0.05 micelles vs. liposomes. 

3.3.2 Circulation half-lives and organ distribution 

The blood circulation kinetics and biodistribution of micelles and liposomes are 
important parameters that determine their potential utility as drug delivery 
vehicles to infarcted myocardium. The blood circulation half-lives of micelles 
(3.90±0.44h, r2=0.96) and liposomes (2.31±0.40h, r2=0.90) were substantially 
prolonged compared to Gd-DTPA (0.30±0.05h, r2=0.85) (Table 3.1). In 
Supporting Information Fig. S3.1, representative CLSM-images illustrate the 
biodistribution of micelles and liposomes in the liver, spleen and kidney 48h 
after administration. Micelles were detected in the kidneys, but not in the 
spleen and liver. Micelles were not associated to macrophages. Liposomes, 
though, predominantly accumulated in the spleen and liver and were largely 
associated with macrophages (determined by co-localization of NIR-lipids with 
CD68+ cells). In the lungs and thigh muscles, no micelles or liposomes were 
observed (not shown).  
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3.3.3 Cardiac morphology and function 

The global cardiac morphology and contractile function of mice with acute or 
chronic MI are summarized in Table 3.2. Heart function was impaired in all 
mice in comparison to values that are commonly reported in literature for 
healthy mice [22-23]. Local wall thickening was reduced (<15%) in anterolateral 
regions of the heart, which confirmed the presence of MI. To validate whether 
the various experimental groups had comparable infarcts, the mean infarct size 
(IS) as well as global cardiac function (EF and CO) were evaluated. In acute MI 
(one day post-infarct induction), the IS, EF, and CO were not significantly 
different between any of the six groups (p>0.05). In addition, in chronic MI (one 
week post-infarct induction), no significant differences in all three parameters 
were detected between the Gd-DTPA-, micelle- or liposome-injected mice 
(p>0.05). This indicated that at each time point the infarcts were of similar size 
and led to similar cardiac functional impairment. 
 
The mice exhibited left ventricular dilation from acute MI (one day) to chronic 
MI (one week), as reflected by a significant increase in EDV and ESV from 
86.9±3.5μl and 54.1±3.3μl (acute MI) to 133.8±6.3μl and 96.6±7.3μl 
(chronic MI), respectively. This was accompanied by a decline in the EF from 
38.8±2.0% to 28.5±2.5% (p<0.05) and a trend towards increased IS 
(37.1±2.2% to 43.7±2.6%, p=0.06). 
 
Table 3.2  Cardiac morphology and function in mice with acute MI (one day) and chronic MI (one 
week) determined by cine MRI.  

 EDV [μl] ESV [μl] EF [%] CO [ml/min] IS [%] 

acute MI      
   Gd-DTPA      
      short circulation (n=4) 78.8±15.4 47.7±10.8 40.2±3.3 15.0±2.2 35.8±5.6 
      long circulation (n=3) 96.1±1.4 61.9±1.2 35.6±2.2 19.4±1.5 41.7±2.8 
   micelles      
      short circulation (n=4) 90.1±6.4 57.4±9.0 37.5±6.1 16.1±1.5 36.1±3.9 
      long circulation (n=4) 72.4±6.7 43.0±8.5 42.1±7.3 16.9±1.8 31.7±7.5 
   liposomes      
      short circulation (n=4) 103.0±4.1 69.6±3.4 32.5±1.6 18.0±1.3 45.7±2.3 
      long circulation (n=5) 84.1±3.9 48.6±6.4 43.0±5.8 19.1±1.0 33.4±6.3 
   total (n=24) 86.9±3.5 54.1±3.3 38.8±2.0 17.4±0.7 37.1±2.2 
      
chronic MI      
   Gd-DTPA (n=3) 140.0±10.7 108.8±14.3 22.9±4.3 15.9±3.0 50.8±3.4 
   micelles (n=5) 122.1±11.6 87.7±12.9 28.0±3.6 19.3±1.5 39.7±2.6 
   liposomes (n=6) 138.5±10.1 96.6±12.0 31.7±4.3 21.2±1.3 42.9±4.6 
   total (n=14) 133.8±6.3a 96.6±7.3a 28.5±2.5a 19.4±1.1 43.7±2.6 

Mice were classified by the time point of agent administration (acute MI vs. chronic MI), the type of 
agent (Gd-DTPA, micelles or liposomes) and, for acute MI, the circulation period (short vs. long). 
EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction; CO = cardiac 
output; IS = infarct size. a = p<0.05 acute MI (total) vs. chronic MI (total). 
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3.3.4 Acute MI: in vivo MRI 

T1-weighted MRI was used to study the ability of paramagnetic micelles and 
liposomes to accumulate in the infarcted myocardium during the acute stage of 
MI. As a positive control, Gd-DTPA was used, which transiently highlights the 
infarct on T1-weighted MRI [24]. Representative MR images acquired before 
and at different time points after Gd-DTPA, micelle, or liposome administration 
are shown in Fig. 3.1A. Immediately after the injection of Gd-DTPA, the 
infarcted anterolateral myocardium appeared hyperenhanced compared to the 
remote septal myocardium, which was followed by a relatively rapid reduction 
of the signal enhancement in the infarct area. Administration of micelles as well 
as liposomes resulted in hypoenhancement of the infarcted myocardium 
compared to the remote myocardium during the early time points, presumably 
because at these early time points micelles and liposomes are primarily 
confined to the vascular compartment and the infarct is hypoperfused. 
Importantly, after 24h the infarct became hyperenhanced.  
 
In Fig. 3.1B time-curves of the CNR between infarcted and remote myocardium 
of representative mice demonstrate differences in the cardiac distribution 
kinetics in the first 1.5h after injection. Gd-DTPA generated a rapid, but 
non-persistent increase in CNR between infarcted and remote tissue. In 
nanoparticle-injected mice, a negative CNR was observed in the early time 
points after nanoparticle administration, followed by an increase in CNR as 
function of time, which was faster for micelles than for liposomes.  
 
Quantitative analysis of the group means (Fig. 3.1C) confirmed a significant 
positive CNR at 0.1h after the administration of Gd-DTPA (35.58.8) and 
negative CNRs for micelles (-16.3±2.7) and liposomes (-15.2±2.0). At the 1.5h 
time point, the CNR had increased for micelles (-1.1±6.1), whereas for 
liposomes, the CNR was still negative (-10.1±1.6), which indicated that micelles 
accumulated faster in the infarcted myocardium than liposomes. This was 
substantiated by the CNR value between the infarct borders and remote 
myocardium at 1.5h (not shown), which was positive (7.1±2.9) for micelles, but 
negative (-2.6±0.7) for liposomes, showing that micelles had already 
accumulated to a much larger extent in the border zones. Eventually after 24h, 
both micelles and liposomes induced a highly positive CNR (13.4±1.6 and 
11.2±1.8), demonstrating retention of the nanoparticles in the infarcted 
myocardium up to at least one day after injection. No significant regional 
differences were observed in the accumulation kinetics of micelles and 
liposomes within the infarct (Fig. 3.1D, E), in contrast to the situation in chronic 
MI discussed in section 3.3.6. 
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Figure 3.1  In vivo MRI of mouse hearts with acute MI (one day old) before and after administration 
of Gd-DTPA, micelles and liposomes. A) Representative short-axis T1-weighted MR images 
illustrating the time-dependent accumulation of the agents in the infarct. Arrows indicate the area of 
contrast enhancement. A = anterior; L = lateral; I = inferior; S = septal. B) CNR of infarcted vs. 
remote myocardium of three representative mice during the first 1.5h. C) Group mean CNR of 
infarcted vs. remote myocardium at 0.1h, 1.5h and 24h. D) CNR of subepicardium vs. 
subendocardium of three representative mice during the first 1.5h. E) Group mean CNR of 
subepicardium vs. subendocardium after 0.1h, 1.5h and 24h. * = p<0.05 vs. CNRpre of same 
contrast agent, † = p<0.05 vs. CNRmicelles and CNRliposomes at same time point. 
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3.3.5 Acute MI: ex vivo CLSM 

For detailed analysis of the distribution of micelles and liposomes in the 
myocardium after acute MI, ex vivo high resolution CLSM was performed to 
visualize the incorporated NIR fluorescent lipids in the nanoparticles. In various 
regions of the heart the condition of the myofibers and basal membranes 
(laminin+ staining) and microvasculature (CD31+ staining) as well as the 
presence of inflammatory cells as leukocytes (CD18+ staining) and 
macrophages (CD68+ staining) were determined as these are considered 
important factors for infarct characterization and also may strongly affect the 
delivery of nanoparticles to the infarcted myocardium (Fig. 3.2 and Table 3.3). 
The density of blood vessels (i.e. CD31-positive structures) was high in the 
remote myocardium, and as expected decreased towards the border zones 
and especially in the infarct area. Moreover, many leukocytes (CD18+) but few 
macrophages (CD68+) were present in the infarct and infarct borders. 
 
Table 3.3 summarizes the qualitative evaluation of NIR-fluorescence from 
micelles and liposomes in various regions of the heart at 1.5h (short circulation 
protocol) and 24h (long circulation protocol) after nanoparticle injection. Mice 
injected with Gd-DTPA served as a negative control to determine the level of 
NIR-autofluorescence, which was found negligible throughout the entire heart 
(Fig. 3.2A). Both micelles and liposomes were detected in the remote areas 
after 1.5h (predominantly in blood vessels), but were no longer detected after 
24h. Upon administration of micelles, massive NIR-fluorescence was observed 
in the infarcted myocardium and its border zone after 1.5h. At 24h, the 
fluorescence signal from micelles was still high, but lower than at 1.5h. Little 
fluorescence from liposomes was observed after 1.5h, whereas a considerable 
level of liposomal fluorescence was observed at 24h. Co-staining with laminin 
revealed that micelles distributed homogeneously in the infarcted myocardial 
fibers (Fig. 3.2B, C). Liposome accumulation was highest in the border zone 
and concentrated in distinct spots that were mostly close to or co-localized with 
blood vessels (Fig. 3.2D, E; insets). Occasionally, liposomal fluorescence 
co-localized with leukocytes.  
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Figure 3.2  Ex vivo CLSM images of the infarct area in acute MI (one day old) after intravenous 
injection of Gd-DTPA, micelles and liposomes. A) Gd-DTPA (negative, non-fluorescent control). 
B) Micelles (short circulation protocol). C) Micelles (long circulation protocol). D) Liposomes (short 
circulation protocol). E) Liposomes (long circulation protocol). Red = NIR664-lipid 
(micelles/liposomes); cyan = CD18 (1st column) or CD31 (3rd column); green = CD68 (2nd column) 
or laminin (4th column). Bar = 100μm. Insets in D) and E) show the co-localization of liposomes 
(red) with blood vessels (cyan) at high magnification. Scale bar = 20μm. 
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Table 3.3  Scoring of micelle and liposome accumulation in the myocardium after acute MI (one 
day), and scoring of stainings for blood vessels, leukocytes and macrophages. Hearts from 
Gd-DTPA-injected mice were used to determine tissue autofluorescence. 

 remote border infarct 

Distribution    
   Gd-DTPA - - - 
   micelles    
         short circulation + ++ ++ 
         long circulation - + + 
   liposomes    
         short circulation + + +/- 
         long circulation - ++ + 
Stainings    
   blood vessels (CD31) ++ + +/- 
   leukocytes (CD18) - + + 
   macrophages (CD68) - +/- +/- 

Symbols: - = no; +/- = low; + = moderate; ++ = high. 
 

3.3.6 Chronic MI: in vivo MRI 

To explore whether micelles and liposomes are also able to accumulate in 
chronic infarcts, nanoparticles were administered one week after coronary 
artery occlusion. In Fig. 3.3A representative T1-weighted MR images acquired 
before, 0.1h, 1.5h, 24h and 48h after contrast agent administration are shown, 
with Gd-DTPA serving as a positive control. Similar to acute MI, Gd-DTPA 
exhibited fast, but non-persistent signal enhancement of the infarcted 
(anterolateral) versus remote (septal) myocardium in chronic MI. Interestingly, 
after injection of micelles and liposomes, the MRI enhancement pattern within 
chronic infarcts was found to differ strongly from that in acute infarcts. Early 
after nanoparticle administration (0.1-1.5h), there was no homogenous signal 
hypoenhancement of the infarct as compared to the remote myocardium, but 
within the infarct the subepicardium appeared hyperenhanced compared to the 
subendocardium. Furthermore, after 24h and 48h no persistent infarct 
enhancement was observed. 
 
The CNR between infarcted and remote myocardium of representative mice 
during the first 1.5h after administration are displayed in Fig. 3.3B. For 
Gd-DTPA, the CNR increased rapidly after injection followed by a steady 
decrease during 1.5h. Injection of micelles and liposomes resulted in a 
negative CNR, which gradually increased over time. Quantitative mean CNR 
values for the different groups and time points are presented in Fig. 3.3C. The 
CNR was significantly increased at 0.1h after administration of Gd-DTPA 
(27.5±4.9, p<0.05 vs. pre) and had returned to pre-injection levels for all later 
time points. Injection of micelles and liposomes resulted in a negative CNR at 
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0.1h (-10.2±2.3 and -11.8±0.8). At 1.5h, the mean CNR had increased to 
0.2±2.7 and -4.4±1.6 for micelles and liposomes, respectively, with the largest 
increase generated by micelles. At 24h and 48h, mean CNRs between 
infarcted and remote tissue were not significantly different from pre-injection 
values, with CNR24h=0.6±2.0 and 3.0±2.9, and CNR48h=1.0±1.3 and -2.2±2.7 
for micelles and liposomes, respectively. Therefore, MRI provided no evidence 
for significant long-term retention of micelles and liposomes in chronically 
infarcted myocardium. 
 
Closer inspection of the MR images revealed regional differences in 
nanoparticle distribution between subepicardial and subendocardial regions in 
the infarct during the chronic phase (Fig. 3.3A). The subepicardial signal 
enhancement was larger than subendocardial enhancement during the first 
1.5h after injection of micelles and liposomes, resulting in a positive CNR 
between subepicardial and subendocardial infarct areas, which gradually 
decreased with time (Fig. 3.3D). Group mean CNR values (Fig. 3.3E) at 0.1h 
were significantly increased to 4.5±1.2 and 4.8±1.2 by micelles and liposomes, 
respectively. At 1.5h, CNR values between subepicardial and subendocardial 
areas of the myocardium for micelles and liposomes (1.8±1.3 and 1.7±0.9) 
were no longer significantly different from pre-injection levels. After 24h and 
48h, only CNR values of liposome-injected mice after 24h differed significantly 
from the pre-injection CNR. Gd-DTPA did not induce significant differences in 
the CNR between infarcted subepicardium and subendocardium at any time 
point after injection. 
 



 Paramagnetic nanoparticles for MRI-monitored drug delivery to infarcted myocardium 69 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3  In vivo MRI of mouse hearts with chronic MI (one week old) before and after 
administration of Gd-DTPA, micelles and liposomes. A) Representative short-axis T1-weighted MR 
images illustrating the time-dependent accumulation of the agents in the infarct. Arrows indicate the 
area of contrast enhancement. A = anterior; L = lateral; I = inferior; S = septal. B) CNR of infarcted 
vs. remote myocardium of three representative mice during the first 1.5h. C) Group mean CNR of 
infarcted vs. remote myocardium at 0.1h, 1.5h, 24h and 48h. D) CNR of subepicardium vs. 
subendocardium of three representative mice during the first 1.5h. E) Group mean CNR of 
subepicardium vs. subendocardium after 0.1h, 1.5h, 24h and 48h. * = p<0.05 vs. CNRpre of same 
contrast agent, ** = p<0.05 vs. CNR1.5h of same contrast agent, † = p<0.05 vs. CNRmicelles and 
CNRliposomes at same time point. 
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3.3.7 Chronic MI: ex vivo CLSM 

The distribution patterns of micelles and liposomes in the heart after chronic MI 
were determined by ex vivo CLSM. Fig. 3.4 shows representative CLSM 
images of the chronic infarcts for the various groups with NIR from the 
nanoparticles and stainings of blood vessels (CD31+), leukocytes (CD18+), 
macrophages (CD68+) and basal membranes (laminin). Within the infarcted 
myocardium, blood vessels were essentially absent in the necrotic core, while 
abundantly present in the subepicardial areas. Many macrophages were 
observed in the border zones and especially in the infarcts predominantly 
surrounding the necrotic areas, but the number of leukocytes was low. In the 
infarcts and infarct borders, spurious NIR-autofluorescence originating from 
macrophages was observed in mice injected with Gd-DTPA (Fig. 3.4A). In mice 
that received micelles or liposomes, NIR-fluorescence that co-localized with 
macrophages was also observed. However, due to macrophage 
autofluorescence and a high variation in the macrophage-related NIR-
fluorescence level between and within mice, it was not possible to determine 
whether nanoparticles accumulated in macrophages (Fig. 3.4A-E). NIR-
fluorescence from micelles was found distributed along the necrotic myofibers 
in the infarcted myocardium (Fig. 3.4B, C). Liposomes were mostly observed 
inside or close to large vessels in the infarct (Fig. 3.4D, E; insets). The levels of 
NIR-fluorescence from micelles and liposomes in various regions of the heart 
from mice sacrificed at 1.5h (short circulation protocol) and 48h (long 
circulation protocol) after injection are summarized in Table 3.4. 
 
Table 3.4  Scoring of micelle and liposome accumulation in the myocardium after chronic MI (one 
week), and scoring of stainings for blood vessels, leukocytes and macrophages. Hearts from 
Gd-DTPA-injected mice were used to determine tissue autofluorescence. 

 remote border infarct 

Distribution    

   Gd-DTPA - +/- + 
   micelles    
      short circulation +/- + ++ 
      long circulation - +/- + 
   liposomes    
      short circulation +/- + + 
      long circulation - + + 
Stainings    
   blood vessels (CD31) ++ ++ + 
   leukocytes (CD18) - +/- +/- 
   macrophages (CD68) +/- + ++ 

Symbols: - = no; +/- = low; + = moderate; ++ = high. 
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Figure 3.4  Ex vivo CLSM images of the infarct area in chronic MI (one week old) after intravenous 
injection of Gd-DTPA, micelles and liposomes. A) Gd-DTPA (negative, non-fluorescent control). 
B) Micelles (short circulation protocol). C) Micelles (long circulation protocol). D) Liposomes (short 
circulation protocol). E) Liposomes (long circulation protocol). Red = NIR664-lipid 
(micelles/liposomes); cyan = CD18 (1st column) or CD31 (3rd column); green = CD68 (2nd column) 
or laminin (4th column). Bar = 100μm. The epicardium is located on the left side in the images. 
Insets in D) and E) show the co-localization of liposomes (red) with blood vessels (cyan) at high 
magnification. Scale bar = 20μm. 
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3.4 Discussion 

The use of nanoparticles as carriers for therapeutic agents to infarcted 
myocardium may offer new opportunities for the prevention or treatment of 
heart failure following ischemic heart disease. Delivery of drugs to the infarct by 
these novel systems may reduce harmful systemic side effects and enhance 
the local therapeutic efficacy by improving the retention of drugs that are 
cleared too rapidly in free form [7].  
 
Particularly in non-reperfused MI, local delivery of nanoparticle carriers to the 
infarct is an enormous challenge. On the one hand, during the acute phase of 
MI, the blood flow to the infarct is severely impaired which hampers efficient 
delivery. Nonetheless, the permeability of the vascular endothelium is 
increased enabling extravasation of nanometer-sized carriers [8]. On the other 
hand, in the chronic phase of MI, perfusion is partly restored by angiogenic and 
arteriogenic processes. However, the endothelial lining of these newly formed 
blood vessels is less permeable [9]. 
 
In this study we employed differently sized lipid-based nanoparticles, i.e. 
micelles and liposomes, to investigate the ability of these potential drug 
delivery vehicles to reach the infarcted myocardium in the acute and chronic 
state. Incorporation of paramagnetic and fluorescent labels in the nanoparticles 
allowed the use of in vivo MR imaging to monitor local delivery in the infarct at 
the macroscopic level and ex vivo high-resolution fluorescence microscopy to 
study their accumulation on the cellular level. As micelles and liposomes are 
non-covalently organized structures, the detection of paramagnetic or 
fluorescent lipids does not guarantee the integrity of such nanoparticles in the 
infarct. However, in the blood, these nanoparticles are believed to be stable. 
This approach provided detailed insights in the distribution kinetics of micelles 
and liposomes in the infarcted myocardium. Tools like those used here may 
play an important role in optimizing the design of nanocarriers in future drug 
delivery studies. 
 
In the acute MI (one day post surgery), both micelles and liposomes were able 
to permeate the non-reperfused ischemic myocardium (Fig. 3.1, 3.2). Micelles 
exhibited faster wash-in kinetics into the acute infarct than liposomes, which is 
likely related to their smaller size. Importantly, micelles distributed along the 
necrotic myofibers (Fig. 3.2B, C). This renders them suitable for the delivery of 
cardioprotective drugs to hypoxic cardiomyocytes. Other groups have shown 
that liposomes loaded with Q10, ATP or adenosine could rescue ischemic 
myocardium, as reflected in a smaller infarct size [7,25-26]. However, in these 
studies, fast infarct accumulation was achieved by administering liposomes 
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during a brief ischemic period, in most cases by intracoronary injection using 
aortic clamping, followed by reperfusion of the infarct. However, the less 
invasive intravenous administration as performed in the current study would be 
highly preferred, in particular when considering clinical translation. The 
observed washout of micelles from the infarct might reduce the efficacy of drug 
delivery. To improve the residence of micelles in the infarcted myocardium, 
they could be equipped with targeting ligands that adhere to necrotic 
myocardium e.g. directed to myosin [27-28].  
 
Liposomes revealed a slower but more persistent retention in the infarcted 
myocardium, and were often located inside or in the vicinity of blood vessels 
(Fig. 3.2D, E). Liposome extravasation was most likely limited by their large 
size. These properties make liposomes an attractive transport tool for drugs to 
the vasculature in the infarct e.g. to promote angiogenesis or regulate 
inflammatory processes [6,29]. To further improve or tune the affinity of 
liposomes for blood vessels, ligands directed to cell adhesion molecules, which 
are upregulated on the endothelium in the acute stage of MI for leukocyte 
recruitment, could be employed [30]. For example, Scott et al. previously 
exploited the binding of P-selectin targeted VEGF laden-liposomes to the 
vasculature at the infarct site to promote neovascularization [31-32]. 
 
In chronic infarcts (one week after surgery), MRI demonstrated 
hyperenhancement of the subepicardial myocardium (Fig. 3.3D) after 
administration of micelles and liposomes, suggesting (partially) re-established 
blood flow in these areas. Immunostainings indeed confirmed that 
neovascularization was abundant in the areas surrounding the necrotic infarct 
core (Fig. 3.4). This neovasculature might facilitate nanoparticle delivery to the 
infarcted myocardium. 
 
Indeed, micelles permeated the necrotic core of the infarct within a few hours 
(Fig. 3.4B), which renders them an attractive drug delivery vehicle in 
chronic MI. At later time points, however, micelles were cleared from the 
infarct (Fig. 3.4C). Infarct retention could again be improved by the use of 
targeting ligands. Nevertheless, in chronic MI, advanced fibrotic replacement of 
the lost cardiomyocytes limits the prospects of regenerative therapies. One 
promising therapeutical strategy might be the targeting of micelles towards 
(myo)fibroblasts or macrophages for the delivery of drugs that stimulate 
reparative processes in the infarcted myocardium [30,33]. Following this 
strategy, liposomes containing phosphatidylserine targeted towards 
macrophages were previously employed to initiate the secretion of 
anti-inflammatory cytokines and improve infarct healing [29]. 
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The permeability of the vasculature in chronic MI to liposomes was rather low 
(Fig. 3.4D, E). Apparently, the blood vessels in these infarcted regions possess 
a highly intact endothelium as was also shown recently by Dvir et al. [34]. 
Therefore, in chronic MI, liposomes are most suitable for targeting the 
vasculature e.g. to stimulate angiogenesis. Attractive targets might be CD13 
and αvβ3 integrins expressed on angiogenic blood vessels, which can be used 
to direct liposomes containing pro-angiogenic or anti-inflammatory drugs to the 
endothelium [35-36]. 
 
