
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

DEVELOPMENT OF 

ACTIVELY TARGETING PARAMAGNETIC MICELLES 
 
 

 

 

 

 

 

 

 

Silke HENRY 
Student number: 01300240 

 

Promoter: Prof. Dr. Stefaan De Smedt 

Co-promoter: Prof. Dr. Silvio Aime 
 

Department of molecular biotechnology and health sciences (Università degli studia di Torino) 
 

 

Commissioners: Prof. dr. Lynn Debacker and Prof. dr. Félix Sauvage 

 

 

 

A Master dissertation for the study programme Master in Drug Development 
 

 

 

Academic year: 2016 – 2017



 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

DEVELOPMENT OF  

ACTIVELY TARGETING PARAMAGNETIC MICELLES 
 
 

 

 

 

 

 

 

 

Silke HENRY 
Student number: 01300240 

 

Promoter: Prof. Dr. Stefaan De Smedt 

Co-promoter: Prof. Dr. Silvio Aime 
 

Department of molecular biotechnology and health sciences 
 

 

Commissioners: Prof. dr. Lynn Debacker and Prof. dr. Félix Sauvage 

 

 

 

A Master dissertation for the study programme Master in Drug Development 

 

 

 

Academic year: 2016 – 2017  



Deze pagina is niet beschikbaar omdat ze persoonsgegevens bevat.
Universiteitsbibliotheek Gent, 2021.

This page is not available because it contains personal information.
Ghent University, Library, 2021.



  

 

SUMMARY 

Molecular imaging technology is a valuable technique to investigate molecular events happening in the 

body. Visualisation of these events or anatomical structures can be easily done with magnetic resonance imaging 

(MRI). This is a non-invasive imaging method using magnetic fields in combination with radiofrequency pulses 

and has wide use in the clinical field. One disadvantage of this technique is the somewhat low sensitivity, which 

makes use of contrast agents indispensable. To maximally exploit the benefits of MRI in molecular imaging, a 

nanoparticle with contrast enhancing properties was developed. The particle is a polymeric, gadolinium chelate 

based T1 contrast enhancing micelle. High relaxivity is obtained by restriction of the molecular rotation of the 

gadolinium molecule by chelation and incorporation into the nanosystem.  

Two actively targeted nanosystems were prepared by the thin film hydration method and characterized. 

The in vitro stability was investigated in PBS and serum and was sufficient to perform in vivo testing. Next to 

paramagnetic chelates, the micelles also contained rhodamine phospholipids which enabled fluorescence 

visualisation.  

The first nanosystem targets the apolipoprotein E receptor, which is present in the blood brain barrier (BBB) 

and could facilitate extravasation. The ligand for this receptor is a peptide which is synthesized, characterised 

and conjugated to a phospholipid to form the targeting moiety incorporated in the micelle. The biodistribution 

and specifically blood brain barrier passage was investigated by MRI signal enhancement, ICP-MS and ex vivo 

fluorescence microscopy in healthy mice. All three methods showed that the developed nanosystem was capable 

to overcome the BBB but the MRI method suffered from high variability. 

Diagnosis of Alzheimer’s disease, a very common form of dementia in elderly, is not straightforward and 

selective visualisation of Aβ plaques could facilitate easy and fast diagnosis. A first step to investigate if this 

nanoparticle could perform this task, is to test the micelle’s ability to cross the BBB and its binding to plaques. 

This by means of a proof of concept study in an AD mouse model. Fluorescence microscopy revealed BBB passage 

but conflicted with results obtained from MRI signal enhancement values. Specific plaque binding could also not 

be assessed. A number of reasons could account for this and more investigations are needed to draw a firm 

conclusion.  

The second nanosystem contains a TNFα targeting peptide and could enable visualisation of inflammation. 

By relaxometric titration, interaction between this peptide and TNFα was shown. However, some issues like 

dilution dependency of the relaxivity and shear stress sensitivity arose, which should be investigated before in 

vivo testing can be performed. If these issues are clarified, combination of both targeting vectors in a single 

micellar system could enable visualisation and give more insight in the molecular processes of 

neuroinflammation.  



 

 

SAMENVATTING 

Moleculaire beeldvormingstechnologie is een waardevolle techniek om processen die plaatsvinden in het 

lichaam op moleculair niveau te onderzoeken. Dit kan eenvoudig uitgevoerd worden met MRI scanning. Dit is een 

niet-invasieve visualisatie methode die gebruikt maakt van magnetische velden in combinatie met 

radiofrequentie pulsen. Een nadeel van MRI is de enigszins lage sensitiviteit, waardoor het gebruik van contrast 

agentia haast noodzakelijk is. Om de voordelen van deze techniek maximaal te benutten, werd een nanopartikel 

met contrast verhogende eigenschappen ontwikkeld. Dit partikel is een polymeer micel waar gadolinium 

chelaten werden geïncorporeerd opdat het T1 contrast verhoogd wordt.  

Twee nanosystemen werden aangemaakt via de dunne film hydratie methode en gekarakteriseerd. De in 

vitro stabiliteit werd onderzocht in PBS en serum en werd voldoende bevonden om over te gaan naar in vivo 

testing. Naast paramagnetische chelaten bevatten de micellen ook rhodamine om visualisatie via fluorescentie 

microscopie mogelijk te maken. 

Het 1ste nanosysteem bevat een ligand om gericht te binden aan de apolipoproteine E receptor aanwezig in 

de bloed-hersenbarrière (BBB) zodat extravasatie kan worden bekomen. Dit ligand is een peptide die werd 

gesynthetiseerd, gekarakteriseerd en geconjugeerd aan een fosfolipide opdat het opgenomen zou worden in de 

mantel van de micel. De biodistributie met specifiek de BBB passage werd onderzocht via MRI signaal verhoging, 

ICP-MS en ex vivo  fluorescentie microscopie in gezonde muizen. Alle drie de methoden tonen de aanwezigheid 

van het nanosysteem in de hersenen aan, maar de MRI methode heeft helaas een bijzonder hoge variabiliteit.  

Diagnose van de ziekte van Alzheimer is bijzonder moeilijk en selectieve visualisatie van Aβ plaques zou 

hierin kunnen helpen. Een eerste stap om te kijken of het gesynthetiseerd nanosysteem deze taak zou kunnen 

uitvoeren, is het onderzoeken van zijn BBB passage en plaque binding. Dit via een proof of concept studie in een 

Alzheimer muis model. Via ex vivo  fluorescentie microscopie werd aangetoond dat het nanopartikel inderdaad 

in staat is om de BBB te overkomen, maar de resultaten bekomen via MRI vereisen enige nuancering. Specifieke 

plaque binding kon niet worden waargenomen. Verscheidene redenen kunnen hiervoor verantwoordelijk zijn en 

meer onderzoek is nodig om tot een sluitende conclusie te komen.  

Het 2e nanosysteem bevat een ligand om gericht te binden aan het tumor necrosis factor α (TNFα) peptide. 

Op deze manier kan het zorgen voor visualisatie van inflammatie. Dankzij relaxometrische titratie werd de 

interactie tussen het ligand en het TNFα peptide aangetoond. Een aantal moeilijkheden kwamen echter aan het 

licht zoals sensitiviteit van de micel voor mechanische stress of verandering in de relaxiviteit afhankelijk van de 

dilutiefactor. Deze factoren moeten nog worden onderzocht alvorens over gegaan kan worden naar in vivo 

testing. Als alle problemen zijn uitgeklaard, kan een micel worden gesynthetiseerd met beide eerder genoemde 

liganden. Op deze manier zou visualisatie en onderzoek van neuroinflammatie worden mogelijk gemaakt.  
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ABBREVIATIONS 

18:0 PEG2000 PE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] 
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CD31 Cluster of differentiation 31 or platelet endothelial cell adhesion molecule 
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CNS Central nervous system 
DIPEA N,N-Diisopropylethylamine 
DLS Dynamic light scattering 
DMF Dimethylformamide 
DOTAMA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid 
DSPE-PEG(2000) 
Maleimide 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene 
glycol)-2000] 

FMOC 9-fluorenylmethoxycarbonyl 
Gd Gadolinium 
GFAP Glial fibrillary acidic protein 
HDL High density lipoprotein 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HPLC High performance liquid chromatography 
ICP-MS Inductively coupled plasma mass spectrometry 
MRI Magnetic resonance imaging 
MS Mass spectrometry 
NMR Nuclear magnetic resonance 
NMRD Nuclear magnetic relaxation dispersion 
OCT Optimal cutting temperature 
Pbf Pentamethyldihydrobenzofuransulfonylarginine 
PBS Phosphate buffered saline 
PDI Polydispersity index 
PyBOP Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 
RF Radiofrequency 
SPPS Solid phase peptide synthesis 
TE Echo time 
TFA Trifluoroacetic acid 
TIC Total ion chromatogram 
TR Repetition time 
Trt Trityl 
UV-VIS Ultraviolet-visible 
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1. INTRODUCTION 

1.1. MOLECULAR IMAGING TECHNOLOGY 

When Wilhelm Roentgen discovered X-rays in 1895, a new field in medical healthcare called radiology arose. 

Numerous evolutions have emerged since then and radiology has become indispensible in diagnosis, treatment 

and staging of diseases. It includes a number of different techniques such as MRI, CT, fluoroscopy etc. The major 

advantage of these techniques is the ability to show the deep anatomy of the body without the need for invasive 

procedures. (1) Not only structural information can be obtained from radiology. Specific imaging agents can be 

used to investigate and monitor the molecular events happening in the body. This discipline is called molecular 

imaging, the conjoint of radiology and molecular biology. (2, 3) 

1.2. MAGNETIC RESONANCE IMAGING 

In 1952, Felix Bloch and Edward Purcell were granted a Nobel prize for the discovery of the nuclear magnetic 

resonance (NMR) principle. At first, the theory was used mainly to elucidate molecular structures. The 

development of magnetic resonance imaging (MRI) took place approximately 20 years later. MRI uses the NMR 

phenomenon in the clinical field of disease detection and imaging. (4)  

1.2.1. Basic principles 

All matter is composed of numerous atoms. Atoms are small particles consisting of a nucleus or core and 

surrounding electrons. The nucleus consists of protons and neutrons which can rotate around their axes. To 

obtain a net spinning of the nucleus, odd numbers of protons and/or neutrons should be present. When the 

nucleus possesses a spin, this can be described by the so called spin quantum number I. This number can only 

adopt certain discrete values. (5) A nucleus without spin has an I value of 0 and can’t be used for MR imaging. 

Next to I , a nucleus can also be attributed a magnetic quantum number m that can have different values 

according to the formula 2I +1. This corresponds to the different possible energy levels of the nucleus which 

exist only in an external magnetic field.  

A charged particle that owns a spin, generates a magnetic field. This is also called the magnetic moment 

of the particle, which is described by the magnetic moment vector µ. Under normal conditions, the distribution 

of magnetisation vectors from all the nuclei is random, resulting in the absence of net magnetisation (M0). When 

an external magnetic field B0 is applied, the nuclei will orientate their µ vector with a certain angle parallel to 

B0. This µ vector will rotate around B0 at the Larmor frequency ν0 (Fig 1.1). The Larmor frequency is directly 

proportional to the magnitude of the external magnetic field as can be seen in equation 1.1. Since all nuclei rotate 

with the same frequency but in a different phase, only a z-component of net magnetisation (Mz) is present. There 

will thus be no net magnetisation in the xy-plane. (6) 
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ν0 = B0  . (γ0 /2π)  (1.1) 
 

Where  ν0 = Larmor frequency (Hz) 

B0 = Magnetic field strength (T) 

γ0 = Gyromagnetic ratio, this is 267.5 x 106 rad.Hz.T-1 for a proton. (7) 

 

The main focus of MRI lies on the most common element in nature, hydrogen. The most prevalent isotope 

is 1H which has a nucleus containing only one proton. 1H has two different m-values and thus energy levels as 

presented in figure 1.2: The different energy levels are only present in an external magnetic field (B0). They 

correspond to a magnetisation vector parallel or antiparallel to B0. Since more protons are in the lower energy 

state, a net magnetisation Mz that points upwards is created parallel to the external field. (4, 7, 8) µ 

 

 

Fig. 1.1. In an external field, the magnetic moment of 
one proton precesses around the z-axis or B0 with 
the Larmor frequency ν0. This is the depicted circle 
frequency ω0 divided by 2π. (8) 

 

Fig. 1.2: In normal conditions, no difference in energy level 
exists between different spin states. Therefore spins 
cancel out (left). In an external magnetic field, two 
distinct energy levels exist. The difference in energy 
between them is related to the external field strength B0. 
(8)  

 

1.2.2. The excitation process  

Transition between the two different energy states can occur by absorption of energy from electromagnetic 

radiation. This radiation should have a frequency corresponding to the Larmor frequency of the protons. 

Radiation at this resonance frequency is located in the upper part of the electromagnetic spectrum. These are 

radio waves with a wavelength in the range of meters/kilometres. In MRI, such a radiation pulse is applied to a 

sample placed in an external field B0. The pulse is basically an electric current through a coil, generating a 

magnetic field B1 orientated at the x-axis. On macroscopic scale, this causes the Mo vector to rotate with a certain 

angle in the xy-plane. This angle depends on the strength of the magnetic field B1 and the time during which it 

is applied. The most basic pulse rotates the magnetisation vector of 900. The magnetisation vectors of the 

individual protons are then rotating in phase in the xy-plane. (4, 5) 
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1.2.3. The relaxation process 

When the net magnetisation is in the xy-plane, this generates a sinusoidal current in the receiver coil. This 

current can be transformed into individual frequency signals using Fourier transform. When the B1 field is turned 

off, some of the protons will return to their lower energy level. On a macroscopic scale, the net magnetisation 

vector will rotate again from the xy-plane to the z-axis. A decay of the current is observed. The rate by which 

protons release the absorbed energy and return to the equilibrium makes differentiation between them possible. 

