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 Summary 

 

 I 

SUMMARY 

Chapter one introduces the concept of self-assembly and its occurrence in nature. 

The main supramolecular structures accessible by self-assembly of natural and 

synthetic amphiphilic molecules and their current biomedical applications are briefly 

described. A particular focus is placed on applications of supramolecular assemblies of 

amphiphilic materials for drug delivery and as magnetic resonance imaging contrast 

agent. This chapter also presents the scope of this work. 

Chapter two presents the development of a stimuli-responsive drug delivery system 

for redox active anticancer drug candidates. The system consists of nanoparticles self-

assembled from a reduction responsive amphiphilic peptide that efficiently entrap 

hydrophobic model drugs. The cytotoxicity of the system is assessed on two cell lines 

in presence and absence of reducing agent. 

Chapter three presents the development of a highly sensitive, nanoparticle-based, 

MRI contrast agent co-assembled from a reduction responsive amphiphilic peptide and 

a diblock co-polymer. The biocompatibility and stimuli-responsiveness of the system 

are verified in vitro and its contrast agent potential is studied on a clinical 3T MRI 

scanner. 

Chapter four presents preliminary results towards the development of nanosized 

polymer assemblies for magnetic resonance applications. This feasibility study covers 

the complexation of gadolinium ions to maltose-decorated polyethylene imine 

hyperbranched polymers as well as the encapsulation of this system in polymer vesicles. 

Permeabilization of the polymer vesicles with a bacterial membrane protein is 

demonstrated and the longitudinal relaxivities of the system studied at a magnetic 

field of 3T. 

Chapter five discusses and concludes the findings presented in this work. Future 

research directions towards the development of multifunctional supramolecular 

assemblies for theragnostic applications are suggested. 

Chapter six contains the detailed experimental procedures related to the present 

work. It includes the origin of the materials and equipment, the synthetic and 

analytical procedures as well as the experimental parameters. 
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Chapter 1  

1 INTRODUCTION 

This first chapter introduces the concept of self-assembly and its occurrence in nature. 

The main supramolecular structures accessible by self-assembly of natural and 

synthetic amphiphilic molecules and their current biomedical applications are briefly 

described. A particular focus is placed on applications of supramolecular assemblies of 

amphiphilic materials for drug delivery and as magnetic resonance imaging contrast 

agent. 

 

Figure 1 Schematic cross-section of supramolecular self-assemblies of synthetic amphiphilic 

molecules introduced in this chapter. 

 

Parts of this chapter are adapted from Richard, P. U.; Duskey J. T.; Stolarov S.; Spulber M.; Palivan C. 

G. New concepts to fight oxidative stress: nanosized three-dimensional supramolecular antioxidant 

assemblies. Expert Opin. Drug. Deliv. 2015, 12, 1527, with permission from Taylor & Francis. 
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1.1 Amphiphilic molecules and their self-assembly in nature 

In nature, the process of self-assembly is ubiquitous. It is notably responsible for the 

helical structure of DNA, the structure and functionality of proteins and the formation 

of biological membranes. It is central to the structure and functionality of cells and 

therefore is a key process in making life possible.
[1-3]

 

At the supramolecular level, self-assembly is the result of an arrangement of individual 

molecules such as to reach a thermodynamic minimum.
[3]

 This is achieved by 

minimizing the non-covalent intermolecular interactions. The relevant interactions for 

the self-assembly of molecules are electrostatic, hydrophobic and van der Waals 

interactions as well as hydrogen bonding, aromatic stacking and metal coordination. 

While all of these interactions are rather weak compared to covalent bonds, they can 

result in stable supramolecular assemblies of large numbers of molecules[3] Hydrogen 

bonds and aromatic (π-π) stacking are notably responsible for the assembly of single 

stranded DNA in the shape of a double helix, a structure  that is central to its 

replication (Figure 2b).[4]  

 

Figure 2 Examples of biological self-assembly. (a) protein folding, (b) double stranded DNA 

helix, (c) tobacco mosaic virus, (d) Cell membrane. Adapted with permission from 

Mendes et al.
[3]*

. 
©

 2013 Wiley Periodicals, Inc. 

DNA contains the genetic code of living organisms and contains the information for 

the production of proteins, another key element to life. Proteins are polypeptides 

                                        
*
 [3]  Mendes, A. C., Baran, E. T., Reis, R. L., Azevedo, H. S.,"Self-assembly in nature: 

using the principles of nature to create complex nanobiomaterials", Wiley Interdiscip Rev 

Nanomed Nanobiotechnol 2013, 5, 582. http://dx.doi.org/10.1002/wnan.1238 
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composed of amino acid monomers linked by amide (peptide) bonds. Different amino 

acids possess different side chains and it is the interactions between these side chains 

that dictate the three-dimensional (3D) structure of polypeptides. Various secondary 

structures result from intramolecular (α-helix) and intermolecular (β-sheets) hydrogen 

bonding and interactions between these secondary structures determine the final 

folding of the protein. This tertiary structure often determines the final properties (e.g. 

structure, activity, solubility) of the protein, although in some cases, two or more 

subunits further assemble into multimeric proteins (Figure 2a).
[3, 4]

 Proteins can 

further self-assemble into bigger structures, as is the case for the capsid of viruses 

(Figure 2c).
[3, 4]

 

All advanced life forms are multicellular organisms and cells themselves are the result 

of self-assembly. The cellular membrane is a bilayer mainly composed of phospholipids, 

natural amphiphilic molecules. Phospholipids are composed of a hydrophilic head in 

the form of a phosphate group linked to fatty acids, the tails. In aqueous environments, 

such amphiphilic molecules arrange in a structure allowing to minimize the 

hydrophobic interactions. This results in a bilayer where the hydrophobic hydrocarbon 

chains of the lipids are aligned and packed together, leaving the hydrophilic heads in 

contact with the surrounding water (Figure 2d). Within cells, smaller organelles are 

also composed of lipid bilayers, including the mitochondria and the nucleus.[1, 4] 

1.2 Self-assembly of synthetic amphiphiles for biomedical 

applications 

Extensive research has been focused on the development of supramolecular assemblies 

of amphiphiles, either by mimicking nature, using natural lipids and peptides or by 

the use of synthetic amphiphiles including synthetic lipids, polymers or engineered 

peptides. The structures self-assembled from amphiphilic molecules generally have sizes 

ranging from tens of micrometers down to a few nanometers and have found various 

applications, notably as drug delivery vehicles. The major classes of self-assembled 

structures relevant for biomedical applications are briefly described herein and their 

potential for biomedical applications is briefly discussed. 

1.2.1 Lipid assemblies 

Lipids have been used to produce various nanostructures, including liposomes, solid 

lipid nanoparticles and nanostructured lipid carriers (Figure 3). 

Liposomes (Figure 3A) are the simplest biocompatible model of biological membranes 

and compartments. They are spherical assemblies composed of one or more lipid 

bilayers enclosing an aqueous core. Their size range from 20-30 nanometers up to 

micrometers (giant unilamellar vesicles), with membrane thicknesses of 3-6 nm.[5] Their 
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detailed composition, properties, production methods, and applications have been 

extensively reviewed.
[5-11]

  

 

Figure 3 Schematic cross-section of lipid-based nanostructures: A) Liposome; showing a 

lipid bilayer functionalized with targeting moieties or PEG coating. B) Solid lipid 

nanoparticle (SLN) coated in surfactant. C) Nanostructured lipid carrier (NLC); 

the blending of different lipids results in a bigger loading capacity due to a 

decreased density of the crystalline matrix. 

The architecture of liposomes allows their membrane to be loaded with low molecular 

weight (LMW) lipophilic molecules and their core can accommodate water-soluble 

molecules and enzymes.
[7]

 Liposomes have been shown to improve the solubility, 

stability, and bioavailability of both LMW molecules and water-soluble enzymes.[12, 13] 

and due to their architecture, they allow for the co-encapsulation of hydrophilic and 

hydrophobic drugs providing dual functionality.[7, 14] Although liposomes can increase 

the solubility and bioavailability of various compounds, they generally suffer from 

rapid first pass clearance by the liver and spleen.
[8]

 This limitation has only been 

partially overcome by surface modifications with molecules such as polyethylene glycol 

(PEG).[15] In order to further improve the therapeutic efficiency of liposomal systems, 

surface functionalization with targeting groups has been considered.[16] 

Solid lipid nanoparticles (SLN) (Figure 3B) are composed of a solid lipid core (i.e., 

having a higher melting point than the body temperature), which are stabilized by a 

surfactant coating. The structure of SLNs confers them several advantages over 

liposomes, such as easier large scale production, better long-term stability, and a more 

constant release of the entrapped molecules. Their composition, properties, and 

applications have been extensively reviewed.[11, 17-20] The loading of SLNs is restricted 

to hydrophobic molecules and their capacity is limited by the solubility of the 

compound in the melted lipid and by the structure of the lipid matrix. Furthermore, 

the matrix can suffer polymorphic transitions upon storage or circulation causing a 

sudden discharge of the drug.[17-19] 

Nanostructured lipid carriers (NLCs) (Figure 3C) have been developed to overcome 

the limitations of SLNs. They consist of a blend of lipids with different physical 
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properties in a matrix with a tunable structure. The packing of the lipids within the 

particle matrix is much less dense than in the case of SLNs, increasing the amount of 

loadable compounds.
[18, 21-23]

 SLNs and NLCs appear to be interesting delivery systems 

for LMW molecules because they show higher stability, higher encapsulation efficiency, 

and easier large-scale production than liposomes. However, they present intrinsic 

limitations in terms of encapsulation of enzymes (their core being hydrophobic), 

functionalization for targeted delivery, and triggered release.  

1.2.2 Polymer assemblies 

Supramolecular assemblies of both natural and synthetic polymers are used for various 

biomedical applications.
[10, 24-26]

. Polymers present numerous advantages over lipids as 

they can be designed to include stimuli-responsive functional groups for triggered 

release, or can easily be decorated with a variety of targeting groups for site-specific 

delivery
[11]

 The main structures of interest for biomedical applications are dendrimers, 

micelles, vesicles and solid polymer nanoparticles (Figure 4). 

 

Figure 4 Schematic cross-section of polymer-based nanostructures: A) Dendrimer of 

generation 3 (G3). B) Micelle showing conjugation to enzymes and 

functionalization with targeting moieties. C) Polymer vesicle. D) Solid polymer 

nanoparticle.  

Dendrimers (Figure 4A) are highly branched polymeric macromolecules that can be 

produced by reacting a molecule containing multiple functional groups with monomers, 

yielding a first generation (G1) dendrimer, which subsequently participates in further 

reactions steps with monomers, yielding higher generation dendrimers. [27] Dendrimers 

have the ability to accommodate LMW compounds in their core[28] and their external 

corona can be functionalized with various molecules.[29-31]. However, their structure 

does not allow to protect enzymes from proteolytic degradation. 

Polymeric micelles (Figure 4B) are filamentous or spherical (diameter from 1 to 

100nm) supramolecular structures, resulting from the self-assembly of amphiphilic 

block copolymers, and are usually composed of a hydrophilic shell surrounding a 

hydrophobic core.[32-34] Their production, properties and applications have been 

reviewed in detail elsewhere.[32] 
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Polymer vesicles (Figure 4C) – also named polymersomes – are hollow spherical 

structures formed by the self-assembly of amphiphilic block copolymers in dilute 

aqueous solutions.
[35]

 Their size ranges from around 50 nm to several micrometers
[24, 36]

 

and their membrane thickness ranges from 6 to 21 nm.
[37, 38]

 Polymersomes have been 

widely used for stimuli-responsive and targeted drug delivery 
[39-41]

 

Solid polymer nanoparticles (Figure 4D) are spherical supramolecular assemblies in 

which a hydrophobic core is surrounded by a hydrophilic shell. Various types of solid 

polymer nanoparticles have been developed for drug delivery 
[42]

.  

1.2.3 Peptide assemblies 

Peptides have been reported to form a multitude of structures (Figure 5) and they 

are of interest for biomedical applications as they are biodegradable and their 

degradation products, single amino acids, are biocompatible.
[43, 44]

  

Both linear and cyclic peptides have been shown to self-assemble in various structures. 