For clinical translation of micelles and liposomes as drug delivery vehicles to 
infarcted myocardium, non-invasive readouts of nanoparticle trafficking to the 
heart are of great value. This study explored the use of paramagnetic lipids 
(Gd-DOTA-DSPE) for the in vivo MRI monitoring of nanoparticle delivery in the 
myocardium. Recently, we have demonstrated the feasibility of this approach to 
monitor the delivery of liposome-encapsulated anti-inflammatory drugs to 
tumors [37]. Also in the rapidly contracting mouse heart, the time-course of 
paramagnetic micelle and liposome accumulation in the infarcted myocardium 
could be followed with high accuracy in acute and chronic stages of MI using 
T1-weighted MRI (Fig. 3.1, 3.3), which was confirmed using ex vivo microscopy 
(Fig. 3.2, 3.4). In a next step, the semi-quantitative T1-weighted MRI used in 
this study could be replaced by quantitative T1 mapping MRI sequences for 
estimation of local Gd concentrations, which might provide a platform for 
non-invasive quantification of local drug delivery to fine-tune therapy [38-39]. 
Moreover, alternative nanoparticle formulations could be used that allow MRI to 
report on the local release of therapeutic agents from nanoparticles. Recently, 
de Smet et al. have developed liposomes that contained paramagnetic 
Gd-chelates in the aqueous lumen [40] instead of covalently coupled to the 
lipid-bilayer as in our formulation. While inside the liposomes, the relaxivity of 
the Gd is reduced and the liposomes are indiscernible on MR images. Upon 
co-release of Gd and therapeutic agent from the liposome’s interior, the Gd 
relaxivity increases and the increase in MRI-contrast reports on the release of 
the therapeutic agent. 

3.5 Conclusion 

This study demonstrated delivery of micelles and liposomes to acute and 
chronic non-reperfused myocardial infarcts. Myocardial accumulation of the 
nanoparticles was monitored by non-invasive in vivo MRI and validated by 
ex vivo fluorescence microscopy. Based on differences in the accumulation 
kinetics and distribution pattern in the infarcted myocardium, we conclude that 
micelles are promising candidate delivery vehicles for cardioprotective drugs in 
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the acute stage of MI and drugs that regulate infarct healing during the chronic 
stage of MI, whereas liposomes are more suited for the delivery of 
pro-angiogenic drugs to the infarct microvasculature. 
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3.6 Supporting Information 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3.1  Biodistribution of micelles and liposomes. Representative CLSM images of liver, 
spleen and kidney of mice injected with A) Gd-DTPA, B) micelles and C) liposomes, with the top 
row showing merged fluorescence images and bottom row NIR-fluorescence only. Tissues from 
Gd-DTPA-injected mice served as a negative (non-fluorescent) control. Red = NIR664-lipid 
(micelles/liposomes); green = CD68 (macrophages); cyan = CD18 (leukocytes); yellow indicates 
co-localization of nanoparticles with macrophages. Bar = 100μm. 
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Abstract 

Background - The upregulation of intercellular adhesion molecule-1 (ICAM-1) 
on the endothelium of blood vessels in response to pro-inflammatory stimuli is 
of major importance for the regulation of local inflammation in cardiovascular 
diseases such as atherosclerosis, myocardial infarction and stroke. In vivo 
molecular imaging of ICAM-1 will improve diagnosis and follow-up of patients 
by non-invasive monitoring of the progression of inflammation.  
 
Methods & Results - A paramagnetic liposomal contrast agent functionalized 
with anti-ICAM-1 antibodies for multimodal magnetic resonance imaging (MRI) 
and fluorescence imaging of endothelial ICAM-1 expression is presented. The 
ICAM-1-targeted liposomes were extensively characterized in terms of size, 
morphology, relaxivity and the ability for binding to ICAM-1-expressing 
endothelial cells in vitro. ICAM-1-targeted liposomes exhibited strong binding to 
endothelial cells that depended on both the ICAM-1 expression level and the 
concentration of liposomes. The liposomes had a high longitudinal and 
transversal relaxivity, which enabled differentiation between basal and 
upregulated levels of ICAM-1 expression by MRI. The liposome affinity for 
ICAM-1 was preserved in the competing presence of leukocytes and under 
physiological flow conditions.  
 
Conclusion - This liposomal contrast agent displays great potential for in vivo 
MRI of inflammation-related ICAM-1 expression. 
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4.1  Introduction 

The vascular endothelium plays an essential role in the regulation of the 
inflammatory phases of atherosclerosis and related cardiovascular 
complications such as myocardial infarction and stroke [1-3]. In response to 
local pro-inflammatory stimuli, the endothelial expression of cell adhesion 
molecules is upregulated to mediate interactions with leukocytes circulating in 
the blood [4-5]. This allows for leukocyte adhesion to the endothelium, followed 
by extravasation of leukocytes through the endothelial cell layer to the site of 
inflammation. 
 

Intercellular adhesion molecule-1 (ICAM-1), a transmembrane immunoglobulin 
protein that is predominantly expressed on endothelial cells, is of major 
importance in leukocyte recruitment [6]. Upregulation of ICAM-1 contributes to 
stable binding of leukocytes and facilitates their transmigration by rearranging 
the endothelial cytoskeleton and lowering the strength of endothelial cell 
junctions [7]. Non-invasive in vivo molecular imaging of endothelial ICAM-1 
expression could therefore provide valuable insights in the progression of 
cardiovascular disease-related inflammation to improve diagnosis and 
treatment [8]. 
 
Molecular imaging employs sophisticated contrast agents that combine high 
affinity targeting ligands with imaging labels for in vivo visualization of biological 
processes at the cellular and molecular level. In this study, we introduce a 
novel liposomal contrast agent functionalized with anti-ICAM-1 antibodies for 
sensitive multimodal magnetic resonance imaging (MRI) and fluorescence 
imaging of endothelial ICAM-1 expression. MRI enables in vivo high-resolution 
imaging of ICAM-1 expression in an anatomical context, whereas ex vivo 
fluorescence microscopy can be used to study the spatial distribution of the 
liposomes at the tissue and cellular level [9]. Because of the relatively large 
diameter of the liposomes (100-150nm), passive extravasation from the blood 
is expected to be minimal and liposomes will be largely confined to the blood 
pool, which facilitates the detection of intravascular targets such as ICAM-1.  
 
The binding of ICAM-1 targeted liposomal contrast agents to endothelial cells 
was extensively studied in vitro. Liposomes were characterized with respect to 
their size, morphology, longitudinal and transversal relaxivity, and the average 
number of targeting ligands per liposome was optimized regarding sensitive 
MRI and fluorescence detection of endothelial ICAM-1 expression. Importantly, 
this study focused on various aspects that might negatively affect the binding of 
liposomes to ICAM-1-expressing endothelial cells in vivo. In the challenging 
intravascular environment, ICAM-1 targeted nanoparticles have to compete 
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with circulating leukocytes for binding to ICAM-1 [4,6]. Additionally, blood flow 
creates endothelial wall shear stress, which shortens the interaction time of 
nanoparticles with ICAM-1 and imposes hydrodynamic forces on adherent 
particles, which may result in their detachment [10-11]. Under these conditions, 
a high binding affinity of ICAM-1-targeted liposomes to the endothelium is 
crucial to enable in vivo imaging of ICAM-1. To address these issues, liposome 
binding was investigated in vitro in the presence of leukocytes and under 
physiologically relevant shear stress conditions. 

4.2  Methods 

4.2.1 Liposome preparation  

Liposomes were composed of 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC, Lipoid, Switzerland), cholesterol (Avanti Polar Lipids, USA), 
gadolinium-DOTA-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (Gd-
DOTA-DSPE, SyMO-Chem, Netherlands), DSPE-N-[methoxy-(poly(ethylene-
glycol))2000] (PEG-DSPE, Lipoid), DSPE-N-[maleimide(poly(ethylene-
glycol))2000] (Mal-PEG-DSPE, Avanti Polar Lipids) and near-infrared664-DSPE 
(NIR664-DSPE, SyMO-Chem) or 1,2-dipalmitoyl-sn-glycero-3-phospho-
ethanolamine-N-(lissamine rhodamine B sulfonyl) (rhodamine-PE, Avanti Polar 
Lipids) in a molar ratio of 1.1:1:0.75:0.075:0.075:0.003. Lipid films were 
prepared by rotary evaporation (30oC) of 50μmol lipid dissolved in chloroform 
and methanol (8:1 v/v), with additional drying under N2. To obtain liposomes, 
lipid films were hydrated at 65oC for 10min in 8ml HEPES-buffered saline 
(HBS, pH6.7), composed of 10mM HEPES and 135mM NaCl, followed by 
extrusion at 65oC through polycarbonate membrane filters of 400nm (2x) and 
200nm (10x) [12]. 

4.2.2 Liposome functionalization with antibodies 

Monoclonal mouse anti-ICAM-1 and isotype-matched control IgG antibodies 
(Ab) (clone YN1/1.7.4 and RTK4530, BioLegend, Netherlands) were covalently 
coupled to Mal-PEG-DSPE through thioether linkage to obtain anti-ICAM-1 
liposomes (aICAM-1 L) and IgG liposomes (IgG L), respectively [13]. For this 
purpose, acetylthioacetate moieties were introduced on antibodies by 
modification with N-succinimidyl S-acetylthioacetate (SATA, Sigma-Aldrich, 
Netherlands) for 40min at room temperature (RT). Various molar ratios of 
Ab:SATA (1:8, 1:20, 1:40 and 1:80) were tested to optimize antibody coupling 
to liposomes. Free SATA was removed by washing in HBS (pH6.7) on a 
Vivaspin concentrator (30kDa cut-off) by centrifugation at 3000g and 4oC. 
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Acetylthioacetate groups were converted into free thiols by deacetylation with 
hydroxylamine (pH7.0) for 1h (RT). Directly thereafter, antibodies and 
liposomes were mixed at 50μg protein/μmol lipid at 4oC under N2. Coupling of 
the antibodies to liposomes continued overnight, after which the liposomes 
were diluted in HBS (pH7.4). Liposomes were separated from non-conjugated 
antibodies by ultracentrifugation (55,000rpm; 45min; 4oC). Liposomes were 
resuspended in HBS (pH7.4) to a final concentration of 50-70mM lipid and 
stored at 4oC until further use.  

4.2.3 Liposome characterization 

Liposomal phospholipid concentration was quantified with a phosphate 
determination according to Rouser [14]. Antibody coupling efficacy to 
liposomes was determined by a Lowry-based protein assay (Bio-Rad, 
Netherlands), corrected for the presence of lipids [15]. The average 
hydrodynamic number-weighted diameter and size distribution of the liposomes 
were estimated by dynamic light scattering (DLS) of a 633nm laser on a 
Zetasizer Nano S (Malvern Instruments, UK) at RT.  
 
Liposome morphology was evaluated with cryogenic transmission electron 
microscopy (cryoTEM). Samples were vitrified on carbon-coated cryoTEM grids 
with a vitrification robot (Vitrobot Mark III, FEI, USA). Imaging was performed 
on a Tecnai 20 Sphera TEM instrument (FEI) equipped with a LaB6 filament 
(200kV) and Gatan cryoholder (approximately -170oC) at 6500x magnification.  
 
Liposomal longitudinal and transversal relaxation times (T1 and T2) were 
determined with a 9.4T horizontal bore scanner (Bruker BioSpin GmbH, 
Germany) using a 35mm-diameter quadrature RF-coil (Rapid Biomedical, 
Germany). T1 was obtained with an inversion-recovery segmented FLASH 
sequence with TR=15s and TI=72.5-4792.5ms (60 inversion times). For T2 
measurements, a spin echo sequence was used with TR=2s and TE=9-288ms 
(32 echoes). Quantitative T1 and T2 values were obtained by fitting the 
MRI-data with mono-exponential relaxation curves in Mathematica 6 (Wolfram 
Research Europe, UK). Relaxivities (r1 and r2 in mM-1Gd·s-1) were determined 
from Ri = Ri,0 + ri·[Gd], with i  {1,2}, Ri = 1/Ti,

 Ri,0 = Ri of a sample without 
liposomes and [Gd] varying from 0.01-1mM Gd. 

4.2.4 Cell culture  

Mouse brain endothelioma cells, bEnd.5 (European Collection of Animal Cell 
Cultures (ECACC)), were cultured in low glucose DMEM, supplemented with 
10% fetal bovine serum (FBS) and 5μM 2-mercaptoethanol. bEnd.5 cells 
display a basal expression of ICAM-1. ICAM-1 expression was upregulated by 
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24h activation with 40ng/ml recombinant tumor necrosis factor-α (TNFα, 
PeproTech EC Ltd., UK) as shown in Supporting Information Fig. S4.1. Mouse 
leukocytes, RAW 264.7 (ECACC), were maintained in RPMI medium, 
containing 10% FBS, 2mM L-glutamine and 105U/l penicillin/streptomycin. Prior 
to experiments, RAW cells were fluorescently labeled with 1μM calcein AM 
(Invitrogen, Netherlands) for 30min (37oC). Excess calcein was removed by 
centrifugation (2x5min, 500g). 

4.2.5 Liposomal ICAM-1 binding under static conditions 

The ability of aICAM-1 L to specifically bind to non-activated and 
TNFα-activated bEnd.5 cells was first investigated under static incubation 
conditions. To identify the liposome formulation with the highest level of ICAM-1 
binding, cells were incubated for 2h at 37oC with aICAM-1 L or IgG L, prepared 
with various ratios of Ab:SATA, or non-functionalized liposomes (L) at a 
concentration of 1mM lipid. Afterwards, cells were washed with medium and 
phosphate buffered saline (PBS) to remove non-bound liposomes. For 
fluorescence intensity quantification, cells were harvested with trypsin/EDTA, 
fixed in 4% paraformaldehyde (PFA) and stored in 0.01% sodium-azide, 
whereas for confocal laser scanning microscopy (CLSM) cells cultured in 
microscopy chambers (Ibidi GmbH, Germany) were fixed in 4% PFA and 
stored in PBS. Prior to CLSM, cell membranes were labeled with biotin 
rat-anti-mouse CD31 (10μg/ml, BioLegend) conjugated to streptavidin-
fluorescein isothiocyanate (FITC) (5μg/ml, BioLegend). Cell nuclei were labeled 
with 0.1µg/ml 4’6-diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen). 
In separate samples, goat-anti-rat Alexa488 (10μg/ml, Invitrogen) was added to 
visualize extracellularly located antibody-conjugated liposomes.   
 
The relation between the liposome concentration in the incubation medium and 
the extent of liposome binding to ICAM-1 was studied at 4oC to inhibit 
internalization of ICAM-1-liposome complexes. Non-activated and 
TNFα-activated cells were incubated for 30min at 4oC with various 
concentrations of aICAM-1 L or IgG L (0.0625-2mM lipid). Non-bound 
liposomes were removed by washing and cells were processed for 
fluorescence intensity quantification as described above.  
 
To determine the sensitivity of MRI to detect basal and upregulated levels of 
ICAM-1 expression, non-activated and TNFα-activated cells were incubated for 
2h at 37oC with aICAM-1 L, IgG L or L (1mM lipid). Next, cells were washed, 
harvested and fixed in 4% PFA. A loosely packed cell pellet was allowed to 
form at 4oC. 
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4.2.6 Competition from leukocytes 

The binding of liposomes to endothelial cells was also evaluated in the 
competing presence of leukocytes by co-incubation of non-activated or 
TNFα-activated bEnd.5 cells with 0, 2x105 or 1x106 calcein-labeled RAW 
cells/ml and aICAM-1 L or IgG L (1mM lipid) for 2h at 37oC. To study direct 
interactions of leukocytes with liposomes, RAW cells were incubated for 2h at 
37oC with aICAM-1 L or IgG L (1mM lipid) in the absence of bEnd.5 cells. After 
incubation, cells were washed and samples were prepared for fluorescence 
intensity quantification. To determine ICAM-1, CD11b and CD18 expression 
levels on RAW cells, cells were labeled by rat-anti-mouse antibodies against 
ICAM-1 (10μg/ml) conjugated to goat-anti-rat Cy3 (5μg/ml), biotin CD11b 
(10μg/ml) in combination with streptavidin-Cy3 (5μg/ml) or CD18 
R-phycoerythrin (PE) (4μg/ml) (all antibodies from BioLegend). 

4.2.7 Liposomal ICAM-1 binding under shear stress conditions 

The effect of shear stress on the ability of aICAM-1 L to associate with 
endothelial ICAM-1 was studied with a unidirectional flow system (Ibidi 
GmbH) [16]. The system was calibrated at a shear stress of 0.25Pa and 0.5Pa, 
taking into account the viscosity of medium containing liposomes 
(η=0.75mPa·s at both shear stress values). bEnd.5 cells were cultured and 
activated with TNFα on flow chamber microscopy slides (50x5x0.8mm3 μ-slide, 
Ibidi GmbH) under static conditions. Subsequently, TNFα-activated bEnd.5 
cells were incubated with aICAM-1 L or L (1mM lipid) at a constant shear stress 
of 0, 0.25 or 0.5Pa in closed flow chambers at 37oC. After 2h, cells were 
washed and the rhodamine fluorescence of adherent liposomes was evaluated 
with a Leica DMI 3000B microscope (Leica Microsystems, Netherlands) 
equipped with a Leica EL6000 light source and 590nm long pass filter. 
Afterwards, samples were prepared for fluorescence intensity quantification. To 
evaluate ICAM-1 expression at different flow rates, cells were labeled with 
rat-anti-mouse ICAM-1 (20μg/ml) and goat-anti-rat Alexa488 (40μg/ml). 

4.2.8 Cellular fluorescence intensity 

The fluorescence intensity of cell-associated rhodamine- or NIR664-lipids and 
fluorescently labeled antibodies was quantified by fluorescence activated cell 
sorting (FACS) on a Guava EasyCyte 8HT (Millipore, USA). NIR664 was 
excited with a 640nm laser and detected using a 661/19nm band pass (BP) 
filter. Rhodamine, Cy3 and PE were detected with a 488nm laser combined 
with a 583/26nm BP filter, whereas calcein-labeled RAW cells and Alexa488 
were captured with a 525/30 BP filter. Mean cellular fluorescence intensity was 
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determined with Kaluza 1.0 software (Beckman Coulter) and was corrected for 
cellular autofluorescence, unless mentioned otherwise. 

4.2.9 Cellular distribution of liposomes 

The cellular location of the liposomes was studied with CLSM. NIR664-lipids 
were visualized with an LSM 510 META system (Carl Zeiss B.V., Netherlands) 
equipped with a 633nm HeNe laser (5.0mW) in combination with a 680/60nm 
BP filter. Cell membranes and extracellular liposomes labeled with Alexa488 
were detected with a 488nm Ar laser (13.5mW) using a 525/50nm BP filter. A 
Ti:Sapphire laser tuned to 780nm (2925.0mW) was used for two-photon 
excitation of DAPI, whose fluorescence was captured with a 460/50 BP filter. 
All images were acquired with a 63x oil immersion objective at 0.07x0.07μm2 
in-plane resolution (2048x2048 matrix, 4 averages).  

4.2.10 Cellular relaxation rates and relaxivities 

Cellular relaxation rates (R1 and R2) were determined at 9.4T as described 
above. Cellular relaxivities (r1 and r2) were calculated according to:  
Ri = Ri,0 + ri·[Gd], with i  {1,2}, Ri,0 = Ri of cells incubated without liposomes. To 
quantify gadolinium concentrations, the volume of the cell pellets was obtained 
from 3D FLASH MR images (9.4T; TR=25ms; TE=3.7ms; flip angle=30o; 
100μm3 isotropic resolution) with Osirix Software (www.osirix-viewer.com), 
whereas the gadolinium content was quantified by inductively coupled plasma 
mass spectrometry (ICP-MS) using a DRCII (Perkin Elmer, USA) after 
destruction in 1:2 (v/v) nitric acid and perchloric acid at 180oC.  

4.2.11 Statistics 

One-way analysis of variance (ANOVA) with Bonferroni correction for multiple 
group comparisons and ANOVA with LSD correction or Student’s t-test for 
comparison between two groups were used to test for significant differences 
(p<0.05). Data were presented as mean±SEM. 

4.3 Results 

4.3.1 Liposome characterization 

Paramagnetic liposomes were successfully functionalized with murine 
anti-ICAM-1 or isotype matched non-specific IgG antibodies. Significant binding 
of antibodies to liposomes was observed for all Ab:SATA ratios used 
(Table 4.1).  
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Table 4.1  Properties of L, IgG L and aICAM-1 L. Liposomes contained either a NIR or a 
rhodamine fluorophore. 

 antibody coupling [%] diameter [nm] r1 [mM-1Gd·s-1] r2 [mM-1Gd·s-1] 

NIR-liposomes     
   L 2.5±2.8a,b 130±6b

 3.3±0.2b 39±1b 

   IgG L (1:8)c 64±27d 140±4 2.9 22 
   IgG L (1:20) 54±18d 140±9 2.8 23 
   IgG L (1:40) 89±46d 132±10 3.2 46 
   IgG L (1:80) 84±21d 134±5 2.7±0.4 38±6 
   aICAM-1 L (1:8) 52±28d 137±9 2.9 27 
   aICAM-1 L (1:20) 66±20d 133±16 3.3 30 
   aICAM-1 L (1:40) 88±24d 156±0d 3.1 89 
   aICAM-1 L (1:80) 83±9d 141±2 2.7±0.4 53±16 

Rhodamine-liposomes     

   L -0.8±0.8a 133±5 4.2±0.8 54±8 
   aICAM-1 L (1:80) 98±4d 163±2 3.3±0.1 53±15 

n=1-5; a baseline value indicative for the inaccuracy of the protein assay; b mean±SEM; c (1:x) the 
applied molar ratio of Ab:SATA; d = p<0.05 vs. L, ANOVA with LSD correction for NIR-liposomes 
and t-test for rhodamine-liposomes. 

 
 
In Fig. 4.1A representative DLS spectra are shown of the size distribution of 
non-functionalized liposomes (L), IgG L and aICAM-1 L (both prepared with 
antibodies modified with an 80-fold excess of SATA). A single dominant peak 
was observed for all liposome preparations, indicative of a homogeneous 
liposome size. Moreover, antibody conjugation did not significantly alter the 
mean diameter of aICAM-1 L and IgG L compared to L (Table 4.1). 
 
To study liposome morphology in higher detail, cryoTEM was performed 
(Fig. 4.1B-D). Both non-functionalized and antibody-conjugated liposome 
suspensions primarily consisted of unilamellar, spherical liposomes, with sizes 
that were in line with the DLS data.  
 
Paramagnetic liposomes displayed longitudinal and transversal relaxivities of 
approximately 3.0mM-1Gd·s-1 and 20-55mM-1Gd·s-1 at 9.4T, respectively 
(Table 4.1). The relaxivities were not significantly affected by liposome 
functionalization with anti-ICAM-1 or IgG antibodies, though there was a large 
variation in the observed r2 (p>0.05, aICAM-1 L (1:80) and IgG L (1:80) vs. L). 
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Figure 4.1  A) Representative DLS size distributions of L, IgG L (Ab:SATA = 1:80) and aICAM-1 L 
(Ab:SATA = 1:80) that were prepared from a single batch of liposomes. The three types of 
liposomes display a similar narrow size distribution. CryoTEM was used to study the morphology of 
B) L, C) IgG L (Ab:SATA = 1:80) and D) aICAM-1 L (Ab:SATA = 1:80). Lipid suspensions were 
mainly composed of single unilamellar liposomes. Scale bar = 500nm. 