(8) 

1.2.3.1. T1-relaxation 

The spin-lattice or longitudinal relaxation time T1 is a parameter describing how much time it takes to 

return the z-component of the net magnetisation (Mz) to its original value. More precisely, it represents the time 

needed to restore 63% of the original value along the z-axis. This type of relaxation occurs due to the transfer 

of the excess of energy to the surroundings of the proton. For this process, a fluctuating magnetic field at the 

Larmor frequency is needed. This is provided by the Brownian motion of the neighbouring particles. The inverse 

of this T1 is called the relaxation rate R1. (8) 

This spin-lattice relaxation process is an important concept regarding the repetition time (TR), the time 

between two radiofrequency pulses. The longer TR, the more nuclei can restore their M0 value before the 

following pulse is applied. As a result, when a short repetition time is used, only tissues with a short T1 shall give 

bright spots on the image whereas tissues with a large T1 will appear dark (Fig. 1.3). When a too short repetition 

time is used, the magnetisation vector can’t fully return to its equilibrium position resulting in a decay of signal. 

(7)  

 
0 

 

Fig. 1.3.: After application of an RF-pulse, it takes time to restore Mz. This is the T1 relaxation time and it is an 
important value regarding the chosen time between the application of two pulses (repetition time, TR). Different 
tissues display different T1 times and a short TR can differentiate between these tissues. Tissues with long T1 appear 
dark and tissues with a short T1 appear bright since Mz will mostly be restored before application of the next pulse. 
(7) An example of a T1 weighed image after administration of a T1 contrast agent for tumour visualisation is given 
on the right (TR=500 msec). (9) 
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1.2.3.2. T2-relaxation 

The transverse or spin-spin relaxation is a process describing the return of the magnetisation vector in the 

xy-plane to the original, zero value. T2 is the time needed to decrease this xy-vector to 37% of its value after 90o 

excitation. The process is depicted in fig. 1.4. It is always less than or equal to T1. Recall that protons are rotating 

in phase at the same frequency immediately after excitation. However, loss of this coherency will occur after 

switching off the RF pulse. This happens due to two processes. First, a transfer of energy between the 

surrounding, spinning protons occurs. This causes changes in their rotational speed, resulting in loss of phase 

coherency. This is the actual T2 relaxation process. The relaxation rate R2 is the inverse of this T2 time. 

Secondary, v also fluctuates due to an inhomogeneous B0 field. These inhomogeneities arise from applied 

gradients for imaging (see next section) or unwanted variations. This process, together with the previous process 

are denoted as T2
* relaxation. The result of these processes is that the vectors of the individual atoms will precess 

at different frequencies in the xy-plane. This makes the net Mxy value disappear. (7, 8) 

 

  

Fig. 1.4: Decay of the Mxy vector due to spin-spin relaxation. T2 is the time needed to decrease this vector with 
37%. Differences in T2 of certain structures can be used for imaging by varying the echo time, as described later. 
On the right, a T2 weighed image can be seen. (8)  

 

1.2.4. Radiofrequency pulse sequences 

1.2.4.1. Spin echo sequence 

In summary, the contrast in a MRI image is generated through differences in T1, T2 and proton density. To 

obtain spatial information, magnetic field gradients are applied in three dimensions. During application of the 

RF-pulse a slice selection magnetic gradient in the z-axis is turned on. In this way, protons with a different z-

axis position experience a different magnetic field strength and will therefore have different Larmor frequencies. 

After excitation, a phase encoding magnetic gradient in the y-direction is turned on. This causes a loss of phase 

from the precessing protons while they keep the same rotational frequency. A consequent 180o pulse can 

minimise interference of inhomogeneities in the magnetic field. The protons which were initially rotating with 

higher frequency now have to catch up with the slower protons. A certain time after this pulse, the vectors will 
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precess again at the same phase. This is called the echo. At this point in time, the frequency gradient is applied 

in the x direction and the signal is acquired. This method ensures a high quality MRI image. (5, 7) 

The echo-time (TE) is the time between the 90o radiofrequency pulse and the collection of the MRI signal. 

The detector is in the xy-plane, so a short echo time makes it problematic to differentiate between tissues with 

large and short T2-values. When a larger TE is applied, tissues with a long T2 give a brighter signal than tissues 

with a short T2. This is because tissues with a long T2 will have a slower decay of the xy-vector. Their 

magnetisation vector in the xy-plane at the moment of signal acquisition will thus be larger. (6) 

1.2.4.2. Inversion recovery sequence 

The inversion recovery sequence is a variation on the normal spin echo pulse to increase T1 sensitivity of a 

certain slice. Before applying the above described spin echo pulse, a 180o radiofrequency pulse is applied. It 

rotates the magnetisation vector towards the negative part of the z-axis. The time between this 180o pulse and 

the exciting 90o of the normal spin echo sequence is called the inversion time (τ). It can be varied to increase or 

decrease the number of protons whose spin will be excited. A small τ will give a negative signal because all 

protons are rotating at the negative z-axis and are excited in the negative part of the xy-plane. A very long τ will 

give a signal as in a normal pulse sequence. All protons will have returned the magnetisation vector to its normal 

z-value. In this way one can modulate the intensity of the measured signal. (7) 

1.2.5. Contrast agents  

Differentiation between tissues can be fairly straightforward especially when diseased tissues have other 

relaxation rates than normal, healthy tissue. (10) However, problems arise when difference in relaxation times 

between healthy and diseased tissues is not enough pronounced. In this case, MRI contrast agents can be used 

to improve contrast between those tissues. These agents are often metal ions or stable radicals which have 

unpaired electrons. These have their own spin and a magnetic moment substantially larger than that of nucleons. 

Therefore they will influence the proton spin. (11, 12)  

Every material reacts upon the application of an external magnetic field in a way depending on the class it 

belongs to. Some materials only have paired electrons and they are called diamagnetic. Their electron movement 

gives rise to a very weak opposite magnetisation vector. Others are paramagnetic, these are metal ions with one 

or a few unpaired electrons. The electrons align with the external field thereby enhancing it. (7) Also 

superparamagnetic materials exist. These are small iron oxide particles which create a huge magnetic moment 

due to extensive electron movement. Another class is that of the ferromagnetic agents. This is a group of atoms 

creating a huge magnetic moment which they might keep after removal of the external field. (13) The following 

paragraphs will focus on paramagnetic contrast agents. 
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1.2.5.1. Contrast enhancement 

The contrast is increased by altering the relaxation times of the tissue under investigation. (a) A T1 

relaxation or positive contrast agent promotes the spin-lattice relaxation by enhancing energy transfer to the 

surrounding molecules. This occurs through dipole-dipole interactions between the magnetic field of the 

electron spins and the proton spins. The water molecules close to the contrast agent shall thus relax faster than 

other water molecules in the body. This results in a brighter spot on a T1-weighed image. (b) A T2 relaxation agent 

shortens the T2 by promoting the loss of phase from the excited protons. The magnetic field, modified by the 

presence of the negative contrast agent, boosts the spin-spin coupling. This results in a darker spot on T2 weighed 

images. (7, 14) 

1.2.5.2. Gadolinium 

Gadolinium is a strong paramagnetic contrast agent since it has 7 unpaired electrons in its 4f orbital. The 

efficiency of enhancing the contrast is expressed by the molar relaxivity, r1 or r2. (Eq. 1.2) Relaxivity is influenced 

by temperature and the strength of the applied magnetic field. (6, 14) 

 

Ri = ri . [CA] + Ri_Tissue (1.2) 

Where  Ri = Relaxation rate (s-1) 

ri  = Relaxivity (mM-1s-1) 

[CA] = Concentration of contrast agent (mM) 

Ri,dia = Diamagnetic relaxation rate (s-1), the relaxation rate of solvent. 

With i = 1,2 respectively longitudinal and transverse component of the magnetisation vector. 

 

Unfortunately, gadolinium is quite toxic and has undesirable pharmacokinetic properties. Gadolinium has 

a similar diameter to Ca2+ ions and can thus act as calcium channel inhibitor. Moreover, a free Gd3+ ion can 

precipitate as hydroxide. Therefore, this agent must be chelated to ligands (Fig. 1.5). An excess ligand is mostly 

added since there is an equilibrium between the ligated and free, toxic agent. (6, 7, 14) 

Most gadolinium ligand chelates are T1 enhancing extravascular agents. Their total paramagnetic relaxivity 

is the sum of three components: the inner-sphere, second-sphere and outer-sphere relaxivity. (Fig. 1.6) (i) Water 

can bind at the inner-sphere of the metal ion, be relaxed by the agent electrons and then exchange with the 

water molecules in the bulk tissue water. This relaxation process is influenced by three components. The 

rotational time of the gadolinium complex (τR), the residence time of the proton in the inner sphere (τM) and the 

electron spin relaxation time (Tie). (ii) The second-sphere is the zone surrounding the inner-sphere, here the 

water molecules have hydrogen bounds with the inner-sphere water. The molecular process of relaxation is quite 
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similar to the inner sphere protons. The contribution to the overall relaxivity is however relatively low. (iii) The 

outer sphere refers to the bulk water surrounding the chelated ion. Its relaxivity is mostly influenced by 

diffusional motion of the water molecules. (14, 15) 

 

Compounds with a high relaxivity are preferred since they also exhibit a high contrast enhancement. It is 

possible to optimise the characteristics of the Gd chelate to increase this relaxivity. The most straightforward 

solution to achieve this is increasing the longitudinal inner-sphere relaxivity. (Eq. 1.3) (16-18) 

 

1

𝑇1
𝐼𝑆  = 

[𝐶𝐴].𝑞

55.5
.

1

𝑇1𝑀+𝜏𝑀
 (1.3) 

Where  𝑇1
𝐼𝑆  = Longitudinal inner-sphere relaxation rate (s-1) 

q = Hydration number (number of bound water molecules per metal ion) 

T1M  = Mean longitudinal relaxation time of a proton in the inner-sphere water (s) 

τM = Residence time of a water molecule in the inner sphere (s) 

 

By adjusting the structure of the ligand, the hydration number can be increased. However this strongly 

influences the stability and consequently the toxicity of the complex. The T1M term is influenced by a lot of 

different factors. The most important ones are the distance between the electrons and the proton and the 

correlation time τci. This correlation time is dependent on the earlier described τr, τM and Tie  as can be seen in 

equation 1.4. Influencing the rotational motion time τr  thus has effect on the overall relaxivity. The rotational 

motion of the Gd complex can be slowed down by linking Gd to a macromolecule or to an amphiphilic chelate 

which can form a nanosystem. Other possibilities and theories exist to optimise the Gd-complex for 

enhancement of relaxivity but they will not be discussed here. (14, 15, 19) 

 

  

Fig. 1.5: Gd is often used as paramagnetic contrast 
agent for MRI. Unfortunately it has toxic and 
unfavourable pharmacokinetic properties. It 
should therefore be complexed with a ligand, for 
example DOTAMA. (15) 

Fig. 1.6: The Gd3+ contrast agent with its three spheres. The 
inner sphere relaxivity is influenced by the hydration 
number q, the proton exchange rate 1/τM, the rotational 
movement of the complex τR and the electron relaxivity T1e. 
(16) 
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1

𝜏𝑐𝑖
  = 

1

𝜏𝑟
+

1

𝜏𝑀
+

1

𝑇𝑖𝑒
 (1.4) 

Where  τci = Correlation time (s) 

τr = Rotational time (s) 

τM = Residence time of the proton in the inner sphere (s) 

Tie = Electron spin relaxation time (s) 

 

1.3. NANOSYSTEMS 

1.3.1. Morphology 

Different groups of nanosystems have been developed, all with their specific structure and properties. An 

example of such a class are micelles, which are monolayers of lipids with a hydrophobic core. Inverse micelles 

contain a hydrophilic core and a hydrophobic outer lipid layer. (20) They can take different forms like rods, 

spheres or lamellar structures. It is the molecular structure of the phospholipids in the mantle that largely 

determines the structure it will form. (21) 

Biodegradable and biocompatible polymeric micelles are favourable nanoscale systems for clinical 

research. These micelles are formed by amphiphilic polymers. The single polymer chains can spontaneously form 

micelles in hydrophilic media. This phenomenon occurs when their concentration is above the critical micellar 

concentration (CMC) and the temperature is optimal. (Fig. 1.7) The amphiphilic polymer consists of a hydrophobic 

and hydrophilic part. The hydrophobic part is formed by the lipid chains of the phospholipid, the hydrophilic part 

is mostly a polyethylene glycol (PEG) chain. PEG is preferably used since it exhibits very low toxicity. (22) The 

length of both the hydrophilic and hydrophobic part influences the CMC value. It is thus critical for the micelle 

stability upon dilution in the blood compartment after intravenous injection. It is desirable that the unimers 

don’t have an extensive molecular weight in order to avoid accumulation after breakdown of the particles. 

Careful design of the unimers is thus necessary. (21) 

 

 

Fig. 1.7: Polymeric micelles are often used as nanocarriers for drugs or imaging agents. They consist of several amphiphilic 
chains, the so-called unimers. [left] If the concentration of these unimers is high enough (>CMC) and the temperature optimal 
(>CMT), polymeric micelles spontaneously form in aqueous medium [right]. (21) 
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1.3.2. Pharmacokinetic properties  

Unfortunately, nanoparticles don’t have an optimal pharmacokinetic profile. They are eliminated from the 

blood circulation very fast, mainly by the immune cells of the reticular endothelial system in the liver and spleen. 