Cyclic peptides mainly form tubes or pores and have found application in drug 

delivery.
[45]

 Linear amphiphilic peptides can also self-assemble into micelles or vesicles, 

amongst other nanostructures (Figure 5). The aqueous core of the vesicles 

distinguishes them from micelles and allows for the co-delivery of both hydrophilic and 

hydrophobic drugs.[46] The multitude of structures accessible from the self-assembly of 

peptides, their formation, properties and applications have been extensively reviewed 

in the literature. 
[3, 43, 44]

  

Of particular interest are recent examples of self-assembled nanosized nanoparticles 

(NPs) based on short amphiphilic peptides containing a hydrophobic sequence derived 

from the peptide gramicidin A. This sequence (gT), composed of alternating L-

Tryptophan and D-Leucine, forms a β-helix, where the hydrophobic amino acid side 

chains shield the more hydrophilic peptide backbone, thus increasing its overall 

hydrophobic character [47]. Short oligolysines have been considered for the hydrophilic 

sequence of the peptide. For example, the peptide K3-gT was shown to self-assemble 

into micelles due to electrostatic repulsion between peptide chains.[48] Charge 

neutralization through acetylation of the lysine sidechains resulted in amphiphilic 

peptides with increased hydrophobic character that self-assembled into submicrometer 

spherical structures. [49]. 
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Figure 5 Overview of the structures accessible from the self-assembly of amphiphilic 

peptides. Reproduced from Sigg et al.
[44]*

 
©

 2013, Schweizeriche Chemische 

Gessellschaft 

These peptide nanostructures have been loaded with either hydrophilic or hydrophobic 

small molecules as demonstrated by the entrapment of the two fluorescent dyes rose 

Bengal and 5-carboxy-fluorescein, making them interesting candidates for drug 

delivery.[49] Structural investigation of these particles revealed a multicompartment 

micelle (MCM) structure (Figure 6) resulting from the aggregation of individual 

micelles and subsequent fusion into rigid solid peptide particles with sizes that can be 

varied by controlling the peptide concentration and the formation process.[48, 50]. The 

particular structure of MCMs allows for loading of compounds with various structures 

and different degrees of solubility, as was shown by the entrapment of various dyes, 

anticancer agents such as doxorubicin or paclitaxel and even siRNA or DNA.[47]. These 

NPs were shown to be internalized by different cell lines and showed no toxicity in 

                                        
*
 [44]  Sigg, S. J., Schuster, T. B., Meier, W. P.,"Self-assembled structures from amphiphilic 

peptides", Chimia (Aarau) 2013, 67, 881. http://dx.doi.org/10.2533/chimia.2013.881 
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absence of cargo. When loaded with the anticancer drugs DOX, paclitaxel, or a 

combination of both, a toxic effect was observed on THP-1 monocytes, whereas gene 

silencing was shown on HuH7 cells, when the beads were loaded with siRNA. This 

shows that both small molecule drugs and DNA/RNA can be efficiently released from 

these beads, making them interesting candidates for the design of drug delivery 

systems.
[47]

 

A step further in the development of efficient DDS is the introduction of responsiveness 

to external stimuli to trigger the release of drugs. This is of particular interest in cancer 

therapy as tumors possess abnormal physico-chemical characteristics, such as a lower 

pH, a higher temperature and higher glutathione levels.[51] In the case of peptide based 

drug delivery systems, stimuli-responsive moieties can easily be introduced between 

the hydrophilic and hydrophobic parts of the peptide. An example of this is the 

introduction of a disulfide containing linker between the hydrophobic gT sequence and 

a hydrophilic tri-histidine. MCMs formed by this stimuli-responsive peptide could be 

loaded with a hydrophobic cargo such as DOX as well as with DNA. The stimuli-

responsiveness of these MCMs allowed for a rapid release of both DOX and DNA in 

presence of physiological amounts of reducing agent. In addition, these MCMs were 

uptaken by HeLa cells and showed no toxicity in absence of cargo. When loaded with 

DOX, these MCMs induced a significantly higher toxicity than MCMs formed by 

peptides lacking the stimuli-responsive moiety.
[52]

 

 

Figure 6 Schematic representation of a multicompartment micelle (a) and HR-SEM 

micrograph of nanoparticle self-assembled from the amphiphilic peptide Ac-X3-

gT-C. Adapted with permission from de Bruyn Ouboter et al.
[50]*

 
©

 2011 American 

Chemical Society. 

                                        
*
 [50]  de Bruyn Ouboter, D., Schuster, T. B., Mantion, A., Meier, W.,"Hierarchical 

Organization of Purely Peptidic Amphiphiles into Peptide Beads", The Journal of Physical 

Chemistry C 2011, 115, 14583. http://dx.doi.org/10.1021/jp203048h 
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Peptidic MCMs could be interesting candidates for the delivery of a large variety of 

LMW drugs as they have been shown to entrap compounds with similar structure and 

can be engineered to release their cargo in a controlled manner by introducing stimuli 

responsive groups.  

1.2.4 Factors governing self-assembly 

As detailed above, a multitude of different morphologies of nanostructures can be 

formed by the self-assembly of amphiphilic molecules such as lipids, polymers and 

peptides. The self-assembly behavior of amphiphiles depends on a broad range of 

environmental (e.g. temperature, pH, or ionic strength of the solution) and molecular 

parameters and have been extensively reviewed.
[35, 53-55]

 

One example of a parameter strongly influencing the self-assembly behavior of 

amphiphilic molecules is illustrated by the case of simple amphiphilic molecules with 

a hydrophilic head and hydrophobic tail (e.g. lipids, AB block-copolymers). The shape 

adopted by the molecule in solution influences the morphology of the nano-structures 

that can be obtained by self-assembly. The shape and size of amphiphilic molecules 

can be described by the critical packing parameter (Cpp) = V/(a0∙lc), where V is the 

volume of the hydrophobic chains, a0, the optimal area of the head group and lc is the 

length of the hydrophobic tail. [53-55]. Different values of the Cpp correspond to different 

geometries of the amphiphilic molecules, which result in different types of self-

assemblies. For example, a Cpp ≤ 1/3 corresponds to cone-shaped molecules that will 

preferably self-assemble into spherical micelles. Vesicles (e.g. liposomes or 

polymersomes) are preferably formed by molecules having a packing parameter 

comprised between 1/2 and 1 (1/2 ≤ Cpp ≤ 1).[53-55] Figure 7 summarizes the various 

morphologies that can be predicted from the critical packing parameter Cpp. 

The possibility to tune the physico-chemical properties of amphiphilic molecules (e.g. 

hydrophobic to hydrophilic ratio, chain/block lengths, polarity, etc) and adjust the 

self-assembly conditions to favor the formation of specific morphologies has led to 

extensive research in the field and has rendered self-assembled nanostructures of broad 

interest for biomedical applications. 
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Figure 7 Schematic representation of the effect of the shape of amphiphilic molecules on 

the morphology of self-assembled structures. Reproduced from ref.[54]* under 

Creative Commons Attribution License. Copyright© 2015 Domenico Lombardo 

et al. 

                                        
*
[54]  Lombardo, D., Kiselev, M. A., Magazù, S., Calandra, P.,"Amphiphiles Self-Assembly: 

Basic Concepts and Future Perspectives of Supramolecular Approaches", Advances in 

Condensed Matter Physics 2015, 2015, 1. http://dx.doi.org/10.1155/2015/151683 
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1.2.5 Drug delivery 

Over the past years, multiple nanostructures formed by the self-assembly of 

amphiphilic molecules have been suggested for drug delivery as they allow to overcome 

numerous limitations of conventional drug administration. One such limitation arises 

from the fact that the body is a highly hydrophilic environment and thus, the activity 

and biodistribution of LMW drugs is highly impacted by their solubility. Another 

limitation results from the fact that most drugs are given to the patient by enteral or 

parenteral administration, that is via the gastrointestinal tract or via the blood stream. 

This results in a delay between the administration and the time when the drug reaches 

its target. During this delay, the active compound is subject to degradation or 

clearance by the liver, for example. In addition to limiting the activity of a drug, 

systemic administration also can result in off-target effects, causing anything from a 

moderate discomfort to severe acute or chronic toxicity. 

Numerous examples of nanosized DDS allowing to overcame one or more of these 

limitations have been reported. Nanostructures possessing a hydrophobic core (e.g. 

micelles, SLN, NLC, NPs) can improve the solubility of hydrophobic LMW drugs while 

structures with a hydrophilic core (e.g. liposomes, polymersomes) can efficiently 

protect active compounds from degradation. While some lipid-based systems are 

already in clinical application,[56] polymeric assemblies present advantages such as a 

higher chemical and physical stability and present more versatility for drug delivery 

applications.
[26]

 Indeed, for a DDS to be effective, it should not only to entrap or 

encapsulate the drugs but should also allow to release it in a controllable manner. 

Numerous reports present strategies to modify polymers such as to introduce 

responsiveness towards an external stimulus (e.g. pH, redox potential, light or 

temperature) to trigger the release of the drugs.[26, 41, 57]  

In order to maximize the efficiency of a therapeutic compound and to minimize the 

side effects related to its administration, it is highly desirable to deliver the active 

species to a specific site, for example a tumor. Small nanostructures such as micelles 

and nanoparticles inherently accumulate in cancer tissue or tumor sites via the 

enhanced permeability and retention effect (EPR effect). This passive targeting relies 

on the formation of leaky blood vessels that in turn allow the small nanoparticles to 

pass through and release their cargo directly at the tumor site.[58] Apart from passive 

targeting, numerous strategies have been used to functionalize polymer-based DDS 

with targeting moieties to ensure a site specific delivery.[59] 

In summary, to efficiently deliver a drug, a DDS needs to allow for an efficient loading 

of the drug and to ensure its delivery and selective release in a specific site or tissue. 

Chapter 2 further discusses nanosized drug delivery systems with particular focus on 

antitumor applications. 
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1.2.6 Diagnostics 

In addition to drug delivery, structures obtained by the self-assembly of amphiphilic 

molecules have found applications in diagnostic. Some systems make use of the 

targeting possibilities and stimuli-responsiveness of some nanoassemblies to develop 

new ex vivo diagnostic techniques
[60, 61]

 while other approaches aim at sensing and 

reporting localized changes in the physico-chemical properties of a tissue, or signs of 

an infection
[60-62]

 

Medical imaging techniques are frequently used as they allow the visualization of 

organs and other tissues with minimal impact on the patient. However, in order to 

achieve usable signal levels or contrast, the use of contrast agents or tracer molecules 

is necessary.[63]. Numerous derivatives of self-assembled nanostructures have been 

developed in this regard[62, 64, 65] for various imaging techniques such as positron 

emission tomography (PET),
[66]

 computed tomography (CT),
[67]

 and magnetic 

resonance imaging (MRI).
[68]

 

1.3 Magnetic resonance imaging (MRI)  

Magnetic resonance imaging (MRI) is a non-invasive imaging technique widely used 

clinically. It relies on nuclear magnetic resonance (NMR), which is based on the 

interactions between an external magnetic field and nuclear spins. The most abundant 

element, hydrogen, not only has a spin ½, making it MR-active, but also shows one of 

the largest response to an external magnetic field found in nature, characterized by a 

gyromagnetic ratio ( ) of 42.6 MHz T
-1
.
[69]

 

At equilibrium and in absence of an external magnetic field, the orientation of the 

spins within a sample is random, resulting in a null net magnetization (Figure 8a). 

When an external magnetic field (B0) is applied, the individual proton spins start to 

rotate around an axis parallel to B0 (Figure 8b) at a frequency ( 0 ), known as the 

Larmor frequency, where 0 0B  . 

 

Figure 8 Schematic representations of multiple spins in absence (a) and in presence of an 

external magnetic field (b) and of the resulting net magnetization (c). (d) 

Representation of the Zeeman effect in presence of a magnetic field. 

In a Cartesian coordinate system, the external magnetic field is defined as being aligned 

along the z axis. While the x and y coordinates of spin vectors vary due to its precession 
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around an axis parallel to the magnetic field, the z component of the vector remains 

constant. In the case of a 
1
H nucleus, with spin ½, there is two possible orientations for 

the z component of the spin; parallel (up) and antiparallel (down) to the magnetic 

field (Figure 8b,d). If no external field is applied, both configurations are equal in 

energy and no orientation is preferred (Figure 8d). In the presence of a magnetic field 

B0, coupling between the protons and the magnetic field take place. These interactions 

are known as Zeeman interactions and result in two discrete energy levels depending 

on the orientation of the spins. The parallel (up) orientation corresponds to a state of 

lower energy than the antiparallel (down) orientation and therefore, this configuration 

contains more spins than the higher energy level (Figure 8b,d). This ratio 

(Nupper/Nlower) in population follows a Boltzmann distribution: 

 
/

/ BT

upper lowe

E k

rN N e


   (1) 

where kB is the Boltzmann constant (1.381·10-23 J K-1). This difference in population 

results in non-zero net magnetization aligned with the magnetic field (Figure 8c).[69-

71] The difference in energy between the upper and lower energy levels is 

 E h B      (2) 

with h  and , the Planck and reduced Planck constants respectively. Equation (2) 

means that if the spin system is excited with an electromagnetic radiation of frequency 

 
2

B



   (3) 

then the resonance condition E h   is fulfilled and a transition between the energy 

levels can occur, resulting in an NMR signal. 

MRI relies on spatially localized NMR experiments and computational processing to 

generate 2D or 3D images of the body. While multiple techniques are used to generate 

contrast, the simplest relies on proton density (PD) and thus the higher the density of 

protons in a tissue, the higher the signal (Figure 9b).  

 

Figure 9 Examples of T1 weighted (a), proton density (b) and T2 weighted (c) MRI images. 

Adapted from ref 
[69]*

. 

                                        
*
 [69]  Blink, E. J., "Basic MRI Physics", 2004, p. 2018/. 
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PD allows to distinguish regions with considerably different proton densities such as 

high and low water content tissues. Since living organisms are composed of a majority 

of water, the properties of the water protons have been exploited to generate contrast. 

After excitation by a radiofrequency (RF) pulse, the spins relax to equilibrium via 

interactions with the environment (spin-lattice or longitudinal relaxation, T1) or by 

interactions with surrounding spins (spin-spin or transverse relaxation, T2). 

In living organisms, the rate of relaxation of water protons depends significantly on 

the surrounding of the water and therefore differs from tissue to tissue and the 

differences in relaxation times can be exploited to generate contrast (Figure 9a,c). 

1.3.1 T1 determination – inversion recovery 

The longitudinal (spin-lattice) relaxation time T1 can be determined by the inversion 

recovery experiment (Figure 10) using a 180° – τ – 90° pulse sequence (Figure 

10e).
[72]

 At equilibrium, the net magnetization M0 is aligned with the external magnetic 

field along the z-axis (Figure 10a).  