4.3.2 Binding of liposomes to ICAM-1 

The ability of aICAM-1 L, prepared using antibodies modified with an 8- to 
80-fold excess of SATA, to bind to ICAM-1 was studied using bEnd.5 
endothelial cells expressing ICAM-1 at basal (non-activated) or upregulated 
(TNFα-activated) levels. Non-activated and activated cells incubated with L and 
various preparations of IgG L had a low NIR-fluorescence intensity (n=4 per 
group; not shown). In contrast, binding of aICAM-1 L significantly increased the 
fluorescence of activated cells up to 100-fold as compared to IgG L. Highest 
fluorescence intensities, indicative of the highest degree of binding, were 
observed for liposomes functionalized with anti-ICAM-1 antibodies that were 
modified with an 80-fold excess of SATA (mean fluorescence intensity = 
39.0±4.6, p<0.05 vs. all groups) (Fig. 4.2A). In addition, the fluorescence of 
non-activated cells was exclusively enhanced by aICAM-1 L compared to IgG L 
when liposomes were prepared with an 80-fold excess of SATA (mean 
fluorescence intensity = 3.1±0.9; p<0.05 vs. IgG L).  
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In Fig. 4.2B, representative CLSM images illustrate the cellular distribution of 
aICAM-1 L and IgG L (Ab:SATA = 1:80). aICAM-1 L were mainly associated 
with the cell membrane for both activated and non-activated cells. In 
accordance with the fluorescence intensity measurements (Fig. 4.2A), 
abundant binding of aICAM-1 L to activated cells (high ICAM-1 expression) 
was observed compared to low binding to non-activated cells (basal ICAM-1 
expression). Positive secondary labeling of the liposome-associated antibodies 
with fluorescent goat-anti-rat antibodies revealed that the anti-ICAM-1 moieties 
on liposomes were available on the outside of the cell membrane, thereby 
confirming their membrane-bound location (Supporting Information Fig. S4.2). 
Liposomal fluorescence was frequently observed in distinct spots (diameter = 
2.5±0.3μm, measurement of 30 spots in 3 images) that were larger than the 
size of individual liposomes. In contrast, CLSM images showed low intracellular 
accumulation of IgG L, which could only be detected at high laser power. The 
cellular distribution of aICAM-1 L and IgG L was independent on the antibody 
to SATA modification ratio (not shown). 
 

  
 
 
 
 
 
 
 

 
Figure 4.2  A) Cellular NIR fluorescence 
intensity of non-activated and TNFα-
activated bEnd.5 cells after 2h 
incubation at 37oC with aICAM-1 L, 
prepared using different Ab:SATA ratios, 
quantified with FACS. Data were 
corrected for cellular fluorescence after 
incubation with L and reflect the 
increase in fluorescence by anti-ICAM-1 
conjugation. Application of IgG L did not 
lead to an increase in fluorescence 
intensity (not shown). * = p<0.05 vs. all 
groups, ** = p<0.05 vs. IgG L, ANOVA 
with Bonferroni correction. n=3-4. 
B) CLSM images illustrating the cellular 
distribution of aICAM-1 L (Ab:SATA = 
1:80) and IgG L (Ab:SATA = 1:80) (red). 
The cell membrane was labeled with 
CD31 (green) and cell nuclei were 
counterstained with DAPI (blue). Laser 
power 633nm, IgG L: 50%, aICAM-1 
L/-TNFα: 10% and aICAM-1 L/+TNFα: 
5%. Scale bar = 50μm. 
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Above results showed that aICAM-1 L prepared with an antibody to SATA 
modification ratio of 1:80 had the highest level of association to ICAM-1 
expressing bEnd.5 cells. These liposomes had the unique ability to identify 
both basal and upregulated levels of ICAM-1 expression (p<0.05). The 
liposome formulation with a 1:80 antibody to SATA ratio was therefore used in 
further experiments described below. 

4.3.3 Liposome concentration-dependence of ICAM-1 binding 

The binding of liposomes to endothelial cells as function of the concentration of 
liposomes in the incubation medium was determined at 4oC to minimize 
liposome internalization and ICAM-1 recycling for accurate evaluation of the 
liposomal ICAM-1 binding interactions. Under these conditions, the 
NIR-fluorescence intensity of TNFα-activated bEnd.5 cells depended on the 
concentration of aICAM-1 L in the incubation medium (Fig. 4.3A), but not on 
the concentration of IgG L (Fig. 4.3B). The mean fluorescence intensity of both 
activated and non-activated endothelial cells linearly related to the 
concentration of aICAM-1 L (R2=0.99), indicating that ICAM-1 binding was not 
saturated within the concentration range studied (Fig. 4.3C). In contrast, 
application of IgG L at concentrations up to 2mM lipid did not result in 
significant binding to endothelial cells (Fig. 4.3C). Importantly, the binding of 
aICAM-1 L to activated cells was significantly higher than to non-activated cells 
(linear slope of 4.0 versus 1.0), proving that the association of aICAM-1 L was 
also related to the level of ICAM-1 expression.   
 
The minimal aICAM-1 L concentration required to detect upregulated levels of 
ICAM-1 expression on activated cells using FACS was 0.125mM lipid, whereas 
0.5mM lipid was needed to identify the basal ICAM-1 expression levels on 
non-activated cells (p<0.05 aICAM-1 L vs. IgG L). Cellular fluorescence was 
significantly higher for activated cells as compared to non-activated cells when 
incubated with aICAM-1 L at lipid concentrations of 0.25mM and higher. 
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Figure 4.3  Representative FACS spectra of NIR fluorescence of TNFα-activated bEnd.5 cells after 
30min incubation at 4oC with A) aICAM-1 L and B) IgG L at different liposome concentrations. 
C) Mean fluorescence intensity of non-activated and TNFα-activated bEnd.5 cells after incubation 
with IgG L or aICAM-1 L at liposome concentrations varying from 0.0625-2mM lipid. * = p<0.05 vs. 
IgG L, ** = p<0.05 vs. aICAM-1 L/-TNFα, t-test. n=3 for aICAM-1 L, n=1 for IgG L.  

4.3.4 MRI detection sensitivity 

To enable MR imaging of ICAM-1 expression, paramagnetic aICAM-1 L must 
specifically and significantly decrease the MRI relaxation time parameters. 
Representative T1 and T2 maps obtained at 9.4T (Fig. 4.4A) demonstrated the 
ability of aICAM-1 L to reduce the relaxation times of cells compared to native 
cells or those incubated with control liposomes (IgG L or L). This can be 
recognized from the much brighter color in pellet number 4. From these T1 and 
T2 maps, the mean cellular R1 and R2 were calculated (Fig. 4.4B, C). The R1 
and R2 of TNFα-activated cells were significantly increased by aICAM-1 L 
(1.8±0.1s-1 and 78±4s-1, respectively) with respect to controls. Importantly, a 
significant (but smaller) increase in R1 and R2 was also observed for 
non-activated cells incubated with aICAM-1 L (0.75±0.07s-1 and 39±4s-1, 
respectively). Application of control liposomes (IgG L and L) did not alter the 
cellular R1 or R2 (p>0.05). Importantly, aICAM-1 L enabled MRI to distinguish 
between cells with basal and upregulated levels of ICAM-1 expression (p<0.05). 
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Fig. 4.4D illustrates that the increase in the relaxation rates of cells incubated 
with aICAM-1 L was consistent with a significant association of gadolinium with 
activated cells (0.84±0.18mM Gd) and non-activated cells (0.20±0.08mM Gd) 
compared to control liposomes. Interestingly, the effective relaxivities r1 and r2 
of cells incubated with aICAM-1 L, which were estimated from the MRI 
relaxation rates and gadolinium concentrations, were also dependent on the 
ICAM-1 expression level. The r1 improved from 1.2±0.2mM-1Gd·s-1 to 
1.7±0.5mM-1Gd·s-1 for cells with basal and upregulated ICAM-1 expression, 
respectively, whereas the r2 increased from 42±6mM-1Gd·s-1 to 
103±16mM-1Gd·s-1 (p<0.05). We hypothesize that the increased cellular 
relaxivity for upregulated levels of ICAM-1 is due to increased immobilization of 
the liposomes on the cell membrane by steric hindrance. 
 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.4  A) Representative T1 and T2 maps of non-activated and TNFα-activated bEnd.5 cells, 
incubated for 2h at 37oC with 1) no liposomes, 2) L, 3) IgG L and 4) aICAM-1 L. Cellular B) R1 and 
C) R2 measured at 9.4T. D) Concentration of gadolinium associated with bEnd.5 cells determined 
with ICP-MS. * = p<0.05 vs. all groups, ** = p<0.05 vs. all non-activated groups, ANOVA with 
Bonferroni correction. n=4. 
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4.3.5 Competition from leukocytes 

In vivo imaging of ICAM-1 expression on inflamed endothelium by aICAM-1 L 
may be hampered by the presence of circulating leukocytes, which compete 
with liposomes for binding to ICAM-1. Additionally, leukocytes might 
phagocytose liposomes, making them unavailable for binding to endothelial 
ICAM-1. To investigate these interactions in vitro, endothelial cells were 
co-incubated with liposomes and leukocytes that constitutively express CD11b 
and CD18 (Supporting Information Fig. S4.3), a receptor pair which binds 
ICAM-1. 
 
The FACS scatter plots in Fig. 4.5A-C reveal that the NIR-fluorescence of 
TNFα-activated endothelial cells incubated with aICAM-1 L slightly decreased 
with increasing concentration of leukocytes. More extensively, in Fig. 4.5D the 
mean fluorescence intensity originating from aICAM-1 L and IgG L bound to 
either activated or non-activated endothelial cells is shown for increasing 
leukocyte concentrations. A moderate, but significant decline in endothelial 
fluorescence from 76.5±3.0 (no leukocytes) to 65.2±1.9 (2x105 leukocytes/ml) 
and 55.6±1.5 (1x106 leukocytes/ml) was observed for aICAM-1 L, indicating 
that leukocytes indeed reduced the association of aICAM-1 L with activated 
endothelium. Nevertheless, the fluorescence of activated endothelial cells was 
strongly enhanced by aICAM-1 L compared to IgG L, regardless of the 
presence of leukocytes (p<0.05). The ability of aICAM-1 L to bind to 
non-activated endothelial cells was not compromised by leukocytes, as the 
endothelial fluorescence was independent on the concentration of leukocytes in 
this case (Fig. 4.5D). 
 
Importantly, leukocytes exhibited massive accumulation of IgG L and 
aICAM-1 L, as illustrated in Fig. 4.5E, in which the mean leukocyte 
fluorescence intensity is shown. Upon incubation with IgG L, the fluorescence 
of leukocytes was increased 135-fold compared to endothelial cells (compare 
Fig. 4.5D and Fig. 4.5E). Additionally, leukocyte fluorescence was significantly 
higher when cells were incubated with aICAM-1 L (116±3) compared to IgG L 
(95.0±0.8), which is in accordance with the expression of ICAM-1 by leukocytes 
(Supporting Information Fig. S4.3). The association of liposomes with 
leukocytes was independent of the presence of endothelial cells, both for 
non-activated and activated endothelial cells. 
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Figure 4.5  Non-activated and TNFα-activated bEnd.5 cells incubated for 2h at 37oC with IgG L or 
aICAM-1 L in the presence of 0, 2.5x105 or 1x106 leukocytes/ml medium. A-C) Typical FACS 
scatter plots of liposomal NIR-fluorescence vs. GRN (green) fluorescence to distinguish 
TNFα-activated bEnd.5 cells from RAW cells labeled with calcein (green). D) Endothelial NIR 
fluorescence intensity. * = p<0.05 vs. all groups, ANOVA with Bonferroni correction. E) Leukocyte 
NIR fluorescence intensity. * = p<0.05 vs. IgG L, ANOVA with Bonferroni correction. n=3, except for 
aICAM-1 L/-TNFα n=1.  

4.3.6 Liposomal ICAM-1 binding under shear stress conditions 

The in vivo binding of aICAM-1 L to vascular endothelium requires fast and 
strong interactions with ICAM-1 to resist the continuous shear stress generated 
by blood flow. Therefore, the binding potential of aICAM-1 L was studied under 
physiologically relevant wall shear stress values up to 0.5Pa in vitro [17]. 
Fluorescence microscopy images of TNFα-activated endothelial cells incubated 
with L (0Pa) and aICAM-1 L (0, 0.25 and 0.5Pa) are shown in Fig. 4.6A. 
Fluorescence originating from binding of aICAM-1 L was detected at all applied 
shear stress values, whereas no significant fluorescence was observed after 
application of L. However, shear stress elevation resulted in a reduction of the 
fluorescence of aICAM-1 L, indicative of decreased binding to ICAM-1, 
compared to static conditions. 
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Figure 4.6  TNFα-activated cells incubated with L or aICAM-1 L for 2h at 37oC and shear stress 
values of 0, 0.25 or 0.5Pa. A) Fluorescence microscopy of rhodamine lipids in liposomes adherent 
to bEnd.5 cells (red). Scale bar = 100μm. B) Cellular rhodamine fluorescence intensity quantified 
with FACS. * = p<0.05 vs. all groups, ANOVA with Bonferroni correction, ** = p<0.05 vs. L, t-test. 
n=2-5. C) ICAM-1 expression at different shear stress levels. * = p<0.05 vs. 0Pa, ANOVA with 
Bonferroni correction. n=3. 
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After harvesting the cells from the flow chamber, the fluorescence intensity was 
quantified by FACS (Fig. 4.6B). The application of flow reduced the ability of 
aICAM-1 L to adhere to ICAM-1 on endothelial cells, as evidenced by a 
significant decrease in cellular fluorescence from 6.9±0.7 (0Pa) to 2.1±0.1 
(0.25Pa) and 1.3±0.1 (0.5Pa). A confounding factor could be that wall shear 
stress altered the ICAM-1 expression levels. Fluorescent evaluation of ICAM-1 
expression showed that ICAM-1 expression levels were increased at shear 
stress levels of 0.25Pa and 0.5Pa (Fig. 4.6C), in agreement with previous 
findings [18-19]. Therefore, the reduction of nanoparticle binding under flow 
conditions is somewhat higher than the numbers indicate. Nevertheless, the 
binding of aICAM-1 L to endothelial cells remained significantly higher than of L 
at both shear stress levels. 

4.4 Discussion 

Excessive recruitment of leukocytes to sites of atherosclerosis, myocardial 
infarction or stroke is implicated in adverse disease progression [20-21]. 
Clinical treatment decision-making might therefore substantially benefit from 
in  vivo imaging readouts of the local inflammatory status. The in vivo 
MR imaging of cell adhesion molecules expressed on inflamed vascular 
endothelium is of particular interest, considering their crucial role in mediating 
leukocyte extravasation [4]. Previous studies have demonstrated that targeted 
iron-oxide-based MRI contrast agents are able to create hypointense signals 
on T2

*-weighted images in regions of VCAM-1 or P-selectin expression in 
mouse models of atherosclerosis and brain inflammation [22-24]. Alternatively, 
the use of targeted Gd-based probes, which create signal hyperenhancement 
on T1-weighted images, has been explored as well [25-27]. Choi et al. used 
anti-ICAM-1 antibodies decorated with Gd-DTPA moieties to highlight muscular 
inflammation on in vivo MRI, whereas Sipkins et al. performed ex vivo MRI to 
visualize brain inflammation using paramagnetic ICAM-1-targeted 
liposomes  [25, 26]. In this study, a novel paramagnetic ICAM-1-targeted 
liposomal contrast agent was designed and, importantly, its interaction with 
ICAM-1 was studied in  vitro under conditions that mimic the challenging 
environment encountered in the circulation.  
 
Liposomes containing Gd-DOTA-DSPE previously have been characterized 
with respect to their MRI properties at 1.4T, which is close to a clinical field 
strength of 1.5T [12]. At 1.4T, Gd-DOTA-DSPE liposomes have a high 
longitudinal relaxivity compared to frequently used Gd-DTPA-BSA liposomes, 
which is caused by improved water access to Gd by the use of a small linker 
between DSPE and DOTA as well as by the different exchange dynamics of 
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water bound to the Gd ion that is much faster for the tetracarboxylate DOTA 
ligand than for the biscarboxoamide linear DTPA ligand [12, 28]. A high 
longitudinal relaxivity will facilitate sensitive detection of the Gd-DOTA-DSPE 
liposomes. At the high preclinical field strength used in this study (9.4T) one 
cannot fully exploit this high longitudinal relaxivity. Nevertheless, relaxivity 
numbers are expressed in terms of relaxivity per Gd atom and the very high 
payload of Gd (~105 Gd per liposome) results in much higher relaxivity values 
per nanoparticle and thus sensitive detection on T1-weighted MR images [29]. 
A possible drawback of the use of these liposomes is the enhanced r2/r1 ratio at 
9.4T, which might introduce a considerable T2-weighting in the images. 
However, by carefully choosing the MR imaging parameters, T2 effects can be 
minimized to make optimal use of the T1-lowering properties of liposomes.  
 
The binding of liposomes to ICAM-1 expressing endothelial cells was optimized 
by improving the coupling of anti-ICAM-1 antibodies by increasing the extent of 
antibody thiolation. The antibody-coupling efficacy was enhanced by 30-60% 
using an 80-fold excess of SATA compared to an 8-fold excess. The 1:80 
antibody to SATA modification ratio resulted in a liposomal antibody density of 
960-1200Ab/μm2, which compares well to recent studies using ICAM-1 
targeted polystyrene beads or ultrasound microbubbles [11, 30-31]. The ability 
of aICAM-1 L to adhere to ICAM-1 expressing endothelial cells was not 
compromised by the extensive antibody thiolation (Fig. 4.2A). Furthermore, the 
association of aICAM-1 L with endothelial ICAM-1 varied linearly with the 
concentration of liposomes (Fig. 4.3C) and did not saturate within a 
physiologically relevant range (up to 2mM lipid). This agrees with earlier 
studies using fluorescent liposomes where ICAM-1 binding was only saturated 
at higher liposome concentrations (5 to 12mM lipid) [32-33]. Importantly, the 
binding of aICAM-1 L was dependent on the level of ICAM-1 expression on the 
endothelial cell membrane (Fig. 4.2A, 4.3C), which is encouraging for the use 
of aICAM-1 L for quantitative in vivo MR imaging of ICAM-1. 
 
The sensitivity of MRI at 9.4T was sufficient to differentiate between basal and 
upregulated levels of ICAM-1 expression in vitro based on the MRI relaxation 
rates of endothelial cells after binding of paramagnetic aICAM-1 L 
(Fig. 4.4B, C). Interestingly, the contribution of aICAM-1 L to the cellular R1 was 
larger than to the R2, despite the high r2/r1 ratio of liposomes in buffer at 9.4T. 
This pronounced effect of aICAM-1 L on endothelial cellular R1 will facilitate the 
detection of ICAM-1 expression on vascular endothelium in vivo with 
T1-weighted MRI. Additionally, this finding indicated that the longitudinal 
relaxivity of aICAM-1 L could be fully exploited and was not restricted by limited 
water exchange as a result of internalization and subsequent 
compartmentation of liposomes into endosomes, as was previously observed 
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for αvβ3-targeted liposomes [34-35]. CLSM indeed showed that aICAM-1 L 
were not internalized, but were mainly bound to the extracellular side of the cell 
membrane (Supporting Information Fig. S4.2) – a distinct advantage to other 
ICAM-1 specific nanoparticles [33,36-37]. Previously, though, 
Mastrobattista et al. have shown internalization of ICAM-1 targeted liposomes 
by human lung epithelial cells, indicating that the human ICAM-1 receptor is 
able to internalize liposomes [33]. Moreover, Muro et al. have performed 
extensive studies on the internalization pathway of ICAM-1 targeted nanometer 
and micrometer sized fluorescent particles to clarify the exact mechanism for 
ICAM-1 mediated internalization in endothelial cells [36,37,40]. The observed 
lack of internalization of aICAM-1 L in our study could also be related to 
differences in the condition of bEnd.5 endothelial cells compared to human 
umbilical vein or lung epithelial cells used in other studies, thereby resulting in 
an inability to internalize aICAM-1 L through cell-adhesion-molecule-mediated 
endocytosis. 
 
In vitro competition experiments showed that the association of aICAM-1 L with 
ICAM-1 on endothelial cells was lowered in the presence of leukocytes 
(Fig. 4.5D). This is probably related to occupation and steric hindrance of 
ICAM-1 receptors by the CD11b/CD18-expressing leukocytes. In vivo, partial 
blocking of ICAM-1 receptors on inflamed endothelium by leukocytes could 
result in an underestimation of the ICAM-1 expression level by aICAM-1 L. 
Moreover, both aICAM-1 L and IgG L were internalized by phagocytotic 
leukocytes in vitro (Fig. 4.5E). This might cause false positive non-specific MRI 
signal enhancement in vivo by extravasation of liposome-laden leukocytes at 
sites of inflammation. Nevertheless, in the circulation quiescent leukocytes 
require activation by local inflammatory stimuli and therefore blood-pool 
accumulation of liposomes in leukocytes is expected to be low. 
 
The capacity of aICAM-1 L to bind to endothelial cells lining the vasculature 
could be affected by blood flow, which reduces the interaction time for liposome 
binding and imposes torque and shear forces on the adherent liposomes, as 
was previously observed for targeted fluorescent microbeads and ultrasound 
microbubbles [10-11, 38-40]. In this study, in vitro binding of aICAM-1 L to 
ICAM-1 was reduced with increasing shear stress within a physiologically 
relevant range (Fig. 4.6B) [17]. Nevertheless, the ability of aICAM-1 L to bind to 
endothelial cells in the microcirculation in vivo might be improved by the effect 
that erythrocytes preferentially occupy the center of blood vessels, thereby 
increasing the effective liposome concentration near the vessel wall and 
enhancing their probability to interact with the endothelium [41]. Furthermore, 
there are several options to improve the binding of aICAM-1 L to endothelial 
cells. Recently, Calderon et al. observed improved interaction kinetics and total 
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bond strength of ICAM-1-targeted microbeads with endothelial cells, when 
increasing the nanoparticle’s antibody density from 1100Ab/μm2 to 
4100Ab/μm2 [11]. This is probably related to an increased multivalency of 
nanoparticle-endothelial cell interactions. Furthermore, incorporation of PEG-
polymers in the liposome bilayer, as used in our liposome formulation, may 
have a positive effect on the anti-ICAM-1/ICAM-1 interaction strength. PEG is 
capable of enhancing the bond lifetime between ligands on nanoparticles and 
their corresponding receptors on cells under hydrodynamic conditions by 
increasing the bond flexibility [42]. Moreover, liposomes might be functionalized 
with more than one type of targeting ligand to optimize endothelial cell 
association under flow conditions, as previously shown for VCAM-1 and 
P-selectin targeted microbubbles by Ferrante et al. [30,43].  