Moreover, opsonin proteins present in blood will bind to the particle resulting in phagocytosis. After breakdown 

to unimers the renal excretion route becomes also an important elimination pathway. A lot of efforts have been 

made to develop methods to increase the circulation time. An example is the use of protective polymers (e.g. 

PEG) as a structural component of the nanoparticle. This causes sterically hindrance which decreases the 

interaction with cells and opsonin proteins and hence the blood clearance. (23) 

When nanoparticles are used for clinical purposes, it is important to control their size upon injection. 

Particles which are too small are cleared rapidly by renal elimination or by immediate blood extravasation. When 

they are too large, the particles are filtrated in the spleen and liver or could even cause emboli. The size control 

can be performed by various methods like light scattering or surface charge measurements. (20) 

1.3.3. Nanoparticles as drug delivery system 

A lot of promising, novel drugs never reach the pipeline of a pharmaceutical company due to unfavourable 

biodistribution and/or toxicity. Development and optimisation of a drug delivery system that could overcome or 

reduce the presence of extensive metabolism, toxic effects and solubility problems of the drug would be a major 

step in the medical world. Targeted delivery systems could offer a solution to increase the therapeutic-toxic 

index. They enhance specific delivery at pathologic sites and decrease accumulation of pharmaceuticals at non-

specific sites. (20)  

Here nanoparticles come into play since they can carry lipophilic or hydrophilic medicines, increasing their 

solubility. They can also be functionalized by linking targeting molecules. (Fig 1.8) The nanoparticle can be 

conjugated with antibodies against site specific receptors or ligands. All these modifications could enhance 

selective accumulation at the desired site and prevents the drug from exerting toxic effects in other sites. 

Furthermore, due to the encapsulation into the nanosystem, the drug can be protected from the action of 

metabolic enzymes. Another surplus is that medicines are shielded from the immune system which is very useful 

regarding the immunologic reaction against proteins or DNA. (23, 24) 

Nanoparticles can be used as diagnostic tool by the loading of imaging agents. In this case, the addition of 

polymer chains at the surface of the particles also serves another purpose. The chains bind water protons and 

increase the proton density in the surroundings of the metal ion. In this way they enhance the relaxivity and thus 

contrast of the paramagnetic particle. A combination of a therapeutic agent and a diagnostic agent can be 

contained in one nanoparticle, giving rise to theranostic particles also presented in fig. 1.8. (14, 21, 23) 

 



 

10 
 

 
Fig. 1.8 Modification of nanoparticles (liposomes) to enhance pharmacokinetic properties and targeted drug delivery. 
A traditional liposome [A] containing a drug inside its core (a) or in its shell (b) can be modified with 
immunoglobulins to obtain accumulation at specific sites [B]. These immunoglobulins can be inserted (d) or 
covalently attached (c) to the liposome. Addition of polymer chains (e) delays blood clearance due to diminished 
recognition by cells and binding with opsonin proteins (f) [C]. A combination of the former two strategies is possible 
with antibodies bound to polymer chains (h) or the liposome shell (g). A liposome can also be conjugated with 
imaging agents (i) [D]. (23) 

 

1.4. THE BLOOD BRAIN BARRIER 

1.4.1. Structure and general properties 

The major barrier that prevents the transportation of foreign molecules from the blood stream into the 

brain tissue is the blood-brain barrier (BBB). Its main goal is to maintain homeostasis and shield toxic substances 

in the blood. The BBB is formed by different specialised cells: the endothelial cells with tight junctions, 

surrounded by pericytes, a basement membrane and the astrocytes (Fig. 1.9). (25) The only way in which a 

molecule can pass this barrier is by transportation across it. Passive transport is only possible for gasses, water 

and small, lipophilic particles. After diffusion, these molecules can still be eliminated actively by efflux pumps 

present in the barrier. Influx transporters are also present since the brain needs nutritional substances (e.g. 

glucose or small amino acids) which are supplied by the blood. (21, 26, 27)  

 

 
Fig. 1.9: Structure of the blood brain barrier. Endothelial cells with tight junctions., pericytes, a basement membrane 
and astrocytes contribute to the structure of the BBB. Microglia, the CNS immune cells and nerve termini are present 
in close proximity of the blood vessels. (28) 
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CNS diseases like Parkinson’s or Alzheimer’s require drugs acting in certain brain regions to assure proper 

treatment. Agents can be administered directly and locally to the desired brain region by invasive surgical 

methods. However, non-invasive target attainment is preferable. Different strategies can be pursued to achieve 

brain delivery without surgery. The use of nanoparticles is, as previously described, an excellent solution as it 

overcomes unfavourable physicochemical properties of medicines or contrast agents. (10) 

The olfactory nerve system route could be used to bring the nanoparticles from the nose to the brain via 

neuronal transportation. (29) Another way to achieve brain delivery, is penetration of the BBB after injection in 

the systemic circulation. Receptor-mediated transcytosis is obtained by the ligation of nanoparticles with a 

substrate for a transport protein in the BBB. Transport mechanisms like transferrin or insulin receptors can be 

exploited. It was shown for example that nanoparticles ligated with transferin receptor antibodies could 

efficiently deliver Loperamide across the BBB inducing antinociceptive effects. (30) Inhibition of P-gp could be 

an additional strategy to enhance BBB penetration. (31) 

1.4.2. Apolipoprotein E as targeting ligand 

Lipoproteins consist of 4 different types of lipids: triacylglycerols, phospholipids, cholesteryl esters and 

cholesterol. Different types of lipoproteins exist in the plasma according to their density, which depends on the 

lipid to protein ratio. The apolipoproteins surround the lipid components. These are important for enzymatic 

processes and interaction with lipoprotein receptors. There are many different apolipoprotein classes, each 

represented by a different character. (32) The lipoproteins are responsible for the transportation of cholesterol 

and other lipids around the body. Cholesterol is an important molecule in the brain tissue. It is an essential 

component of the myelin sheath and of the cellular membranes of neurons and other brain cells. Lipoproteins 

are mainly produced by astrocytes in the brain tissue itself, however small amounts of lipoproteins can pass the 

blood brain barrier. The endothelial cells of the BBB contain low density lipoprotein transporters to regulate the 

uptake of these particles. (33, 34) 

Presence of a ligand for these transporters on the nanoparticles could theoretically exploit this mechanism 

for delivery. The apolipoprotein E (ApoE) class for example, own specific ligands on the BBB endothelial cells, 

thus being a good candidate as target to enhance CNS drug delivery. Various experiments indeed point towards 

this hypothesis. An example is an in vitro experiment using confocal microscopy to visualise ApoE ligated 

micelles after crossing an intact monolayer of brain endothelial cells. (35) Next to ligation with an 

apolipoprotein, the addition of polysorbate 80 on the surface of the particle initiates deposition of lipoproteins 

on the particle surface creating a corona. This provides another approach to use the Apo E transportation 

pathway. (35-37) 
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1.5. ALZHEIMER’S DISEASE 

Back in 1906, Alois Alzheimer’s was the first to investigate a case of impaired memory, impaired social skills 

and a changing character. (38) The neurodegenerative disease, now called Alzheimer’s disease, is characterised 

by a loss of cognitive function and is prevalent in elderly. It is the most important cause of dementia in the 

western world. On macroscopic scale, the brain shrinks and ventricles enlarge as can be seen in figure 1.10. The 

neuronal malfunctioning and degeneration is caused by two main mechanisms. On one hand the extracellular 

disposition of fibrillary amyloid β (Aβ) plaques and on the other hand the increased phosphorylation of 

intracellular tau proteins. (39) 

 

 

Fig. 1.10: Alzheimer’s disease affects mostly elderly. The disposition of amyloid plaques and formation of 
fibrillary tangles from tau proteins causes neuronal degeneration. Mainly the hippocampus and cortex are 
affected. The gyri and ventricles enlarge while functional brain regions shrink. (40) 

 

The plaques are built up of aggregating Aβ monomers. These monomers originate from incorrect cleavage 

of the amyloid precursor protein, which normally helps in the reparation and growth of neurons. The oligomers 

can bind to membrane proteins and receptors, resulting in damage of synapses. The plaques and oligomers are 

mainly deposited in the cortex and hippocampus but also on the blood vessel walls in the brain tissue. It is 

supposed that this could impair brain perfusion, causing hypoxia and radical production. This also contributes to 

brain tissue damage. Following plaque disposition, the immune system cells of the brain are activated to produce 

damaging cytokines. (38) It is not completely clear yet if the plaques or the smaller Aβ oligomers are the most 

toxic species, but recent studies point towards the latter. (41)  
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Tau proteins are normally part of the neuronal cytoskeleton and provide proper molecule trafficking inside 

the neuron. Through not fully understood processes, they become phosphorylated by a kinase and give rise to 

neurofibrillary tangles inside the neuron which can cause apoptosis. (38, 39) The blood-brain barrier is also 

influenced by the disease and becomes more permeable. This was proven by the presence of immunoglobulin 

and albumin, which in healthy conditions don’t cross the BBB, in cerebral tissue of individuals affected by the 

Alzheimer’s disease. It is not completely clear if the barrier is damaged due to the toxic effect on the endothelial 

cells of the Aβ aggregates. The damage of the BBB could also be one of the initiating factors of the amyloid 

cascade. (42) 

Alzheimer’s disease mostly affects individuals older than 65 years. However, around 5% of the diagnosed 

cases are related to a genetic, heritable form of the disease that affects people younger than 65 years. An 

example is the presence of genetic mutations causing augmented activity of γ-secretase. Trisomy 21 is also 

correlated with a higher Alzheimer’s incidence since it results in APP overproduction. The origin of the late-onset 

form is equivocal. It seems to be a mix of certain risk factors like smoking, diabetes, hypertension and genetic 

factors like presence of the ApoE ε4 allele. The main risk factor is certainly the increasing age. The ApoE allele 

influences the Alzheimer’s prevalence due to its action on Aβ clearance. The ApoE can bind to the Aβ plaques and 

promote its transport across the BBB. As such, the plaques are removed from the brain tissue. (Fig. 1.11) BBB 

passage is obtained by the use of the lipoprotein receptor related protein 1, P-glycoprotein and the very low 

density lipoprotein receptor. The ApoE4 isoform performs this task less efficiently since it can only use the very 

low density lipoprotein receptor. (38, 43) 

 

 

Fig. 1.11: The amyloid precursor protein (APP) gives rise to various insoluble Aβ monomers when cleaved by γ-
secretase and β-secretase (BACE1). The Aβ42 monomers are stickier and form oligomers which are toxic for the 
synapses. The formation of neurofibrillary tangles is influenced by the amyloid plaques. Apo E induces clearance 
of plaques across the BBB, however its role on the tau proteins is not clear yet. (44) 

 

At the current moment, only agents that slow down disease progression are on the market. Early detection 

and discovery of novel, disease-modifying agents are thus desirable. At the early stage of the disease, distinction 

between Alzheimer’s and other forms of dementia based on clinical symptoms is indeed troublesome. The 
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detection of the plaques is a useful strategy to confirm the diagnosis or achieve diagnosis in individuals who 

don’t have marked clinical symptoms yet. For this purpose, PET imaging agents are already developed and 

marketed. However, PET imaging technology suffers some disadvantages like significant exposure to radiation, 

high cost and limited availability of this equipment in the clinical setting. (45) 

1.6. TUMOR NECROSIS FACTOR ΑLPHA 

Tumor necrosis factor alpha (TNFα) plays an important role in various physiological processes like 

inflammation, immune system defence or CNS development. The protein belongs to the cytokine family and acts 

as signalling molecule between cells. It is secreted by various cell types due to different stimulating factors. 

When the innate immune system is activated by interaction of various antigens with toll-like receptors, TNFα is 

produced by macrophages and monocytes. When the adaptive immune system is activated, lymphocytes can also 

secrete TNFα. In lymphoid organs instead, there is a constant TNFα baseline production which is necessary for 

the development and maintenance of immune system cells. (46, 47) 

The protein is first produced as trimeric transmembrane compound. It is then split by TNFα convertase into 

a smaller, soluble protein (17-kDa) which is secreted. After secretion, the molecule can bind to two subtypes of 

TNFα receptors: TNFR1 and TNFR2. The interaction with TNFR1 can trigger several cellular processes. If a cell is 

infected with a pathogen for example, cell death is consequently initiated. In contrary, macrophages are kept 

alive and are activated to produce inflammatory mediators. The interaction with TNFR1 also leads to the 

production of other cytokines which increase the permeability of blood vessels. This attracts cells from the innate 

immune response to infected tissues. The TNFR2 receptor plays a very important role regarding autoimmune 

diseases. Interaction with TNFR2 is mainly obtained by the membrane form of TNFα. It is this interaction that 

initiates apoptosis of T-cells which recognise self-antigens. (46) 

The importance of this molecule and the interaction with its receptor becomes fully clear when we look at 

the result of its dysregulation. In most immune-mediated inflammatory diseases like Crohn’s disease, 

rheumatoid arthritis or psoriasis, elevated TNFα levels are present. These large amounts of TNFα induce severe 

inflammation with oedema, erythema and pain. In summary, TNFα is thus a necessity for the well-functioning of 

our immune system but it can induce pathological processes if present in too high concentrations. (46)  

A problem occurring with most inflammatory diseases is the complexity of early diagnosis and precise 

localization of inflamed regions. Demonstrating the presence of high levels of TNFα could be useful to improve 

temporally and spatially available diagnostic methods. Development of a probe with high affinity for TNFα was 

already performed by C. Sclavons et al. (47) using the phage display method to screen a various number of 

proteins. The best probe in terms of affinity, isoelectric point and half-live was estimated to be the cyclic 

CPATLTSLC peptide. 
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2. OBJECTIVES 

Magnetic resonance imaging is a powerful technique to investigate and monitor tissue structures and 

molecular events occurring in the body. It unfortunately suffers from a lack of sensitivity and for this reason, the 

administration of contrast agents like gadolinium is often needed. Visualisation of a certain body site can be 

achieved by targeted delivery of nanoparticles containing such imaging agents. (3, 14) 

In this thesis, two paramagnetic nanosystems are produced and investigated. Both systems are targeted 

micelles containing gadolinium chelates for MRI visualisation. The Gd chelate, a GdDOTAMA(C18)2 complex, is a T1 

contrast agent. The formulation of these micelles is similar to the ones described by A. Pagoto, R. Stefania et al. 