The magnetization is inverted by a 180° pulse along the x-axis (Figure 10b) and the 

system is left to relax for a delay τ (Figure 10c), after which a 90° pulse along x is 

applied to rotate the magnetization on the y axis (Figure 10d) and the free induction 

decay resulting from the precession of the magnetization in the xy-plane is recorded 

and Fourier-transformed. Assuming exponential relaxation, the net longitudinal 

magnetization after a delay τ Mz(τ) can be described by: 

 0 1( [1 2exp( )]) /zM M T     (4) 

where, M0 is the fully relaxed magnetization.[72] 

The signal intensity I(τ) obtained from the inversion recovery experiment is 

proportional to the magnetization Mz(τ) and thus, repeating the experiment for various 

values of the delay τ and reporting the intensity I(τ) as a function of the delay τ 

(Figure 10f) allows the determination of the longitudinal relaxation time T1. 
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Figure 10 Inversion recovery experiment for the determination of the longitudinal relaxation 

time T1. The net magnetization of the sample is represented by the blue arrows 

at equilibrium (a), after a 180° pulse (b), after four different delays τ1 < τ2 < τ3 < 

τ4 (c) and after a final 90° pulse (d). (e) is the corresponding pulse sequence and 

(f) represents the signal intensity as a function of the delay τ. 

1.3.2 T2 determination – spin echo 

The transverse (spin-spin) relaxation time T2 can be determined using the spin echo 

experiment (Figure 11) using a 90° – τ – 180° – τ pulse sequence (Figure 11g).[72] 

Two distinct processes are responsible for de decay in transverse magnetization of a 

spin system. They arise from interactions induced by inter- and intramolecular 

magnetic fields in the case of the spin-spin relaxation, and from spatial inhomogeneities 

in the external magnetic field B0. The spin echo sequence allows to distinguish both 

processes by cancelling out the effect of field inhomogeneities. At equilibrium, the 

magnetization M0 is aligned with the z-axis (Figure 11a). After a 90° pulse along the 
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x-axis (Figure 11b,c), the local field inhomogeneities cause the magnetization of the 

spins in different regions to precess at slightly different frequencies causing a dephasing 

(Figure 11d). This dephasing results in a decay of the transverse magnetization and 

ultimately to complete destruction of the signal. After a delay, a 180° pulse is applied 

along x, flipping the magnetization of each region to a symmetrical position in the xy 

plane (Figure 11e). After a second delay τ, the individual magnetization come back 

into phase, effectively cancelling out the effect of the field inhomogeneities (Figure 

11f). The spin echo sequence allows to obtain spectra where the line intensities are not 

affected by the field inhomogeneities. The spin-spin relaxation arises from random 

molecular motion and is therefore not refocused by the 180° pulse. The signal intensity 

obtained from a spin echo experiment can be described as: 

 2(2 exp( 2 )]) (0) /I I T     (5) 

Therefore, the transverse relaxation time T2  can be determined by repeating the spin 

echo experiment for various delays τ and reporting the signal intensities as a function 

of the delay τ (Figure 11h).[72] 

 

Figure 11 Spin echo experiment for the determination of the transverse relaxation time T2. 

The magnetization of the sample is represented by the blue arrows at equilibrium 

(a), after a 90° pulse (b), after the 90° pulsed viewed from above the xy plane (c), 

after a delay τ (d), after a 180° pulse (e) and after a second delay τ. (g) is the 

corresponding pulse sequence and (h) represents the signal intensity as a function 

of the delay τ. 
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1.3.3 Contrast agents 

While MRI does not necessitate contrast agents (CAs) to produce an image, their use 

is desirable to achieve higher contrasts.
[73]

 MRI contrast agents are not directly 

observable but act on the magnetization of surrounding water protons. 

Multiple types of CAs are being developed and two major classes of compounds are 

used clinically. The first class consists of paramagnetic ion chelates, mainly based on 

gadolinium (Gd) while the second class is composed of paramagnetic iron oxide 

nanoparticles (Figure 12).[73-75] The latter nanoparticles are classified as 

superparamagnetic iron oxide nanoparticles (SPIO) when bigger than 50 nm in 

diameter and as ultra-small superparamagnetic iron oxide nanoparticles (USPIO) when 

smaller than 50 nm.
[73, 75]

 While contrast agents affect both the longitudinal (T1) and 

transverse (T2) relaxation time of protons in surrounding water molecules, they are 

classified as T1 or T2 agent, depending on which relaxation process they affect the 

most. Paramagnetic iron oxide nanoparticles behave like small magnets and cause 

inhomogeneities in the magnetic field surrounding them, thus shortening the T2 

relaxation time of nearby water protons.[73, 74] Their presence results in a decrease of 

signal and they are referred to as negative contrast agents. 

 

Figure 12 Structure of some commercial T1 contrast agents and TEM micrographs of T2 

contrast agents. Adapted from ref 
[74]*

 with permission of The Royal Society of 

Chemistry. 

T1 contrast agents are mainly based on Gd chelates and are referred to as positive CAs 

as they allow for an increased signal intensity (Figure 13). Many Gd chelates are 

used clinically (Figure 12) and many more are in various development stage.[74, 76-78] 

                                        
*
 [74]  Khemtong, C., Kessinger, C. W., Gao, J.,"Polymeric nanomedicine for cancer MR 

imaging and drug delivery", Chem Commun 2009, 3497. http://dx.doi.org/10.1039/b821865j 



 Chapter 1 

 

 19 

Gd
3+

 is of particular interest for the development of T1 CAs as it possesses seven 

unpaired electrons, resulting in a nuclear spin of 7/2, a high magnetic moment and a 

long electron spin relaxation time, resulting in a fast relaxation of the surrounding 

water protons.[78] Although very effective, Gd3+ is also very toxic to biological systems 

and needs to be strongly chelated by organic ligands in order to reduce its toxicity.[73, 

78]
 The nature of the chelating agent has a considerable impact on the efficiency of the 

CA and a lot of factors have to be considered in order to develop an efficient contrast 

agent. 

 

 

Figure 13 T2-weighted MRI image (left), T1-weighted image in presence of a Gd contrast 

agent (center) and in presence of ultrasmall superparamagnetic iron oxide 

nanoparticles (right). The use of contrast agents allows to reveal multiple lesions 

(arrows). Reproduced with permission from Tourdias et al.
[79]*

 
© 

Radiological 

Society of North America. 

The effect of a contrast agent on the relaxation rate of the surrounding water ( 11/T  

or 21/T  ) is described by equation (6) and is the sum of the inherent relaxation rate 

of the water ( 01/ iT ) and the contribution of the contrast agent. [80] 

 0

1 1
[ ]; 1, 2i

i i

r CA i
T T
      (6) 

                                        
*
 [79]  Tourdias, T., Roggerone, S., Filippi, M., Kanagaki, M., Rovaris, M., Miller, D. H., 

Petry, K. G., Brochet, B., Pruvo, J. P., Radue, E. W., Dousset, V.,"Assessment of disease 

activity in multiple sclerosis phenotypes with combined gadolinium- and superparamagnetic 

iron oxide-enhanced MR imaging", Radiology 2012, 264, 225. 

http://dx.doi.org/10.1148/radiol.12111416 
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The contribution of the contrast agent is its concentration ([CA]) multiplied by a 

factor termed relaxivity ( 1r  or 2r ) and defined as the change in water relaxation rate 

observed in a 1 mM solution of the contrast agent and is expressed in mM-1 s-1. 

In the case of Gd-based CAs, the longitudinal relaxivity r1 is expressed as a function 

of the concentration of the metal ion [ ]M . 

 1
1

]

(1/

[

)

M

T
r


   (7) 

The r1 relaxivity is therefore a measure of the efficiency of a T1 contrast agent and 

depends on the contribution of both the inner and outer coordination sphere of the 

metal center (rIS and rOS respectively). The inner sphere contribution (equation (8)) 

depends on the number of bound water molecules (q), their relaxation time (T1m) and 

their residence lifetime ( m ).
[80, 81]
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The relaxation rate of the bound water molecules ( 11/ mT ) depends on several physical 

constants (C), the distance between the Gd-center and the water proton ( GdHr ), a 

correlation time for the magnetic fluctuation ( c ) and the Larmor frequency of the 

proton ( H ): 

 
6 2 2

1

31

1

c

m Gd H H c

C

T r



 

 
  

 
  (9) 

The correlation time for the magnetic fluctuations (equation (10)) is itself a function 

of the rotational correlation time ( R ), the longitudinal electronic spin relaxation time 

( 1eT ) and the residence lifetime of the water molecules.[80] 

 
1

1 1 1 1

c R e mT  
     (10) 

For small Gd-based contrast agents, the relevant correlation time at clinical field 

strengths (1.5 – 3 T) is R , the rotational correlation time, and thus the inner sphere 

contribution to the relaxivity can be approximated as: 

 

 
1 'I S

Rr C q      (11) 

where C’ is a constant.[80] While multiple factors influence the efficiency of Gd-based 

CAs (summarized in Figure 14), it is clear that an increase in the number of bound 
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water molecules and/or an increase in the rotation correlation time will result in a 

higher relaxivity of the complex agent (equation (11)). 

A lot of research has been done on low molecular weight Gd CAs in order to improve 

their relaxivity by increasing the number of bound water molecules,[73, 82, 83]  

however. this is often done at the expense of the stability of the complexes and can 

result in a release of the toxic Gd ions.
[78]

 Additionally, contrast agents with q>1 can, 

upon injection in the blood stream, interact with multivalent endogenous species such 

as phosphate ions, limiting the accessibility of water to the metal center.
[84]

 

In order to take advantage of the improved relaxivity resulting from an increase in the 

rotational correlation time of a species ( R ), CAs capable of binding proteins such as 

serum albumin have been developed (e.g. Gadofosveset (Vasovist
®

, Ablavar
®

)).
[84, 85]

 

Once bound to the protein, the tumbling rate of the contrast agent is significantly 

decreased, resulting in an increase in relaxivity. 

While these strategies allow for an increased relaxivity, the gain is often lower than 

anticipated due to the influence of factors such as a decrease in water accessibility or 

its mean residence lifetime.
[80, 85, 86]

 For this reason, current CA development focuses 

on species with multiple Gd centers in the form of macromolecules functionalized with 

conventional Gd-based CAs or of nanosized assemblies of Gd-containing molecules, for 

example.
[74, 75, 87]

 Although these approaches do not result in an increased relaxivity 

per Gd center, the assemblies allow for an improved contrast due to the presence of 

multiple active centers.[88, 89] 
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Figure 14 Factors contributing to the relaxivity of a Gd based contrast agent. Reproduced 

from Que et al.
[76]*

 with permission of The Royal Society of Chemistry. 

A large number of Gd chelates grafted to a macromolecule or supramolecular assembly 

opens the way to targeting approaches. Indeed, the uptake of a single particle by a 

specific tissue results in the uptake of numerous Gd centers, thus allowing a localized 

contrast increase.[74]. Supramolecular assemblies of contrast agents also allows the 

development of stimuli-responsive CAs, were the relaxivity of the system is varied 

depending on the physico-chemical properties of its environement.[76] Finally, a 

combination of supramolecular contrast agents with drug delivery systems would allow 

for multifunctional systems for theragnostic applications.[71] 

Current contrast agents, recent developments and strategies towards the development 

of more efficient contrast agents are further discussed in chapters 3 and 4 of the present 

thesis. 

  

                                        
*
 [76]  Que, E. L.,  Chang, C. J.,"Responsive magnetic resonance imaging contrast agents as 

chemical sensors for metals in biology and medicine", Chem Soc Rev 2010, 39, 51. 

http://dx.doi.org/10.1039/b914348n 
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1.4 Aim and scope of the thesis 

As discussed above, nanosized self-assemblies of amphiphilic polymers or peptides 

present high potential in the treatment and diagnosis of many pathologies. They have 

been reported to efficiently entrap a multitude of drugs, allow their triggered release 

and their specific delivery to some tissues. They have also presented a high potential 

in the diagnosis of diseases, either by sensing localized changes in the environment of 

tissue or by use as tracers or contrast agents. 

The aim of the present thesis is to make a – modest – contribution towards the 

biomedical applications of supramolecular assemblies. This will be illustrated by the 

application of a stimuli-responsive peptide-based supramolecular assembly to the 

delivery of a potent hydrophobic anticancer drug candidate, by the development of a 

stimuli-responsive MRI contrast agent and by preliminary experiments towards the 

development of a system capable of combining the best of both worlds by allowing a 

theragnostic approach. 
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Chapter 2  

2 PEPTIDE NANOPARTICLES FOR DRUG DELIVERY 

This chapter presents the development of a drug delivery system for redox active 

anticancer drug candidates. The system consists of nanoparticles self-assembled from 

a reduction responsive amphiphilic peptide that efficiently entrap hydrophobic model 

drugs. The cytotoxicity of the system is assessed on two cell lines in presence and 

absence of reducing agent. 

 

 

 

 

Figure 15 Reduction responsive amphiphilic peptides self-assemble in nanoparticles and can 

be loaded with high amounts of hydrophobic drugs. In presence of reducing agent, 

the particles disassemble and release the drug, resulting in a cytotoxic effect. 

 

The work presented in this chapter is submitted for publication as Richard, P. U.; Craciun, I.; Gaitzsch, 

J.; Weiner, L.; Palivan C. G. Delivery of ROS Generating Anthraquinones Using Reduction-responsive 

Peptide-based Nanoparticles. 2018. 
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2.1 Abstract 

In order to limit the side effects associated with antitumor drugs such as doxorubicin, 

nanosized drug-delivery systems capable of selectively delivering and releasing the drug 

in the diseased tissue are required. We describe nanoparticles (NPs), self-assembled 

from a reduction responsive amphiphilic peptide, capable of entrapping high amounts 

of an anticancer drug candidate. This system shows a high entrapment efficiency with 

up to 15 mg drug per gram of peptide (5.8 mol%). Treatment of the NPs with 

physiological amounts of reducing agent results in the destruction of the NPs and 

release of the drug molecules. Reduction in cell viability is observed on two cell lines 

at drug concentrations over 250 nM. This drug delivery system has potential for 

targeting of tumor tissue via the EPR effect while taking advantage of the increased 

reduction potential present in tumor tissue to selectively release the drug candidate. 