4.5 Conclusion 

In this study, a high-relaxivity ICAM-1-binding liposomal MRI contrast agent 
was developed that 1) showed strong binding to endothelial cells that 
depended on both the ICAM-1 expression level and the concentration of 
liposomes, 2) could distinguish between basal and upregulated levels of 
ICAM-1 expression by MRI and 3) displayed lowered but significant binding to 
endothelial ICAM-1 in the competing presence of leukocytes and under 
physiological flow conditions. Taken together, the ability of ICAM-1 targeted 
liposomes to bind ICAM-1 under these challenging conditions might allow this 
contrast agent to visualize ICAM-1 in a variety of cardiovascular and 
neurological diseases using in vivo MR imaging. 
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4.6 Supporting Information 

 
 
 
 
 
 
 
 
 
 
 
Figure S4.1  ICAM-1 and CD31 expression levels on non-activated (–TNFα) and activated 
(+TNFα) bEnd.5 cells quantified with FACS. Fluorescence intensities were corrected for 
non-specific binding of goat-anti-rat Alexa488. The fluorescence of non-activated cells labeled with 
anti-ICAM-1 antibodies did not exceed the fluorescence of cells incubated with goat-anti-rat 
Alexa488 only. n=3 for ICAM-1 and n=1 for CD31. * = p<0.05 vs. –TNFα/ICAM-1, t-test. 

 
 
 
 
 
 
 
 
 
Figure S4.2  CLSM images of TNFα-activated bEnd.5 cells incubated with aICAM-1 L (Ab:SATA = 
1:80) (left, red). Extracellular located antibodies were labeled with goat-anti-rat Alexa488-IgG 
(middle, green). Merged image (right) shows the co-localization (yellow) of aICAM-1 L (red) and 
Alexa488-IgG (green), thereby confirming the extracellular location of aICAM-1 L. Scale bar = 
50μm. 
 
 
 
 
 
 

 
 
 
 
 

 
 
Figure S4.3  ICAM-1, CD11b and CD18 expression levels on RAW cells quantified with FACS. 
Fluorescence intensities were corrected for non-specific binding of goat-anti-rat Cy3. n=1. 
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Abstract 

Background - The upregulation of ICAM-1 in the coronary circulation after 
cardiac ischemia/reperfusion (IR) injury plays a major role in leukocyte-induced 
cardiomyocyte cell death. We have explored the use of ICAM-1 targeted 
paramagnetic liposomes for MRI visualization of ICAM-1 expression in the 
cardiac microvasculature to identify the myocardium at risk of secondary injury.  
 
Methods & Results - Paramagnetic, fluorescent liposomes were functionalized 
with anti-ICAM-1 antibodies (aICAM-1 L) or non-binding IgG antibodies (IgG L). 
In vitro, aICAM-1 L displayed significantly increased binding to TNFα-activated 
endothelial cells compared to IgG L. In mice (n=3/group), the circulation 
half-life of aICAM-1 L was significantly shorter than of IgG L (19.0±1.4min vs. 
67.5±11.6min). In the lungs, accumulation of aICAM-1 L was increased 
compared to IgG L, and aICAM-1 L co-localized with ICAM-1 expressing 
endothelium. Cardiac IR injury was induced in mice (n=4/group) and liposomes 
were intravenously administered after 16h of reperfusion. Ex vivo microscopy 
showed that aICAM-1 L were mainly associated with the vasculature in the 
infarct periphery and borders, which are sites with highly increased ICAM-1 
expression. However, aICAM-1 L did not create specific in vivo signal 
enhancement in MR images of the infarcted heart within 2h after liposome 
administration.  
 
Conclusion - ICAM-1 targeted liposomes showed in vitro and in vivo binding to 
ICAM-1 expressing endothelium. However, after cardiac IR injury, the 
sensitivity of in vivo MRI to detect ICAM-1 upregulation with paramagnetic 
aICAM-1 L was insufficient. Therefore, further optimization of the contrast 
agent formulation is needed to allow for in vivo ICAM-1 detection by molecular 
MRI. 
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5.1  Introduction 

Acute mortality by myocardial infarction has been decreased by the 
implementation of reperfusion therapies that restore the blood flow to the 
ischemic myocardium [1]. In addition, successful reperfusion of the coronary 
arteries improves the long-term recovery of the infarcted myocardium [2]. 
Unfortunately, reperfusion of ischemic myocardium also has negative effects, 
which are caused by a complex interplay of many processes [1,3-4].  
 
In short, the production of reactive oxygen species (ROS) and cytokines (i.e. 
TNFα, IL-1β) in the infarct activates the endothelium of blood vessels which 
allows circulating leukocytes, especially neutrophils, to interact with the 
endothelium [5-6]. This causes cardiomyocyte death by two pathways: 
1) Excessive binding of neutrophils to capillaries generates microvascular 
plugs, which obstruct the blood flow and reduce perfusion of the myocardium 
(no-reflow phenomenon). As a result, cardiomyocytes will experience recurrent 
ischemia, which may lead to cell death [1,3-4]. 2) Transmigration of neutrophils 
across the endothelium into the myocardium enables neutrophils to bind to 
cardiomyocytes and induce cell death by the exchange of free oxygen 
radicals [1,5]. 
 
To facilitate the binding of neutrophils to the coronary vasculature, NF-κB 
upregulates the expression of cell adhesion molecules (CAMs) on the activated 
endothelial cell membrane [1]. Intercellular adhesion molecule 1 (ICAM-1) is a 
major player, as it is involved in the firm adhesion of neutrophils to the 
vasculature through binding to LFA-1 or MAC-1 ligands on neutrophils. ICAM-1 
deficiency has been shown to reduce neutrophil accumulation in the infarct and 
to limit reperfusion injury [7-10]. ICAM-1 expression is highest in the border 
zone between viable and necrotic myocardium, a site predisposed to 
reperfusion injury, but lowered in the central ischemic area [11-12]. 
Furthermore, ICAM-1 expression is maximal 8-24h after the onset of 
reperfusion and is predominantly observed in capillaries and venules, but not in 
arteries [8,10].  
 
Considering the important role of ICAM-1 in leukocyte-induced reperfusion 
injury in the heart, in vivo readouts of the local pattern of ICAM-1 expression 
might identify the myocardium at risk of reperfusion injury. This could be used 
as a non-invasive method to predict the severity of ischemia/reperfusion (IR) 
injury, but also to measure the efficacy of therapeutic interventions.  
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In this study, we explored the potential of molecular magnetic resonance 
imaging (MRI) to visualize vascular ICAM-1 expression after cardiac IR injury in 
mice. MRI is considered the gold standard for evaluation of global and local 
cardiac function, because of its excellent myocardial contrast and high spatial 
and temporal resolution [13-15]. MRI is capable of determining the severity and 
site of contractile dysfunction, and thus the location of the infarct center and 
peripheral zones, with high accuracy. To highlight ICAM-1 expression in MR 
images, we have developed ICAM-1 binding paramagnetic liposomes that are 
aimed to locally create signal hyperenhancement in T1-weighted MRI 
(Chapter 4). In the beating mouse heart, T1-weighted MR images of the entire 
heart can be acquired in 3-5min, and therefore the time course of ICAM-1 
targeted liposome accumulation can in principle be characterized in vivo by 
MRI (Chapter 3).  
 
In vivo MR imaging of CAM expression on activated endothelium is extremely 
challenging for sensitivity reasons, since contrast agents can only bind to a 
single layer of cells lining the blood vessels. Therefore, potent contrast agents 
and image acquisition strategies are required for CAM-detection [16]. 
Previously, several studies have established in vivo visualization of various 
CAMs (E-selectin, P-selectin, VCAM-1, ICAM-1) in brain, kidney and muscle, 
using targeted paramagnetic and superparamagnetic MRI contrast 
agents [17-22]. Molecular MRI of CAM expression in the heart, however, 
remains to be demonstrated. 

5.2  Methods 

5.2.1 Liposome preparation 

Liposomes were composed of 37% 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC, Lipoid, Switzerland), 33% cholesterol (Avanti Polar Lipids, USA), 
25% gadolinium-DOTA-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (Gd-
DOTA-DSPE, SyMO-Chem, Netherlands), 2.5% DSPE-N-[methoxy(poly 
(ethyleneglycol))2000] (PEG-DSPE, Lipoid), 2.5% DSPE-N-[maleimide 
(poly(ethyleneglycol))2000] (Mal-PEG-DSPE, Avanti Polar Lipids) and 0.1% 
near-infrared-664-DSPE (NIR664-DSPE, SyMO-Chem). Lipid films were 
prepared by rotary evaporation of 50μmol lipid dissolved in a mixture of 
chloroform and methanol (8:1 v/v) at 30oC, followed by additional drying 
under N2. Next, lipid films were hydrated in 8ml HEPES-buffered saline (HBS, 
pH6.7), composed of 10mM HEPES and 135mM NaCl, for 10min and were 
sized by extrusion through polycarbonate membrane filters of 400nm (2x) and 
200nm (10x) at 65oC [23]. 
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To functionalize liposomes with antibodies, monoclonal mouse anti-ICAM-1 
and isotype-matched IgG antibodies (clone YN1/1.7.4 and RTK4530, 
BioLegend, Netherlands) were covalently coupled to Mal-PEG-DSPE resulting 
in anti-ICAM-1 liposomes (aICAM-1 L) and IgG liposomes (IgG L), respectively. 
For this purpose, free amino groups on the antibodies were converted into thiol 
groups for thioether linkage to maleimide [24]. First, antibodies were incubated 
with an 80-fold excess of N-succinimidyl S-acetylthioacetate (SATA, 
Sigma-Aldrich, Netherlands) for 40min at room temperature (RT) to modify the 
amino groups into acetylthioacetate groups. Free SATA was removed on a 
Vivaspin concentrator (30kDa cut-off) by centrifugation at 3000g and 4oC. 
Subsequently, acetylthioacetate groups were converted into free thiols by 
deacetylation with hydroxylamine (pH7.0) for 1h at RT. Deacetylated antibodies 
and liposomes were immediately mixed at 50μg protein/μmol lipid and were 
allowed to couple overnight at 4oC under N2, after which the suspension was 
diluted in HBS pH7.4. Liposomes were separated from non-conjugated 
antibodies by ultracentrifugation (55,000rpm; 45min; 4oC) and were 
resuspended in HBS (pH7.4) to a final concentration of 50-70mM lipid.  

5.2.2 Liposome characterization 

The lipid concentration was determined by a phosphate assay according to 
Rouser [25]. Antibody coupling efficacy to liposomes was measured with a 
Lowry-based protein assay (Bio-Rad, Netherlands), corrected for the presence 
of lipids [26]. The liposomal size distribution was estimated by dynamic light 
scattering (DLS) at 20oC on a Zetasizer Nano S (Malvern Instruments, UK).  
 
Longitudinal and transversal relaxivities (r1 and r2 in mM-1·s-1) of the liposomes 
were determined at 9.4T. The relaxation times (T1

 and T2) of samples with [Gd] 
varying from 0.01-1mM were measured with a 9.4T horizontal bore scanner 
(Bruker BioSpin GmbH, Germany) using a fast inversion-recovery sequence 
(TR=15s; TI=72.5-4792.5ms; 60 inversion times) for T1 and a multi-spin-echo 
sequence (TR=2s; TE=9-288ms; 32 echoes) for T2. Relaxivities were obtained 
by fitting the MRI-data with Ri = Ri,0 + ri·[Gd], with i  {1,2}, Ri = 1/Ti. 

5.2.3 Liposomal ICAM-1 binding 

The ability of aICAM-1 L to bind to ICAM-1 expressing cells was verified using 
mouse brain endothelioma cells, bEnd.5 (European Collection of Animal Cell 
Cultures). The bEnd.5 cells were cultured in low glucose DMEM, supplemented 
with 10% FBS and 5μM 2-mercaptoethanol, and ICAM-1 expression was 
upregulated by incubation with 40ng/ml recombinant TNFα (PeproTech EC, 
UK) for 24h. Next, cells were incubated for 2h at 37oC with aICAM-1 L or IgG L 
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at a concentration of 1mM lipid, followed by extensive washing with medium 
and phosphate buffered saline to remove non-bound liposomes.  
 
To determine the cellular NIR-fluorescence intensity, cells were harvested with 
trypsin/EDTA and fixed in 4% paraformaldehyde. The fluorescence intensity 
was measured with a Guava EasyCyte 8HT (Millipore, USA). NIR664 was 
excited with a 640nm laser and detected using a 661/19nm band pass (BP) 
filter. The mean fluorescence intensity was determined and corrected for 
cellular autofluorescence. 
 
For fluorescence microscopy, cells were fixed in 4% paraformaldehyde in 
microscopy chambers (Ibidi GmbH, Germany) and cell nuclei were labeled with 
DAPI (Invitrogen, Netherlands). Fluorescent images were acquired with an 
LSM 510 META system (Carl Zeiss B.V., Netherlands) through a 63x oil 
immersion objective at 0.07x0.07μm2 resolution. NIR664 was detected with a 
633nm HeNe laser combined with a 680/60nm BP filter, whereas DAPI was 
excited with a 780nm Ti:Sapphire laser and captured with a 460/50 BP filter. 

5.2.4 Liposome blood clearance kinetics & organ distribution 

All animal experiments were approved by the local ethical committee for animal 
experiments of the University of Maastricht. The blood circulation half-lives (t1/2) 
and organ distribution of aICAM-1 L and IgG L were determined in healthy 
male Swiss mice (n=3 per group; 34±1g) (Charles River Laboratories, 
Germany) upon intravenous (i.v.) injection of liposomes (50μmol Gd/kg) in the 
tail under general anesthesia (1.5-2% isoflurane in medical air). Blood samples 
(20μl) were collected from the saphenous vein before liposome administration 
and after 2, 15, 30 and 45min. At 1, 2, 4, 8 and 24h additional blood samples 
were taken. Blood samples were immediately mixed with heparinized 
physiological saline solution (1/1 v/v) to prevent coagulation. Twenty-four hours 
after liposome administration, mice were sacrificed by cervical dislocation and 
lungs, spleen, liver, kidneys, and thigh muscles were excised, frozen in 
isopentane and stored at -80oC to determine the liposome organ distribution.  
 
The T1 of the blood samples was measured with a 9.4T horizontal bore scanner 
(Bruker BioSpin GmbH) using a proton RF-coil (Rapid Biomedical, Germany) 
and an inversion-recovery segmented FLASH sequence with TR=15s and 
TI=72.5-4792.5ms (60 inversion times). The concentration of liposomes in the 

blood was derived from the T1-data by [Gd]  ∆R1 = 1/T1,post–1/T1,pre [27]. The 
∆R1 data versus the time after liposome administration was fitted with a mono-
exponential function (∆R1= Ae-ln2*t/t

1/2) in Origin8.5 (OriginLab Corporation, 
USA) to determine the blood half-lives (t1/2). 
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5.2.5 Cardiac IR surgery 

Male Swiss mice (n=8; 34±1g) (Charles River Laboratories) were subjected to 
cardiac IR. Mice were anesthetized by 1.5-2% isoflurane in medical air and 
were connected to a mechanical ventilator (Harvard Apparatus, USA). Body 
temperature was monitored using a rectal probe and was kept constant at 
37oC. The thorax was opened in the fourth intercostal space to expose the 
heart. The left anterior descending coronary artery was ligated immediately 
distal to the left atrium to induce anterolateral ischemia. After 30min, the 
ligature was removed and blood flow to the ischemic areas was restored. 
Successful IR surgeries were visually judged by a pale color of the myocardium 
during ischemia, which returned to orange/red upon reperfusion. After 
reperfusion, the thorax was closed and mice were allowed to recover at 30oC 
until the MRI examination. 

5.2.6 In vivo MRI 

The sensitivity of MRI to visualize ICAM-1 expression in the heart after cardiac 
IR injury was studied at the time point of maximal ICAM-1 upregulation, namely 
16-20h after reperfusion (unpublished observations). Approximately 14h after 
the onset of reperfusion, mice were anesthetized with 1.5-2% isoflurane and a 
catheter was inserted in the tail vein for injection of aICAM-1 L (n=4) or IgG L 
(n=4). Mice were positioned supine in a home-built cradle with sensors that 
recorded the electrocardiogram (ECG), respiration and temperature (Small 
Animal Instruments Inc., USA) [28]. The setup was placed in a 9.4T horizontal 
bore MRI scanner (Bruker Biospin GmbH), equipped with a 35mm-diameter 
quadrature proton RF-coil (Rapid Biomedical). Pre-injection T1-weighted 

MR images of the heart were acquired in short-axis orientation using an 
ECG-triggered and respiratory-gated multi-slice FLASH sequence that covered 
the entire heart (TR=63ms; TE=1.8ms; FA=60o; FOV=3x3cm2; 
matrix=192x192; NEX=6; slice thickness=1mm; number of slices=9; total 
acquisition time=3-4min). Next, aICAM-1 L or IgG L were administered i.v. at a 
dose of 100μmol Gd/kg (time point of injection was 16.3±0.3h and 16.4±0.2h 
after reperfusion for aICAM-1 L and IgG L, respectively) and post-injection 
T1-weighted MR images were acquired up to 2h after liposome injection. 
 
To evaluate global and local myocardial contractile function, cinematographic 
(cine) MRI was performed. A single-slice FLASH sequence (TR=7ms, 
TE=1.8ms, FA=15o, FOV=3x3cm2, matrix=192x192, NEX=6, slice 
thickness=1mm, number of cardiac frames=12-17) combined with 
ECG-triggering and respiratory-gating was used to obtain short-axis oriented 
movies from apex to base (approximately 8-10 slices) as well as movies in 
two-chamber and four-chamber long-axis orientation.  
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After the MRI, mice were sacrificed by cervical dislocation and the heart was 
dissected, embedded in OCT-compound, snap-frozen in isopentane and stored 
at -80oC to determine the distribution of aICAM-1 L and IgG L in the heart. 

5.2.7 MRI data-analysis 

To determine global left ventricular morphology and function, the epicardium 
and endocardium were segmented in the end-diastolic and end-systolic phase 
in the cine MRI movies using CAAS MRV FARM 2.0 Software (Pie Medical 
Imaging, Netherlands). The end-diastolic volume (EDV), end-systolic volume 
(ESV), ejection fraction (EF) and cardiac output (CO) were calculated from the 
segmented left ventricle contours. To identify areas with IR injury, local wall 
thickening (WT) was obtained from the end-systolic (ES) and end-diastolic (ED) 
wall thickness (WTS) by WT = (WTSES - WTSED) / WTSES. Regions with 
WT<15% were considered IR injured myocardium [29]. 
 
The accumulation of aICAM-1 L and IgG L in various regions of the heart was 
evaluated in T1-weighted MR images at the mid-left ventricular level with home-
built software in Mathematica 6.0. Local wall thickening values were used to 
locate the site of IR injury (WT<15%) and regions of interest (ROI) were placed 
in the infarct center (subendocardium), infarct periphery (subepicardium), 
border zones and remote myocardium.  
 
Signal enhancement (SE) in these ROIs was defined as: (μpost / μpre) -1) x100%, 
with μ the mean signal intensity in an ROI before (pre) and after (post) 
liposome administration. Contrast-to-noise ratios (CNR) between various areas 
and remote myocardium were calculated from: CNR=(μi-μremote)/σnoise, with 
i = infarct center, infarct periphery, or border and σnoise the standard deviation of 
the noise. For SE and CNR, the moving average of three consecutive scans 
was taken at 0, 0.1, 0.5, 1, 1.5 and 2h after injection of aICAM-1 L or IgG L. 

5.2.8 Ex vivo MRI 

Ex vivo MRI was performed on IR injured hearts of mice injected with 
aICAM-1 L (n=2) or IgG L (n=2) to quantify the myocardial T1 and T2. Data 
were acquired with a 9.4T horizontal bore MRI scanner using a 72mm-diameter 
volume transmit coil combined with a 4-element cardiac phased-array surface 
receive coil (both from Bruker Biospin GmbH). Hearts were immersed in a tube 
with Fomblin (Solvay, Netherlands) and placed at the center of the surface coil 
assembly. T1 and T2 were measured with a multi-slice multi-echo sequence 
that covered the entire heart in short-axis orientation using the following 
parameters: FOV=2.56x2.56cm2; matrix=192x192; slice thickness=0.9mm; 
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slice gap=0.1mm; number of slices=9; for T1: TR=200-4000ms (9 TRs); 
TE=10ms; NEX=1 and for T2: TR=2500ms; TE=9-144ms (16 TEs); NEX=2.  

5.2.9 Gadolinium quantification 

The amount of aICAM-1 L or IgG L in lung, spleen, liver, kidney and thigh 
muscle (n=1 per group) was determined by inductively coupled plasma mass 
spectrometry (ICP-MS). Tissues were destructed in a mixture of nitric acid and 
perchloric acid (1/2 v/v) at 180oC and the gadolinium concentration was 
quantified using a DRCII (Perkin Elmer, USA). 

5.2.10 Immunohistochemistry 

Organs and IR injured hearts were cryosectioned (5μm thickness) to study the 
distribution of aICAM-1 L (n=2) and IgG L (n=2) with fluorescence microscopy. 
For this, dual fluorescent stainings were performed on aceton-fixed tissue 
sections. Blood vessels and leukocytes were labeled with rat-anti-mouse 
CD31-biotin (2μg/ml) conjugated to streptavidin-FITC (1μg/ml) and 
rat-anti-mouse CD18-PE (4μg/ml), respectively. ICAM-1 was directly labeled 
with rat-anti-mouse CD54-Alexa488 (10μg/ml) and was combined with blood 
vessel staining by rat-anti-mouse CD31-biotin (2μg/ml) and streptavidin-Cy3 
(1μg/ml). All antibodies were purchased from Biolegend. 

5.2.11 Confocal laser scanning microscopy (CLSM) 

CLSM was used to visualize the distribution of aICAM-1 L and IgG L and to 
determine their co-localization with ICAM-1, blood vessels and leukocytes. 
Imaging was performed with an LSM 510 META system equipped with 633nm, 
543nm and 488nm lasers for excitation of NIR664 (liposomes), CD18-PE or 
CD31-Cy3, and CD31-FITC or CD54-Alexa488, respectively. The emitted 
fluorescence was captured through 680/60nm, 525/50nm and 598/107nm BP 
filters, respectively. All images were acquired with a 20x objective at 
0.22x0.22μm2 in-plane resolution (2048x2048 matrix, 4 averages) using 
optimized settings for each dual staining.  

5.2.12 Statistics 

To compare aICAM-1 L to IgG L a Student’s t-test was used. To evaluate the 
time course of SE and CNR on in vivo MR images for either aICAM-1 L or 
IgG L, one-way analysis of variance (ANOVA) with Bonferroni correction was 
performed. P<0.05 was considered statistically significant. Data are presented 
as mean±SEM. 
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5.3 Results 

5.3.1 Liposome characterization 

Anti-ICAM-1 and isotype-matched IgG antibodies were successfully conjugated 
to liposomes with high efficacy of 74.3% for aICAM-1 L and 105.3% for IgG L. 
The mean hydrodynamic diameter of aICAM-1 L was somewhat larger than of 
IgG L (169nm vs. 133nm). The longitudinal relaxivity (r1) of aICAM-1 L and 
IgG L at 9.4T was 3.4mM-1Gd·s-1 and 3.2mM-1Gd·s-1, respectively. The 
transversal relaxivity (r2) was 63.4mM-1Gd·s-1

 and 49.7mM-1Gd·s-1 for 
aICAM-1 L and IgG L, respectively. 