(11) but a differing targeting moiety and rhodamine for fluorescence traceability were added. The micelles are 

produced using the thin film hydration technique. Characterization is performed by dynamic light scattering, 

nuclear magnetic relaxation dispersion profiling and in vitro stability tests.  

The first nanosystem contains a probe targeting the apolipoprotein E receptor. The targeting vector is 

synthesized by SPPS, characterized by HPLC-MS and 1H-NMR and linked to a phospholipid for incorporation in the 

micelle. This system has a potential clinical applicability in Alzheimer’s disease. There is still some ambiguity 

about the pathological processes involved in this form of dementia but it is clear that the presence of Aβ plaques 

in the brain plays an important role. A major problem of AD is its difficult diagnosis and distinction from other 

forms of dementia. Enhancing the contrast between normal brain tissue and plaques on MRI is a useful strategy 

to solve this problem. In this light, the probe of the micelles serves a dual purpose. At first, it should enable blood 

brain barrier passage by exploiting the low density lipoprotein transporters. Secondary, the probe could facilitate 

the interaction with Aβ plaques making visualisation possible. A first step in the investigation of these 

hypothesises is the study of the biodistribution and especially BBB crossing of the nanosystem in healthy mice. 

Utilized techniques are MRI contrast enhancement, ex vivo fluorescence imaging and ICP-MS for gadolinium 

quantification. At last, a proof of concept study for blood barrier passage and plaque binding is performed in a 

genetically modified AD mouse. 

The second nanosystem contains a peptide with affinity for TNFα. This peptide is developed and described 

by C. Sclavons et al. (47) and synthesized by D. Develter (48). Patients with inflammatory diseases often display 

higher TNFα levels at the inflamed sites. It is known that inflammatory diseases are difficult to diagnose, so the 

selective visualisation of TNFα could present a valuable approach to solve this problem. A first step in the 

investigation of this hypothesis is to prove the interaction between the probe and TNFα by relaxometric titration. 
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3. MATERIALS AND METHODS 

3.1. APO E RECEPTOR LIGAND 

The structure of the LDL receptor binding domain and the sequence of a peptide ligand for this receptor 

was previously determined. (49, 50). The most optimal binding fragment turned out to be CWGLRKLRKRLLR. This 

sequence contains residues 141-150 of the ApoE and an extra tryptophan, glycine and cysteine amino acid at the 

C-terminus as described by Balducci C. et al. (27) This peptide is linked to a DSPE-PEG phospholipid containing a 

maleimide group for the formation of a targeting moiety and subsequently incorporated in micelles. The final 

product (Fig. 3.1) has a molecular weight of 4611.69 g/mol. 

 

 

Fig. 3.1: Structure of the DSPE-PEG-ApoE peptide to be synthesized. 

 

3.1.1. Synthesis of the Apo E receptor ligand peptide 

The peptide is synthesized automatically, using the solid phase peptide synthesis (SPPS) technique. In this 

procedure, the amino-acids are coupled starting from a solid support (resin) via amide bonds from the C to N-

terminus. The first amino acid is coupled to the solid support by a linker. The chemical nature of the C-terminus 

after cleavage from the resin depends on the properties of this linker. Since the coupling reaction is not 

completely specific, the maximum chain length is restricted to approximately fifty amino acids to assure a high 

yield of pure peptide. Longer peptides can be made with SPPS but this is at the expense of purity of the final 

product and moreover aggregation might occur. 

To avoid nonspecific coupling, the single amino acids are chemically modified. The reactive amino group is 

shielded by a protective FMOC group which is removed from the amino acid upon coupling of another amino acid. 

This deprotection step is carried out by adding piperidine (20%) in dimethylformamide (DMF). Any reactive side 

chain of an amino acid is shielded by protecting groups not affected by the piperidine deprotection step. To allow 

an efficient coupling, activation of the carboxyl group by enhancing the electrophilicity using e.g. carbodiimides 

is required. The nucleophilic attack of the amino group from the formerly coupled amino acid will occur rapidly. 

(Fig. 3.2) This coupling process is repeated with all the following amino acids until the desired peptide is acquired. 

Washing steps should be used between every coupling to remove uncoupled amino acids. When the synthesis is 

completed, the protecting groups are removed and the peptide is cleaved from the resin by applying acid 

conditions. Scavenger agents should also be present to capture the formed reactive carbocations to prevent the 

formation of side products. (51, 52) 
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Fig. 3.2: The coupling process. The side protecting group (SPG) stays on the AA during the whole reaction but the 
N-terminus protecting group (NPG) is deleted upon addition of a new AA. The addition of an activator (X) is required 
for effective coupling. (52) 

 

The maximum synthesis capacity of the Liberty CEM microwave peptide synthesizer (CEM Corporation, 

Matthews, U.S.A.) is 0.1 mmol peptide. Since one gram of the solid phase is needed to synthesis 0.5 mmol peptide, 

a quantity of 0.2 g solid phase with rink amide linker is used (H-Rink amide 727768, Sigma-Aldrich, Milan, Italy). 

In every coupling step, an excess of amino acid is used. Every coupling step is repeated twice to increase the 

efficiency of the binding, the used masses are given in table 3.1. (Balance: Kern & Sohn GmbH, Balingen, Germany) 

The basic solution used during activation is prepared by mixing 7.0 mL DIPEA (N,N-diisopropylethylamine) (Alfa 

Aesar, Karlsruhe, Germany) with 13.0 mL N-methylpyrrolidone (VWR Prolabo Chemicals, Fontenay-sous-Bois, 

France). The activator solution of 0.5 M PyBOP (Benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate) (Chem. Impex Int’l Inc., Wood Dale, U.S.A.) is prepared dissolving 9.1 g in 35 mL DMF (VWR 

Prolabo Chemicals, Fontenay-sous-Bois, France). The deprotector is a 20% piperidine (VWR Prolabo Chemicals, 

Fontenay-sous-Bois, France) in DMF solution prepared by mixing 50 mL of piperidine with 200 mL of DMF.  

 

Table 3.1: Used volumes and weights of the single amino acids for the Apo E peptide synthesis. 

Compound a Mass (g) Volume of DMF (mL) Supplier 

FMOC-Arg(Pbf)-OH 2.98 23.0 Sigma-Aldrich, Hong Kong, China 

FMOC-Cys(Trt)-OH 0.70 6.0 Novabiochem, Athens, Greece 

FMOC-Gly-OH 0.36 6.0 Advanced Biotech, Seveso, Italy 

FMOC-Leu-OH 1.63 23.0 Advanced Biotech, Seveso, Italy 

FMOC-Lys(Boc)-OH 1.12 12.0 Novabiochem, Athens, Greece 

FMOC-Trp(Boc)-OH 0.63 6.0 Chem-Impex Int’l Inc, Wood Dale, USA 

a If present, the chemical nature of the side chain protecting group is given between parentheses. 
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After manual preparation of the solutions, the SPPS is automatically performed as described earlier. During 

the procedure, a micro-wave based system is used to increase the temperature. It has been proven that this 

enhances the reaction velocity without degradation of reagents. (53) The deprotection step is performed at 75oC 

for 3 minutes. The coupling steps are performed at 75oC for 5 minutes, except when cysteine is coupled. This 

amino acid is susceptible for racemisation at high temperatures so the coupling temperature is lowered to 50oC 

for this cycle.  

Removal of the peptide from the solid phase is performed by adding 10 mL of removing solution after three 

washing cycles with DMF and three washing cycles with diethyl ether (VWR Prolabo Chemicals, Fontenay-sous-

Bois, France). This removing solution consists of 95% trifluoroacetic acid, 2% phenol, 2% double distilled water 

and 1% triisopropylsilane (all from VWR Prolabo Chemicals, Fontenay-sous-Bois, France). The peptide is then 

precipitated in 30 mL of cold diethyl ether and centrifuged (ALC, Ilkeston, UK) four times at 3200 rpm for three 

minutes. The diethyl ether is evaporated, the final product is dissolved in double distilled water and vortexed 

(VWR Prolabo Chemicals, France). By removal of the peptide from the rink amide resin, an amide C-terminus is 

obtained. This amide terminus has a higher stability compared to the normally obtained carboxy group regarding 

enzymatic degradation in the body. When the synthesis is completed, the peptide solution is lyophilised 

overnight under vacuum (Heto-Holten A/S, Allerød, Denmark) after freezing in liquid nitrogen (Sapio Produzione, 

Collegno, Italy). Afterwards, the yield of the synthesis is determined by weighing.  

The purity and sequence of the product is confirmed by dissolving an aliquot of the lyophilised product in 

200 µL acetonitrile and 200 µL double distilled water and analysing it by HPLC-MS/dual UV-detector. A C18 

column (XBridgeTM BEH300, Waters, Wilmslow, U.K.) with following column dimensions: 3.5 μM (particle size), 4.6 

mm (inner diameter), 150 mm (length) and 300 A (pore size) is used. A flow rate of 1 mL/min is applied. The 

sample is kept at room temperature, column temperature is 25oC.  

A gradient elution program is used as illustrated in table 3.2. Mobile phase A contains 0.1% (m/V) TFA (VWR 

Prolabo Chemicals, France) in milliQ water (18.2 MΩ). Mobile phase B contains 0.1% (m/V) TFA in acetonitrile. 

Detection is performed by single quad mass spectrometry (Waters 3100, Italy) using electrospray (+) as 

ionisation technique. The cone voltage is set at 23.69 V and the capillary voltage at 2.24 kV. A MS scan from 400 

m/z to 2000 m/z is obtained. Solvent coming from the column is split with split ratio 10:1 going through the 

detector at a flow rate of 0.3 mL/min. A dual spectrophotometer (Waters 2487, Italy) measures UV absorption at 

a wavelength of 215 and 275 nm with solvent going through the detector at a flow rate of 0.7 mL/min. The 

aromatic tryptophan absorbs at 275, the amide bonds at 215 nm. Purity is determined using forced drop line 

integration. Next to HPLC analysis, a 1H NMR spectrum (Bruker Instruments, Milan, Italy) is recorded at 600 MHz 

and 25oC in D2O (Sigma-Aldrich, Milan, Italy) of the peptide and the DSPE-PEG maleimide to which it will be linked. 
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Table 3.2: Gradient elution programme for qualitative characterization. 

Time (min.) Solvent composition 
Mobile phase A (%) Mobile phase B (%) 

0.00 85 15 
12.47 30 70 

30.00 0 100 
 

3.1.2. Synthesis of the phospholipid DSPE-PEG(2000)-maleimide-ApoE 

The synthesized peptide (9.72 mmol) is linked to a DSPE-PEG(2000) Maleimide (ammonium salt, 880126, 

Avanti Polar Lipids Inc., Alabaster, U.S.A.) (9.72 mmol). After the solubility determination of both reagents in 

different media, a ratio of 2:1 methanol (VWR Prolabo Chemicals, France) respectively double distilled water is 

chosen as synthesis medium. The pH of this solution is measured (XS instruments pH 510, Italy) to assure correct 

pH (±6) for the reaction. Both the reagents are added in the synthesis medium under inert conditions to prevent 

formation of disulphide bounds. The maleimide reacts with the sulfhydryl group of the cysteine, binding both 

components by a Michael addition as can be seen in figure 3.3. (54) 

 

Fig. 3.3: Michael addition of the maleimide group to the sulfhydryl group of the cysteine, linking the Apo E 
fragment to the DSPE-PEG(2000) maleimide in a solution of methanol:double distilled water (2:1). (54) 

 

To confirm that the reaction has finished and all peptide is linked to DSPE-PEG, an aliquot is subjected to 

HPLC analysis. The used gradient elution is described in table 3.3. Mobile phase A is milliQ water (18.2 MΩ) with 

0.1% (m/V) TFA, mobile phase B acetonitrile with 0.1% (m/V) TFA. An ESI(+)-MS and dual UV-detector are used. 

Exactly the same conditions are applied as in the previous section.  

 

Table 3.3: Gradient elution programme for reaction control. 

Time (min.) Solvent composition 
Mobile phase A (%) Mobile phase B (%) 

0.00 60 40 
4.98 20 80 

22.44 0 100 
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Purification is performed using a 5 µm 19x100 mm C8 column (XBridgeTM Waters, Wilmslow, U.K.) with flow 

rate of 20 mL/min, applying a proper scale-up of the method reported in table 3.3. Mobile phase A is a solution 

of 7 mM ammonium acetate (Sigma-Aldrich, Milan, Italy) in milliQ water (18.2 MΩ), mobile phase B is 7 mM 

ammonium acetate in acetonitrile. Ammonium acetate is chosen over TFA due to possible product damaging 

properties of the latter. Two different fractions are collected to ensure purity of the final product. One is collected 

from 4.2 till 5.2 minutes and the other one from 5.2 till 6.8 minutes. The whole sample is injected in different 

aliquots of 250 µL. 