2.2 Introduction 

While cancer cases keep increasing, the major pharmaceutical treatment for tumors 

relies on chemotherapy, which is well known to result in numerous side effects. One of 

the major chemotherapeutic compounds is the anthracycline doxorubicin (DOX) that, 

although it has shown positive effects on multiple forms of cancer, causes serious side 

effects, notably significant cardiotoxicity.
[90, 91]

 One approach to reduce such side effects 

is through the use of nanosized drug delivery systems (DDS). In the case of anticancer 

drugs, the major requirements of a DDS are to allow for i) an efficient loading of the 

drug, ii) the delivery of the drug to the site of the tumor and iii) the release of the 

payload within the diseased tissue. 

DDS are, most often, nanosized self-assemblies of amphiphilic molecules that can be 

loaded with various molecules of therapeutic interest.[24, 26, 92-94] Numerous 

biocompatible amphiphiles (e.g. lipids, diblock and triblock copolymers, peptides) have 

been shown to form nanostructures of different morphologies, such as micelles, vesicles 

and solid nanoparticles (NPs).[24, 26, 93] These nanostructures differ mainly by their size 

and ability to be loaded with various compounds, for example, structures such as 

vesicles containing a large aqueous lumen will be favored to deliver hydrophilic drugs, 

whereas micelles and solid nanoparticles are usually more suited for the delivery of 

hydrophobic drugs.[24, 26, 92, 93] 

The use of nanosized DDS allows for increased circulation times and nanoparticles of 

sizes up to 200 nm are known to accumulate in tumor tissue through the enhanced 

permeability and retention (EPR) effect,[58, 92] thus allowing passive targeting of tumor 

sites. Liposomal formulations of DOX are already used clinically and have been shown 

to moderately reduce the cardiotoxic side effects associated with administering the free 

drug.[90-92] 
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In addition to a leaky vasculature leading to the EPR effect, tumor tissues possess 

abnormal physico-chemical properties such as decreased pH, increased temperature 

and unusual redox potentials
[95-97]

. All these differences between healthy and tumor 

tissue have been exploited to develop DDS with stimuli-triggered mechanisms to ensure 

release of the drug within the diseased tissue.[57, 95, 97-99]  

In parallel to the efforts centered on designing a delivery system for existing antitumor 

drugs, research is also focused on the development of compounds with higher potency. 

One example of such compounds are anthraquinones with metal chelating abilities 

inspired from anthracyclines. While the exact mechanism of anthracycline-induced 

cytotoxicity is still unknown, it is generally accepted that the two major mechanisms 

of actions are i) inhibition of macromolecular biosynthesis through DNA intercalation 

and topoisomerase II inhibition and ii) production of highly reactive free radicals and 

reactive oxygen species (ROS).[91, 92, 100] This later mechanism of action arises from the 

presence of a quinone moiety that can be readily reduced by cellular reductants such 

as nicotinamide adenine dinucleotide phosphate (NADPH) and reduced glutathione 

(GSH), to yield a semiquinone radical (equation (12)).[100] In aerobic conditions, 

semiquinones can reduce molecular oxygen resulting in the formation of superoxide 

radical anions (equation (13)) that, in presence of ferrous iron, lead to the production 

of highly reactive hydroxyl radicals through the Haber-Weiss cycle (equations (15)-

(16)).
[101]

 The produced ROS can initiate radical chain reactions leading to oxidative 

stress and ultimately cellular death.[92]  

 Q Qe      (12) 

 
2 2Q O Q O     (13) 

 
2 2 2 2

2

2

HO H OO O
      (14) 

 3 2

2 2Fe O Fe O       (15) 

 2 3

2 2H Fe Fe H HO O O         (16) 

Given the importance of redox-active metal ions in the mechanism of toxicity of 

anthracyclines, it has been suggested that compounds possessing both a quinone moiety 

and a chelating ability could considerably increase the rate of ROS generation, thus 

leading to higher cytotoxicity.[100, 102] In this regard, anthraquinone derivatives with 

chelating groups have been developed and their propensity to produce hydroxyl 

radicals was established.[101] The compounds with chelating abilities were shown to 

generate higher ROS levels than both a control molecule with similar redox potential 

and DOX in vitro,[100, 103] making them interesting candidates for cancer therapy. Even 

though these compounds potentially possess a higher antitumor effect than the 

anthracycline drugs currently used clinically, they will not permit a reduction of the 

adverse effects caused on healthy tissue. It is clear that antitumor drugs with such 
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mechanisms of toxicity present only little to no selectivity for diseased tissue and it is 

this lack of selectivity that results in side effects that negatively affects the patients. 

While tremendous research focused on DDS for anthracyclines,
[90, 92, 97]

 to the best of 

our knowledge, delivery of anthraquinones with metal chelating abilities has not yet 

been reported. 

Here, we present a peptide-based delivery system for anticancer drug candidates – in 

the form of redox active anthraquinones – capable of releasing the payload in 

environments with high reduction potential, such as tumor tissue (Figure 16).  

 

Figure 16 Schematic representation of anthraquinone loaded peptide nanoparticles and their 

disassembly in presence of reducing agent. 

To this aim, we selected a reduction-responsive peptide H3SSgT (Scheme 1), with 

sequence H2N-H3-X-[W-DL]3-W-CONH2, where X = –(CH2)2-S-S-(CH2)2-NH-CO-

(CH2)2-CO–, reported to self-assemble into multi-compartment micelles (MCM) 

obtained from the aggregation of individual micelles.[52] It was previously shown that 

short amphiphilic peptides with a hydrophobic sequence composed of alternating 

tryptophan and D-Leucine form NPs capable of entrapping both hydrophilic and 

hydrophobic compounds,[47] Insertion of a disulfide bond via an unnatural amino acid, 

between the hydrophilic and hydrophobic parts of the peptide, allowed for the 

formation of nanoparticles that were shown to efficiently entrap the model compound 

boron-dipyrromethene (Bodipy) and release it in presence of physiological amounts of 

reducing agent.[52]  

 

Scheme 1 Structure of the amphiphilic peptide H3SSgT. The hydrophilic tri-histidine (green) 

is linked to the hydrophobic [W-DL]3 sequence (red) through a disulfide containing 

linker (blue). 
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Such a system is of interest for anticancer drug delivery as the presence of a disulfide 

bond allows direct exploitation of the elevated GSH levels found in intracellular 

compartments and in tumor tissues (2 - 10 mM compared to 2 - 10 µM for extracellular 

environment)[57, 99] to trigger the site specific release of the payload. Using this 

reduction responsive peptide, we entrapped three different anticancer drug candidates 

(Qn, Qc1 and Qc2) (Scheme 2), within the biocompatible peptide nanoparticles, and 

evaluated the entrapment efficiency by reverse phase high pressure liquid 

chromatography (RP-HPLC).  

 

Scheme 2 Structure of the anthraquinone derivatives Qn, Qc1 and Qc2. 

The morphology and size of the loaded NPs were characterized by transmission 

electron microscopy (TEM) and dynamic light scattering (DLS). Cytotoxicity of the 

compound showing the highest loading efficiency, Qc2, was assessed on both HEK293T 

and HeLa cells. Finally, the entrapment in peptide NPs as well as release in reductive 

conditions were confirmed on both cell lines. Our research aims at developing this NP-

drug system into a possible alternative to currently used chemotherapies with the 

advantages of an efficient loading capacity and a stimuli-responsive release in 

conditions mimicking tumors. 

2.3 Results and Discussion 

2.3.1 Nanoparticles formation and characterization 

The amphiphilic peptide H3SSgT self-assembles into MCMs obtained from the 

aggregation of individual micelles (Figure 16 and Figure 17). These particles are 

formed by solvent exchange of ethanolic solutions to purified water (ddH2O); with 

multiple parameters such as the concentration of the peptide and the solvent exchange 

rate affecting their final size and morphology. In the case of the peptide H3SSgT, 

dialysis of a 0.2 mg mL-1 solution of the peptide in 50% ethanol against water allowed 

for the formation of particles of the desired size and morphology. Imaging of the 

obtained NPs by TEM, revealed spherical structures (Figure 17 and Figure 21) and 

DLS measurements showed that the NPs exhibited a mean hydrodynamic diameter, 

DH comprised between 200 and 300 nm (Table 1 and Table 2). 
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Figure 17 A) Individual peptide nanoparticles as observed by transmission (top) and 

scanning (bottom) electron microscopy. B) TEM micrograph of representative 

samples of Qc2-loaded peptide NPs. C) TEM micrograph of Qc2-loaded NPs after 

incubation (2h) with physiological concentrations of the reducing agent TCEP. 

Transfer of the NP suspension into 3-(N-morpholino)propanesulfonic acid (MOPS) 

buffer (pH = 6.5) resulted in a shrinking of the particles without otherwise affecting 

their morphology, as observed by TEM (Figure 22 and Table 3 ) and DLS (Table 

2). The observed shrinking of the NPs can be rationalized by the increased osmotic 

pressure resulting from the buffer. Since this system is designed for passive targeting 

using the EPR effect, smaller sizes are advantageous. 

 

Table 1 Loading efficiency and sizes of peptide NPs loaded with the anthraquinone 

derivatives Qn, Qc1 and Qc2. 

Payload 
Concentration Quinone loading Size in ddH2O Size in MOPS pH=6.5 

ct [µM] [%mol] [mg g-1 peptide] Rh [nm] PDI Rh [nm] PDI 

---    137 0.30 N/A 

Qn 2.8 ± 0.8 2.4 ± 0.4 5 ± 1 128 0.36 N/A 

Qc1 3.8 ± 0.7 3.3 ± 0.6 8 ± 2 163 0.25 N/A 

   Qc2 * 6.6 ± 0.6 5.8 ± 0.5 15 ± 1 138 0.25 113 0.26 

ct: anthraquinone concentration after NP formation as determined by RP-HPLC, Rh: mean hydrodynamic 

radius obtained from DLS at 90°. * indicates concentrations after transfer in MOPS buffer. PDI – 

polydispersity index. N/A – not available 



Pascal U. Richard 

 

38 

2.3.2 Payload embedding and characterization of loaded nanoparticles 

Entrapment of three different anticancer drug candidates Qn, Qc1 and Qc2 (Scheme 

2) was studied upon self-assembly of the peptide NPs. All three anthraquinone 

derivatives possess similar redox potentials but differ with respect to their 

hydrophobicity, with Qc2 being the most hydrophobic due to its longer aliphatic side 

chain. Qc2 has an octyl side chain, Qc1 possesses only a butyl chain and Qn bares no 

side chain at all. As the peptide NPs are MCMs, they possess multiple hydrophobic 

inner cores and thus preferentially entrap hydrophobic compounds.[47, 52] Therefore, the 

structural differences of these anthraquinones might affect their loading efficiency 

within the hydrophobic cores of the peptide NPs. Typically, the anthraquinone was 

added to a solution of the peptide and diluted to a final concentration of 6 - 12 µM in 

50% ethanol and dialyzed as described above. The presence of the anthraquinones did 

not significantly affect the shape and size of the particles (Table 1 and Figure 18). 

 

Figure 18 Negatively stained TEM micrographs of H3SSgT nanoparticles loaded with Qc2 in 

ddH2O. 

The concentration of anthraquinones in the suspensions of NPs was quantified by RP-

HPLC (Figure 23 and Figure 26) and determined to be 2.8 ± 0.8 µM for Qn, 3.8 ± 

0.7 µM for Qc1 and 6.6 ± 0.6 µM for Qc2, in the NPs formed from initial concentrations 

of 0.2 mg mL-1 peptide and 12 µM of the anthraquinones (Table 1). In order to verify 

that the anthraquinones are indeed entrapped within the peptide NPs and not free in 

solution, a 12 µM solution of the free anthraquinone Qc2 was dialyzed following the 

same procedure as for NP formation. After dialysis, the detectable concentration was 

below 0.8 µM (< 6% initial concentration) (Figure 27), thus confirming efficient 

removal of the dissolved compounds. This indicates that, upon peptide NP formation, 
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the anthraquinones are successfully entrapped within the particles and not free in 

solution. 

The concentrations of entrapped anthraquinones Qc1 and Qn (2.8 ± 0.8 and 3.8 ± 

0.7) are in line with the 3 µM previously reported for the model hydrophobic compound 

Bodipy[52] and correspond to loadings of 5 mg anthraquinone per gram of peptide (2.4 

± 0.4 mol%) for Qn and 8 mg g
-1
 (3.3 ± 0.6 mol%) for Qc1. In the case of Qc2, the 

loading efficiency was two times higher, reaching concentrations up to 7 µM, 

corresponding to 15 mg Qc2 per gram of peptide (5.8 ± 0.5 mol%) (Table 1 and 

Table 2). The higher entrapment efficiency of this compound compared to Qc1 can 

be explained by the presence of a longer aliphatic chain (octyl for Qc2, butyl for Qc1) 

increasing its hydrophobicity and resulting in higher entropic driving forces required 

for the entrapment within the hydrophobic core of micelles. The loading efficiency for 

compound Qc2 is more than 8 times higher than previously observed for DOX,
[52]

 which 

supports its use as candidate for cancer therapy. As Qc2 exhibited the highest 

entrapment efficiency, it was selected for further studies. 

These peptide nanoparticles present high stability, as storage of Qc2 loaded NPs in 

ddH2O at room temperature for up to 1 year did not significantly affect their size or 

morphology. For freshly prepared particles, the hydrodynamic radius was measured to 

be 159 nm (PDI of 0.27) and 173 nm (PDI of 0.34) after one year of storage, with 

TEM micrographs confirming that the spherical structure was retained (Figure 28). 