5.3.2 Liposome binding to endothelial cells in vitro 

The binding of aICAM-1 L to ICAM-1 expressing cells was validated in vitro on 
TNFα-activated bEnd.5 endothelial cells, which are known to express high 
levels of ICAM-1 (Chapter 4). The mean NIR-fluorescence intensity of the 
endothelial cells was significantly increased by incubation with aICAM-1 L 
(644.6±36.1) compared to IgG L (6.6±0.5) (p<0.05), indicating specific binding 
of aICAM-1 L to TNFα-stimulated cells (Fig. 5.1A). This was confirmed by 
fluorescence microscopy, which demonstrated high levels of NIR-fluorescence 
on endothelial cells incubated with aICAM-1 L, but not IgG L (Fig. 5.1B).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1  In vitro cell binding assays of antibody-conjugated liposomes. A) Mean cellular NIR-
fluorescence intensity of TNFα-activated bEnd.5 cells incubated with aICAM-1 L or IgG L quantified 
with FACS. n=2; * = p<0.05 aICAM-1 L vs. IgG L. B) CLSM images illustrating the cellular 
distribution of aICAM-1 L and IgG L (red). Cell nuclei were counterstained with DAPI (blue). Scale 
bar = 50μm. 
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5.3.3 Liposome blood clearance kinetics & organ distribution 

The blood circulation half-life of aICAM-1 L is an important parameter that 
determines the time-window for interaction with endothelial ICAM-1. In 
Fig. 5.2A, ∆R1 of blood samples obtained at various time points after 
administration of aICAM-1L and IgG L illustrates their clearance kinetics. ∆R1 

decreased faster for aICAM-1 L than IgG L, which implied faster clearance of 
aICAM-1 L. Indeed, the estimated mean blood circulation half-life of aICAM-1 L 
was significantly shorter than the half-life of IgG L (19.0±1.4min vs. 
67.5±11.6min, p<0.05).  
 
To examine the origin of this difference in circulation half-life of aICAM-1 L and 
IgG L, the gadolinium content of various organs was determined (Fig. 5.2B). 
Interestingly, in the lungs, the concentration of aICAM-1 L (46μg Gd/g tissue) 
was 24-fold higher than IgG L (1.9μg Gd/g tissue), suggesting ICAM-1 specific 
association of aICAM-1 L with the lungs. In spleen, liver, kidney and thigh 
muscle, no increased accumulation of aICAM-1 L compared to IgG L was 
observed. Highest concentrations of both aICAM-1 L and IgG L were detected 
in the spleen (180μg Gd/g tissue vs. 276μg Gd/g tissue), followed by the liver 
(49μg Gd/g tissue vs. 59μg Gd/g tissue). In the kidney and thigh muscle, low to 
negligible levels of aICAM-1 L and IgG L were measured.  
 
In Fig. 5.2C, CLSM-images illustrate the organ distribution of aICAM-1 L and 
IgG L at the cellular level. In agreement with the gadolinium quantification 
(Fig. 5.2B), in the lungs, the level of NIR-fluorescence of aICAM-1 L was higher 
than of IgG L. The aICAM-1 L were predominantly located in close proximity of 
blood vessels (CD31+) and co-localized with ICAM-1 (inset), contrary to IgG L, 
which showed low accumulation in leukocytes (CD18+) (not shown). This 
indicated aICAM-1 L were adherent to ICAM-1 expressing endothelium on the 
lung vasculature, which is in agreement with reported high constitutive 
expression of ICAM-1 on the lung endothelium [30]. In the spleen and liver the 
highest liposomal NIR-fluorescence was observed co-localizing with leukocytes 
for both aICAM-1 L and IgG L. In the kidneys, aICAM-1 L and IgG L were 
occasionally detected and were restricted to blood vessels in renal corpuscles, 
whereas in muscle tissue neither aICAM-1 L nor IgG L were observed. 
Although ICAM-1 was expressed in spleen, liver and kidney (not shown), this 
did not alter the distribution pattern of aICAM-1 L compared to IgG L in these 
organs. 
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Figure 5.2  Blood circulation half-life and organ distribution of aICAM-1 L and IgG L in healthy 
mice. A) ∆R1 (=R1,post - R1,pre) vs. time after liposome administration illustrates the clearance of 
liposomes from the blood. Dashed line = mono-exponential fit of IgG L-injected mice (n=3), solid 
line = mono-exponential fit of aICAM-1 L-injected mice (n=3). B) Gadolinium concentration in 
various tissues 24h after the injection of aICAM-1 L (n=1) or IgG L (n=1) expressed as μg Gd/g 
tissue weight. C) Representative CLSM images of various tissues showing the distribution of 
aICAM-1 L and IgG L (red). Bar = 100μm. Insets show the localization of liposomes with respect to 
ICAM-1 (green) in lung, leukocytes (cyan) in spleen and liver, blood vessels (green) in kidney. 
 

5.3.4 In vivo cardiac MRI after IR injury 

To explore the ability of aICAM-1 L to visualize ICAM-1 upregulation on the 
cardiac vasculature after IR injury, aICAM-1 L and control IgG L were 
administered intravenously 16h after coronary artery reperfusion and in vivo 
MR images were acquired for 2h. Cine MRI demonstrated areas with low wall 
thickening (WT<15%) in all mice, thereby confirming the presence of IR injury. 
Furthermore, the global left ventricular dimensions (EDV and ESV) and 
function (EF and CO), summarized in Table 5.1, were similar for mice injected 
with either aICAM-1 L or IgG L (p>0.05), indicating that the severity of IR injury 
was similar. 
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Table 5.1  Left ventricular dimensions and function of mice with cardiac IR injury.  

 EDV [μl] ESV [μl] EF [%] CO [ml/min] 

IgG L 57.3±4.7 24.8±3.7 57.2±3.9 18.3±1.2 
aICAM-1 L 62.3±5.0 29.8±5.5 53.2±6.1 18.3±1.5 

 
In Fig. 5.3A, representative in vivo T1-weighted MR images acquired before 
and at 0.1, 0.5, 1, 1.5 and 2h after the administration of aICAM-1 L or IgG L are 
shown. No signal hyperenhancement was visually observed in the anterolateral 
infarct or the adjacent border zones compared to the remote septal areas up to 
2h after the injection of either aICAM-1 L or IgG L. In Fig. 5.3B and 5.3C a 
quantitative analysis of the time course of the mean signal enhancement (SE) 
induced by aICAM-1 L (n=4) or IgG L (n=4) in the infarct periphery and border 
zones is presented. In both regions, administration of either type of liposome 
resulted in SE compared to the pre-injection scans at all time points, with 
maximal SE observed at 0.1h after liposome administration (SEinfarct periphery = 
32±5% and 49±16% and SEborder = 32±6% and 44±13%, for aICAM-1 L and 
IgG L, respectively). Within the infarct center, a similar time course of SE by 
aICAM-1 L and IgG L was observed (not shown). In all regions, the SE 
generated by aICAM-1 L was lower than by IgG L throughout the MRI 
examination, though this difference did not reach statistical significance 
(p>0.05). 
 
The association of aICAM-1 L to infarct endothelium is not only determined by 
their ability to specifically bind to ICAM-1 (Fig. 5.1), but also by the 
concentration of available liposomes circulating in the blood. As the blood 
circulation half-life of aICAM-1 L is substantially shorter than that of IgG L 
(Fig. 5.2A), the former are exposed to ICAM-1 expressing endothelium in the 
heart for a substantial shorter duration. Additionally, the relative contributions of 
circulating aICAM-1 L and IgG L to the observed signal enhancement might be 
different. Therefore, analysis of the CNR with the remote myocardium might 
provide additional insights in the aICAM-1 L and IgG L distribution in the IR 
injured myocardium. In Fig. 5.3D and 5.3E, the mean CNR of infarct periphery 
and border zones with remote myocardium are shown before and at 0.1, 0.5, 1, 
1.5 and 2h after injection of aICAM-1 L and IgG L. In both regions, a non-
significant increase in CNR was observed from 0.1h to 2h after liposome 
administration. The CNR of the infarct center with remote tissue showed a 
similar pattern (not shown). However, there were no significant differences 
detected between aICAM-1 L and IgG L injected mice, in any region and at any 
time point, though at 2h there was a small increase by aICAM-1 L compared to 
IgG L in both the infarct periphery and border zone (CNRinfarct periphery = 4.4±2.9 
and 4.2±2.1 and CNRborder = 0.8±0.8 and 0.6±0.6, for aICAM-1 L and IgG L, 
respectively (p=0.97 in the infarct periphery and p=0.91 in the border)). 
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In conclusion, there was no significant MRI signal or contrast enhancement by 
aICAM-1 L compared to IgG L detected on in vivo T1-weighted MRI. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3  In vivo MRI of mouse hearts with IR injury. A) Representative short-axis T1-weighted 
MR images at different time points after administration of aICAM-1 L or IgG L. A = anterior; L = 
lateral; I = inferior; S = septal. B) Mean SE of infarct periphery, C) Mean SE of infarct border zone, 
D) Mean CNR of infarct periphery vs. remote myocardium and E) Mean CNR of infarct border zone 
vs. remote myocardium at 0, 0.1, 0.5, 1.0, 1.5 and 2h after liposome administration. 
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5.3.5 Ex vivo cardiac MRI  

Ex vivo MR images of isolated IR injured mouse hearts were acquired to 
determine the T1 and T2 of the infarcted and remote myocardium. Table 5.2 
lists the mean T1 and T2 of remote myocardium and the subepicardial infarct 
periphery in short-axis oriented slices at the mid-left ventricular level in mice 
injected with either aICAM-1 L (n=2) or IgG L (n=2). There was no significant 
effect of either type of liposome on the mean T1 or T2 of infarcted myocardium 
compared to remote myocardium (p>0.05). Moreover, no significant differences 
were detected between mice injected with aICAM-1 L or IgG L (p>0.05).   
 

Table 5.2  Ex vivo T1 and T2 of mouse hearts with IR injury after injection of aICAM-1 L (n=2) or 
IgG L (n=2). 

 T1 [ms] T2 [ms] 

IgG L - remote 1291±45 28.5±0.6 
IgG L – infarct periphery 1145±90 26.0±2.6 
aICAM-1 L – remote 1305±39 27.6±1.1 
aICAM-1 L – infarct periphery 1285±51 26.5±0.7 

 

5.3.6 Ex vivo cardiac CLSM 

To study the distribution of aICAM-1 L and IgG L in the heart after IR injury, 
high-resolution fluorescence microscopy was performed. In Fig. 5.4A, the 
ICAM-1 expression pattern after 30min of ischemia and ~20h of reperfusion is 
shown. In the remote myocardium, constitutively expressed ICAM-1 was 
observed on some blood vessels (CD31 staining not shown), but the majority of 
the blood vessels was ICAM-1 negative. In the infarct border and periphery, 
many blood vessels in the viable myocardium demonstrated moderate to high 
levels of ICAM-1 expression. Occasionally, ICAM-1 was not co-localized with 
blood vessels, but was expressed by other cell types, presumably leukocytes. 
In the infarct center, ICAM-1 expression was low. 
 
The cardiac distribution pattern of aICAM-1 L and IgG L is illustrated in 
Fig. 5.4B. In the remote myocardium, there were many blood vessels (CD31+) 
but few leukocytes (CD18+). Both aICAM-1 L and IgG L were detected as 
NIR-fluorescent spots associated with blood vessels. The NIR-fluorescence 
intensity of aICAM-1 L was low compared to IgG L. In the infarct border zones, 
the blood vessel density was highest in the viable myocardium, whereas 
leukocytes were predominantly located on the edge of the infarct and in the 
infarct. High levels of both aICAM-1 L and IgG L were observed. However, the 
distribution of aICAM-1 L and IgG L was different. aICAM-1 L were mostly 
lining blood vessels in the viable areas and on the infarct edge.  
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Figure 5.4  Ex vivo CLSM of mouse hearts with IR injury. A) ICAM-1 expression patterns (green) in 
various regions of the heart at 20h after IR injury, B) Cardiac distribution of aICAM-1 L and IgG L 
(red) 3h after intravenous administration in mice with IR injury, C) Co-localization of aICAM-1 L and 
IgG L (red) with blood vessels (CD31, green) and leukocytes (CD18, cyan). In all images, the 
epicardial side of the heart is located on the top side. Bar = 100μm.  



 Molecular MRI of ICAM-1 expression after cardiac ischemia/reperfusion injury119 

Occasionally, aICAM-1 L were associated with CD18+ leukocytes or had 
extravasated from the vasculature (no co-localization with CD31 and CD18). 
IgG L were also detected inside blood vessels in the viable myocardium, but in 
the infarct IgG L often co-localized with leukocytes or had extravasated from 
the blood. In the infarcted myocardium, there were many blood vessels on the 
epicardial and endocardial periphery, but not in the infarct center. Leukocytes 
were also mainly located in the periphery or on the edge of the infarct core. 
aICAM-1 L and IgG L fluorescence was high in the infarct periphery, but low in 
the center (Fig. 5.4B). As shown in Fig. 5.4C, both types of liposomes were 
predominantly associated with blood vessels, though IgG L also co-localized 
with leukocytes (not shown). Importantly, aICAM-1 L were adherent to the 
blood vessel wall, whereas IgG L were spread throughout the vessel lumen, 
resulting in a higher IgG L fluorescence intensity. This is probably related to the 
longer circulation half-life of IgG L compared to aICAM-1 L (Fig. 5.2A). 

5.4 Discussion 

The potential of leukocytes to inflict damage to reperfused ischemic 
myocardium is regulated by ICAM-1 expression on the endothelium of the 
coronary vasculature [1]. In vivo imaging of the endothelial ICAM-1 expression 
pattern in the IR injured heart could be used to indicate areas predisposed to 
further damage. Such information could be used to improve diagnosis and 
guide treatment strategies.  
 
In this study, we explored the feasibility of MRI to detect cardiac ICAM-1 
expression with paramagnetic ICAM-1 targeted liposomes. The liposomes 
contained Gd-DOTA conjugated lipids (~105 Gd/liposome) that can be detected 
using T1-weighted MRI-sequences, and were functionalized with antibodies 
against murine ICAM-1 (~150 antibodies/liposome) to obtain ICAM-1 specificity 
(Chapter 4). The aICAM-1 L associated with ICAM-1 expressing endothelial 
cells in vitro with high specificity (Fig. 5.1). Moreover, upon in vivo application 
of aICAM-1 L in mice, liposome binding to ICAM-1 on the lung vasculature was 
positive (Fig. 5.2C). Furthermore, in a mouse model of cardiac IR injury, 
aICAM-1 L showed association with the coronary vasculature in the infarct 
periphery and border zones (Fig. 5.4C). Nevertheless, this successful binding 
of aICAM-1 L in the coronary vasculature did not translate into a specific signal 
hyperenhancement in the MR images of the mouse myocardium (Fig. 5.3). 
There are multiple factors that might have contributed to the inability of MRI to 
visualize cardiac ICAM-1 expression using the current approach. 
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First, Kukielka et al. have proposed that in cardiac IR injury, a rather low 
constitutive expression of ICAM-1 on the endothelium is sufficient for binding of 
neutrophils and upregulation of ICAM-1 is predominantly confined to 
cardiomyocytes to facilitate neutrophil binding for the transfer of cytotoxic 
species [11-12]. However, the release of cytokines as TNFα and IL-1β in the 
infarct is expected to induce ICAM-1 expression on the endothelium [1,3,5]. 
Indeed, other studies have observed upregulation of ICAM-1 on the 
vasculature in a rat model of cardiac IR injury [8]. To confirm these results in 
our mouse model, we have evaluated the ICAM-1 expression pattern after 
30min of ischemia and 0-24h of reperfusion at 4h intervals (not shown). In the 
IR injured regions, endothelial ICAM-1 expression increased in time and 
peaked after 16-20h of reperfusion. At this point, ICAM-1 expression was 
highest in the infarct periphery and border zones compared to the infarct center 
(Fig. 5.4A), which is in agreement with observations by Kukielka and Youker, 
whereas, in the remote myocardium, low constitutive ICAM-1 expression was 
detected [11-12,30]. Based on these results, the upregulation of endothelial 
ICAM-1 at 16-20h of reperfusion was expected to be maximal and a most 
favorable condition for MRI detection by aICAM-1 L. 
 
Second, endothelial ICAM-1 may have been poorly accessible for the 
aICAM-1 L at the time point of administration (16h of reperfusion). The blood 
flow to the infarct and its border zones might have been impaired by cell death 
of the infarcted blood vessels and microvascular plugging by neutrophils [1]. 
Although myocardial blood flow was not quantitatively measured in this work, 
qualitatively, low accumulation of liposomes was observed in the infarct center. 
In the infarct periphery and border zones liposomes were detected in blood 
vessels, pointing to (partially) preserved myocardial blood flow in these regions 
(Fig. 5.4C). These observations are supported by Scott et al. who showed that 
ICAM-1 targeted polystyrene microspheres rapidly accumulated in the infarct 
borders 24h after permanent coronary artery ligation in rats [31]. Further 
research is required to determine whether the trafficking of aICAM-1 L to IR 
injured myocardium is indeed insufficient and whether it can be improved by 
injecting liposomes earlier after reperfusion.  
 
A third important factor that might have affected the binding of aICAM-1 L to 
ICAM-1 in the heart is the short circulation half-life of aICAM-1 L compared to 
IgG L (Fig. 5.2A), caused by binding of aICAM-1 L to ICAM-1 expressed 
throughout the body and in particular in the lungs (Fig. 5.2C) [30,32]. It is 
possible that the clearance of aICAM-1 L was too fast to allow for sufficient 
binding of aICAM-1 L to the IR injured blood vessels in the heart for detection 
by MRI. However, in previous studies, ICAM-1 targeted MRI contrast agents 
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have been successfully employed even at a 10-fold lower dose of Gd for the 
detection of brain and thigh muscle inflammation [22,33].  
 
Also, the MRI signal enhancement is skewed towards IgG L because of the 
larger contribution of circulating IgG L and increased accumulation of IgG L by 
passive extravasation from the blood. This was confirmed by ex vivo CLSM of 
the infarct periphery and borders, where IgG L were mostly detected in blood 
vessels or extravasated into the infarct, while aICAM-1 L were predominantly 
adherent to the blood vessel wall (Fig. 5.4C). To minimize the contribution of 
circulating liposomes to the MRI signal, Sipkins et al. performed MRI 24h after 
the injection of liposomes targeted to ICAM-1 on brain endothelium compared 
to 0-2h in the current work [33]. However, in their case the endothelium was 
still intact and passive accumulation of liposomes was therefore very low. 
Alternatively, circulating IgG L and aICAM-1 L could be actively eliminated from 
the blood early after injection using a so-called avidin-chase [27,34]. In this 
way, binding of aICAM-1 L to ICAM-1 can be achieved, while at the same time 
keeping the extravasation of IgG L low. Nonetheless, IgG L will be a 
non-optimal control particle as it is preferred that ICAM-1 targeted agents and 
non-binding control agents have a similar circulation half-life. 
 
Taking together, the paramagnetic liposome detection threshold may simply be 
too high for MR imaging of ICAM-1 expression after myocardial infarction. An 
alternative strategy could be the use of large micrometer-sized iron oxide-
based contrast agents (MPIOs), which have a high MRI-detection sensitivity 
because of their high iron content and strong T2

* effect. Passive accumulation 
of MPIOs in the infarct is expected to be limited because of their large size and 
short half-life [35]. The ability of MPIOs to detect CAMs was recently shown by 
McAteer et al. who developed VCAM-1 targeted MPIOs and successfully 
applied them in various pathologies [21,36-37]. Moreover, MPIOs have been 
used to visualize macrophages on T2

*-weighted MRI in a mouse model of 
myocardial infarction [35,38]. Recently, highly sensitive novel MRI-sequences 
for T2 mapping of the mouse heart have been developed with potential for the 
detection of low levels of ICAM-1 targeted MPIOs in the IR injured heart [39]. 

5.5 Conclusion 

In this study, we have explored the ability of ICAM-1 binding paramagnetic 
liposomes to visualize ICAM-1 expression on the coronary vasculature after 
cardiac IR injury. Ex vivo fluorescence microscopy showed that aICAM-1 L 
were associated with the vasculature at sites of increased ICAM-1 expression 
in the infarct periphery and borders. However, on in vivo MRI, aICAM-1 L did 
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not create signal enhancement in these areas compared to non-specific IgG L. 
This may be attributed to a combination of many factors, including the 
difference in circulation half-lives of aICAM-1 L and IgG L. Additional studies 
will be necessary to improve the sensitivity of the ICAM-1 targeted contrast 
agent to enable in vivo cardiac ICAM-1 visualization. 
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Abstract 

Background - Controversy exists in regard to the beneficial effects of 
transplanting autologous and exogenous progenitor cells upon myocardial 
injury. We have therefore compared the functional short- and long-term 
consequences of injecting contractile progenitor cells and somatic stem cells. 
 
Methods & Results - Myocardial infarction (MI) was induced in mice (n=56), 
followed by the injection of luciferase- and GFP-expressing embryonic 
cardiomyocytes (eCMs), skeletal myoblasts (SMs), mesenchymal stem cells 
(MSCs) or medium (MI) into the infarct. Bioluminescence and fluorescence 
imaging confirmed the engraftment and survival of the cells up to eight weeks 
postoperatively. After two weeks MRI was performed, which showed that infarct 
volume was significantly decreased by eCMs only (14.8±2.2% MI+eCM vs. 
26.7±1.6% MI). Left ventricular dilation was significantly decreased by 
transplantation of any cell type, but most efficiently by eCMs. Moreover, eCM 
treatment increased the ejection fraction and cardiac output significantly to 
33.4±2.2% and 22.3±1.2ml/min. In addition, this cell type exclusively and 
significantly increased the end-systolic wall thickness in the infarct center and 
borders and raised the wall thickening in the infarct borders. Repetitive 
echocardiography examinations at later time points confirmed that these 
beneficial effects remained persistent throughout the observation period and 
were accompanied by better survival rates.  
 
Conclusion - Cellular cardiomyoplasty employing contractile and electrically 
coupling cardiac progenitor cells (eCMs) into ischemic myocardium provoked 
significantly smaller infarcts with less adverse remodeling and improved 
cardiac function and long-term survival compared to transplantation of somatic 
cells (SMs and MSCs), thereby proving that a cardiomyocyte phenotype is 
crucial to restore myocardial function. 
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6.1  Introduction 

Myocardial infarction is characterized by extensive necrosis of cardiomyocytes, 
which causes a non-reversible loss of rhythmic contractile abilities [1]. The low 
proliferative capacity of terminally differentiated cardiomyocytes has led to the 
exploration of stem cell-based therapies to regenerate new functional 
myocardium and reduce the occurrence of heart failure as a consequence of 
myocardial infarction [2].  
 
Intramyocardial injection of embryonic cardiomyocytes (eCMs) in mice has 
previously been shown to result in electrical coupling to native myocardium, 
improved ventricular function and reduction of ventricular arrhythmias [3-4]. 
The combination of these key functional characteristics of eCMs is unique 
compared to already clinically applied somatic cells such as skeletal myoblasts 
(SMs) and mesenchymal stem cells (MSCs). For these cell types neither 
electromechanical integration into the heart nor transdifferentiation into 
cardiomyocytes has been unequivocally proven [5-6]. Therefore, beneficial 
effects seen in some animal studies and human trials after cardiac SM or MSC 
transplantation [7-8] have been preferentially attributed to passive mechanisms 
such as the preservation of cardiac compliance or paracrine effects [9]. 
 
Nevertheless, this area is still controversial and the best-suited cell type has 
not been identified so far. Therefore, the goal of this study was to investigate in 
detail global and regional cardiac contractile function following cellular 
cardiomyoplasty. In particular, our study aimed to address whether observed 
changes were dependent on the type of transplanted cells, and the impact on 
long-term survival. For this, contractile and electrically coupling cardiac 
progenitor cells (eCMs) and not electrically coupling somatic cells with (SMs) or 
without (MSCs) contractile phenotypes were transplanted into infarcted 
syngeneic hearts of two different mouse strains (CD-1 and C57BL/6).   
 