The resulting two fractions are lyophilised. An aliquot is taken of both fractions and dissolved in methanol-

d4 (Sigma-Aldrich, St. Louis, U.S.A.). They are characterized using 1H-NMR spectrophotometry at 25oC and 600 MHz. 

3.2. PREPARATION OF PARAMAGNETIC MICELLES 

3.2.1. Buffer solutions 

PBS buffer (10x): One litre of ten times concentrated PBS buffer is prepared by weighing (Kern Arj, Kern & 

Sohn GmbH, Germany) 80 g NaCl, 2 g KCl, 2 g KH2HPO4 and 15 g K2HPO4 (all from Sigma-Aldrich, St. Louis, U.S.A.) 

and dissolving it in 1L double distilled water. The solution is stored at 4oC. When 300 mOsm PBS is needed, a fresh 

1:10 dilution is made in double-distilled water and the pH is adjusted to 7.2-7.4 using HCl (Sigma-Aldrich, Milan, 

Italy).  

TD buffer (10x): 10x concentrated TD buffer is prepared by weighing 18.2 g HEPES (Sigma-Aldrich, St. Louis, 

U.S.A.) and 175.2 g of NaCl (Sigma-Aldrich, St. Louis, U.S.A.) and dissolving it in 2L of double distilled water. The pH 

is then adjusted to 7.2-7.4 using NaOH (Carlo-Erba, Rodano, Italy). Prior to use, this solution is diluted 1:10 in 

double-distilled water and filtered using cellulose acetate filters with pore diameter of 0.2 µm (Whatmann, 

Buckinghamshire, U.K.). 

3.2.2. Preparation of micelles 

Two differently paramagnetic micellar systems are prepared. System 1 contains the earlier described ApoE 

receptor ligand. System 2 contains a probe for the human tumor necrosis factor α protein, synthesized by D. 

Develter. (48). The paramagnetic micelles are composed of 4 different phospholipids mixed in a certain molar 

ratio as reported in table 3.3. This composition is chosen according to prior investigations by A. Pagoto, R. Stefania 

et al. (11) Gd-DOTAMA and the synthesized phospholipid probes are weighed according to table 3.3 and dissolved 

in chloroform. PEG2000 PE is available as 1 mg/mL solution in methanol and Liss Rhod PE as 1 mg/mL solution in 

chloroform. The organic solvents are evaporated during 2h in a rotavapor (Heidolph, U.K.) and the obtained film 

is hydrated with TD buffer solution at 55oC, to achieve a final phospholipids’ concentration of 15 mg/mL. This 

solution is sonicated (Sonopuls 20 kHz, Bandelin, Germany) three times at 75% of the maximum power (70 Watt) 

in a water bath at room temperature.  
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Table 3.3: Components for 2 mL of micelle suspension (15 mg/mL) 

Component Molar conc. 
(%) 

Mass ApoE NP a 
(mg) 

Mass TNF NP b    
(mg) 

Supplier c 

DSPE-PEG(2000)-
maleimide-ApoE 

2.0 1.29 - Synthesized in lab (section 3.1) 

DSPE-PEG(2000)-
maleimide-SATA-TNFαT 

2.0 - 1.15 Synthesized in lab (48) 

Gd-DOTAMA 40.0 5.97 6.00 Bracco, Milan, Italy 

18:0 PEG2000 PE 57.5 22.65 22.76 Avanti Polar Lipids Inc, 

Alabaster, U.S.A. (880120) 

18:1 Liss Rhod PE 0.5 0.091 0.092 Avanti Polar Lipids Inc., 

Alabaster, U.S.A. (810150) 

a  ApoE targeting nanoparticles are abbreviated as ApoE NP. 
b TNFα targeting nanoparticles are abbreviated as TNF NP. 
c All products from Avanti Polar Lipids Inc. are present under the form of ammonium salts. 

3.3. CHARACTERIZATION OF PARAMAGNETIC MICELLES 

3.3.1. Size and polydispersity determination 

With dynamic light scattering (DLS), the hydrodynamic diameter and polydispersity of the micelles can be 

investigated. Small particles scatter incident light to all directions and these scattered wavelengths sum up, 

resulting in darker and lighter areas. Particles in solution are moving randomly, according to the principle of the 

Brownian motion. Therefore, the intensity of the scattered light at a certain area constantly varies. This variation 

in intensity is dependent on the motion velocity, which is dependent on the size of the particles. From these 

intensity distributions, number size distributions can be derived. (55, 56) 

For the DLS measurements, the Zetasizer Nanoseries ZS (Malvern instruments, Malvern, U.K.) with a 633 nm 

He-Ne laser and photodiode detector positioned at 173o is used. Aliquots of the micelle solution are analysed as 

1:100 dilutions in TD buffer at 25oC. Every measurement is performed three times, with the instrument choosing 

the number of repetitions per measurement.  

3.3.2. Gadolinium quantification  

To estimate the relaxivity displayed by the micelles, prior quantification of gadolinium is required. 

Therefore, the method of the glass vials is performed. A 1:1 dilution of an aliquot of the sample with 37% (V/V) 

HCl (Sigma-Aldrich, U.S.A.) is made. This is centrifuged at 2000 rpm for 3 minutes. After sealing the vial, the 

solution is left overnight at 120oC. This results in the destruction of all the micellar components and complexes 

except from the gadolinium ion.  
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The longitudinal relaxation rate of the protons is measured using the spinmaster relaxometer (Stelar, Pavia, 

Italy) by applying the inversion recovery pulse sequence. Measurements are performed at 21.5 MHz (0.5 T) and 

25oC. The temperature is checked using a thermocoupler multimeter (Keysight Technologies, Italy). The obtained 

relaxation rate is used to determine the concentration of Gd (mM) in the sample using equation 3.1. The dilution 

factor of 2 is taken into account. 

 

[Gd]   = 
(𝑅1,𝑜𝑏𝑠−0.5) 𝑥 2 

13.7
  (3.1)  

Where  [Gd] = Concentration of gadolinium (mM).  

R1,obs = Measured longitudinal relaxation rate (s-1). 

R1,dia = Diamagnetic relaxation rate (s-1), 0.5 for a micelle suspension in 50% (V:V) HCl, 

without Gd inserted.  

r1 = Longitudinal relaxivity (mM-1s-1) of the free Gd ion, being 13.7 at this conditions. 

 

The ApoE targeted micelles will be used for in vivo experiments. It is important to note that the injection 

dose for mice is 0.05 mmol Gd/kg. A mouse of approximately 20 g needs thus administration of at least 0.001 

mmol Gd. However, a mouse has solely a total amount of 2 mL blood so injection of more than 200 µL is not 

recommended. Concentration of the micelle solution can thus be necessary. This is performed by centrifugation 

of the solution in using 10.000 µm polyethersulfone filters (Sartorius, Stonehouse, U.K.) and centrifugation at 

1500 rpm for 30 minutes This is repeated until a suitable Gd concentration is obtained for the execution of the 

in vivo experiment. 

3.3.3. Longitudinal relaxivity determination (21.5 MHz) 

A 1:10 dilution of an aliquot micelle solution in TD buffer is prepared. The spinmaster relaxometer is used to 

measure the longitudinal relaxation rate R1. The inversion recovery sequence is applied at 25oC and a fixed 

magnetic field of 0.5 T. Temperature is confirmed by the thermocoupler multimeter. 

3.3.4. Nuclear magnetic relaxation dispersion profiles 

The longitudinal relaxation rate R1 is determined at different field strengths and temperatures to analyse 

its field and temperature dependency. Low field relaxation rates are measured with the spinmaster fast field 

cycling 2000 (Stelar, Pavia, Italy). The magnetic fields are varied from 10 kHz to 30 MHz, corresponding to 

magnetic fields ranging from 235 µT to 0.7 T. At the lowest part of this range (10 kHz till 4.3 MHz) the pre-

polarization sequence is used to measure the R1. For the higher magnetic fields, the non-polarized sequence is 

used.  
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High field relaxation rates are recorded at magnetic fields ranging from 30 MHz to 70 MHz (Stelar WP80, 

Pavia, Italy). Relaxation rates are obtained using the inversion recovery sequence. Every measurement is 

performed at 25oC and 37oC and the temperature of the sample is controlled in a water bath. 

3.3.5. In vitro stability 

The stability of the micelle suspensions is assessed for 75 hours at 37oC in PBS and human serum (SERO AS, 

Billingstad, Norway). Longitudinal proton relaxivity (21.5 MHz) and size (DLS) are determined at different time 

points, as described earlier. The micelles are maintained under gentle shaking.  

3.4. IN VIVO EXPERIMENTS1 WITH APOE MICELLES 

3.4.1. Animals and disease model 

Biodistribution of the paramagnetic micelles is investigated in nine healthy female black mice (strain: 

C57BL/6J) of 8 weeks old.  

One female 5xFAD mouse of three months old is used as Alzheimer’s disease model. The model has five 

mutations which lead to accelerated plaque development and deposition. These mice start to have neuronal 

degeneration at fairly young age (approximately 2 months), neurofibrillary tangles are however mostly absent 

in this model. Three out of the five mutations are present in the APP gene. The Swedish or KM670/671NL mutation 

is a double point mutation which results in enhanced β-secretase cleavage of the APP. The consequence is an 

increased Aβ40 and Aβ42 protein production. The Florida or APP I716V and London or APP V717I mutation are 

single missense mutations. They give increased Aβ42 concentration by overproduction of APP. The remaining two 

mutations are PSEN1 L286V and PSEN1 M146L. These are both missense point mutations. The PSEN1 or presenilin 

1 gene encodes for a protein which is part of the γ-secretase complex. The mutations give rise to altered γ-

secretase activity with enhanced Aβ42 production and increase of the Aβ42/Aβ total ratio. (57, 58)  

3.4.2. Pharmacokinetics, biodistribution and targeting 

First, a subset of three healthy mice is investigated. Micelle suspension is injected and sacrification is 

performed after 1h, 6h or 24h. On these mice, the ex vivo immunofluorescence assay is performed. Due to positive 

results, the trial was expanded to six healthy mice. Again micelle suspension is injected and mice are sacrificed 

after 24h or 48h. MRI analysis, ex vivo immunofluorescence assays and ICP-MS measurements are conducted. 

The disease model was sacrificed 48h after injection of micelles. On this mouse, MRI analysis and the ex vivo 

immunofluorescence assay was performed. 

                                                             
1 All in vivo experiments were conducted under the supervision of Francesca Garello and according to the European Union laws and 
policies on the protection of animals used for scientific purposes [council directive 2010/63/EU].  
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3.4.2.1. MRI analysis 

To investigate the contrast enhancement of the particles, magnetic resonance imaging is performed before 

and after administration of the paramagnetic micelles. Prior to MRI, mice are weighed, marked and injected 60 

µL of an anaesthetic solution intramuscularly. This solution is made by combining 40 µL tiletamine/zolazepam 

(Zoletil - Vibrac, Italy, Milano), 25 µL xylazine (Rompum - Bayer, Milan, Italy) and 250 µL sterilised PBS. Imaging 

of brain, liver, spleen and kidneys is performed using the spin echo sequence. Multislice images are obtained 

with slice thickness of 1.5 mm. Both T1 and T2 weighed images are obtained. The T2 weighed images are the most 

useful to visualise anatomical structures and can be obtained by using a long repetition (TR) and echo time (TE). 

The TR and TE are set to respectively 2500 and 44 seconds. The T1 weighed images are used to investigate the 

relaxivity enhancement of the gadolinium chelate. For T1 contrast, a short TR and TE are chosen to minimalize T2 

interference and maximise contrast due to T1 differences. A TR of 250 seconds and a TE of 8.3 seconds is chosen. 

All images are acquired at 1 T (Brüker, Karlsrühe, Germany). A tube containing a reference standard of 0.25 mM 

gadolinium is measured together with every mouse, at every imaging cycle. During image acquisition, breathing 

and heartbeat of the mice is recorded to ensure deep anaesthesia. 

After overnight fasting, mice are injected a volume of micelle solution according to a dose of 0.05 mmol 

Gd/kg body weight in the tail vein. The food deprivation is thought to decrease the ApoE receptor abundance in 

the liver. (59) 

The obtained images are analysed by drawing manually ROIs (region of interest) on the T2 weighed images, 

since these give anatomical information. Then, this ROI is copied on the T1-weighed image and the signal intensity 

value is calculated using the ImageJ programme. In the abdominal slices, liver and spleen are investigated. The 

brain slices are subdivided in temporal, pre- and post-temporal regions according to a mouse brain atlas. (60) 

In pre-temporal and temporal regions, separate analysis of cortical and inner regions is performed and in the 

post-temporal region, the cerebellum is analysed.  

3.4.2.2. Ex vivo immunofluorescence assay 

After sacrification of the healthy mice, collection of the liver, spleen, kidneys, lungs and brain hemispheres 

is performed. One half of every organ is immediately freshly frozen in OCT embedding matrix (Cell Path, 

Newtown, U.K.) by immersion in fluid nitrogen (Sapio Produzione, Italy). Afterwards the organ is cryosliced (5 µm 

– Leica, Wetzlar, Germany), with the brain hemisphere being sliced according to the sagittal geometry. These 

cryoslices are immediately fixed and kept at -20oC with defrosting just before starting the experimental assay. 