The very slight increase in mean hydrodynamic radius and PDI can be explained by 

the presence of few aggregates of smaller NPs, as visible in Figure 28. Similarly to 

the non-loaded particles, a decrease in average hydrodynamic radius from 138 nm (PDI 

of 0.25) to 113 nm (PDI of 0.26) was observed after transferring Qc2 loaded particles 

in MOPS buffer (Table 1, Figure 29 and Figure 30). This decrease in size results 

in particles more suitable for extended circulation times and accumulation in tumor 

tissue via the EPR effect.[96] 

The presence of a disulfide bond in the backbone of the amphiphilic peptide H3SSgT 

is intended to favor the destruction of the NPs in reductive environments and induce 

the release of the anthraquinones. The release profile of the hydrophobic model payload 

Bodipy upon incubation in 10 mM dithiothreitol (DTT) was previously reported and 

showed a rapid release of the compound, reaching 50% after 30 minutes.[52] In the 

present case of anthraquinone entrapping NPs, the release profile could not be 

determined since the studied compounds lack fluorescent properties. However, TEM 

micrographs of anthraquinone loaded NPs incubated with 7 mM of the reducing agent 

tris(2-carboxyethyl)phosphine (TCEP) confirmed their dissasembly (Figure 17C). 

Given that the release occurs mainly due to the triggered decomposition of the NPs in 

a reductive environment, similar release profiles can be expected for various 

hydrophobic compounds, including the anthraquinone Qc2. 
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2.3.3 Cytotoxicity of anthraquinones upon release from peptide 

nanoparticles 

In order to compare our DDS to the free anthraquinone, we first evaluated the 

cytotoxicity of the anthraquinone Qc2 alone by MTS cell viability assay on two cell 

lines (HEK293T and HeLa). The cells were incubated in presence of increasing 

concentrations of Qc2 dissolved in ethanol. The final ethanol concentration was 1% for 

all concentrations including control cells and did not interfere with cell viability. After 

24 h incubation, the viability of both HeLa and HEK293T cells was assessed and a 

decrease in cell viability at concentrations above 250 nM Qc2 was observed (Figure 

19).  

 

Figure 19 Viability of A) HEK293T and B) HeLa cells after exposure to the anthraquinone 

Qc2 (white), and an equivalent concentration of Qc2 entrapped in peptide NPs 

with (black) and without (grey) pre-treatment with the reducing agent TCEP. 

For HEK293T cells, the EC50 of Qc2 was estimated to be in the range of 500 nM, 

whereas for HeLa cells it is higher (around 900 nM) (Figure 20). For HeLa cells, this 

value is comparable to cytotoxicity levels reported for DOX.[52] Due to the higher 

loading efficiency of Qc2 compared to DOX, the amount of peptide necessary to reach 

a similar effect is much lower for Qc2 (around 8-fold), which is a significant advantage 

of this drug/NP combination. 
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Figure 20 Dose response curves for HEK293T (A) and HeLa (B) cells after exposure to  

anthraquinone Qc2 (red squares), an equivalent concentration of Qc2 entrapped 

in peptide beads with (blue circles) and without (grey triangles) pre-treatment 

with the reducing agent TCEP.  

Having determined the concentration range where Qc2 elicits a toxic effect on both 

cell lines, we proceeded to investigate the behavior of the Qc2-loaded nanoparticles in 

the absence and presence of reducing agent. In absence of reducing agent, peptide NPs 

loaded with Qc2 showed no effect on either cell line (Figure 19 and Figure 20), thus 

not only confirming the previously reported absence of cytotoxicity for these NPs but 

also confirming efficient shielding of the tested anthraquinone through entrapment 

within the NPs. These results also indicate that the anthraquinone Qc2 does not leach 

out and is retained within the peptide NPs. For a DDS to be effective, the entrapped 

drug must be released, preferably by a target-selective trigger. As mentioned 

beforehand, the peptide NPs used in this study are formed from peptides containing 

an internal disulfide bond, which is sensitive to reducing agents. This internal release 

mechanism is activated once the NPs are exposed to a reductive environment, such as 

that surrounding tumors. To confirm that the NPs can efficiently release their payload 

in reductive environments, we incubated the cells in presence of NPs pre-treated with 

7 mM of the reducing agent TCEP. We observed a decrease in cell viability for both 

cell lines in the presence of the pre-treated NPs comparable to the levels of the free 

anthraquinone (Figure 17 and Figure 19), thus proving that the NPs release the 

active anthraquinone Qc2 in a reductive environment. With respect to the HeLa cells, 

the EC50 is comparable to values reported for DOX.[52] 

2.4 Conclusion 

Three different anticancer drug candidates based on redox active anthraquinone 

derivatives were entrapped within peptide-based NPs of approximately 200 nm, formed 

by self-assembly of a reduction responsive amphiphilic peptide. One compound, Qc2, 
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previously shown to produce ROS at a rate higher than DOX, was loaded within NPs 

with a high entrapment efficiency, reaching up to 15 mg per g peptide (5.8 mol%). 

This is more than 8 times higher than the loading efficiency previously reported for 

DOX. The compound Qc2 exhibited significant toxicity on both HEK293T and HeLa 

cells, whereas NPs loaded with Qc2 showed no toxicity at comparable anthraquinone 

concentrations. Pre-treatment of Qc2 loaded NPs with physiological amounts of 

reducing agent resulted in release of Qc2 and increase in cytotoxicity to levels 

comparable to those of the free compounds. The efficient loading of biocompatible 

peptide based NPs with hydrophobic anthraquinones, combined with a stimuli-

responsive release of the payload in reductive environment, such as tumor tissue, 

confirms the potential of this anthraquinone-peptide system as a drug delivery vehicle 

for anti-cancer drug candidates. Indeed, a NP based delivery system capable of 

targeting of tumor tissue through the EPR effect and capable of releasing highly toxic 

molecules selectively in diseased tissue should allow efficient treatment while 

minimizing the side effects caused by non-selective drugs. While this system shows 

promising results, further characterization in vivo is needed in order to assess its 

clinical potential. 
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2.5 Supporting information 

Table 2 Compiled data for each individual peptide nanoparticles samples. 

 

ct: anthraquinone concentration after NP formation as determined by RP-HPLC, Rh: mean 

hydrodynamic radius obtained from DLS at 90°. * indicates concentrations after transfer in 

MOPS buffer. PDI – polydispersity index. N/A – not available 

quinone loading quinone loading

molar ratio [%] [mg/g peptide] Rh [nm] PDI Rh [nm] PDI

147 0.29

141 0.23

112 0.31

148 0.36 74 0.27

5.93 ± 0.05 0.72 ± 0.05 0.6 1.3 116 0.32

6.11 ± 0.05 1.31 ± 0.05 1.1 2.4 138 0.37

4.23 ± 0.05 1.75 ± 0.05 1.5 3.2

10.46 ± 0.05 3.19 ± 0.05 2.8 5.9 128 0.36

11.29 ± 0.05 2.36 ± 0.05 2.1 4.3

6.02 ± 0.03 0.47 ± 0.03 0.4 1.0

6.09 ± 0.03 0.55 ± 0.03 0.5 1.1 145 0.30

6.00 ± 0.03 0.67 ± 0.03 0.6 1.4 102 0.20

11.92 ± 0.03 4.54 ± 0.03 4.0 9.2 163 0.25

11.83 ± 0.03 3.06 ± 0.03 2.7 6.2

6.51 ± 0.05 1.70 ± 0.07 1.5 3.9

6.35 ± 0.05 1.97 ± 0.07 1.7 4.6 116 0.32

4.81 ± 0.05 2.21 ± 0.06 1.9 5.1 151 0.23

13.16 ± 0.04 6.23 ± 0.05 5.4 14.4 159 0.27

12.46 ± 0.04 5.92 ± 0.05 5.2 13.7 125 0.28

12.96 ± 0.04 4.67 ± 0.05 4.1 10.8

11.83 ± 0.04 5.11 ± 0.05 4.5 11.8 132 0.20

10.08 ± 0.04 7.09 ± 0.05 6.2 16.4 119 0.16

12.15 ± 0.04 6.99 ± 0.05 6.1 16.2 122 0.20

12.70 ± 0.04 4.53 ± 0.05 4.0 10.5 137 0.18

12.85 ± 0.04 * 7.08 ± 0.05 6.2 16.4 124 0.18 86 0.29

12.53 ± 0.04 7.69 ± 0.04 6.7 17.8 135 0.35

12.45 ± 0.04 * 6.95 ± 0.05 6.1 16.1 114 0.25

10.75 ± 0.07 * 6.96 ± 0.05 6.1 16.1 165 0.20 104 0.38

10.34 ± 0.04 * 6.59 ± 0.05 5.8 15.2 98 0.32

11.76 ± 0.04 * 5.41 ± 0.05 4.7 12.5 128 0.29

Payload
Concentrations Size in ddH2O Size in MOPS pH=6.5

c0 [µM] ct [µM] 

-

N/A N/A

N/A

N/A

N/A

Qn

N/A

N/A

N/A N/A

N/A

N/A N/A

Qc1

N/A N/A

N/A

N/A

N/A

N/A N/A

Qc2

N/A N/A

N/A

N/A

N/A

N/A

N/A N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Figure 21 Negatively stained TEM micrograph of H3SSgT nanoparticles in ddH2O. Scale 

bar: 200 nm. 
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Figure 22 Negatively stained TEM micrograph of H3SSgT nanoparticles in MOPS buffer. 

Scale bar: 1000 nm. 

Table 3 Size analysis of the nanoparticles visible in Figure 22 

Diameter [nm] 

88 95 131 70 77 101 98 

136 87 114 92 76 100 106 

72 88 68 87 140 75 103 

101 68 117 131 92 113 76 

107 121 132 98 132 122 84 

123 126 115 124 109 146 115 

115 112 151 83 111 174  

81 91 67 119 178 116  

135 136 82 67 82 82  

 Average diameter : 105 ± 26 nm  
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Figure 23 Typical RP-HPLC chromatogram of H3SSgT peptide and anthraquinone Qc2 at 

280, 333 and 440 nm. Retention times are respectively 11.1 and 13.5 min. 

 

Figure 24 Calibration curve and fit parameters for the anthraquinone Qn (280 nm, n = 3) 
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Figure 25 Calibration curve and fit parameters for the anthraquinone Qc1 (280 nm, n = 3) 

 

Figure 26 Calibration curve and fit parameters for the anthraquinone Qc2 (280 nm, n = 3) 
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Figure 27 Chromatogram of a 12 µM solution of Qc2 before (blue) and after (red) dialysis 

against ddH2O. For clarity, the injection peak was omitted.  
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Figure 28 Negatively stained TEM micrograph of Qc2 loaded H3SSgT nanoparticles after 1 

year of storage in ddH2O at room temperature. Scale bar: 10 µm. 

Table 4 Size analysis of the nanoparticles visible in Figure 28. 

Diameter [nm] 

509 283 260 307 424 236 194 

358 171 217 473 259 551 202 

284 246 274 380 213 283 298 

356 259 210 549 485 314 212 

337 202 213 334 750 365 250 

190 350 246 291 301 334 327 

268 301 217 190 306 151 434 

434 307 283 200 268 242 467 

328 250 372 127 166 400 376 

401 329 328 151 306 317 263 

  Average  diameter : 308 ± 107 nm  

Note: Size measurements were performed on a composition of two images with different 

exposure times. Due to the low magnification and the dark halo resulting from the negative 

staining, the size measurement can only be approximated and the sizes are overestimated. 
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Figure 29 Negatively stained TEM micrograph of Qc2 loaded H3SSgT nanoparticles in 

MOPS buffer. Scale bar: 200 nm. 

Average particle diameter in image: 141 ± 21 nm 
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Figure 30 Negatively stained TEM micrograph of Qc2 loaded H3SSgT nanoparticles in 

MOPS buffer. Scale bar: 2000 nm 

Table 5 Size analysis of the nanoparticles visible in Figure 30. 

Diameter [nm] 

83 97 39 97 114 93 68 166 78 75 105 

97 113 55 104 48 94 102 58 133 115 102 

96 86 108 99 62 102 124 44 98 98 56 

84 96 93 75 75 116 124 93 99 91 114 

69 74 94 125 115 83 118 125 75 113 115 

52 85 98 125 88 85 105 107 78 106 76 

124 128 88 88 106 58 117 93 71 112 106 

169 116 111 75 83 77 122 62 46 102 100 

84 125 63 104 79 70 103 91 94 94 59 

116 88 56 109 70 130 101 97 94 103 130 

90 71 66 115 105 86 95 109 100 117 77 

108 110 101 67 78 95 99 114 116 73 95 

60 84 112 99 104 108 117 52 96 62 98 

40 79 54 48 113 94 43 230 69 111 110 

73 88          

Average diameter: 94 ± 26 nm 
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Chapter 3  

3 PEPTIDE AND POLYMER CO-ASSEMBLIES FOR 

MAGNETIC RESONANCE IMAGING APPLICATIONS 

This chapter presents the development of a highly sensitive, nanoparticle-based, MRI 

contrast agent co-assembled from a reduction responsive amphiphilic peptide and a 

diblock co-polymer. The biocompatibility and stimuli-responsiveness of the system are 

verified in vitro and its contrast agent potential is studied on a clinical 3T MRI 

scanner. 

 

Figure 31 Nanoparticle-based MRI contrast agents co-assembled from a reduction responsive 

amphiphilic peptide and heparin-PDMS polymer present a r1 relaxivity 10-fold 

higher than commercial Dotarem
®

. In reductive environment, a further increase 

in relaxivity is observed. 