To evaluate myocardial function, we applied a unique set of imaging and 
analysis tools to investigate cell survival, global and local cardiac contractile 
function and geometry, and long-term outcome. Survival of transplanted cells 
was monitored by repetitive bioluminescence imaging (BLI), whereas high 
spatial and temporal resolution in vivo echocardiography and cinematographic 
(cine) magnetic resonance imaging (MRI) were performed to characterize 
global cardiac function post infarct remodeling [10]. Additionally, to investigate 
active enhancement of local contractility by the transplanted cells, MRI-data 
were evaluated by use of the AHA 16-segment model, where for each segment 
wall thickening of 45-50 radial chords was analyzed. Furthermore, using late 
gadolinium enhancement (LGE) MRI, infarcted and remote myocardium could 
be discriminated clearly [11]. 
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6.2  Methods 

All animal experiments were performed in accordance with the declaration of 
Helsinki and were approved by the local ethical committees for animal 
experiments of Nordrhein-Westfalen (LANUV) and the University of Maastricht. 

6.2.1 Cell isolation & culture 

eCMs and SMs were obtained from transgenic CD-1 and C57BL/6 mouse 
embryos, expressing green fluorescent protein (GFP) under the α-actin 
promoter as described [4,12-13]. Briefly, eCMs were isolated from embryonic 
hearts harvested at E13.5, whereas for SM isolation the diaphragm was used 
at E18.5. After gross sectioning of the dissected tissues, cells were dissociated 
by 1mg/ml collagenase B (Roche Diagnostics GmbH, Germany) at 37oC. 

Afterwards, cells were washed once in IMDM-medium (Gibco, Germany) 
containing 20% fetal bovine serum (FBS, Gibco) and cells were cultured on 
0.1% gelatin (Sigma-Aldrich, Germany). Transgenic MSCs were aspirated from 
the femur and tibia of adult CD-1 and C57BL/6 mice, with GFP expression 
under control of the β-actin promoter, and were cultured in DMEM (Gibco) 
supplemented with 15% FBS [5].   

6.2.2 Viral transduction of cells 

Cells underwent lentiviral transduction prior to intracardiac injection to introduce 
viral-enhanced firefly luciferase (veff-luc) expression. For this purpose, veff-luc 
was cloned into a pRRL-SIN18 backbone where its expression was driven by a 
cytomegalovirus promoter. Four hours after isolation, cells were incubated at a 
concentration of approximately 1.5x106 viral particles/2.5x105 cells for 10-12h 
at 37oC. Subsequently, cells were washed with phosphate buffered saline 
(PBS, Sigma-Aldrich), harvested with trypsin (Gibco) and resuspended in 
IMDM-medium at a concentration of 1-2x105 cells/5μl for transplantation.  

6.2.3 Myocardial infarction & intramyocardial cell transplantation 

Transmural myocardial infarctions were generated in wild type male CD-1 
(n=28) and C57BL/6 mice (n=28) (10-12 weeks old, Charles River 
Laboratories, Germany). Under general isoflurane inhalation anesthesia (1-2% 
in medical air), mice were intubated and mechanically ventilated as described 
before [4,12]. The heart was exposed by a left lateral thoracotomy and the left 
coronary artery was permanently occluded directly distal to the left atrial 
auricle. Thereafter, 1-2x105 cells or 5μl IMDM-medium were injected into the 
center of the ischemic area. To visually confirm intramyocardial delivery, a blue 
dye was co-injected.  
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6.2.4 Experimental setup 

Two different protocols were used to evaluate the effects of cell transplantation 
on cardiac remodeling after myocardial infarction. 1) Short-term effects were 
studied by MRI 2 weeks after myocardial infarction in CD-1 mice treated with 
eCMs (MI+eCM), SMs (MI+SM), MSCs (MI+MSC) or IMDM-medium (MI). As a 
reference, age and gender matched CD-1 mice were used (no MI). 2) To 
monitor long-term cell survival and cardiac remodeling, BLI and 
echocardiography were performed at day 5, 13 and 49 after coronary artery 
ligation and transplantation of eCMs, SMs or MSCs (isolated from C57BL/6 
mice). For long-term experiments inbred C57BL/6 mice were used to avoid 
rejection of transplanted cells. 

6.2.5 In vivo MRI 

Cardiac MRI was performed with a 9.4T horizontal bore scanner (Bruker 
Biospin GmbH, Germany). Mice were anesthetized with isoflurane (1-2% in 
medical air) and placed in supine position in a 35mm-diameter quadrature 
birdcage RF-coil (Rapid Biomedical, Germany). Sensors were connected for 
continuous monitoring of the electrocardiogram (ECG), respiration and 
temperature (Small Animal Instruments Inc., USA).  
 
Infarct size was assessed by LGE MRI approximately 5min after intravenous 
administration of 0.3mmol Gd-DTPA/kg bodyweight (Bayer HealthCare 
Pharmaceuticals, Netherlands) with an ECG-triggered and respiratory-gated 
T1-weighted multi-slice FLASH sequence in short-axis orientation (TR=63ms, 
TE=1.8ms, FA=60o, FOV=3x3cm2, matrix=192x192, NEX=6, slice 
thickness=1mm, number of slices=9). For evaluation of cardiac morphology 
and function, cine MR images in short- and long-axis orientations were 
acquired with a single-slice FLASH sequence (TR=7ms, TE=1.8ms, FA=15o, 
FOV=3x3cm2, matrix=192x192, NEX=6, slice thickness=1mm). Ten to 11 slices 
were acquired in short-axis orientation to cover the heart from apex to base. 

6.2.6 MRI data analysis 

Epi- and endocardial contours of the left ventricle were traced in short-axis LGE 
images and in short- and long-axis cine images in end-diastole (ED) and 
end-systole (ES) using CAAS MRV FARM 2.0 software (Pie Medical Imaging, 
Netherlands). To determine the infarct size, hyperintense voxels within the 
segmented left ventricle on T1-weighted LGE MR images were identified with a 
threshold algorithm. The threshold value was defined as the mean signal 
intensity within a septal region of interest plus five times its standard deviation. 
Voxels with a signal intensity exceeding this threshold were considered infarct. 
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The transmural infarct volume was calculated as the volume of infarcted 
myocardium relative to the total left ventricular (LV) volume. For quantification 
of the epicardial infarct area, the left ventricle was partitioned into 100 
segments per slice. Segments in which infarct transmurality exceeded 50% 
were assigned as infarct. The epicardial circumferential length of the infarcted 
segments was calculated with home-built software in Mathematica 6.0 
(Wolfram Research Europe, UK) and was multiplied with the slice thickness to 
obtain the infarct surface area. The epicardial infarct surface area was 
calculated as the area of infarcted myocardium relative to the total LV area. 
 
LV dimensions were described by the endocardial ED and ES volume (EDV 
and ESV, respectively) on cine images, which were also used to calculate 
global functional parameters as the ejection fraction (EF) and cardiac output 
(CO). Regional contractility was evaluated by applying a three-dimensional 
centerline model to the segmented LV [14]. In each short-axis slice, excluding 
the most apical slice, 100 radial chords were calculated that represented the 
wall thickness (WTS) perpendicular to the myocardial wall. Wall thickening was 
defined as WT=(WTSES-WTSED)/WTSES. Regional WTS and WT were 
evaluated by distributing all chords according to the standard American Heart 
Association (AHA) model [15]. 

6.2.7 In vivo BLI 

Bioluminescence images of luciferase expression were acquired under 
isoflurane anesthesia 10min after intraperitoneal injection of D-luciferin 
(25mg/mouse, AppliChem, Germany) with a Xenogen IVIS200 system (Caliper 
Life Sciences, USA). Bioluminescence signals were detected for 90s with a 
charge-coupled device camera. Mice transplanted with non-transduced cells 
served as control.  

6.2.8 In vivo echocardiography 

Echocardiography was performed on an HDI-5000 (ATL Philips Medical 
Systems, Netherlands). Mice were anesthetized with a low-dose of isoflurane 
and 2D M-mode images were acquired in short-axis position at 0.5mm intervals 
from apex to base and in long-axis position using a 15MHz linear array 
transducer allowing frame rates up to 230Hz. To calculate functional cardiac 
parameters, the endocardium was segmented in ED and ES in both the 
long-axis image and a single short-axis image at the level of the papillary 
muscle. 
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6.2.9 Ex vivo histology 

Mice were sacrificed by cervical dislocation two or eight weeks postoperatively. 
Hearts were perfused with PBS, followed by fixation with 4% paraformaldehyde 
(Sigma-Aldrich) and dehydration in 20% sucrose (Sigma-Aldrich). Short-axis 
cryosections (10μm) were prepared at 50μm intervals with a CM3050s cryostat 
(Leica GmbH, Germany). 
 
Cell engraftment and differentiation were evaluated ex vivo using an Axiovert 
40CFL fluorescence microscope combined with an AxioCam MRm camera 
(Carl Zeiss MicroImaging GmbH, Germany). To identify engrafted cells, GFP 
expression was detected with a 505-530nm filter, using optimized exposure 
times. To assess differentiation, cryosections were fluorescently labeled with 
rabbit-anti-mouse Connexin43 (1:1000, Peptide Specialty Laboratories GmbH, 
Germany) coupled to donkey-anti-rabbit DyLight549 (1:400, Jackson 
ImmunoResearch, UK), mouse-anti-human α-actinin (1:400, Sigma-Aldrich) 
conjugated to goat-anti-mouse Cy5 (1:400, Jackson ImmunoResearch) and 
rat-anti-mouse CD73 (1:400, BD Pharmingen, Germany) combined with 
goat-anti-rat Alexa555 (Invitrogen, Germany). For nuclear staining 
Hoechst 33342 (1:1000, Sigma-Aldrich) was used. 

 
To examine general infarct structure, collagen was stained with direct red 80 in 
picric acid (1g/l, both Sigma-Aldrich). Images were acquired with a 
ProgRes C10 in combination with Capture Pro Image Acquisition Software 
(JenOptik Optical Systems GmbH, Germany) through a binocular loupe (Leica) 
with 10ms shutter time.  

6.2.10 Statistical analysis 

Data were presented as mean±SEM. One-way analysis of variance (ANOVA) 
with Dunnett’s correction for intergroup comparisons was used to compare MRI 
data of healthy mice and eCM-, SM- or MSC-treated mice to mice with 
myocardial infarction that did not receive cells. Besides, one-way ANOVA with 
Dunnett’s correction was used to detect differences between eCM- and SM- or 
MSC-treated mice. Longitudinal echocardiography data were analyzed with 
repeated measures ANOVA to detect changes in eCM, SM or MSC 
transplanted mice in time. For statistical analysis of the time-course of survival, 
a log-rank test was used. Level of statistical significance was set at p=0.05. 
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6.3 Results 

6.3.1 Cell survival & differentiation 

Ischemic, necrotic myocardium is a challenging environment for the 
engraftment and survival of transplanted cells. Two and eight weeks after 
implantation, the presence of grafted cells within the lesion was proven by their 
native GFP fluorescence, which could be visualized by fluorescence 
microscopy (Fig. 6.1A, C). Bright epifluorescence of GFP-expression from 
eCMs (MI+eCM), SMs (MI+SM) or MSCs (MI+MSC) was detected in the 
infarct. No GFP-fluorescence was observed in infarcted hearts of mice that did 
not receive cell injections (MI) and in the anterolateral LV wall of mice without 
MI (no MI). The grafted cells were found exclusively within the infarcted 
myocardium and in the border zone of the lesion and did not migrate into 
remote myocardium. 
 
The size of the graft was dependent on the type of cells transplanted. However, 
as reported earlier, overall cell survival was found to be poor [4]. Two weeks 
post-operatively GFP+ cells were counted within the infarct and border zone to 
estimate the engraftment and only ~3000 cells (~2%) were found in the SM 
(n=3) and in the eCM grafts (n=3) [4]. In MSC transplanted hearts only singular 
engrafted cells were detected (Fig. 6.1A). One mouse in which cell engraftment 
had failed was excluded from further analysis.  
 
In Fig. 6.1B, picrosirius histological staining illustrates the effect of cell 
transplantation on the architecture of the left ventricle two weeks 
postoperatively. Compared to wild-type mice (no MI), LV dilation and wall 
thinning at the lesion site were most prominent in mice with myocardial 
infarction that were not treated (MI). After intramyocardial injection of SMs 
(MI+SM) or MSCs (MI+MSC) only a slight reduction of LV dilation was 
observed. After transplantation of eCMs (MI+eCM) dilation of the left ventricle 
was clearly more attenuated compared to the other groups. Furthermore, LV 
wall thickness within the infarct was increased by the engraftment of eCMs, 
which like the SMs could be identified within the lesion by picrosirius red 
staining as islets of viable cells. 
 
In transplanted eCMs the gap junction protein Connexin43 as well as α-actinin 
expression could be demonstrated 2 and 8 weeks postoperatively. Data at 
eight weeks are presented in Fig. 6.1C. Engrafted cardiomyocytes showed 
prominent cross-striation indicating further differentiation of the transplanted 
eCMs [4]. As expected, grafted SMs only stained positive for α-actinin, but not 
for Connexin43, indicating their differentiation into mature myocytes. MSCs did 
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not adopt a contractile phenotype and, moreover, still expressed the 
MSC-marker CD73 [5]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.1  A) Ex vivo fluorescence microscopy of GFP expressing eCMs, SMs and MSCs two 
weeks after transplantation in infarcted myocardium to evaluate cell engraftment and survival. GFP 
is depicted in green and autofluorescence is shown in red. Bar = 20μm. B) Ex vivo picrosirius 
staining to determine general infarct composition two weeks postoperatively. Engrafted eCMs and 
SMs can be identified within the lesion (arrows). Bar = 1mm. C) Ex vivo fluorescence microscopy to 
evaluate cell differentiation eight weeks after transplantation. For all groups, GFP fluorescence is 
depicted in green and cell nuclei in blue. For eCMs (top) and SMs (middle) the cardiomyocyte 
marker Connexin43 is shown in red and α-actinin in white, whereas for MSCs (bottom) the 
mesenchymal stem cell marker CD73 is shown in red. Bar = 20μm. 
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6.3.2 Infarct volume and area 

Histology established differences in cell engraftment and survival, as well as 
changes in infarct remodeling. In order to quantify the impact on cardiac 
remodeling in vivo in detail, high-resolution MRI was performed two weeks 
postoperatively. First, infarct size was determined by in vivo LGE MRI, which 
was acquired five minutes after the intravenous administration of Gd-DTPA. In 
Fig. 6.2A, representative T1-weighted short-axis MR images are shown for the 
various groups. These images were obtained at the mid-LV level, making them 
therefore very comparable. The hyperenhanced infarcted myocardium could 
clearly be delineated in mice with MI, MI+SM and MI+MSC, whereas in mice 
with MI+eCM an inhomogeneous pattern of epicardial signal enhancement was 
observed in the anterolateral wall.  
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
Figure 6.2  A) Representative in vivo T1-weighted mid-LV short-axis LGE MR images two weeks 
after myocardial infarction for each experimental group. Infarct size was quantified from LGE 
images as B) relative transmural infarct volume and C) relative epicardial infarct surface area. 
No MI: n=6, MI+eCM: n=5, MI+SM: n=5, MI+MSC: n=7 and MI: n=8. * = p<0.05 vs. MI, † = p<0.05 
vs. MI+eCM. The infarct volume and area measured in wild type mice (no MI) was indicative for the 
accuracy of the analysis.  

 
Quantification of the relative transmural infarct volume (Fig. 6.2B) indicated that 
transplantation of eCMs after myocardial infarction led to a significant decline in 
the infarct volume from 26.7±1.6% (MI, n=8) to 14.8±2.2% (MI+eCM, n=5). This 
was a unique feature of eCM therapy, since intramyocardial injection of SMs 
(n=5) or MSCs (n=7) had no significant effect on the infarct volume (25.3±2.1% 
and 25.9±2.3%, respectively, p>0.05 vs. MI). Another common measure of 
chronic infarct size is the epicardial surface area of LV segments consisting of 
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more than 50% infarcted myocardium (Fig. 6.2C). The relative infarct area 
showed a similar trend as the infarct volume (compare Fig. 6.2B and 6.2C). 
The relative epicardial infarct area was significantly reduced by eCM treatment 
from 31.7±2.1% (MI) to 15.2±1.9% (MI+eCM, p<0.05), but no significant 
changes were found in case of SM or MSC injection (28.5±2.5% and 
30.2±3.2%, respectively). Furthermore, when comparing the effect of 
transplantation of eCMs to that of SMs and MSCs, the infarct volume and area 
were both significantly lowered by eCM engraftment (p<0.05, MI+eCM vs. 
MI+SM and MI+MSC).  

6.3.3 Global cardiac morphology & function 

The effect of cell transplantation on various aspects of cardiac remodeling was 
evaluated two weeks after myocardial infarction with in vivo cine MRI. In 
Fig. 6.3A and 6.3B a collection of representative short- and long-axis 
end-diastolic cardiac MR images is shown for the five groups. A decrease in LV 
dilation was observed by transplantation of either type of cells, which was in 
accordance with ex vivo histology (Fig. 6.1B). 
 
Quantitative analysis of LV dimensions showed that both EDV (Fig. 6.3C) and 
ESV (Fig. 6.3D) were significantly decreased by transplantation of any of the 
three different cell types (p<0.05 vs. MI). Cell therapy caused a decrease in 
EDV from 214.1±14.6μl (MI, n=8) to 121.6±7.6μl (MI+eCM, n=5), 163.6±17.3μl 
(MI+SM, n=7) and 160.5±7.2μl (MI+MSC, n=7), whereas ESV decreased from 
184.7±16.3μl (MI) to 81.3±6.7μl (MI+eCM), 133.3±17.4μl (MI+SM) and 
123.9±7.9μl (MI+MSC). Importantly, the attenuation of LV dilation was most 
prominent when mice received eCMs (MI+eCM vs. MI+SM, p<0.05, and 
MI+eCM vs. MI+MSC, p<0.1). 
 
To evaluate global cardiac function, EF was determined (Fig. 6.3E). An 
improvement of EF after transplantation of all three cell types (MI+eCM 
33.4±2.2%, MI+MSC 23.2±1.6%, MI+SM 19.7±3.1%) compared to MI mice 
(14.9±2.4%) could be demonstrated, which reached a significant level (p<0.05) 
for the eCM and MSC groups. Within the cell transplantation groups again the 
increase of EF was significantly higher (p<0.05) after intramyocardial injection 
of eCMs compared to MSCs or SMs. Cardiac performance was further 
characterized by the CO (Fig. 6.3F). The eCM therapy significantly restored CO 
from 15.8±0.9ml/min (MI) to 22.3±1.2ml/min (MI+eCM), which was even very 
similar to that of wild type mice (21.6±0.5ml/min). CO was not or only barely 
improved in mice that received SMs or MSCs (14.6±1.6ml/min and 
18.6±1.2ml/min, respectively, p>0.05 vs. MI).  
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Figure 6.3  Representative in vivo end-diastolic MR images two weeks after myocardial infarction 
in A) short-axis (mid-LV) and B) long-axis orientation for each experimental group. Global cardiac 
morphology and function were obtained from in vivo cine MR images: C) EDV, D) ESV, E) EF and 
F) CO. No MI: n=6, MI+eCM: n=5, MI+SM: n=7, MI+MSC: n=7 and MI: n=8. * = p<0.05 vs. MI, 
† = p<0.05 vs. MI+eCM.  

 
In summary, our morphological analysis demonstrated that cell therapy with 
any of the three different cell types used could attenuate post-infarct ventricular 
dilation. However, the positive effects were much more pronounced after 
intramyocardial eCM injection and are therefore fully in line with the histological 
findings. Furthermore, extensive functional MRI analysis also yielded 
impressive improvements in the eCM group.  
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6.3.4 Regional myocardial contractility 

In vivo MRI proved that eCM, but not somatic stem cell treatment, significantly 
attenuated infarct size and significantly improved global function. To elucidate 
whether cellular cardiomyoplasty could also improve regional contractile 
function, changes in local LV wall thickness were studied throughout the 
cardiac cycle by exploiting the high contrast on in vivo cine MR images 
between the myocardium and surrounding tissue. Fig. 6.4A and 6.4B illustrate 
the mean regional end-systolic wall thickness (WTSES) and wall thickening 
(WT) two weeks postoperatively in 16 segments of the standard AHA model. 
Both WTSES and WT were reduced by myocardial infarction at the apical and 
mid-LV level (p<0.05 no MI vs. MI).  
 
 

 

 

 

 

 
 
 
 
Figure 6.4  Regional contractile function two weeks after myocardial infarction, described by group-
averaged A) end-systolic wall thickness and B) wall thickening after segmentation of the LV 
according to the 16 segment AHA model for mice with no MI (n=6), MI+eCM (n=5), MI+SM (n=7), 
MI+MSC (n=7) and MI (n=8). * = p<0.05 vs. MI, † = p<0.1 vs. MI. The segment numbering is 
clarified in A). 

 
Transplantation of eCMs resulted in a significant increase in the WTSES in all 
apical and mid-LV segments, except for the apical anterior segment (AHA 
segment #13) (Fig. 6.4A). In the apex, the mean WTSES of all segments 
(#13-16) increased from 447±33μm (MI) to 628±54μm (MI+eCM), whereas at 
the mid-LV level eCM treatment improved the mean WTSES of all segments 
(#7-12) from 650±92μm (MI) to 970±94μm (MI+eCM). 
 
Moreover, eCM injection enhanced the WT at the apical as well as mid-LV level 
(Fig. 6.4B). In the apex (#13-16), the mean WT increased from -3.8±2.3% (MI) 
to 4.6±3.9% by eCM transplantation (p<0.05). Furthermore, there was a 
significant (p<0.05) augmentation in the WT of the inferior segment (#15) from 
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-3.1±2.1% (MI) to 13.1±4.7% (MI+eCM). At the middle of the left ventricle in the 
infarct border zone, WT was significantly enhanced by eCM transplantation in 
the anteroseptal (#8), inferoseptal (#9), inferior (#10) and inferolateral (#11) 
segments (p<0.05 vs. MI). Furthermore, in the anterior area (#7) a trend 
towards improved WT was found by eCM therapy (p=0.07 vs. MI). The mean 
WT at the mid-LV level (#7-12) was increased from 2.5±5.1% (MI) to 
20.3±8.0% (MI+eCM) (p<0.05). No significant improvements in WT were 
detected at the approximate site of eCM delivery (anterolateral segments #12, 
13 and 16).  
 
For SM and MSC transplantation no evident improvements in both WTSES and 
WT were observed. Therefore, eCMs had the unique potential to improve local 
myocardial contractile function, especially within the border zones at the 
mid-LV level.  

6.3.5 Long-term effects of cell engraftment on animal survival and 
cardiac function 

The MRI analysis clearly proved a prominent functional benefit by the 
engraftment of eCMs. However, earlier studies suggested that such beneficial 
effects of cell replacement could be of transient nature [16]. For this, long-term 
effects of cell engraftment on animal survival and cardiac function were studied 
in a second series of mice up to eight weeks postoperatively. In Fig. 6.5A, 
survival curves of mice with myocardial infarction treated with either eCMs, 
SMs or MSCs clearly illustrate that long-term survival was dependent on the 
type of injected cells. Transplantation of eCMs improved the survival of mice 
with myocardial infarction compared to SMs (p=0.18) and MSCs (p<0.05). 
Eight weeks after cell transplantation, 56% (n=5) of the mice that received 
eCMs completed the entire protocol, as opposed to 37.5% (n=3) and 0% (n=0) 
of the mice with SM and MSC transplantation, respectively. Especially, the low 
survival of MSC mice could be explained by the poor cell engraftment and the 
commonly observed high mortality in this permanent occlusion infarct model by 
extensive remodeling [1,17].  
 