For the first three mice, fixation is performed in different fixatives. Acetone fixation gave the best results and 

was therefore used as fixative for all following experiments.  
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The defrosted cryoslices of healthy mouse organs are hydrated thrice in PBS for 7 minutes. Afterwards, 

blocking with goat serum (30% in PBS) (Sigma-Aldrich, Milan, Italy) for 30 minutes is performed at room 

temperature. Then, one brain slice is incubated with a 1:500 solution in 10% goat serum of rabbit primary 

antibodies against glial fibrillary acidic protein (GFAP, Dakocytomation, Glostrup, Danmark). Another one is 

incubated with 1:200 rat cluster of differentiation 31 primary antibodies (BD pharmingen, Milan, Italy). As a 

control to one slice only, 10% goat serum is added. All the slices are than incubated overnight at 4 oC. Later on, 

an incubation with fluorescently marked secondary antibody (anti-rat, Dye Alexa Fluor 488, Life Technologies, 

Monza, Italy or anti-rabbit, FITC, Dako, Milan, Italy) is performed at room temperature for one hour. Subsequently, 

Hoechst (33342, Sigma-Aldrich, Milan, Italy) solution is applied and incubated for 10 minutes in a dark chamber. 

For slices of the excretory organs, only Hoechst is used as staining agent. After removal of the remaining solution 

with PBS, the slices are mounted with fluoromount (Sigma-Aldrich, Milan, Italy) to facilitate long term storage 

and prevent photo bleaching. The slices are examined with fluorescence microscopy (ZEISS Apotome, Thornwood, 

U.S.A.) with three excitation wavelengths (350, 488 and 561 nm). These healthy brain slices are also stained with 

hematoxylin-eosin for investigation using light microscopy (Optika microscopes, Ponteranica, Italy). Slices are 

therefore first rinsed with water, than with ethanol (95%) and again hydrated in water. Afterwards they are 

stained with hematoxylin (5’). Rinsing with water and consequently rinsing with ammonia follows, than again 

rinsing with water and rinsing in ethanol (95%). Than staining in eosin (5’) is performed with following 

dehydration in ethanol and clearing in xylene (all from Sigma-Aldrich, Milan, Italy).  

The brain of the AD mouse, after MRI acquisitions, was collected and used for ex vivo immunofluorescence 

imaging (coronal geometry was used to cut slices). In this way, visualisation of the anatomical structure is 

possible. Slices are stained with GFAP/CD31 staining as described as before and thioflavin T (Sigma-Aldrich, Milan, 

Italy) which binds to Aβ plaques. Slices are examined with confocal microscopy (Leica microsystems, Mannheim, 

Germany). 

The brain of an Alzheimer’s mouse without micelles administered was also investigated under light 

microscopy with congo red (Sigma-Aldrich, Milan, Italy) staining to confirm the presence of Aβ plaques. To this 

purpose, slices are therefore first rinsed with water, stained with congo red (10’) and again rinsed in water. 

Afterwards, the normal hematoxylin-eosin staining and mounting is performed. The brain was also investigated 

with confocal microscopy using staining with 0.5% solution of thioflavin S in 80% ethanol (both Sigma-Aldrich, 

Milan, Italy). After hydration in PBS (5’), rinsing is performed for one minute in ethanol of 70% and 80%. After 

incubation for 15 minutes in the dark at room temperature with the thioflavin S solution, the same washing 

cycles in ethanol are performed. These slices are additionally stained with GFAP as described previously but with 

using a different secondary antibody (Texas red goat anti-rabbit, Invitrogen, Monza, Italy). 
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3.4.2.3. ICP-MS quantification 

The other half of the organs from healthy mice is weighed and digested overnight in 1 mL 65% nitric acid 

(Sigma-Aldrich, U.S.A., St. Louis). To the liver, 2 mL of 65% nitric acid is added. After digestion in nitric acid, 900 

µL of every solution is taken and demineralised by heating in a microwave (160oC) for 1 hour. As a result, all 

organic material is removed from the sample and the remaining inorganic material is suspended in 2 mL of 

double distilled water. These samples are filtered using sterile cellulose acetate filters with pore diameter of 

0.2 µm (Whatmann, Buckinghamshire, U.K.). 

Afterwards, the concentration of Gd ion in every sample is measured using inductively coupled plasma mass 

spectrometry (ICP-MS). The Finnigan Mat Element 2 (Thermo Finnigan, Salt Lake City, U.S.A.) is used to perform 

the assay, it has a mass range from 5 to 260 Dalton. The sample is introduced as aerosol in argon plasma which 

induces desolvation and ionisation of the sample. This plasma is obtained by the flow of argon gas through a 

strong electromagnetic field. The generated ions are focussed to the mass analyser using a system of extractor 

lenses. The mass analyser itself is a combination of a static magnetic and electric sector field. The concentration 

of Gd in the sample is calculated from a calibration curve. This curve is obtained by measuring the signal from 

samples with known Gd concentrations. Therefore, a 6.45 mM Gd standard AAS solution (Sigma-Aldrich, St. Louis, 

U.S.A.) is diluted with 65% nictric acid to generate 4 points within the 0.005 and 0.1 µg/mL range.  

3.5. RELAXOMETRIC TITRATION 

The interaction between the synthesized TNFα probe and the human TNFα protein is investigated by 

relaxometric titration. The starting point is an equimolar mixture of the TNFα protein and a 1:70 dilution of the 

TNFα probed micelles in TD. From this point on, micelle suspension is added in slow increments. After every 

addition, the solution is stirred using a thermomixer (Torrey Pines Scientific INC, U.K.) for 15 minutes at room 

temperature. After this time period, longitudinal relaxation rate is measured and micelle suspension is again 

added. This cycle is repeated until the ratio of TNFα compared to the mole peptide in the solution is 1:4. A control 

titration without TNFα is also performed.  
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4. RESULTS 

4.1. APOLIPOPROTEIN E RECEPTOR LIGAND 

4.1.1. The apolipoprotein E ligand peptide 

The peptide (CWGLRKLRKRLLR) with amide C-terminus has a molecular weight of 1697.16 and was obtained 

with a yield of 48.88%. 

It is important to confirm the purity and sequence of the synthesized Apo E receptor targeting peptide. This 

is performed using HPLC-UV and HPLC-MS. The UV and TIC spectra obtained after separation with HPLC are given 

in fig. 4.1. The largest peak at 9.2 minutes corresponds to the retention time of the peptide. A purity of 

approximately 73.9% was assessed using forced drop line integration on the UV-VIS spectrum at 215 nm. 

 

 

Fig. 4.1: [A] UV-spectrum obtained with UV detection at 215 nm after HPLC separation using the column and 
conditions as described earlier. [B] Total ion chromatogram (TIC) obtained with single quad ESI MS after HPLC 
separation. 

 

The sequence of the peptide is confirmed by a MS-SCAN spectrum of the peak at 9.2 minutes as presented 

in fig. 4.2. The chemical formula of the desired peptide is C76H137N29O13S. TFA, used in the mobile phases, forms an 

ion-pair complex with the ionized peptide. The peak of 1020.5 represents [M+3 CF3COO-+5H]2+ which is a complex 

with three TFA anions. The peak of 963.54 represents a complex with two TFA anions, [M+2 CF3COO-+4H]2+. The 

peak of 604.58 represents a complex with one TFA anion, [M+CF3COO-+4H]3+. The peak of 566.62 represents 

[M+3H]3+.  

 



 

28 
 

 

Fig 4.2: Scan MS spectrum obtained with ESI(+) and single quad of the largest peak at 9.2 minutes in the TIC 
chromatogram. m/z values are recorded in a range from 400 to 2000. 

 

4.1.2. Synthesis of the phospholipid DSPE-PEG(2000)-maleimide-ApoE 

The synthesized peptide is linked to a DSPE-PEG(2000)-Mal via a Michael addition. Since maleimide is a 

very reactive group, remaining unreacted DSPE-PEG(2000)-maleimide is undesirable. Therefore, the reaction is 

followed by HPLC-MS and peptide is added until no single DSPE-PEG(2000)-maleimide peak remained present. 

This method is visualised in fig. 4.3. 

 

Fig. 4.3: TIC MS chromatograms obtained with ESI(+) and single quad. The chromatogram of the linked product [A] 
shows a peak at 9.86 minutes. Peptide solution is added until no remaining DSPE-PEG-maleimide (peak around 12 
minutes) can be detected. In the other chromatograms, solely DSPE-PEG-maleimide [B] or peptide solution [C] is 
present.  

A 

B 

C 
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After completion of the reaction, the product is purified using HPLC. Two different fractions are collected 

and lyophilised. Both are analysed using 1H-NMR and are found to be equal and correctly linked. To understand 

the spectrum of the product, 1H-NMR spectra of the peptide and DSPE-PEG-Mal moiety are also analysed. 

 A 1H-NMR spectrum of the peptide alone is presented in figure 4.4. 1H-NMR (600 MHz, D2O): δ 7.5-7.0  

(HTrp, see close-up in figure), δ 4.8 (residual solvent peak, s), δ 4.2-4.4 (Hα, AA, m); δ 3.1-2.8 (Hβ, AA, m), δ 0.8 (Hδ,Leu).  

 

 
Fig. 4.4: 1H-NMR spectrum of the synthesized peptide (D20, 25oC, 600 MHz, pH=2). In close-up the 
characteristics proton peaks from the indole ring of tryptophan.  

 

The 1H-NMR spectrum of DSPE-PEG maleimide is presented in figure 4.5. At δ 6.8, the characteristic peak of 

the reactive maleimide protons is present. The 1H-NMR spectrum of fraction A is presented in figure 4.6. Fraction 

B gives a similar spectrum (data not shown). Peaks from the DSPE-PEG part can be found and assigned as follows. 

1H-NMR (600 MHz, CD3OD): δ 7.5-7.0 (HTrp), δ 5.2 (Hbranchpoint), δ 4.8 (H2O), δ 3.6 (HPEG chain), δ 3.3 (MeOD residual 

solvent peak), δ 1.3 (Hlipid chain), δ 0.9 (Hterminal CH3). It is difficult to differentiate between upfield proton signals 

from the phospholipid and the peptide. However, the peaks downfield (7.5-7.0 ppm) can be assigned to the 

tryptophan protons. Unreacted maleimide protons (6.7 ppm) are not present. Since protons of both parts are 

present and unreacted maleimide protons are absent, this proves correct linking.  
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Fig. 4.4: 1H-NMR spectrum of the DSPE-PEG maleimide component (methanol-d4, 25oC, 600 MHz, pH=7). The 
peak at 6.8 ppm represents the reactive maleimide protons. 
 

 
Fig 4.6: 1H-NMR spectrum of the linked DSPE-PEG mal ApoE component, fraction A (methanol-d4, 25oC, 600 
MHz, pH=7). The absence of a peak at 6.8 ppm assures absence of the reactive maleimide protons and correct 
linking. 
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4.2. CHARACTERIZATION OF PARAMAGNETIC MICELLES 

4.2.1. Size confirmation 

Results of the size measurement are reported as number distributed size and polydispersity index (PDI) as 

can be seen in table 4.1. Values reported are obtained after numerous sonication and measurement cycles. The 

PDI represents the width/mean ratio of the particle size distribution. As can be noticed, the desired PDI lower 

than 0.3 could not be achieved. This could be due to the low size of the particles or interference of the 

measurements by the fluorescence of rhodamine. 

 

Table 4.1: Intensity size and PDI for size confirmation of the micelles 

 Number size (nma) PDI 
             Mean ± SD            Mean ± SD 

ApoE targeting micelles 16.85 ± 2.31 0.33 ± 0.05 

TNFα targeting micelles 17.45 ± 1.74 0.34 ± 0.07 

a Values represent the hydrodynamic diameter of the spherical particle. 
 

4.2.2.  Gadolinium quantification and relaxivity determination 

Observed longitudinal relaxation rates (R1) and calculated gadolinium concentrations are presented in table 

4.2. Since the Gd concentration was too low for conduction of the in vivo experiment, one cycle of concentration 

was necessary for the ApoE targeting nanoparticles.  

The longitudinal relaxivity (mM-1.s-1) of the final solution is calculated using equation 4.1, taking in account 

the dilution of 1:10 of the aliquot upon measurement.  

 

r1   = 
(𝑅1,𝑜𝑏𝑠−0.5).10

[𝐺𝑑]
 (4.1) 

Where  r1  = Longitudinal relaxivity (mM-1s-1). 

R1,obs = The observed longitudinal relaxation rate (s-1) 

[Gd] = Concentration of Gadolinium (mM), which is determined previously. 

R1,dia = Diamagnetic relaxation rate (s-1), which is 0.5 at the described conditions. 

 

Table 4.2: Gd quantification (method of the sealed vials) 

Nanosystem Gd concentration (mM) Longitudinal relaxivity (mM-1.s-1) 

ApoE targeting micelles 4.56 21.62 

TNFα targeting micelles 2.24 19.39 
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4.2.3. Nuclear magnetic relaxation dispersion profiles 

The nuclear magnetic relaxation dispersion profiles of micelles containing the ApoE and TNFα probe are 

presented in respectively figure 4.7 and figure 4.8.  

It is not always easy to understand the complex interplay of all parameters influencing the relaxivity of the 

Gd ion. If micelles are formed and the gadolinium chelate is incorporated correctly, a peak should be present at 

high field. This peak then shows that the Gd ion has obtained a slower rotational motion due to chelation and 

micelle formation. (14) This field dependency of the longitudinal relaxivity is correctly seen by the presence of a 

peak around 21.5 MHz. The longitudinal relaxivity is higher with increased temperature, which is the inverse of 

the expected phenomenon when regarding solely the temperature influence on the rotational motion. This could 

be explained by the presence of a very slow rotational motion of the complex. In this case, the water exchange 

rate, which increases with temperature, has a large influence on the longitudinal relaxivity. At low fields, the 

influence of τM on the general longitudinal relaxivity is negligible. This corresponds to approximate temperature 

independency at low field. At higher fields, τM becomes more important and its temperature dependency can be 

seen in the difference in height of the peaks recorded at different temperature.  