This chapter is adapted from Sigg, S. J.; Santini, F.; Najer, A.; Richard, P. U.; Meier, W. P; Palivan 

C. G. Nanoparticle-based highly sensitive MRI contrast agents with enhanced relaxivity in reductive 

milieu. Chem. Commun., 2016, 52, 9937, with permission from The Royal Society of Chemistry. 
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3.1 Abstract 

Current magnetic resonance imaging (MRI) contrast agents often produce insufficient 

contrast for diagnosis of early disease stages, and do not sense their biochemical 

environments. Herein, we report a highly sensitive nanoparticle-based MRI probe with 

r1 relaxivity up to 51.7 ± 1.2 mM
-1
s
-1
 (3T). Nanoparticles were co-assembled from Gd

3+
 

complexed to heparin-poly(dimethylsiloxane) copolymer, and a reduction-sensitive 

amphiphilic peptide serving to induce responsiveness to environmental changes. The 

release of the peptide components leads to a r1 relaxivity increase under reducing 

conditions and increases the MRI contrast. In addition, this MRI probe has several 

advantages, such as a low cellular uptake, no apparent cellular toxicity (tested up to 

1 mM Gd3+), absence of an anticoagulation property, and a high shelf stability (no 

increase in free Gd3+ over 7 months). Thus, this highly sensitive T1 MRI contrast 

nanoparticle system represents a promising probe for early diagnosis through possible 

accumulation and contrast enhancement within reductive extracellular tumor tissue. 

3.2 Introduction 

An important class of Magnetic resonance imaging (MRI) contrast agents (CAs) is 

based on Gd3+ complexed with various ligands to avoid the intrinsic toxicity of free 

Gd
3+

 ions. Gd-based CAs approved for clinical use typically have an r1 of 4–5 mM
-1
s
-

1.[77, 104] These CAs are small molecules, which passively distribute after 

administration.[105] However, commercially available Gd-CAs have a low efficiency, and 

high doses are required for good contrast enhancement.
[104, 106]

 

Three main strategies are used to improve the contrast enhancement of MRI CAs: i) 

modifying the ligand to increase the number of free coordination sites at the metal 

center, and thus exchange rates between bulk and coordinated water, ii) increasing Gd 

concentrations by accumulating multiple ligands within one macromolecule, and iii) 

forming bulky assemblies to lower the molecular tumbling rate (τR), as both high water 

exchange rates and decreased molecular tumbling contribute to faster relaxation and 

higher MRI contrast.[75] In this regard, nanosized macromolecular CAs of various 

architectures have been reported, comprising micelles,[107, 108] dendrimers,[109, 110] 

vesicles,[111-113] and nanoparticles.[75, 114-117] However, the efficiency of Gd-based CAs is 

influenced in a complex overall manner by various molecular and dynamic factors, and 

the gain in relaxivity is often far less than expected.[118] Also, additional introduction 

of specificity and responsiveness of MRI CAs to distinct environments, such as 

inflamed tissue or tumor microenvironments, allows specific localization and 

diagnosis,[75, 119] but the production of CAs that combine high r1 relaxivity and response 

to physiological parameters at pathologic sites remains a major challenge.  
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Here we report a highly active MRI contrast agent with enhanced relaxivity in 

reductive milieu based on nanoparticles (NPs) resulting from co-assembly of heparin-

polymers with trapped Gd
3+

 and stimuli-responsive peptides. The selection of the 

heparin–polymer conjugate was inspired by the strong Gd3+ complexing ability of the 

natural glycosaminoglycan heparin,[120, 121] and the long blood circulation behavior of 

heparinized NPs.
[122, 123]

 Long-circulating NPs can readily accumulate in tumor tissue 

via the leaky vasculature surrounding tumors (enhanced permeation and retention 

effect),
[58, 124]

 which increases the efficiency of cancer imaging for disease diagnosis.
[125, 

126]
 Furthermore, elevated glutathione (GSH) levels in the extracellular environment 

of tumors, compared to healthy tissues, can be exploited as a trigger to further increase 

image contrast.
[127, 128]

 

We have now designed and synthesized an amphiphilic heparin-poly(dimethylsiloxane) 

(hepPDMS) block copolymer capable of self-assembling into NPs with complexation 

sites for Gd3+. A disulfide-linked amphiphilic peptide interacts with hepPDMS-Gd via 

the polyhistidine sequence and co-assembles to peptide-hepPDMS-Gd NPs (p-

hepPDMS-Gd-NPs). The peptide sequence (H2N-H3-X-[W-DL]3-W-CONH2) contains a 

reducible linker X (X = -(CH2)2-S–S-(CH2)2-NH-CO-(CH2)2-CO-) that connects the 

hydrophobic L-tryptophan-D-leucine repeating unit and the oligohistidine 

(H3SSgT).[52] In a reductive environment, the peptides are released, increasing the 

accessibility of Gd
3+

 for water molecules, and therefore increasing MRI contrast. 

3.3 Results and Discussion 

HepPDMS was obtained by coupling heparin polysaccharide with commercial PDMS 

(5kDa) via reductive amination; this yielded an average of 25 heparin repeating units 

per PDMS chain, as previously reported.[129] To create a NP-based Gd MRI CA, 

hepPDMS was mixed with a solution of GdCl3 (6.5 eq) in 50% ethanol at pH 7.0. NPs 

were formed through solvent exchange from 50% ethanol to water via dialysis, which 

simultaneously removed uncomplexed Gd. The hepPDMS-Gd NPs (hepPDMS-Gd-

NPs) had particle size of 51 ± 22 nm evaluated by dynamic light scattering (DLS), in 

agreement with that obtained from TEM micrographs (45 ± 16 nm) (Figure 32A and 

Figure 36). 
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Figure 32 Schematic representation and TEM micrographs of (A) hepPDMS-Gd-NPs (B), 

p-hepPDMS-Gd-NPs (-DTT), and (C) p-hepPDMS-Gd-NPs (+DTT). Sizes 

obtained by TEM are indicated. Scale bars: 200 nm. 

Successful complexation of Gd to the heparin-block of hepPDMS-Gd-NPs was 

indicated both by Fourier transform infrared spectroscopy (FTIR) and Farndale 

microassay (Figure 37). The latter showed a significant decrease in accessible heparin 

chains on the NPs from 1170 ± 42 µg mL-1 (hepPDMS-NPs) to 960 ± 49 µg mL-1 

(hepPDMS-Gd-NPs) due to partial occupation of the dye-binding sites on heparin by 

Gd3+. The concentration of Gd complexed within the hepPDMS-NPs was determined 

to be 0.93 mM by inductively coupled plasma optical emission spectroscopy (ICP-

OES), which is 77 % of the initial Gd concentration. It demonstrates the high 

complexing abilities of hepPDMS, and allows the creation of a high Gd-density within 

the NPs that is necessary for contrast enhancement in MRI. 

To introduce reduction-sensitivity to our NP-based MRI CA, the reduction-responsive 

amphiphilic peptide H3SSgT (0.5 mg mL-1) was co-assembled with previously 

complexed hepPDMS-Gd to yield p-hepPDMS-Gd-NPs. The formed NPs were similar 

in size (DLS: 57 ± 38 nm, TEM: 43 ± 10 nm), and shape to those of hepPDMS-Gd-

NPs (Figure 32A,B and Figure 36); a very small population of larger intensity 

weighted diameters (>300 nm) was also observed, and can be attributed to purely 

peptidic NPs (190 nm).[52] Use of higher concentrations of peptide (2 mg mL-1) induced 

formation of large aggregates along with the co-assemblies (Figure 38), and thus 

further characterization of co-assemblies was performed with a lower peptide 

concentration (0.5 mg mL-1). Energy dispersive X-ray spectroscopy (EDX) analysis 

showed co-localization of Gd and sulfur (from the disulfide in the peptide and from 

hepPDMS) within the particles (Figure 39). The expected interaction of the histidine 

residues of the peptide with the heparin block of hepPDMS when co-assembled was 

analyzed by Farndale microassays; the co-assembled peptide decreased the accessibility 
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of heparin from 1020 ± 82 µg mL
-1
 to 760 ± 85 µg mL

-1
. Since the monitors the 

accessible heparin, these values represent the situation on the surfaces of the NPs 

rather than in their core, and also demonstrate steric hindrance originating from the 

co-assembled peptides. 

Zeta potential measurements revealed slightly different values (–55.0 ± 0.5 mV) for p-

hepPDMS-Gd-NPs and NPs assembled without peptide (–58.0 ± 0.3 mV), but these 

are rather small for heparin is the most negatively charged biological 

macromolecule.
[130]

 At H3SSgT/hepPDMS-Gd ratios suitable for co-assembly, the 

number of histidines is insufficient to neutralize the charge of heparin, and the NPs 

are thus highly negatively charged. The preservation of heparin characteristics on the 

nanoparticle surfaces after Gd-complexation and co-assembly with peptides provides 

the desired properties for prolonged blood circulation time,
[122, 123]

 which is required for 

accumulation in tumor regions via the enhanced permeation and retention effect, and 

subsequent contrast enhancement for MRI diagnostics.[125, 126] For assessing size and 

morphology changes of p-hepPDMS-Gd-NPs upon reductive stimuli, they were treated 

with 10 mM dithiothreitol (DTT) in HEPES buffer at pH 7.2. This resulted in slightly 

decreased diameters (44 ± 19 nm by DLS, 41 nm ± 8 nm by TEM) compared to 

hepPDMS-Gd-NPs (Figure 32A,C and Figure 36). 

The suitability of these Gd-complexing NPs as MRI contrast agents was assessed in 

comparison with commercial Gd 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 

acid (Gd-DOTA/Dotarem
®

), which is one of the most frequently applied CAs in 

clinical MRI. At a field of 3T, Gd-DOTA had T1 relaxation times in a range of 1360 

ms at 0.10 mM Gd and 213 ms at 0.99 mM Gd (Figure 33A, Table 7), resulting in 

a r1 relaxivity of 4.5 ± 0.1 mM-1s-1 (Figure 33C, Table 7), which is in agreement 

with literature values.[131] However, when Gd was complexed within hepPDMS NPs, 

the water relaxivity increased to 51.7 ± 1.2 mM
-1
s
-1
, which is more than an order of 

magnitude higher than for Gd-DOTA. This can be attributed mainly to decreased 

tumbling rates of the large NPs combined with different binding characteristics which 

create faster exchange rates at the metal centers. When co-assembled with H3SSgT, 

the r1 relaxivity of p-hepPDMS-Gd-NPs was 44.2 ± 1.5 mM-1s-1 (Figure 33C, Table 

7), which lower than for the purely hepPDMS-Gd-based nanoparticles. This may be 

because the close arrangement of the peptidic histidines to the heparin block of the 

copolymer increases the density of the co-assembled particles, thereby sterically 

hindering water access and coordination to the metal centers.  

After addition of the reducing agent (DTT) an increase in r1 of about 20% to 54.4 ± 

1.5 mM-1s-1 was obtained (Figure 33C, Table 7), a value close to that of NPs 

assembled from hepPDMS-Gd alone. This increase in relaxivity in a reductive 

environment can be used to obtain increased contrast for cancerous tissue based on 

the elevated GSH-levels in extracellular space of tumors.[127, 128] Similar trends were 

also observed in T2 relaxation rates for the NPs compared to Gd-DOTA. For 

hepPDMS-Gd-NPs a transverse relaxation rate, r2, of 162.6 ± 17.8 mM-1s-1 was 
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obtained, and this decreased to 103.5 ± 5.0 mM
-1
s
-1
 for particles co-assembled with 

H3SSgT and 108.4 ± 2.5 mM
-1
s
-1
 after DTT addition (Figure 33D, Table 7). These 

values are more than one order of magnitude higher than for Gd-DOTA (4.90 ± 0.03 

mM
-1
s
-1
). 

 

Figure 33 (A) T1 weighted MR image of a) Gd-DOTA, b) hepPDMS-Gd-NPs, c) p-

hepPDMS-Gd-NPs (-DTT), and d) p-hepPDMS-Gd-NPs (+DTT); concentration 

of each sample in μM is given in white. (B) EPR spectra of a) Gd-DOTA, b) 

hepPDMS-Gd-NPs, c) p-hepPDMS-Gd-NPs (-DTT). (C) and (D) r1 and r2 

relaxivity curves of p-hepPDMS-Gd (+DTT) (squares), p-hepPDMS-Gd (-DTT) 

(circles), and Gd-DOTA (triangles); r1 and r2 relaxivities are given in mM
-1
s
-1
.  

While the relaxivity of our system is considerably higher than that of the clinical CA 

Gd-DOTA, comparison to experimental CAs is not straightforward. In literature, the 

relaxivity of experimental CAs is determined at different magnetic fields, depending 

on the purpose of the study and/or the equipment available to the researcher. As the 

relaxivity is field dependent, the comparison between studies is rendered difficult, and 

g=1.980 

g=2.003 

g=2.013 
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we, herein, restrict ourselves to comparison with systems characterized in similar 

conditions. 