Long-term cell engraftment was monitored by in vivo BLI of luciferase 
expression by viable transplanted cells. Signals originating from engrafted 
eCMs, SMs and MSCs at 5, 13 and 49 days after intramyocardial 
transplantation were detected, as illustrated in Fig. 6.5B. Over time, a slight 
signal decrease was observed for all three cell types, related to a loss of 
transplanted cells from the myocardium. Quantification of engrafted cells in the 
hearts estimated approximately 2000 eCMs (n=3) and 1500 SMs (n=3) in the 
infarcts, thereby confirming their long-term survival but also their steady decline 
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in number, which was in accordance with the decrease in the bioluminescent 
signal (Fig. 6.5B). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5  A) Survival curves of mice with myocardial infarction transplanted with eCMs (n=9), 
SMs (n=8) and MSCs (n=11), followed eight weeks postoperatively. B) In vivo longitudinal BLI of 
representative mice at 5, 13 and 49 days after transplantation of eCMs (top), SMs (middle) and 
MSCs (bottom) to monitor long-term cell survival in infarcted myocardium. C) Longitudinal 
evaluation of EF with echocardiography at day 5 and 49 after transplantation of eCMs, SMs and 
MSCs. 

 
The progression of cardiac remodeling after cell transplantation was followed 
with in vivo echocardiography up to seven weeks postoperatively. In Fig. 6.5C 
the EF is shown to illustrate the time-course of global cardiac function during 
infarct remodeling. The EF of mice that received eCMs remained constant 
during the entire period (23.5±1.9% (day 5), and 18.9±2.3% (day 49), p>0.05). 
After transplantation of SMs, EF decreased continuously from 20.3±5.6% 
(day 5) to 12.9±3.3% (day 49) (p>0.05). However, despite that EF in mice 
treated with MSCs remained relatively constant during the first two weeks 
(23.7±1.8% (day 5) vs. 19.3±11.6% (day 13); p>0.05), all mice died within five 
weeks.  
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6.4 Discussion 

Transplantation of eCMs, SMs or MSCs in infarcted myocardium led to the 
following observations: 1) only eCM transplantation reduced the relative infarct 
size. 2) LV dilation was attenuated by any type of cell therapy, as reflected in 
decreased EDV and ESV, though most by eCMs. 3) eCM transplantation 
resulted in the largest improvement in global contractile function. 4) As 
hypothesized, local contractile function was only improved by eCMs. However, 
this effect was restricted to the infarct border zones and was not observed in 
the anterolateral infarct center. 5) Long-term follow-up showed a superior 
survival of eCM-treated mice compared to SMs and MSCs.  
 
The ability of embryonic and autologous stem cells to improve the architecture 
of infarcted myocardium has been extensively explored over the past 
decade [2]. However, somatic stem cells often fail to regenerate functional 
myocardium and contribute only through passive mechanisms to cardiac 
remodeling [18-19]. Cardiac progenitor cells or stem cell derived 
cardiomyocytes that integrate electromechanically with native myocardium 
could provide the heart with new rhythmically contractile units that actively 
compensate for the loss in contractile function [4,16,20-21].  
 
To study this topic, a myocardial lesion was generated by ligation of the left 
coronary artery. Thereafter syngeneic GFP expressing murine cardiac 
progenitor cells (eCMs), or also clinically used somatic stem cells, namely SMs 
or bone-marrow-derived MSCs, were injected intramyocardially into the 
infarcted area. SMs and MSCs were not expected to differentiate into 
cardiomyocytes, but were able to form contractile myotubes or mesenchymal 
cells like fibroblasts, osteoblasts or lipocytes, respectively [2,5-6]. 

 
An in vivo multimodal imaging approach was used combining BLI to evaluate 
cell survival, and MRI and echocardiography to determine the effect of eCMs, 
SMs and MSCs on cardiac remodeling. BLI has a high sensitivity to detect 
luciferase-expressing transplanted cells due to the absence of endogenous 
luciferase expression. Indeed, repetitive BLI of luciferase expression by the 
transplanted cells showed survival of eCMs and SMs up to seven weeks 
postoperatively (Fig. 6.5B). In time, a gradual loss of cells from the heart was 
observed with BLI and counting of cells as reported before [18-19,22-23]. 

Genetic labeling of cells was preferred over physical labeling with MRI contrast 
agents such as iron oxides. Iron oxide labeling cannot report on cell viability 
and importantly several studies have observed MRI hypoenhancement 
originating from leukocytes that phagocytozed dead iron-laden cells [24-26]. 
Additionally, iron oxides disturb the anterolateral myocardial contrast required 
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for segmentation of the epi- and endocardium and moreover interfere with LGE 
evaluation of infarct size [27]. 

 
MRI enabled detailed analysis of cardiac function and remodeling, because of 
its superior ability to visualize the endo- and epicardium compared to other 
imaging modalities [28-30]. The contribution of electromechanical eCM 
coupling to local contractile function was determined with conventional cine 
MRI as MRI tagging techniques were not applicable on the thin infarct. Infarct 
size was quantified from LGE images by applying simple intensity thresholding. 
Although automatic post-processing techniques as feature analysis or region 
contouring have been shown to improve the accuracy of infarct delineation, 
changes in LGE patterns by cell therapy might be local and could be 
misinterpreted [31]. 
 
Many studies have observed positive effects of cell therapies on global cardiac 
parameters [4,9,16,18,21-22,32]. It was hypothesized by Wall et al. that this 
could be attributed to a reduction in wall shear stress by the intramyocardial 
presence of compliant material, independent of its origin [33]. Indeed, LV 
remodeling was significantly impaired by transplantation of all three cell types. 
For SMs and MSCs this was also observed, at least transiently, in clinical 
studies. However, this effect was most prominent in the eCM group 
(Fig. 6.3C, D), which indicates that the progression of cardiac remodeling also 
depended on cardiomyocyte-related cell features. This was supported by the 
finding that the fraction of chronically infarcted myocardium was only affected 
by eCM therapy (Fig. 6.2B, C). Importantly, this finding was not related to cell 
graft size, since approximately equal and very low cell numbers were counted 
in eCM and SM transplanted hearts. In addition, the endocardial areas of MRI 
signal hypointensities detected after eCM transplantation, which were absent 
after both SM and MSC therapy, do not correspond to regions of enhanced 
survival of native cells in the infarct as transmural infarcts were observed in all 
mice.  
 
A plausible explanation for the smaller infarct size could be that eCMs 
prevented infarct expansion into the viable border zones. In the acute phase of 
myocardial infarction, infarct expansion is caused by cardiomyocyte slippage, 
which results in infarct wall thinning and dilation [34]. The alignment and 
electrical integration of eCMs with the native myocardium for synchronized 
contraction could limit sliding of cardiomyocyte bundles and might actively 
preserve local wall shear stress, which reduces systolic bulging and thus acute 
infarct expansion. This might prevent chronic progressive infarct extension into 
viable border zones, which is caused by stretch-induced myocyte apoptosis in 
areas that experience increased wall shear stress [35]. Thereby, 
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transplantation of cells with a cardiomyocyte phenotype in infarcted 
myocardium might rescue the neighboring non-ischemic myocardium. This 
would also explain why eCM therapy showed most potential to maintain LV 
morphology and function (Fig. 6.3C-F). 
 
Analysis of the local contribution of eCMs to the infarct and its border zones 
indeed showed that infarct wall thinning was less prominent after eCM therapy 
(Fig. 6.4A). However, the transplantation of contractile eCMs was not sufficient 
to restore wall thickening in the anterolateral infarct center (Fig. 6.4B). This is 
probably related to the relatively low survival of intramyocardial-injected eCMs 
in total and especially in the center of the lesion. Cells preferentially engrafted 
close to and within the less ischemic and still perfused infarct border zones. As 
shown in Fig. 6.4, WTSES and WT were significantly increased in these 
segments compared to non-treated hearts. To our opinion two mechanisms 
cause this phenomenon: 1) Implanted eCMs act anti-apoptotic, augment the 
extracellular matrix and physically strengthen the myocardial wall [36]. 2) After 
integration into the host tissue eCMs are able to couple electrically. Since 
engraftment predominantly happens within the border zone it is difficult to 
distinguish between active and passive effects, nevertheless in the past force 
generation of transplanted murine eCMs within myocardial scar tissue was 
shown [3]. However, from the engrafted cell numbers and the MRI data, 
paracrine rescue effects of the transplanted eCMs on the ischemic host 
myocardium are expected contribute most to the better outcome of these 
animals. Whether primarily secretion of factors or proteins or also the ability to 
form cell-cell contacts to the host tissue plays a major role has to be cleared in 
future studies. Nevertheless, the combination of local effects on the lesion and 
global effects to the remaining LV myocardium resulted in significantly better 
haemodynamic performance of eCM treated hearts as depicted in Fig. 6.3E 
and 6.3F. These results emphasize the necessity of a rhythmically contractile 
cell phenotype as was previously suggested by Sakai et al [9]. 
 
Long-term monitoring of cardiac function by echocardiography provided two 
major findings: Survival of the three populations was quite different, despite 
initially comparable infarct sizes (Fig. 6.5A). Most survivors were seen in the 
eCM group (5/9), while all MSC injected mice (n=11) died during the first five 
weeks. Most of deaths after SM transplantation (4/8) occurred during the first 
postoperative week. This is interesting as in clinical studies ventricular 
tachycardia (VT) were observed after SM transplantation and we could prove in 
the past increased VT incidence during electrophysiological testing after SM 
transplantation in a murine infarct model [4,37]. While survival of eCMs and 
SMs could still be demonstrated by BLI and histology seven weeks 
postoperatively (Fig. 6.5B), bone marrow derived cells were nearly absent four 
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weeks postoperatively in previous studies [38]. Compared to the MRI data, a 
significant increase of the EF after eCM transplantation was not seen in the 
longitudinal echocardiography study. Nevertheless, values were quite stable in 
all groups over the first two weeks. In the further course, clear differences in EF 
were seen in eCM and SM treated mice. Various other groups have also 
evaluated the long-term contribution of cell transplantation to cardiac function 
after myocardial infarction [16,18-19,21-23,26,32]. Van der Bogt et al. reported 
improved contraction by SMs, but not by MSCs [18-19]. Van Laake et al. 
observed non-persistent improvements in global function after transplantation 
of human embryonic stem cell-derived cardiomyocytes (ESC-CM) during a 12 
week follow-up [16]. These conflicting results with the current study might be 
ascribed to differences in the origin of the cells used (adult vs. fetal, human vs. 
murine). 
 
The importance of a cardiomyocyte cell phenotype for successful recovery of 
local contractile function is supported by a recent study by Qiao et al [21]. They 
reported long-term improvements after two months in regional contractility of 
ischemia/reperfusion injured myocardium by ESC-CM therapy in rats, 
determined with tagging MRI. In analogy with our results, coupling of ESC-CMs 
by Connexin43 expression to native cardiomyocytes was observed and this 
electromechanical integration was probably responsible for improved infarct 
contractility. 

6.5 Conclusion 

This study provided evidence that eCMs improved local and global contractile 
function after myocardial infarction. This drastically altered the course of global 
cardiac remodeling and prevented progressive infarct expansion into 
neighboring non-ischemic myocardium, which ultimately improved long-term 
survival. These effects were probably caused by the ability of eCMs to develop 
into contractile cardiomyocytes and form gap junctions and were therefore 
exclusively associated with eCM, but not SM or MSC therapy after myocardial 
infarction. 
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A large percentage of patients with myocardial infarction are at risk of 
developing heart failure because of inadequate healing of the heart. Heart 
failure is characterized by left ventricular dilation and myocardial fibrosis, 
caused by unbalanced left ventricular wall shear stresses. Although this 
strengthening of the infarct with fibrotic tissue is absolutely required to prevent 
infarct rupture, on the downside the infarcted myocardium is merely replaced 
by a strong, but non-contractile scar tissue, and the remaining cardiomyocytes 
in the remote myocardium have to cope with this permanent loss in contractile 
capacity. This thesis describes novel pre-clinical MRI methods and contrast 
agents for monitoring the infarct remodeling processes and providing non-
invasive follow up of treatment response. 

7.1 Mouse models of ischemic heart disease 

Mouse models of myocardial infarction have become increasingly important for 
the preclinical design and evaluation of new diagnostic procedures and 
treatment strategies. In this thesis, we mainly used outbred mice (CD-1 or 
Swiss) to undergo myocardial infarction surgery. Outbred mice have larger 
genetic diversity compared to inbred mice (e.g. C57BL/6 or Balb/C) and a more 
variable anatomy of the coronary arteries [1]. Although the use of outbred 
strains might result in a larger variation in infarct size between mice, they are 
more representative of the inter-patient differences observed in a clinical 
setting. To minimize differences between mice, the left anterior descending 
(LAD) coronary artery was always ligated at the same location within a 
particular study. Indeed, group averaged global cardiac function (Chapter 3, 5) 
and infarct size (Chapter 3) did not differ significantly between various 
experimental groups within each study.  
 
Two different mouse models of myocardial infarction were used in this thesis – 
the transient LAD coronary artery occlusion followed by reperfusion (also called 
ischemia/reperfusion or IR) and the permanent LAD coronary artery occlusion 
(also referred to as PO) – depending on the purpose and design of the study. 
For molecular MRI of ICAM-1 expression on the coronary microcirculation 
(Chapter 5), a transient ischemia model was used because ICAM-1 expression 
is associated with the induction and severity of reperfusion injury [2-5]. The 
effects of cell therapy on left ventricular remodeling (Chapter 6), were studied 
in a permanent ligation model with LAD coronary artery ligation proximal to the 
first bifurcation. This created most reproducible infarcts, and moreover initiated 
severe cardiac remodeling, which allowed for accurate detection of the effects 
of cell transplantation. However, mice often developed heart failure, especially 
during long-term experiments. Furthermore, this type of infarct represents an 
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extremely harsh environment for the survival of transplanted cells, which is one 
of the key issues for the success of myocardial regeneration. To explore the 
use of lipid-based nanoparticles for infarct drug delivery (Chapter 3), mice were 
subjected to permanent ligation surgery, where the LAD coronary artery was 
ligated distal to the first bifurcation. This resulted in less extensive global 
remodeling and thus higher survival rates. Although ligation of only one branch 
may have slightly increased the variation between mice, there was no need to 
induce very large infarcts and it improved the well-being of the mice.   
 
Importantly, highly skilled and experienced surgeons are crucial to generate 
reproducible infarcts. Slight differences between surgical procedures can affect 
the infarct structure, especially in transient ischemia models, and also the 
recovery of the wounds in the thoracic cavity and intercostal muscles after 
surgery.  

7.2 Lipid-based nanoparticles for theranostic and  

molecular imaging 

The first part of this thesis focused on the evaluation of paramagnetic lipid-
based nanoparticles for theranostic and molecular imaging purposes. 
Theranostics uses constructs, often nanoparticles, that contain both contrast 
agents and therapeutic compounds for combined imaging and drug delivery. 
Molecular imaging is aimed at the detection of cells and molecules (e.g. 
enzymes or cell-membrane receptors) involved in pathophysiological 
processes to improve the diagnosis and prognostication of patients with 
myocardial infarction. MRI is extremely suited for theranostic and molecular 
imaging approaches as the location of contrast agents, which reports on drug 
delivery or target expression respectively, can be placed in an anatomical 
context. In Chapter 3, the cardiac distribution pattern of micellar and liposomal 
nanoparticles was successfully monitored by in vivo MRI to explore their use as 
theranostic agents. In the infarct, micelles (~15nm) showed passive 
accumulation in the necrotic myocardium, whereas liposomes (~100nm) were 
mostly observed in the vicinity of blood vessels and infarct permeation was 
limited. Interestingly, as liposome extravasation from the blood is limited, active 
targeting towards the infarct vasculature might be an attractive alternative to 
improve the use liposomes for drug delivery purposes. In this way, liposomes 
could be simultaneously used for molecular imaging of epitopes expressed on 
the endothelium of blood vessels. In Chapter 4 and 5, paramagnetic liposomes 
were designed that can bind to ICAM-1, which expression is upregulated on 
activated endothelium in the infarct periphery [6]. However, there was too little 
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binding of ICAM-1 targeted liposomes to ICAM-1 for significant signal changes 
on MRI scans, and moreover, the additional effect of target-specific above 
passive infarct retention was negligible. This was mainly caused by differences 
in circulation half-life between ICAM-1 targeted and non-targeted liposomes, 
due to constitutive ICAM-1 expression outside the infarct. Therefore, to achieve 
high accumulation of targeted contrast agents in the infarct, low expression of a 
target outside the infarct is crucial. 
 
The preclinical research described in this thesis resulted in interesting and 
promising observations. However, to translate this into clinical applications, 
extensive further research is required as described in the following sections. 

7.2.1 Contrast agent toxicity 

For clinical translation of paramagnetic lipid-based nanoparticles, they must be 
certified by the Food and Drug Administration (FDA) and the European 
Medicines Agency (EMA). A number of micellar and liposomal formulations are 
already approved as drug delivery nanocarriers. Moreover, several low-
molecular-weight gadolinium (Gd) chelates, e.g. Gd-DTPA and Gd-DOTA, are 
clinically allowed as MRI contrast agents [7]. However, in patients with severely 
impaired renal function, the blood circulation of Gd-chelates is substantially 
prolonged, which promotes the release of toxic Gd ions from their protective 
chelates in a process called transmetallation [8]. The incorporation of lipidic 
Gd-chelates in long-circulating nanoparticles might have a similar effect and 
could provoke Gd-related health complications. In addition, uptake of 
paramagnetic nanoparticles by cells might also facilitate the release of Gd from 
its chelate [9]. However, in vivo release of Gd from DTPA and DOTA chelates 
is usually low, because of the high stability of Gd-DTPA and Gd-DOTA 
complexes. To minimize the risk of Gd toxicity, DOTA was chosen as a 
Gd-chelate, which has a cyclic structure that makes it a more stable chelator of 
Gd compared to linear compounds as DTPA [10]. Nevertheless, the potential 
toxicity of Gd-containing nanoparticles is a major concern and requires studies 
on the long-term biodistribution and clearance mechanisms.  

7.2.2 Stability of lipid-based nanoparticles 

Lipid-based nanoparticles are macromolecular complexes that assemble from 
single lipids through non-covalent interactions [11]. The in vivo behavior of 
these nanoparticles therefore critically depends on their stability in blood and in 
tissue, including infarcted myocardium. In the blood, nanoparticles must remain 
intact to accomplish reliable infarct accumulation. However, once located in the 
infarct, theranostic probes should eventually disassemble to release their 
contents to the infarcted myocardium. Yet, nanoparticles must remain intact for 
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a sufficiently long time to assure that both imaging and therapeutic material 
have accumulated at their target site before the nanoparticles start 
disintegrating.  
 
To acquire detailed knowledge on the stability of lipid nanoparticles, a second 
fluorescent probe, e.g. fluorescein, could be loaded into the nanoparticle’s core 
as a model drug [12]. Co-localization of fluorescein with NIR664- or rhodamine-
conjugated lipids represents intact nanoparticles, whereas nanoparticle 
disassembly is associated with the release of fluorescein from the 
nanoparticles and thus a loss in co-localization. 
 
Importantly, the longitudinal relaxivity of lipid nanoparticles may be drastically 
lowered once nanoparticles have fallen apart into single lipids, as their high 
in  vivo relaxivity at clinical field strength (1.5-3T) is mainly caused by 
macromolecular interactions [13]. This might hamper the sensitivity of detection 
of nanoparticles by MRI. At the magnetic field strength used in this 
thesis (9.4T), this effect is expected to be less pronounced, because of the 
lower longitudinal relaxivity of nanoparticles at this high field compared to that 
of clinical scanners. For future theranostic and molecular imaging applications 
of lipid-based nanoparticles, more insight into the relation between the MRI 
signal and local drug carrier delivery or target expression level is needed. 

7.2.3 Quantification of contrast agent accumulation 

Quantification of the nanoparticle concentration in the infarct is important for 
their future use as theranostic and molecular imaging probes. In this thesis, a 
semi-quantitative T1-weighted sequence was used to follow the time course of 
nanoparticle distribution in the mouse heart using the T1-weighted MRI signal 
enhancement induced by nanoparticles. Importantly, T1 mapping methods are 
more suited to measure the local contrast agent concentration. Recent 
developments in sequence design have resulted in protocols that can produce 
reproducible 3D in vivo R1 maps of the entire mouse heart under steady state 
conditions within thirty minutes [14].  
 
To estimate the contrast agent concentration from the local increase in R1, the 
in vivo longitudinal relaxivity must be known. However, a contrast agent’s 
relaxivity value in vivo may differ from that measured in aqueous solution and 
may display non-linear behavior with concentration, because the relevant 
motional correlation times and the water proton exchange kinetics that 
determine the relaxation behavior can be significantly different in a cellular 
environment. For example, upon uptake of paramagnetic contrast agents into 
cellular compartments, limited water exchange may result in a strongly non-
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linear behavior of R1 with contrast agent concentration [15-16]. Therefore, 
appropriate modeling of the R1 to incorporate the in vivo interactions of contrast 
agents with the myocardium is necessary to understand their relaxivity 
behavior and to exploit these insights for the improved understanding of 
nanoparticle fate. 

7.2.4 Hybrid imaging techniques 

Considering the relatively limited ability of MRI to detect low levels of contrast 
agent accumulation in the heart, cardiac theranostic and molecular imaging 
strategies could benefit from hybrid imaging techniques that combine MRI with 
optical or nuclear imaging modalities. In this way, the high spatial and temporal 
resolution of conventional MRI methods can be used to determine e.g. cardiac 
function and infarct size, which can be combined directly with highly sensitive 
measurements of exogenous contrast agents by optical or nuclear techniques 
to obtain complementary information. 
 
The in vivo combination of MRI and fluorescence molecular tomography (FMT) 
has been successfully implemented to monitor the inflammatory phase after 
myocardial infarction with fluorescent iron oxides [17]. Recently, Davis et al. 
have designed a solenoid MRI coil with optical fiber bundles that is capable of 
multispectral fluorescence imaging for a clinical MRI-system that allows for 
simultaneous FMT and MRI [18]. Future research, though, has to show 
whether this hybrid set-up is also suited for cardiac imaging, in view of the 
limited penetration depth of light through tissue.  
 
A potentially powerful hybrid combination for cardiac imaging is MRI and 
positron emission tomography (PET) or single photon emission computed 
tomography (SPECT). Highly sensitive PET and SPECT probes for nuclear 
imaging of cardiac viability, perfusion, inflammation, angiogenesis and 
extracellular matrix remodeling are already available, which could provide 
valuable complementary information to the high-resolution MRI readouts of 
infarct status [19-24]. Furthermore, hybrid preclinical scanners for simultaneous 
MR and PET imaging have been developed and their potential to accurately 
measure cardiac function in mice with myocardial infarction simultaneously with 
MRI and PET was demonstrated by Büscher et al. [25-26]. 
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7.3 MRI monitoring of myocardial regeneration by 

cellular cardiomyoplasty 

In the second part of this thesis, MRI was used to study the effects of 
intramyocardial cell transplantation on the cardiac remodeling processes after 
myocardial infarction (Chapter 6). There is much scientific debate as to whether 
cell therapy has the potential to regenerate new myocardium, especially since 
preclinical studies reported conflicting results on the ability of various cell types 
to adopt a cardiomyocyte phenotype in the heart [27-29]. The positive effects 
observed by cell transplantation are therefore not limited to a direct contribution 
to the contractile capacity of the heart, but they could also involve 
improvements in the infarct structure through indirect paracrine mechanisms 
that e.g. inhibit infarct fibrosis or stimulate angiogenesis [29].  