Fig. 4.7: Nuclear magnetic relaxation dispersion profile of ApoE receptor targeting micelles at 25oC and 37oC. The 

observed peak is characteristic for decreased rotational motion of the Gd ion. The longitudinal relaxivity is higher 

at 37oC for high fields due to contribution of the temperature dependent τM. 
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Fig. 4.8: Nuclear magnetic relaxation dispersion profile of TNFα targeting micelles at 25oC and 37oC. 
 

4.2.4. In vitro stability 

Over 75 hours, no significant change in size could be observed in PBS as presented in figure 4.9. By DLS, a 

bimodal population was observed in serum with a mean of 10.62 and 41.13 nm for ApoE targeting nanoparticles 

and 10.45 and 39.44 nm for TNFα targeting nanoparticles. The peak of the lowest size accounted for 99.9% of the 

present particles which most probably present interfering serum proteins. It is assumed that these proteins 

disturb the accurate measurement of second peak, representing the micelles. Therefore, these measurements 

are not reported. The longitudinal proton relaxivity measured in PBS or serum are presented in figure 4.10.  

 
 

 
Fig. 4.9: Size of the targeting nanoparticles in function of time. No significant change in size of ApoE targeting 
micelles [A] and TNFα targeting micelles [B] can be observed over 75 hours. Error bars represent standard error of 
the mean. 
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Fig. 4.10: Longitudinal relaxivity of the micelle suspension in function of time. For ApoE targeting micelles [A] 
and TNFα targeting micelles [B], the suspension seems stable over 75 hours regarding the relaxivity values. It 
should be noted that the relaxivity in serum is higher than in PBS due to protein adsorption or differences in 
viscosity. 

 

In conclusion, no extensive aggregation or breakdown of the micelles over time was observed. However, 

the longitudinal relaxivity is higher in serum compared to PBS. This difference could be present due to a 

difference in viscosity. Serum has a higher viscosity than PBS and thus slows down the rotational motion of the 

Gd chelate, increasing its relaxivity. It seems that also the mean size was higher in serum compared with PBS. 

This could represent the formation of a protein corona, since shielding of protein adsorption by PEG is not fully 

effective.  
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4.3. APOE RECEPTOR TARGETTING NANOPARTICLES  

4.3.1. Pharmacokinetics and biodistribution in healthy mice 

4.3.1.1. MRI analysis 

T1 weighed images obtained at 1 T should show contrast enhancement if the paramagnetic micelles are 

delivered to the investigated organ. Examples of such slices are given in figure 4.11. Differences in contrast after 

administration of the particles are very clear on slices taken from the liver but subtler in spleen and brain 

sections. Analysis of the mean signal intensity provides more quantitative results.  

 

Fig. 4.11: MR images obtained at field strength of 1 T. Pre-injection images [left column] are compared to post-
injection images at different time points [middle column 24h, right column 48h] to determine the contrast 
enhancement by the micelle solution. Contrast enhancement after injection of micelles of the brain tissue is 
very subtle. A pre-temporal slice is given as example [first row]. On the other hand, contrast enhancement of 
the liver is even without analysis clearly visible. The situation for the spleen [indicated with arrow] is again less 
clear on first sight. 
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The mean signal intensity value is normalized for the reference standard, to account for measurement 

differences. The T1 signal enhancement values (expressed as percentage) after 24h and 48h are presented in fig. 

4.12 for liver, spleen and the different regions of the brain. For liver and spleen, a large signal enhancement after 

24h and 48h could be observed. For the brain region, signal enhancement values for the pre-temporal regions 

from mouse number 1 were excluded from analysis. This decision was based on the Grubbs test for outliers 

performed on the pre-injection, pre-temporal region values (p<0.05). For every region, error bars are not small 

and there is no significant difference between 24h or 48h post-injection values. For 24h post-injection values, 

one sample t-testing (p<0.05) showed significant increase of signal enhancement for ventricular pre temporal 

and both temporal regions. For 48h, no significant increase could be observed. An important remark is the very 

low sample size, making investigation of the assumptions for this test very difficult and decreasing its power.  

 
 

Fig. 4.12: Mean enhancement of T1  MRI signal for liver and spleen [A]. Mean enhancement of T1 MRI signal for 
different regions of the brain. [B] Brain is analysed separately for the pre temporal region (PRE TEMP), temporal 
region (TEMP) and post-temporal region (CEREBELLUM). A separate analysis of ventricular (i) and cortical regions 
(c) was performed for PRE-TEMP and TEMP regions. All values are corrected for pre injection values. (n=6 or 5 for 
pre temporal analysis at 24h post injection and n=3 for 48h post injection). Error bars show standard error means. 

 

4.3.1.2. ICP-MS quantification 

The Gd concentration in the different investigated organs obtained by ICP-MS are presented in table 4.3. 

For the spleen, liver and kidney, ICP-MS values show the nanoparticles’ presence with negligible differences 

between 24h and 48h values. For the brain and lung, based on a unpaired student’s T-test (p<0.05), the Gd 

concentration is lower at 48h than 24h. This could be due to partial removal of the nanoparticle from the brain 

after 48h, which explains the decreasing concentration of Gd with time. 
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Table. 4.3: Gd content of organs 

Organ Gd concentration 24h post-injection a 

(µg Gd/g organ) 
Gd concentration 48h post-injection a  

(µg Gd/g organ) 

Brain 0.23 ± 0.02 b 0.08 ± 0.01 

Liver 68.10 ± 2.97 53.38 ± 5.25 

Spleen 21.25 ± 0.84 18.15 ± 2.57 

Kidney 3.46 ± 0.17 3.25 ± 0.72 

Lung 4.27 ± 0.21 b 2.06 ± 0.31 

a Values are presented with their error of the mean. 
b Comparison of both means showed the concentration at 48h being significantly lower (p<0.05) determined by student’s T-test. 

 

4.3.1.3. Fluorescence imaging 

Fluorescence pictures acquired from the main excretory organs are presented in figure 4.13. A large amount 

of nanoparticles is present in these organs, giving an intense red signal. Blue fluorescence is obtained from 

Hoechst staining. It is a DNA marker and thus makes visualisation of the nuclei possible. The fluorescent molecule 

rhodamine, which is present in the nanoparticle, gives a fluorescent signal in the red channel.  

 

 
Fig. 4.13: Fluorescence images obtained from the main excretory organs, being liver [A] and spleen [B]. There is 
an extensive presence of nanoparticles, especially in the liver.  

 

Images from brain slices can be seen in figure 4.14. Green fluorescence is derived from the GFAP or CD31 

antibodies, staining astrocytes and endothelial cells respectively. After 1h, nanoparticles are mostly present 

inside the blood vessel. After 6h, extravasation from the blood vessel can be seen. After 24h and 48h, 

nanoparticles can be found mostly outside the blood vessels. 

 

A B 



 

38 
 

 

Fig. 4.14: Fluorescence images obtained from the brain slices of healthy mice. After 1h, nanoparticles are mostly 
present inside the vessels. [A] After 6h, nanoparticles can be found in vessels and surrounding tissue. [B] After 
24h, micelles are present in the brain tissue and have almost completely extravasated. [C] The same situation 
can be seen after 48h. [D,E,F]. Green fluorescence represents GFAP staining [A,F] or CD31 [C,D,E]. 

 

4.3.2. Biodistribution and plaque targeting in the disease model 

First, MRI signal enhancement values are presented and discussed. These values of the different brain 

regions after administration of the micelle suspension are presented in table 4.4. It is clear that these values are 

very different from the results obtained with healthy mice. Except from the outer part of the pre-temporal 

regions, all values at 24h are lower than those obtained with healthy mice. Surprisingly, signal enhancement is 

even negative in all brain regions at 48h. 

 

Table. 4.4: T1 signal enhancement of brain regions obtained with MRI 

Time Pre-temp. (O) Pre-temp. (I) Temp. (O) Temporal (I) Post-temp. (I) Post-temp. (I) 

24h 11.45 4.23 0.47 -2.05 -3.30 0.30 

48h -16.21 -23.46 -23.55 -22.70 -6.92 -5.95 

 

Hematoxylin-eosin stained slices of the healthy brain tissue and congo red, hematoxylin-eosin stained 

slices of the diseased brain tissue are presented in figure 4.15. Plaques are clearly present in the disease model.  
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Fig. 4.15: Hematoxylin-eosin stained slices of healthy brain tissue [A,B]. The hippocampus is clearly visible. On 
the right, the hematoxylin-eosin and additional congo red stained slices of brain tissue from Alzheimer’s mice 
[C]. Numerous plaques are visible (arrow).  

 

In fig. 4.16, fluorescent pictures taken from the AD mouse 48 hours post micelle injection are displayed. Two 

staining methods were used, regular staining with GFAP/CD31/Hoechst as performed with healthy mice and 

staining with thioflavin T to visualise plaques. Unfortunately, this staining did interfere with green, blue and red 

channels. As such colocalization can’t be investigated. 

 

 
Fig. 4.16: Fluorescent pictures of the injected Alzheimer’s disease model. In the upper row, GFAP [A,B] or CD31 [C] 
and Hoechst staining was performed as with healthy mice. In the lower row [D,E,F] thioflavin T staining was 
performed to visualise plaques. Unfortunately, this stain did interfere in all channels and moreover seemed to 
mark nuclei.  
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A more specific thioflavin S, with fluorescence in the green channel was therefore used to stain brain slices. 

This staining method was first verified on brain slices of an AD mouse not treated with the contrast agent. These 

pictures can be seen in figure 4.17. Unfortunately, this staining method did require extensive washing in ethanol 

and therefore, micelles could potentially be removed. A specific amyloid β targeting antibody, that is at the 

moment not part of the laboratory equipment, could offer a solution. 

 

 
Fig. 4.17: Fluorescence pictures of the brain from an AD mouse model that did not undergo micelle injection. 
Plaques are presented in green, astrocytes in red. 

 

4.4. TNFα TARGETING NANOPARTICLES 

To investigate the interaction between the TNFα targeting particle and the protein itself, a relaxometric 

titration is performed. An interaction with the protein should decrease rotational motion of the Gd complex 

which leads to an increased relaxivity. By decreasing the ratio of protein to nanoparticle, an increase of relaxivity 

would be possible if more proteins are bound to one nanoparticle. If this would be sterically impossible, a 

decrease of relaxivity would be observed. 

At first, the relaxometric titration was conducted under magnetic stirring. These results are presented in 

figure 4.18. Surprisingly, also the control experiment shows a linear increase instead of a continuous value. It 

was therefore concluded that magnetic stirring is a too harsh method, influencing micelle stability. Therefore, 

the experiment was repeated with fewer data points, using gentle shaking at 25oC in a thermomixer. These 

results are presented in figure 4.19.  
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Fig. 4.18: Change in relaxivity with the addition of micelle suspension. Interestingly, both titrations (control and 
TNFα) show a similar trend.  

 

As can be seen in figure 4.19, a change in relaxivity upon addition of micelle suspension can be observed if 

TNFα is present. This while the control experiment has a more or less stable relaxivity. The difference in starting 

point could occur due to an interaction with TNFα, increasing the relaxivity. An increase in relaxivity upon micelle 

addition could occur due to higher rotational motion restriction. To take firm conclusions, repetition of the 

measurement with more data points is necessary. However, these data seem promising and the occurrence of 

an interaction with TNFα is likely. 

 

 

Fig. 4.19: Change in longitudinal relaxivity with the addition of micelle suspension. Control stays approximatively 
stable while a clear increase in relaxivity upon addition of micelles is detectable in the presence of TNFα.  
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5. DISCUSSION 

5.1. GADOLINIUM TOXICITY 

Gadolinium is commonly used to formulate contrast agents for magnetic resonance imaging. It is, as 

discussed previously, a very toxic molecule which must therefore be ligated. In patients with normal kidney 

function, no accumulation of this agent is present. Patients with kidney insufficiency might however develop 

nephrogenic systemic fibrosis, due to Gd accumulation. This is a rare, life-threatening disease due to general 

tissue fibrosis. As a solution, more stable chelates were developed and the use of Gd in patients with renal 

dysfunction was discouraged. (61) Since 2015, a few post mortem studies revealed possible brain deposition of 

Gd in some individuals who had undergone multiple Gd-based MRI scans. Results of these reported studies are 

however contradictory and more in-depth investigations are needed. It’s also important to note that some 

ligands bind Gd more strongly than others, risk evaluation should thus be performed per Gd chelate individually. 

(62) The DOTAMA cage used in this thesis has high stability, making the release of free Gd unlikely. (15) At the 

moment, there is thus no need to eradicate the use of gadolinium in the clinical field until more information is 

available.  

5.2. STABILITY MEASUREMENTS 

Investigation of the stability of the micelles based on their size was not possible in serum due to 

interference from the proteins present in this medium. Filtration of the medium prior to DLS measurements 

could offer a solution. This is however practically not possible due to the small size of the micelles and the 

interaction of the probing proteins with the filter. Relaxivity measurements are a reliable substitute for DLS size 

measurement. 