At a magnetic field of 3 Tesla (corresponding to a proton Larmor frequency of 128 

MHz), the per Gd ion r1 relaxivity of our system is in the range of 44-51 mM-1s-1. At 

the same magnetic field, clinically applied Gd-based CAs have r1 relaxivities ranging 

from 2.8 mM
-1
s
-1
 for Prohance

®
 to 4.0 mM

-1
s
-1
 for Multihance

®
.
[132]

  

Lowering the tumbling rate of Gd-complexes through for example the formation of 

bulky assemblies is known to increase the relaxivity of the system. Examples of 

macromolecular Gd complexes and assemblies investigated at 3T include the 

experimental Gadomer 17, a polylysine dendrimer with 24 Gd-DOTA complexes 

having an r1 relaxivity of 13.0 mM
-1
s
-1
.
[132]

 Other examples include Gd-polydisulfide 

copolymers (6.8 mM
-1
s
-1
)
[133]

, Gd-chelate functionalized copper sulfide NPs (8.65 mM
-

1s-1)[134], colloidal structures obtained from miniemulsion polymerization of Gd-based 

metallosurfactants (11.1 mM-1s-1)[135], various silica NPs entrapping or functionalized 

with Gd complexes (7.8-39.3 mM-1s-1)[136], copolymers containing Gd chelates (4.5-12.6 

mM-1s-1)[75], and other dendrimers conjugated to Gd complexes (12-29 mM-1s-1) .[75] 

To the best of our knowledge, our system presents the highest reported longitudinal 

relaxivity measured at 3 T and although some systems with similar or higher 

relaxivities have been reported [75, 136, 137], they were all measured at lower magnetic 

fields thus preventing direct comparison. Indeed, the relaxivity depends on the 

magnetic field in a nonlinear manner. This is illustrated by the covalent attachment 

of Gd chelates to thiolinated DNA decorating gold nanoparticles or nanostars, where 

relaxivities of 14.6 and 54.7 mM-1s-1 measured at 1.41T (60 MHz) drop significantly 

to, respectively, 5.8 and 9.4 mM-1s-1 at 7T (300 MHz).[137] 

To gain more insight into the behavior of our Gd-nanoparticles we used electron 

paramagnetic resonance (EPR) spectroscopy to calculate values of the transverse 

electronic relaxation rates, 1/T2e. Whilst the EPR spectra of Gd-DOTA, hepPDMS-

Gd-NP and p-hepPDMS-Gd-NPs all have g-values (i.e. a factor characteristic of the 

electronic structure of a molecule) around 2.00 (see Figure 33B and Table 6

 EPR parameters and transverse electronic relaxation times for Gd-DOTA and 

the Gd-containing nanoparticles.Table 6) and present no additional peaks at higher 

or lower g-values, those of both Gd-NPs have very broad peaks and thus significantly 

different 1/T2e values from Gd-DOTA (Figure 33B, Table 6). At a magnetic field 

of 0.34 T, 1/T2e for Gd-DOTA was calculated as 1.31×109 s-1,[138] whereas the 

corresponding values for hepPDMS-Gd-NPs and p-hepPDMS-Gd-NPs were 6.56×109 

s-1, and 5.98×109 s-1, respectively. The significant difference between the transverse 

electron spin relaxation times (T2e) corresponding to Gd-DOTA and those of Gd-NPs 

can be explained by intramolecular dipole-dipole interactions between close Gd ions 

within one NP,[139] a distribution of multiple paramagnetic sites with different 

geometries within the NPs and a slower rotational correlation time due to the 

difference in their size. These results are in agreement with previous reports that 
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indicated increased proton relaxivity associated with rigid micelle-like structures.
[140] 

The
 
slight difference in 1/T2e between hepPDMS-Gd-NP and p-hepPDMS-Gd-NP 

results from a decreased accessibility of the Gd centers and confirms the intended 

shielding effect of the peptide coating. 

 

Table 6 EPR parameters and transverse electronic relaxation times for Gd-DOTA and the 

Gd-containing nanoparticles. 

 g Hpp [G] T2e [ns] 1/T2e [ns-1] 

Gd-DOTA 1.980
 

96 0.77 1.31 

hepPDMS-Gd-NPs 2.003 430 0.15 6.56 

p-hepPDMS-Gd-NPs 2.013 390 0.17 5.98 

g-factors are obtained from the EPR spectra (Figure 33B). Hpp  the peak to peak linewidth is measured 

from the spectrum and represents the linewidth between the maximum and minimum values of a single 

EPR peak. Transverse electronic relaxation time (T2e) are calculated from Hpp as described in section 

6.2.12). 

The high relaxivities r1 exhibited by hepPDMS-Gd-NPs, p-hepPDMS-Gd-NPs, and 

DTT-treated p-hepPDMS-Gd-NPs indicate their potential for providing high contrast 

MRI. However, in order to be applicable in vivo, CAs should have no cellular toxicity. 

Thus we evaluated cell viability with HeLa cells, and various concentrations of p-

hepPDMS-Gd-NPs, hepPDMS-Gd-NPs, and commercial Gd-DOTA. None of the 

particles showed any cellular toxicity up to 1.0 mM Gd (Figure 34A).  

Since the absence of cellular toxicity could be the consequence of low cellular uptake 

as a result of the highly negative surface charge on our NPs, this was tested by 

incubating hepPDMS-Gd and p-hepPDMS-Gd nanoparticles with HeLa cells, then 

washing, digesting and quantifying the Gd content using ICP-OES; only small uptake 

of 2.8% and 5.4%, respectively was determined (Figure 34B). This is advantageous 

because the desired long-circulation time within the blood stream, requires low cellular 

uptake, and subsequent fast removal from the body.  
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Figure 34 MTS viability assay of hepPDMS-Gd-NPs and p-hepPDMS-Gd-NPs compared to 

commercial contrast agent Gd-DOTA (A). Cell uptake of hepPDMS-Gd-NPs and 

p-hepPDMS-Gd-NPs (B). Data represent average ± SD (n=3) (A); average ± 

10% deviation by ICP-OES (B). 

Leakage of free Gd3+ ions from complexes/assemblies is associated with toxicity and 

represents another hurdle for translation towards an in vivo applicable MRI CA. 

Therefore, we quantified free Gd3+ in solution using a xylenol orange colorimetric 

assay. HepPDMS-Gd-NPs and p-hepPDMS-Gd-NPs showed that 8.5% and 5.9%, 

respectively of the Gd was present as free Gd
3+

. The level of free Gd
3+

 was unchanged 

by keeping the NPs for seven months at room temperature, although the NP partly 

rearranged to larger sizes, particularly for peptide co-assemblies (Figure 35).  

 

Figure 35 Free Gadolinium before and after incubation for 7 months at room temperature 

(A). DLS size distribution after incubation for 7 months (B). 
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This behavior can be explained by slow sedimentation and subsequent aggregation of 

the NPs. Stability of the NPs was also investigated by incubation in cell growth media 

Gd levels remained below the detection limit of about 1 µM after seven days, although 

the sensitivity was limited by interaction of the colorimetric assay with the culture 

media. This concentration is considered noncritical since concentrations of 0.1–0.3 

mmol kg
-1 

are normally applied for commercial MRI CAs,
[141]

 which have an r1 of 4–5 

mM
-1
s
-1
 and LD50 values for Gd of 0.5 mmol kg

-1
 in rats.

[142]
  

Heparin is known to exhibit anticoagulation properties, which are undesirable for MRI 

applications. Therefore, the anticoagulation activity of our system was evaluated using 

standard anti-Xa assays. It was found to be below the limit of detection of the assay 

(<0.1 U mL
-1
) for hepPDMS-Gd-NPs and p-hepPDMS-Gd-NPs at concentrations of 

700 and 580 µg ml
-1
 of accessible heparin (equivalent to 135 and 110 U ml

-1
), 

respectively. Thus the anticoagulation ability of heparin is greatly reduced by 

conjugation to PDMS and subsequent NP formation.  

3.4 Conclusion 

Responsive, high-relaxivity MRI contrast agents are in high demand for clinical 

diagnostics, and in this respect, p-hepPDMS-Gd-NPs fulfil numerous key criteria for 

use as responsive high relaxivity CAs, and have an r1 relaxivity (44.2 mM
-1
s
-1
) that is 

tenfold higher than Gd-DOTA (4.5 mM-1s-1), which is currently considered to be the 

gold standard. Furthermore, addition of a reducing agent increased r1 by about 20% 

to 54.4 mM-1s-1. Thus the high values of r1 allow use of significantly lower doses of our 

NPs, whilst preserving high contrast for diagnostics. In addition, the triggered 

enhancement of r1 enables higher contrast generation in regions with increased 

reduction potential, such as cancerous tissue. In vitro cell assays demonstrated low 

cellular uptake, and the absence of cellular toxicity of the assembled NPs (comparable 

values for Gd-DOTA and NPs). Furthermore, they did not show any anticoagulation 

activity in vitro and were stable over seven months at room temperature. Thus our 

novel approach using natural complexing ligands for developing highly sensitive NP-

based MRI CAs, which additionally have increased relaxivity in reducing 

environments, offers a promising direction for future optimization and application of 

these NPs. 
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3.5 Supporting Information 

3.5.1 Additional nanoparticle characterization 

 

Figure 36 DLS of hepPDMS-Gd-NPs, p-hepPDMS-Gd-NPs (-DTT), and p-hepPDMS-Gd-

NPs (+DTT). 

 

Figure 37 (A) FTIR spectra of hepPDMS-NPs and hepPDMS-Gd-NPs. Grey dashed lines 

are the PDMS absorptions that remain unchanged in presence of Gd, excluding 

interaction between PDMS and Gd; grey regions indicate the gadolinium 

interaction to the heparin block. (B) Surface accessible heparin as measured by 

Farndale microassay. Data represent average ± SD (n=3). 
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Figure 38 (A) DLS and TEM (B) of coassemblies formed using 2 mg mL
-1
 H3SSgT peptide, 

scale bar: 200 nm. At this concentration of peptide, larger size aggregates are 

formed along with the co-assemblies, thus a concentration of 0.5 mg ml
-1
 was used 

for all other characterization. 
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Figure 39 EDX-spectra of Gd-DOTA (A), hepPDMS-Gd NPs (B), and p-hepPDMS-Gd-NPs 

(C). 
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Table 7 Longitudinal (T1) and transverse (T2) water protons relaxation times and 

relaxivities (r1, r2) at various contrast agent concentrations. 

 Gd-

concentration 

[mM] 

T1  

[ms] 

T2  

[ms] 

r1  

[mM
-1
s
-1
] 

r2  

[mM
-1
s
-1
] 

Gd-DOTA 0.986 213 204 

4.5 ± 0.1 4.90 ± 0.03 
0.591 334 341 

0.296 632 680 

0.099 1360 1870 

hepPDMS-Gd-NPs 0.930 20.2 6.79 

51.7 ± 1.2 162.6 ± 17.8 
0.558 31.9 14.9 

0.279 59.8 30.5 

0.093 164 94.9 

p-hepPDMS-Gd-NPs  

(-DTT) 

1.057 20.5 9.18 

44.2 ± 1.5 103.5 ± 5.0 
0.634 31.6 17.0 

0.317 57.9 33.6 

0.106 154 98.5 

p-hepPDMS-Gd-NPs 

(+DTT) 

1.057 16.7 8.73 

54.4 ± 1.5 108.4 ± 2.5 
0.634 25.9 15.2 

0.317 48.6 30.7 

0.106 124 86.8 
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Chapter 4  

4 POLYMER NANOASSEMBLIES FOR MAGNETIC 

RESONANCE APPLICATIONS 

This chapter presents preliminary results towards the development of nanosized 

polymer assemblies for magnetic resonance applications. This feasibility study covers 

the complexation of gadolinium ions to maltose-decorated polyethylene imine 

hyperbranched polymers as well as the encapsulation of this system in polymer vesicles. 

Permeabilization of the polymer vesicles with a bacterial membrane protein is 

demonstrated and the longitudinal relaxivity of the system is studied at a magnetic 

field of 3 Tesla. 
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4.1 Abstract 

Preliminary results towards the development of functional polymeric assemblies for 

magnetic resonance imaging (MRI) applications are presented. The system is composed 

of derivatives of polyethylene imine (PEI) hyperbranched polymers (HPs) encapsulated 

in polymersomes formed by the self-assembly of the amphiphilic PMOXA6-b-PDMS44-

b-PMOXA6. The complexation of gadolinium ions to PEI HPs decorated with a 

maltose shell and DOTA functional groups is attempted and the encapsulation of the 

system within polymersomes is studied. Permeabilization of the vesicles with the porin 

OmpF in presence of the PEI HPs is demonstrated. While the considered system is 

suboptimal, multiple alternative approaches are suggested and discussed.  

4.2 Introduction 

The main area of research in magnetic resonance imaging (MRI) contrast agents (CAs) 

focuses on gadolinium (Gd) based compounds that decrease the T1 relaxation time of 

the protons present in surrounding water molecules.[73, 105] The efficiency of a contrast 

agent is described by its relaxivity, defined as the change in relaxation rate resulting 

from the presence of the CA in a 1 mM solution[73]. For a Gd-based CA, the 

longitudinal relaxivity r1 is 

 
1

1

( )

[

1/

]

T
r

Gd


   (17) 

where T1 is the relaxation time of the water proton and [ ]Gd  the concentration of Gd 

ions and is given in mM-1 s-1.[80]
  

As discussed previously (see section 1.3.3), the development of low molecular weight 

MRI CAs has limited potential and current research focuses on macromolecular and 

supramolecular systems as they open new possibilities in terms of targeted delivery of 

the CAs or tissue specific increases in relaxivity. Additionally, conventional Gd-based 

contrast agents have been shown to accumulate and be retained in some tissues, and 

most notably in the brain, upon repeated use.[143-145] While the clinical and biological 

significance of these findings are still to be established, application of the precautionary 

principle is advisable and the development of supramolecular CA assemblies could lead 

towards a reduced deposition of Gd-containing compounds in tissues. 