7.3.1 Cell phenotype 

To obtain more insight in the hallmarks of the ideal cardiac cell therapy, the 
effects of three different cell types, namely rhythmically contractile embryonic 
cardiomyocytes (eCMs), contractile skeletal myoblasts (SMs) and 
non-contractile mesenchymal stem cells (MSCs), were compared after 
transplantation in syngeneic mice with myocardial infarction (Chapter 6). eCMs 
demonstrated the most pronounced positive effects on global left ventricular 
morphology and function, but also improved the infarct wall thickness and the 
contractility in the infarct border zones, processes which were not affected by 
the other cell types. 
 
There are several features of eCMs that may have contributed to the observed 
effects. First, eCMs can rhythmically contract in response to cardiac action 
potentials, which might directly improve the contractility. However, cell survival 
was very low (~2%) and cells predominantly engrafted in infarct border zones 
instead of the infarct center, which explains the inability of eCMs to improve 
infarct contractility. Therefore, strategies have to be developed to enhance the 
survival of transplanted cells in the infarct. Co-injection of fibroblasts, which can 
resist hypoxic conditions, could create a supportive scaffold to improve cell 
engraftment [30]. However, the eCM cell suspension already partially consisted 
of fibroblasts. Another approach could be to use advantageous properties of 
other cell types, such as increased tolerance to ischemia or proliferative 
capacities, and introduce them into the eCM genome. In addition, the cell 
suspension could be supplemented with a pro-survival cocktail containing e.g. 
growth factors, or multiple cell injections could be performed [31]. 
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Second, it was hypothesized that eCMs physically strengthen in infarct wall and 
importantly, eCM contraction (partially) preserved infarct wall shear stress, 
which can drastically alter the remodeling of infarcted myocardium and might 
prevent infarct expansion to healthy myocardium by inhibition of stretch-
induced cardiomyocyte apoptosis [32-33]. However, in the present study it was 
not possible to distinguish the relative contribution of direct and indirect effects 
of eCMs on the improved border zone contractility.  
 
eCMs exhibited promising properties for cardiac regeneration, but important 
advances have to be made, especially in cell survival. Unfortunately, the use of 
embryonic cell therapy in clinical situations is very controversial and has raised 
important ethical objections. Nevertheless, embryonic cells are indispensible in 
preclinical research to determine the optimal cell design and transplantation 
strategy for future successful cardiac regeneration.  

7.3.2 MRI strategies 

In vivo MRI was performed to evaluate whether cell therapy could aid in the 
recovery of the heart from the loss in contractile capacity. For this purpose, 
conventional cardiac MRI techniques, i.e. late gadolinium enhancement (LGE) 
and cinematographic (cine) MRI, were preferred as they provide excellent 
information on the infarct size and global morphological and functional 
parameters, but also on local contractile function [34-35].  
 
Besides these traditional MRI methods, other interesting MRI readouts can be 
used in future studies to provide complementary information on the effects of 
cell therapy on the remodeling of the infarct. To study myocardial perfusion, 
ultrafast MRI sequences can be applied that can track the first pass of 
Gd-chelates through the rapidly beating mouse heart to estimate tissue 
perfusion [36-37]. Alternatively, perfusion can be measured using arterial spin 
labeling sequences that are more time-consuming but do not require the 
administration of a contrast agent [38-39]. Furthermore, other novel methods 
have recently been implemented that exploit endogenous contrast mechanisms 
to acquire more knowledge on the cardiac structure in mice. For example, ultra-
short echo time imaging uses the short T2 of collagen to evaluate myocardial 
fibrosis without the need for collagen-binding contrast agents [40]. Another 
technique is diffusion tensor imaging, which can report on the magnitude of 
water diffusion in tissues and its directional anisotropy. This information can be 
used to reconstruct local myocardial fiber bundle orientations, which makes it 
possible to study non-invasively whether cell therapy could preserve the 
myocardial architecture [41]. 
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Expanding the current MRI examination, that consisted of LGE and cine MRI, 
with these novel techniques could provide a more complete overview on the 
effects of cell therapy on cardiac remodeling. Importantly, because these 
protocols either do not require contrast agents or use FDA- and EMA-approved 
media, they have the potential to be easily transferred to clinical routine.  

7.3.3 Non-invasive imaging of cell survival 

Because of the poor survival of transplanted cells in infarcted myocardium, 
there is a growing desire to non-invasively monitor their engraftment and 
viability. To follow transplanted cells in the myocardium with MRI, cells can be 
labeled with iron oxide nanoparticles prior to transplantation [42]. However, a 
major disadvantage of tracking injected cells by iron oxide labeling is that it is 
impossible to determine whether iron oxides are still associated with viable 
transplanted cells. A large fraction of cells will die and the cells, including the 
iron oxides, are phagocytosed by infarct-resident macrophages, leading to 
false-positive MRI contrast. An alternative MR imaging strategy that 
circumvents this problem is to incorporate a ferritin reporter gene in the cells. 
Only viable transplanted cells will overexpress ferritin and accumulate iron, 
giving rise to T2 and T2

* contrast [43].  
 
Another interesting approach for monitoring cell viability is to transfect cells with 
reporter genes that can trap nuclear imaging probes in transplanted cells, e.g. 
the sodium iodide symporter gene [44]. As mentioned previously, nuclear 
imaging is a highly quantitative and sensitive detection technique and 
moreover, the signal decay of radioactive probes allows for repetitive 
assessment of cell viability. Importantly, using hybrid PET/MRI systems both 
cell viability and their effects on cardiac remodeling can be simultaneously 
assessed.  
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Summary 

Molecular and functional MRI of cardiac remodeling after 
myocardial infarction 

 
Myocardial infarction is the leading cause of death world-wide. It is 
characterized by cardiomyocyte cell death resulting from local oxygen 
deprivation caused by obstructions in the coronary microcirculation. The heart 
has very limited potential to regenerate new myocardium, but instead the dead 
cardiomyocytes are replaced by a non-contractile fibrotic scar tissue. This is 
accompanied by a progressive cardiac remodeling process, resulting in left 
ventricular dilation and wall thinning of the infarcted myocardium, and gradual 
infarct expansion into non-ischemic myocardium. Many patients, who survive 
the initial acute stage of cardiac infarction, however, ultimately develop heart 
failure because of the inadequate long-term response of the heart to the 
ischemic insult. Therefore, there is an urgent need for novel treatment 
strategies that can substantially improve the long-term prognosis after 
myocardial infarction. For successful clinical implementation of new therapies 
non-invasive readouts are crucial to 1) select patients for whom therapy is 
expected to be effective and 2) monitor a patient’s response to therapy. In this 
thesis, novel therapies and readouts were developed and their preclinical 
evaluation was performed in a mouse model of myocardial infarction. 
 
Magnetic resonance imaging (MRI) is an attractive non-invasive imaging 
technique that can be used to evaluate global and regional cardiac morphology 
and contractile function, but can also provide a detailed characterization of the 
myocardium at the cellular and even molecular level by using MRI contrast 
agents. Contrast agents can generate contrast between infarcted and remote 
myocardium either by differences in the local passive distribution pattern or by 
actively targeting them towards specific cells, proteins or enzymes involved in 
myocardial infarction. An attractive contrast agent platform are nanometer-
sized particles. 
 
To stimulate reparative processes in the infarct, efficient delivery and retention 
of therapeutic agents is desired. This might be achieved by encapsulation of 
drugs in nanoparticles. To non-invasively evaluate the efficiency of nanoparticle 
trafficking to the infarct, paramagnetic contrast agents can be incorporated in 
these nanoparticles for in vivo visualization by MRI. Two types of paramagnetic 
and fluorescent lipid-based nanoparticles, namely micelles and liposomes, 
were applied in mice with acute and chronic myocardial infarction to determine 
their cardiac distribution pattern, and thus their possible utility as drug delivery 
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vehicle to infarcted myocardium. In both acute and chronic infarcts, micelles 
permeated the entire necrotic myocardium, whereas liposomes displayed 
slower and more restricted extravasation from the vasculature. Therefore, 
paramagnetic micelles and liposomes are attractive nanocarriers for 
transporting distinct types of drugs to the infarct. Importantly, the successful 
in vivo MRI monitoring of the delivery and spatial distribution of paramagnetic 
nanocarriers is a promising tool for optimizing drug delivery to infarcted 
myocardium in preclinical pharmacological research. 
 
Moreover, paramagnetic lipid-based nanoparticles are also interesting 
constructs for molecular MR imaging of processes ongoing in the infarct at the 
cellular or molecular level to improve patient diagnosis and monitoring. For this 
purpose, nanoparticles must be functionalized with ligands that can bind to a 
specific cell receptor, protein or enzyme. We conjugated ICAM-1 specific 
antibodies to paramagnetic liposomes to explore their ability to visualize 
ICAM-1 upregulation on the endothelium of the vasculature in the infarcted 
myocardium and its border zones using in vivo MRI. ICAM-1 expression on 
blood vessels is critical for the recruitment of leukocytes, which can inflict 
additional damage to the myocardium. First, the in vitro binding behavior of 
ICAM-1 targeted liposomes to ICAM-1 expressing endothelial cells was 
evaluated. ICAM-1 targeted liposomes could differentiate between low and high 
levels of endothelial ICAM-1 expression with MRI. In addition, ICAM-1 binding 
was observed in the competing presence of leukocytes and when shear stress 
was applied to mimic blood flow. These promising in vitro results encouraged 
follow up in vivo studies. In healthy mice, the circulation half-life of ICAM-1 
targeted liposomes was short compared to the half-life of non-specific 
liposomes, indicating binding to constitutively expressed ICAM-1. Indeed, 
massive binding of ICAM-1 targeted liposomes to ICAM-1 expressing lung 
endothelium was observed. In mice with myocardial infarction, ICAM-1 binding 
liposomes were mainly associated with the vasculature in the infarct periphery 
and borders, which are sites with highly increased ICAM-1 expression. This 
was deduced from ex vivo fluorescence microscopy. However, this targeting 
effect did not create specific in vivo signal enhancement in MR images of the 
infarcted heart, indicating that the sensitivity of in vivo MRI to detect ICAM-1 
upregulation with this contrast agent formulation was not sufficient.  
 
A promising approach to improve the healing of the infarct is cell 
transplantation, which might generate new myocardium. This thesis describes 
a comparison of three distinct types of cell treatments – namely intra-infarct 
injection of rhythmically contractile cardiac progenitor cells, contractile 
myoblasts or non-contractile mesenchymal stem cells – to gain more insight in 
the requirements of the ideal cell type for myocardial regeneration. 
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Conventional late gadolinium enhancement and cinematographic MRI 
techniques were used to monitor the effects of cell transplantation on infarct 
size and cardiac function. Cardiac progenitor cells were found to substantially 
improve the condition of the heart and were the only cell type leading to 
decreased infarct size. In addition, they reduced wall thinning of the infarct 
center and border zones and importantly they improved the contractile function 
in the infarct borders. Therefore, the ability of transplanted cells to adopt a 
contractile cardiomyocyte phenotype seems crucial to improve the local 
contractile function. Nevertheless, the survival of injected cells in the infarct 
center must be improved to further enhance the infarct contractility.  
 
To summarize, this thesis describes studies in mice on the development of 
novel diagnostic and therapeutic approaches for the treatment of myocardial 
infarction based on non-invasive MRI techniques. This might ultimately improve 
the monitoring and treatment of patients to decrease the mortality after 
myocardial infarction. 
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Dan..... 

Woehoe! Juj! Wieieieieieieie! Eindelijk, HET dankwoord! Geen word count 
restricties, taalkundig correcte formuleringen of andere eisen, maar eindelijk 
een stuk waar ik ongestoord kan gaan uitweiden om iedereen te bedanken die 
me (praktisch of mentaal) tijdens mijn promotie ‘ondersteund’ heeft. En dat zijn 
er nog al wat, want tijdens mijn promotie verwachtte ik een soort van 24-uurs 
service van heel veel mensen om me heen. So, off we go: 
 
Jeroen, het is misschien ongebruikelijk om m’n dankwoord te beginnen met 
iemand die zo op het eerste gezicht niet echt een aanwijsbare en concrete 
bijdrage heeft geleverd aan dit proefschrift en ja, zonder jou zou dit boekje er 
waarschijnlijk ook wel ooit zijn gekomen (dus misschien zou ik je toch niet als 
eerste moeten bedanken:)), maar toch, jij bent echt de allerbelangrijkste 
persoon geweest tijdens m’n promotie. Ik vind het daarom nogal afdoen om je 
aan het eind van het dankwoord af te schepen met ‘wat wij hebben is niet in 
woorden op te schrijven’ en dat soort blabla, dus ga ik proberen het wel te 
omschrijven. Voor jou was het niet makkelijk dat een groot deel van ons leven 
vier jaar lang om mijn promotie draaide en dat ik vaak meer op de TU was dan 
thuis, maar ik ben heel erg blij dat we het overleefd hebben. Ik heb echt altijd 
op jou kunnen rekenen: als ik om elf uur ‘s avonds belde dat de treinen niet 
meer reden en ik moest worden opgehaald in Eindhoven, dan kwam je me 
halen, en als ik nog avondeten moest hebben, dan bracht je dat ook meteen 
mee, en waren de experimenten nog niet af, dan wachtte je wel 'even'. Nu 
moet ik wel eerlijk bekennen dat ik blij ben dat je nooit per ongeluk iets 
gesloopt hebt als je op je bureaustoel door het lab vloog en echt werkelijk 
overal aan zat. Daarnaast was jij ook m’n mental coach die me door m’n 
promotie heen gesleept heeft. Als je tijdens onze therapeutische rensessies op 
honderd verschillende manieren had geprobeerd uit te leggen dat het echt wel 
ging lukken, dan geloofde ik er weer in (en zie hier: het is gelukt!). Jij hebt een 
soort van gave om dingen altijd te relativeren en van een positieve kant te 
benaderen, en hoewel ik die gedachten meestal niet heel lang vast kon houden 
en jij na een week weer een nieuwe pep-talk moest gaan houden, bewonder ik 
die manier van denken wel heel erg. Nou, om het toch nog een beetje ‘kort’ te 
houden.... lieve Jeroen, je hebt het geweldig gedaan tijdens mijn promotie!! 
 
Klaas, ik denk dat u wel kunt begrijpen dat u een keer ‘op de tweede plaats 
komt’, aangezien ik u tijdens mijn tijd aan de TU heb leren kennen als een heel 
sociale groepsleider, voor wie iemands privé-situatie minstens zo belangrijk is 
als zijn/haar presteren in het lab. Ook tijdens het groepsweekendje in de 
Ardennen werd er door u goed voor ons gezorgd en stond de koffie al klaar als 
wij opstonden (om vervolgens (bijna) alle AIOs er af te fietsen met 
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mountainbiken). Op onderzoeksgebied heb ik uw ontzettend nauwkeurige en 
scherpe manier van werken heel erg kunnen waarderen en ik heb het altijd 
heel fijn gevonden dat u niet gaat voor snelle publicaties maar voor gedegen 
complete studies.  
 
Gustav, toen jij 5 jaar geleden een VIDI grant binnensleepte en ik net mijn 
promotieplek in Keulen had gecanceld, heb ik niet lang hoeven nadenken of ik 
een van jouw AIOs wilde worden. De vrijheid en het vertrouwen die jij AIOs 
geeft om hun onderzoek zelf in te richten was enerzijds erg stimulerend en 
motiverend, maar soms ook wel confronterend, omdat zo ook mijn minder 
goede eigenschappen naar voren kwamen (lees: plannen). Ik vind jouw stijl 
van werken erg prettig, niet pretentieus, maar gewoon beoordeeld worden op 
je resultaten. En als ik zie hoe vaak jij tegenwoordig gevraagd wordt om 
presentaties te geven over cardiac MRI, dan denk ik dat jij op dat gebied 
inmiddels wel bij de wereldtop behoort! Dus op naar die VICI grant! Op 
persoonlijk vlak hoop ik dat de komende jaren voor jou en Tamara een stuk 
beter gaan worden dan tijdens mijn promotie. Ik vind het heel knap hoe jij er 
altijd voor haar bent geweest en dit hebt weten te combineren met je baan. En 
daarnaast bleef je toch nog steeds iemand die (bijna) altijd wel zin had in een 
gezellig feestje (met of zonder muzikale begeleiding van Next Monday). 
 
Tessa en Bram, ik denk niet dat ik mij fijnere collega’s had kunnen wensen om 
mee samen te werken aan Gustav’s VIDI project dan jullie (het voelde ook niet 
echt alsof we collega’s waren, dat klinkt zo onpersoonlijk namelijk). Jullie zijn 
geweldig getalenteerde onderzoekers maar ook heel sociale collega's om een 
promotie-traject mee te doorlopen. Als een van ons het (weer) eens niet zag 
zitten, dan stonden de anderen altijd klaar om te luisteren of uit te helpen waar 
dat mogelijk was. Hmz, ik kan nu wel pagina’s gaan spenderen aan leuke 
anekdotes, maar ik zal me inhouden! Bram, jij en ik zaten soms echt op een 
totaal andere golflengte te denken en daar heb ik vaak hard om kunnen lachen. 
Verder heb ik echt nog nooit iemand ontmoet met zo’n concentratievermogen 
als jij. Als jij ‘in the zone’ zat, en dat was best vaak, dan was het lekker rustig 
op onze kamer (op je loungemuziek na) maar volgens mij niet in je hoofd. Ik 
hoop dat je in A’dam/Utrecht snel je draai gaat vinden! Tessa, toen ik 10 jaar 
geleden naar de TU vertrok had ik echt geen zin om daar de suffe nerds in 
fleece truien tegemoet te gaan. Maar gelukkig heb ik in jou iemand gevonden 
waar ik altijd gezellig mee kon kletsen over de laatste roddels (we hadden het 
al voorspeld, maar Amy Winehouse heeft het eind van onze promoties idd niet 
mee mogen maken) en de nieuwste trends (want hoewel jij het kleurtechnisch 
meestal iets somberder in ziet dan ik, hebben we allebei een voorliefde voor 
panterprintjes (fout kan zoooo goed zijn!)). Ik vind het ontzettend knap hoe jij 
ondanks alle tegenslag toch je promotie af hebt kunnen ronden en ik hoop dat 
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je je carrière ook binnen de wetenschap blijft vervolgen, zodat we ooit dat 
kasteeltje in Zuid-Limburg kunnen ombouwen tot ons imaging centrum. Ik zal 
jullie gaan missen, dus volgend jaar Rock Werchter? Ik zal het vrij houden in 
m'n agenda! 
 
Gelukkig was er in b2.03 nog plaats voor meer AIOs en heb ik ook Nicole, 
Ewelina en Abdallah als kamergenoten meegemaakt. Nicole, jij was absoluut 
onze kampioen kiwi’s eten (en vlaai). Waarschijnlijk gaan we elkaar nog vaak 
tegenkomen op 'de Alsie', want het gaat ons ooit lukken om als ‘spin ‘m d’r in’ 
jouw korfbal toernooi te winnen! Ewelina, though I never got to taste the 
notorious pasta with strawberries, we definitely had some other great dinners at 
your place to (usually) celebrate the arrival of new pets! I hope you can soon 
pursue your career in Israel, so that we can move our Poland trip to Israel 
(much better weather anyway). After the two of you left our room, it definitely 
got a lot more quiet. But soon Abdallah arrived, filling our room with his 
Egyptian vibe (though I only heard ‘humhumhum’ and never understood what 
you were actually singing). I think you’ve probably tried more Dutch food in one 
year, than I have done in my entire life!   
 
Dan iemand die voor mij van onvoorstelbare praktische en mentale waarde is 
geweest: Leonie N / ‘de andere Leonie’. Toen jij eenmaal de infarct operaties in 
muizen onder de knie had, was er een grote ‘zorg’ minder in mijn promotie. Ik 
weet dat je de afgelopen jaren veel hebt meegemaakt in je privéleven (soms 
goed, soms minder), en ik hoop dat er nu voor jou eindelijk een rustige periode 
komt. 
 
Tijdens mijn promotie heb ik ook verschillende studenten begeleid: Igor, mijn 
manier van begeleiden hield voor jou in dat je het eerste deel van je master-
project achter mij aan moest rennen om alle protocollen precies en exact zo uit 
te voeren als ik ze in mijn hoofd had en ik zeker wist dat er niets mis zou 
kunnen gaan. Nu kun je heel goed rennen, dus dat was geen probleem, en 
gelukkig heb ik daarna ook heel veel werk aan jou over kunnen laten. Hoewel 
ik nog steeds niet erg te spreken ben over je studie opzet (wie wil er nu tot diep 
in de nacht MRI metingen uitvoeren en pas thuis komen als de zon al weer op 
komt?), was het wel altijd heel gezellig om tijdens de metingen bij te kletsen 
over van alles en nog wat. Heel veel succes met je eigen promotie. Martijn, jij 
hebt het begin gemaakt aan het ijzeroxide clustering project. Jouw chaotische 
stijl van werken was voor mij soms niet te volgen, omdat je vaak in je hoofd al 
tien stappen verder was, maar desondanks heb ik veel van je kunnen leren 
over ijzeroxides! Irene, tijdens jouw bachelor studie ging je vriend voor zijn 
stage naar het buitenland en had je dus tijd over (?) voor een project in onze 
groep. Je was iemand die hard gewerkt heeft aan de ijzeroxide clustering. 
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Helaas zijn de ijzeroxides daarna wegens 'vreemde' resultaten in de koelkast 
terecht gekomen en is het niet meer terug te vinden in dit boekje. Miranda, in 
tegenstelling tot alle studenten hierboven heb jij mij iets anders geleerd: geduld 
en rust. Toen jij in ons lab stage kwam lopen, ging het helaas niet zo goed met 
je. En zo werd ik gedwongen om een paar stappen terug te nemen in mijn 
tempo. Ik hoop dat je in de toekomst weer lekker in je vel komt te zitten en je 
opleiding alsnog kunt afmaken. 
 
Verder zat de b-vleugel in n-laag nog vol met heel veel andere collega’s die 
gezorgd hebben voor een leuke promotie tijd: Jeanine, Prashant, Jolita, 
Bernard, Ward, Erik, Roel, Maarten, David, Ot, Bastiaan, Richard, Sharon, Rik, 
Stefanie, Martijn, Tom (wrs ben ik nu nog steeds mensen vergeten, sorry!).  
 
Maar er waren er nog meer! Larry, jouw perfectionisme om spoelen en 
samplehouders exact op elkaar te willen laten aansluiten was soms lastig te 
combineren met mijn 'eis' om alles goed vast te kunnen tapen en daar toch 
graag 1 of 2 mm voor vrij te maken. Jouw passie voor sport (en dan met name 
fitness) maakt jou voor veel mensen in onze groep een goede sparing partner 
in het sportcentrum en hoewel ik zelf niet heel vaak heb meegedaan met de 
body pump, kan ik me de spierpijn de week erna nog heel goed herinneren! Jo, 
hoewel je tijdens mijn promotie meer op organisatorisch dan direct uitvoerend 
niveau bij mijn studies betrokken was, heb ik wel altijd kunnen genieten van al 
je verhalen aan de koffietafel en tijdens onze trainingssessies (die we helaas 
wegens tijdgebrek niet lang vol hebben gehouden). Hopelijk wordt die 
ontsnapte Amerikaan van jou ooit nog gevangen in de bossen bij Ubachsberg! 
Bart, ik kan niet aan jou denken zonder de slogan ‘ik heb nog een vriendin’! Ik 
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uitvoeren, wat geleid heeft tot een aantal nieuwe inzichten in het gebruik van 
MRI en contrast middelen bij de diagnose en behandeling van hartinfarcten. 
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