As discussed previously, PEGylation diminishes protein adsorption. However, it is known that this stealth 

effect is not fully effective. Proteins can be adsorbed, increasing the size of the particle. It has also been reported 

that repeated administrations can induce accelerated blood clearance. The immune system forms anti-PEG 

antibodies which decreases the efficiency of the targeted particle. (63) However, there is some ambiguity 

concerning this phenomenon in literature. (64) Generally, PEG is a safe product and there’s a lot of experience 

with its use. It has also been shown that PEGylation favours the interaction with the Aβ42 protein. (65) In 

conclusion, more studies are required in order to come to a consensus.  
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5.3. APOLIPOPROTEIN E RECEPTOR TARGETING NANOPARTICLE 

5.3.1. Biodistribution 

In healthy mice, biodistribution of the nanoparticles was determined using three different methods: MRI 

signal enhancement, ICP-MS and fluorescence microscopy. As expected, liver and spleen showed accumulation 

of the nanoparticles after 24 and 48 hours as assessed by all three methods. Kidneys and lungs were not 

extensively investigated due to time-restraints and difficulties regarding signal enhancement analysis of lungs 

on MRI. As determined by ICP-MS, micelles were also present in these organs but to lower extent than the main 

excretory organs (liver and spleen).  

5.3.2. Brain delivery 

The intact ApoE targeted nanoparticles could effectively cross the BBB in healthy mice as investigated with 

MRI, ICP-MS and fluorescence microscopy. This is in accordance with previous in vitro results reported in 

literature. (27, 66) There are however some differences between the results seen using the three different 

measurement techniques.  

(i) MRI analysis of the brain was divided according to different anatomical regions, giving mean T1 signal 

enhancement values with a large standard error. At 24h post-injection, signal enhancement could be 

demonstrated in most regions. This division of the brain into different regions for MRI analysis was 

performed to enable comparison with the different brain regions in the AD model. Interpreting these 

stratified values with statistical analysis is not straightforward due to very small sample size and thus low 

power of t-tests. This problem is the most important for 48h values as this sample size is only 3. This 

approach might thus not be the best method to investigate specific brain region targeting with such a small 

sample size. 

(ii) With ICP-MS, Gd was found in the brain which confirms BBB passage. Here, the concentration found after 

48h is significantly lower than the concentration after 24h. This could be explained by partial elimination 

of the micelles out of the brain region. No drop in signal enhancement values is found when pooled MRI 

analysis is performed. Possibly the micelles can interact with brain cells or proteins, increasing the 

rotational motion and thus the contrast of the nanosystem.  

(iii) By fluorescence microscopy, micelles could be found in brain tissue after 1h, 6h, 24h and 48h. Since the 

brain was sliced sagittally, localisation of the particles in specific brain regions was more challenging. 

Micelles could however be localised inside vessels (1h) from where they extravasated into the brain tissue 

as time goes by (6h, 24h, 48h).  
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For the diseased mouse, presence of nanoparticles was investigated only with MRI and ex vivo  fluorescence 

microscopy. The whole organ was sliced according to coronal geometry, enabling easier anatomical localisation 

of plaques and micelles. 

(i) For the Alzheimer’s disease mouse, MRI signal enhancement was again analysed for brain regions 

separately. Since plaques are mostly present in the cortex and hippocampus, specific enhancement of 

cortical regions or inner regions on thalamus slices was expected. Surprisingly, negative enhancement 

values were found for various regions. 

(ii) Micelles can be detected with fluorescent microscopy, when using GFAP/CD31 and Hoechst staining or 

thioflavin T staining. Colocalization with plaques could not be investigated with thioflavin T staining since 

this stain seemed to colour various structures and gave fluorescence in different channels (blue, red and 

green). Thioflavin S staining was performed with an AD mouse without injected micelles. This stain only 

coloured plaques in one channel. However, this stain can’t be used to colour plaques in an AD mouse with 

micelles injected since the protocol requires extensive rinsing in ethanol that removes the micelles. 

Both these results seem to contradict with each other. At first, it is important to keep in mind that the study 

was done in one diseased mouse. A definitive conclusion concerning BBB passage or plaque binding properties 

of the micelles in the diseased model can thus not be drawn. Various other factors could however contribute to 

these contradictory results. It is known that ApoE receptors are often downregulated in the BBB of Alzheimer’s 

patients. This could limit the amount of micelles accumulating in the brain tissue. It should also be noticed that 

analysis of MRI images on the diseased mouse is somehow complicated. The gyri and ventricles give black areas 

on T1 weighed images and they are more pronounced in the AD mouse. These concerns however do not explain 

the negative enhancement values. The trial should thus be expanded to investigate this phenomenon. Instead of 

MRI analysis using mean signal intensity values, it might also be useful to apply other techniques to investigate 

the signal enhancement like colour mapping (Osirix software). Here, brain regions are coloured in blue with a 

doubling of signal represented in green and a fourfold increase in yellow. (45) Exact quantification is not possible 

with this method, but it could give additional insight in signal enhancement of specific brain regions.  
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5.3.3. Future perspectives 

To confirm the obtained results in the Alzheimer’s disease mouse, it should be better to expand the trial to 

more mice. For fluorescence microscopy, a specific antibody against amyloid β plaques should be used. In this 

way, colocalization of plaques and micelles can be investigated. For MRI analysis, it could also be useful to 

perform the analysis at 0.5 T rather than 1 T, in order to be at the maximum relaxivity of the micelles. Also, MRI 

analysis of a control group of AD mice with injected TD buffer and without micelles could yield some valuable 

information. The results do look promising regarding blood brain barrier passage but a more powerful targeting 

probe might be required. Therefore, modification of the nanoparticle might be preferred prior to new in vivo 

experiments.  

An example of such a probe could be curcumin. This is a safe compound, largely employed as kitchen spice 

and known to exhibit AD plaque binding. In literature, a curcumin based nanoparticle for MRI visualisation of AD 

plaques has already been reported. (67) However, this is a T2 contrast enhancing superparamagnetic iron oxide 

nanosystem. These agents lead to a loss of proton signal, inducing a negative contrast. Such signal loss on MRI 

scans is complex to interpret and it is therefore not surprising that radiologist prefer positive contrast agents. 

(68) So far, one Gd-based polymeric nanoparticle with curcumin as targeting moiety for AD plaques has been 

reported. Plaque binding of these particles was proven using in vitro models and ex vivo brain staining. The 

nanosystem itself lacked a BBB crossing moiety, which is a necessity for in vivo applicability. Moreover the 

system has a longitudinal relaxivity of 12.5 mM-1.s-1 at 9.4T. (69) Not only are clinical MRI scans generally recorded 

at lower fields, the system displays an almost two-fold lower relaxivity compared to the presented system in 

this thesis. Addition of curcumin to the investigated micelle would thus be an interesting approach to obtain in 

vivo amyloid β plaque targeting. The following steps would be the synthesis of curcumin, linking to a 

phospholipid and incorporation into the micelles. Then in vitro binding to amyloid β plaques should be assessed 

prior to in vivo experiments on AD mice.  

5.3.4. Limitations of the in vivo experimental work 

It is clear that the developed targeting nanoparticle is still far away from the clinical setting. It is however 

useful to realise what the shortcomings are of the current executed in vivo experiments regarding extrapolation 

to men. These limitations are addressed briefly in this section. 

Mice are one of the most used species in preclinical studies. They are easy to keep and breed, have a 

comparable genome and can be genetically modified. However, one of the major drawbacks is the significant 

difference in physiology between laboratory mice and men. First of all, mice have an overall higher metabolic 

rate. They have a higher ratio of metabolic active tissues (e.g. liver) compared to less active tissue (e.g. bone). 

Mice also have different CYP450 enzymes and thus other metabolic patterns. Besides, the number of 
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mitochondria and membrane composition of the cells is different. These and other factors make extrapolation 

of data obtained in preclinical studies to humans extremely difficult. It is therefore not surprising that drugs 

sometimes fail in clinical studies, despite promising results in animals. (70, 71) 

The used 5xFAD mouse model exhibits aggressive Aβ42 plaque disposition and neuronal loss. It is therefore 

a useful model to develop medicines acting upon plaques and neuronal degeneration. Unfortunately, it is not a 

perfect model for Alzheimer’s disease. The disease manifests itself mostly in elderly but this ageing factor is not 

taken into account in the used mouse model. The mice develop plaques early in life and are used at young age 

in experimental studies. Additional information from models with late plaque disposition might give more 

insight into ageing and environmental factors. Examples of such models are Tg2576 or TgAPP23.   

Next to plaque disposition, the formation of neurofibrillary tangles is also characteristics for AD patients. 

This tau protein disposition is however not present in the 5xFAD mouse model. Testing in mice expressing both 

AD pathologic species, for example the 3xTg AD model, might supplement additional information. (72) 

5.4. TNFΑ TARGETING NANOPARTICLE 

Relaxometric titration under gentle shaking at 25oC shows an interaction of the targeting micelles with 

TNFα. Repetition of this titration with expansion of the data points is wishful but the obtained data seem 

promising.  

Interestingly, the 1:70 dilution used for the titration exhibits a lower relaxivity than the 1:10 dilution 

generally used for relaxivity determinations. This is a phenomenon absent in the ApoE targeting nanoparticle. 

DLS measurements from the 1:70 dilution gave no clear indication that the micelle concentration was below the 

CMC. Possibly, the targeting peptide influences the micelle formation or stability. Prior to in vivo testing, this 

issue should be clarified by using a more exact method to measure the CMC. An example of such a method for 

polymeric nanoparticles is described by Jumpertz T. et al and is based on fluorescence. (73) 

5.5. COMBINING BOTH PROBES 

When the outstanding questions concerning both described targeted vectors are resolved, one could think 

of combining both targeting probes onto a single micellar system. This would give rise to a nanoparticle which 

could overcome the blood brain barrier and visualise specifically neuroinflammation. This would be extremely 

useful since neuroinflammation is a complicated process, involving various molecular processes of which little 

is known. It plays a key role in various diseases like stroke or epilepsy and is an important factor in the 

neurodegeneration present in e.g. Parkinson’s or Alzheimer’s. It’s not even clear yet whether or not 

neuroinflammation is one of the causes or consequences in these diseases. (74) As such, the development of a 

combined nanosystem could give more insight in the molecular processes of neuroinflammation. 
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6. CONCLUSIONS 

An ApoE receptor ligand was synthesized by SPPS with a purity of 73.9% and its sequence was confirmed by 

HPLC-MS. Successful conjugation with a phospholipid via a reactive maleimide group was confirmed by 

comparing 1H-NMR spectra of the reagents with the final product.  

Two nanosystems containing an ApoE receptor or TNFα targeting peptide for specific site delivery or binding 

were produced and characterized. They had a hydrodynamic size between approximately 16 and 18 nm and a PDI 

of around 0.3. The Gd concentration of the micelle suspension was about 4.56 mM for the ApoE targeting micelle 

since these were concentrated by centrifugation and filtration. The Gd concentration of the micelle suspension 

for TNFα targeting micelles was 2.24 mM. Longitudinal relaxivity was 21.62 and 19.39 mM-1.s-1 for the ApoE and 

TNFα targeting nanoparticles respectively. The shape of the NMRD profile was consistent with the formation of 

micelles, leading to a restriction of the rotational motion of the Gd chelate. It revealed a maximum value of the 

relaxivity at around 21.5 MHz. It also showed temperature dependency of the system, displaying higher relaxivity 

values at 37oC than at 25oC. In vitro stability showed stable size and longitudinal relaxivity in PBS. In serum, only 

relaxivity values could be interpreted, which were higher than PBS measurements. This could be due to rotational 

motion influences or protein binding despite PEG shielding.  

The ability to cross the BBB of the ApoE receptor targeting micelles was tested in vivo. MRI signal 

enhancement values clearly showed presence of the micelles in liver and spleen after 24 and 48h. For different 

brain regions, MRI analysis was carried out separately. This method suffered from a high variability making 

statistical analysis not straightforward. By ICP-MS, Gd could be detected in the excretory organs and brain. In the 

brain, the Gd concentration seemed to be lower after 48h than 24h. With fluorescence microscopy, visualization 

of the micelles in different organs was possible. In the central nervous system, they seemed to be mostly present 

in blood vessels 1h or in the brain parenchyma at 6h and more post injection. After 24h and 48h, micelles could 

no longer be found in the blood vessels. It can be concluded that BBB crossing of the synthesized micelles is 

possible in healthy mice.  

In the diseased mouse, MRI signal enhancement was very low and even gave negative values. By 

fluorescence microscopy, these micelles could however be visualized. Differences in BBB integrity or ApoE 

receptor amount and difficulty in ROI drawing could possibly explain this. Investigation of colocalization with 

plaques was unfortunately not possible since the current staining method of plaques resulted in the loss of the 

nanosystem. For future experiments, the trial should be expanded to more AD mice, Gd quantification by ICP-MS 

and staining with a specific Aβ antibody should be performed. Moreover, ligation with a stronger plaque 

targeting ligand like curcumin could improve MRI signal contrast enhancement. Possibly, MRI scanning at a lower 

field (0.5 T) could also be beneficial.  
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By relaxometric titration, it was shown that TNFα targeting micelles interact with the human TNFα protein 

under gentle shaking. The system itself seemed to be sensitive for degradation by shear stress due to magnetic 

stirring and the relaxivity seemed to be dependent on the dilution. For future experiments, it could be useful to 

repeat the titration with more data points to draw firm conclusion. The dilution dependency should be 

investigated by assessing the CMC value of the micelles. Afterwards, the in vivo applicability of this system in 

inflammation models could be assessed. An interesting approach could be to prepare a micellar system 

containing both the ApoE and TNFα targeting vector. As such, clarification of the molecular processes involved in 

neuroinflammation would be possible.  
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