Numerous macromolecular Gd-based CAs have been developed and showed promising 

results in vitro or in vivo.[31, 75, 146, 147] In addition to macromolecular CAs, 

supramolecular assemblies have also been considered. Examples include micelles self-

assembled from amphiphilic Gd-chelate derivatives,[88, 148] gold nanoparticles 

functionalized with Gd chelates,[89] and polymersomes encapsulating various forms of 

Gd.[71, 149, 150] 



Pascal U. Richard 

 

78 

Among these approaches, the latter is probably the most versatile. Indeed, the 

encapsulation of contrast agents within polymersomes opens the way to 

multifunctional systems capable of delivering and selectively releasing both CAs and 

therapeutic compounds in specific tissues. Encapsulation of Gd chelates in 

polymersomes has largely been ignored due to limitations resulting from the slow water 

exchange between the lumen of the vesicles and the surrounding tissue. The 

permeabilization of the polymer membrane allows to overcome that limitation. This 

was demonstrated by the encapsulation of Gd-labelled dendrimers in polymersomes 

co-assembled from poly(ethylene oxide)-block-poly(butadiene) and poly(ethylene 

oxide)-block-poly(ε-caprolactone). Upon pore formation by hydrolysis of the 

caprolactone block, the per-Gd relaxivity of the system improved by a factor of 4, 

compared to the Gd chelate alone.
[149]

  

Vesicles, formed by self-assembly of the amphiphilic triblock copolymer poly(2-methyl-

2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) 

(PMOXA-b-PDMS-b-PMOXA) have been reported to successfully encapsulate 

precipitated GdPO4 particles while being permeabilized by the insertion of a membrane 

protein. Further modification of the polymeric membrane allowed for the insertion of 

a polyguanylic acid moiety capable of targeting macrophages.[150] 

While these examples illustrate the possibilities offered by the combination of 

supramolecular polymeric assemblies with MRI contrast agents, the concepts can be 

taken one step further so as to combine diagnostic and therapeutic effects. A recent 

example of such a system consists of pegylated and folic acid decorated poly(lactic-co-

glycolic acid) nanoparticles entrapping the anticancer drug derivative rubrocurcumin 

and an amphiphilic Gd-based CA.[71] That system showed successful targeting to 

ovarian cancer cells and a positive therapeutic effect while also acting as a contrast 

agent. 

With the aim of ultimately developing a multifunctional platform for theragnosis, we 

studied the feasibility of a supramolecular assembly based on polymeric vesicles 

encapsulating a macromolecular Gd-based contrast agent. We selected the triblock co-

polymer PMOXA6-b-PDMS44-b-PMOXA6 for the formation of vesicles as it has been 

demonstrated to be biocompatible and to allow for the encapsulation of numerous 

species as well as the insertion of multiple membrane proteins.[25, 151, 152] As scaffold for 

a macromolecular contrast agent, we selected poly(ethylene imine) (PEI) 

hyperbranched polymers (HPs) (Scheme 3) due to their high water solubility, their 

straightforward modification and their demonstrated ability to be encapsulated in 

polymeric vesicles.[30, 153]. Due to a proven high stability and desirable chelating 

properties, 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was 

selected as ligand for Gd.[82, 154, 155] To the best of our knowledge, this is the first 

attempt at combining maltose decorated hyperbranched polymers with DOTA 

moieties for the development of contrast agents. 
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Scheme 3 Structure of the hyperbranched polymer PEIMalB-DOTA 

The PEI HPs of interest consist of a 25 kDa PEI core and the primary amines are 

modified with either maltose units, DOTA, rhodamine B SCN or a combinations 

thereof (Scheme 4). 

The complexation of Gd to the PEI derivatives, their encapsulation in polymeric 

vesicles and the permeabilization of the polymeric vesicles in presence of PEI HPs is 

discussed. Where possible, the r1 relaxivity of the system is determined using a 3 T 

clinical MRI scanner. 

4.3 Results and Discussion 

4.3.1 Gadolinium chelation to PEIMalB derivatives 

Complexation of gadolinium to the hyperbranched polymer (HP) PEI25-MalB-DOTA 

(PEIMalB-DOTA) (Table 8, Scheme 4) was attempted by overnight stirring at 50°C 

of an aqueous solution of the PEI HPs and GdCl3. A reaction containing PEIMalB 

and GdCl3 in similar concentrations was performed as a control reaction to later verify 

the removal of non-specifically bound Gd during purification. After reaction, 

concentrated PBS was added to the solution to precipitate unbound Gd as GdPO4, 

the solutions were centrifuged, the supernatants collected and the cycle repeated until 

no visible precipitation occurred. The samples were then desalted using a sephadex G-

25M column and freeze-dried. 
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Scheme 4 Schematic representation of PEI HP functionalized with maltose (green, 

PEIMalB), DOTA (blue, PEIMalB-DOTA) and Rhodamine B SCN (red, 

PEIMalB-DOTA-RhB). 

Table 8 List of used PEI hyper branched polymers, number of functional units and molar 

weights. 

Sample name Internal code 
# 

Maltose 
# DOTA # RhB 

Mn  

[g mol
-1
] 

PEIMalB Stp 4491 79 - - 35508 

PEIMalB-DOTA Stp 4344 66 13 - 36195 

PEIMalB-DOTA-RhB Stp 4629 66 14.7 2 36130 

 

In order to verify the successful removal of non-specifically bound gadolinium, 

quantification of free Gd3+ was attempted using the commonly used xylenol orange 

colorimetric assay.[156] Due to interactions between the components of the assay and 

the PEIMalB compounds, the assay could not be used to verify successful removal of 

free Gd. Figure 40 shows the color variations of a xylenol orange solution in presence 

of GdCl3 (1), PEI derivatives (2-4 and 7) and upon addition of small amounts of base 

(5) and acid (6). 
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Figure 40 Solutions of xylenol orange in presence of various species. 

While the assay is pH sensitive,
[156]

 the observed change in color in presence of 

PEIMalB cannot solely be attributed to a difference in pH, thus rending the assay 

incompatible with this system. An alternative approach considered to verify the 

successful removal of non-specifically bound Gd from the samples was the use of EPR 

spectroscopy on solutions of the HP (Figure 41). 

 

Figure 41 EPR spectra of aqueous solutions of 2 mg ml
-1
 PEIMalB-DOTA-Gd (red) and 4 

mg ml
-1 

PEIMalB-Gd control (blue) after purification. 

A solution of PEIMalB-Gd at twice the concentration of PEIMalB-DOTA-Gd showed 

no detectable paramagnetic species, suggesting successful removal of non-specifically 

bound Gd. Later quantification of the Gd content of the samples by ICP-OES revealed 

a concentration of 348 µM Gd in a solution of 1 mg ml-1 (28 µM) PEIMalB-DOTA-

Gd, corresponding to 96% complexation efficiency. However, approximately 25% of 

that concentration of Gd was measured in the PEIMalB-Gd sample lacking the 
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chelating group DOTA, thus suggesting the presence of large amounts of non-

specifically bound Gd in both samples. It is worth noting that the concentration of Gd 

found in a 4 mg ml
-1
 sample of PEIMalB-Gd corresponds to 384 µM and is below the 

detection limit of EPR at the experimental conditions used (see section 6.3.6).  

In an attempt to improve the removal of free Gd, the complexation reactions were 

repeated in the same conditions and the workup was modified to include an incubation 

step in presence of ethylenediaminetetraacetic acid (EDTA) in PBS buffer prior to the 

desalting step (full experimental details available in chapter Chapter 6). For the 

DOTA containing PEI derivatives (PEIMalB-DOTA-Gd-II and PEIMalB-DOTA-Gd-

RhB in Table 9), the Gd concentrations were measured to be around 1 mM for 3 mg 

ml-1 solutions, which is comparable to what was previously obtained for PEIMalB-

DOTA-Gd (Table 9). Surprisingly, the incubation with EDTA did not allow to 

remove the non-specifically bound Gd as can be seen for PEIMalB-Gd-II, where the 

measured concentration is in the same range than for the DOTA-containing 

compounds. 

 

Table 9 Gd concentrations after complexation and purification of 3 mg ml
-1
 solutions of 

PEI derivatives in PBS buffer obtained by ICP-OES and corresponding r1 

relaxivities at 3 T. 

 

Gd 

concentration 

[µM] 

r1 relaxivity 

[mM
-1 

s
-1
] 

r1 relaxivity in presence 

of 4 mM EDTA 

[mM
-1 

s
-1
] 

PEIMalB-DOTA-Gd 1150 8.8 9.9 

PEIMalB-Gd 337 6.4 7.9 

PEIMalB-DOTA-Gd-II 1011 11.0 N/A 

PEIMalB-DOTA-Gd-RhB 1138 11.1 N/A 

PEIMalB-Gd-II 1161 8.9 N/A 

 Error on concentrations is ± 10%. N/A: not available 

The longitudinal relaxivities (r1) of these compounds were determined at 3 Tesla and 

were found to be in the range of 6.4 to 11.1 mM-1 s-1 (Table 9), which is significantly 

higher than the 3.6 mM-1 s-1 measured for Gd-DOTA (Dotarem®) in the same 

conditions. While an increase in relaxivity is expected for this system due to the 

shortened rotational correlation time resulting from the size of the PEI HP,[84, 86] it is 

interesting to note that significant differences are observable between the different 

samples. The PEI derivatives lacking the DOTA groups show lower relaxivities than 

their DOTA counterparts, which could be the result of multiple factors such as 

decreased accessibility to water molecules or a different coordination sphere on the 

gadolinium, resulting in a higher hydration number and possible detrimental 
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interactions with phosphate ions.
[84]

 An increase in relaxivity is also observed for the 

samples incubated with EDTA prior to desalting, suggesting that EDTA did not allow 

the removal of the Gd bound to the PEI but rather modified the coordination and/or 

accessibility of the metal centers. This latter observation was confirmed by incubating 

PEIMalB-DOTA-Gd and PEIMalB-Gd with EDTA prior to relaxivity measurements 

(Table 9). For both samples, an increase in relaxivity was observed in the presence 

of EDTA, which suggests that EDTA interacts with PEI/Gd improving its effect on 

the magnetization of water. While non-specific complexation of Gd occurs with 

PEIMalB, it appears that these interactions are sufficiently strong to prevent a 

complete ligand exchange with EDTA. 

In order to verify whether PEIMalB interacts with commercially available DOTA-Gd 

(Dotarem® ), solutions of PEIMalB were incubated with various amounts of Dotarem® 

(Table 10) and purified by size exclusion chromatography (SEC) on PD-10 columns. 

The final Gd concentration was determined using the bulk magnetic susceptibility 

method (BMS) (see section 4.5.1) and the obtained concentrations matched the values 

obtained by ICP-OES, within error.  

 

Table 10 Incubation of PEIMalB with various amounts of Dotarem
®

, Gd concentrations 

after purification as measured by the BMS method and by ICP-OES, deviation 

between both methods and corresponding longitudinal relaxivities.  

PEIMalB 

[mg ml
-1
] 

Dotarem
®

 

[mM] 

Gd concentration [µM] Deviation 

[%] 

r1 

[mM
-1
 s

-1
] BMS ICP-OES 

5 2 867 821 5.3 4.39 

5 10 2826 2652 6.1 4.52 

5 20 4253 4126 3.0 4.35 

- 20 2138 2066 3.4 4.22 

 Error on ICP-OES concentrations is ± 10%. 

After SEC, Gd was found in all samples, including the control lacking PEIMalB, 

suggesting that the SEC is not able to remove all the Dotarem® present in solution. 

Even though the final Gd concentration is not proportional to its initial concentration, 

suggesting an interaction with the PEI HPs, the longitudinal relaxivities do not vary 

significantly in presence of PEI thus excluding beneficial interactions between 

PEIMalB and Dotarem®. 

4.3.2 Encapsulation of PEIMalB derivatives in polymersomes 

Encapsulation of 0.4 and 4 mg ml-1 PEIMalB-DOTA-Gd in polymer vesicles was 

attempted at concentrations of 4 mg ml-1 PMOXA6-b-PDMS44-b-PMOXA6. After 
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extrusion and purification by SEC (see Figure 47 for a typical chromatogram), 

vesicles of around 200 nm diameter were obtained (Figure 42 and Table 11).  

 

Figure 42 TEM micrographs of vesicles formed from 4 mg ml
-1
 polymer in presence of 0.4 

(left, sample V01) and 4 (center, sample V02) mg ml
-1
 PEIMalB-DOTA-Gd and 

vesicles formed from 10 mg ml
-1
 polymer and 10 mg ml

-1 
PEIMalB-DOTA-Gd-

RhB (right, sample V03). 

The collapsed structures visible in TEM micrographs are compatible with hollow 

vesicles and are similar to previously reported structures obtained from similar block 

copolymers.[129, 157, 158]  

 

Table 11 Concentrations of polymer, PEI derivatives and Gd, encapsulation efficiency 

(%EE), hydrodynamic radius (Rh) and polydispersity index (PDI) for various 

vesicle samples. 

Sample cpolymer [mg ml
-1
] cPEI [mg ml

-1
] cGd [µM] %EE Rh [nm] PDI 

V01 4 0.4 0.16 0.11 88 0.15 

V02 4 4 1.77 0.13 92 0.17 

V03 10 10 25.6 0.67 92 0.11 

 Error on gadolinium concentrations is ± 10%. 

The presence of the PEI derivatives did not affect the shape or size of the obtained 

vesicles and multi-angle light scattering measurement on both samples showed little 

variation in Rh, confirming the presence of vesicles with hydrodynamic radii of around 

90 nm (Table 14 and Table 15). 

Gd concentrations in the vesicle samples were determined by ICP-OES and found to 

be at 0.2 and 1.8 µM for respectively 0.4 and 4 mg ml-1 of PEI derivatives. This 

corresponds to an overall encapsulation efficiency of 0.1% (%EE, determined as the 

ratio of the Gd concentration in the rehydration solution to the Gd concentration in 
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the purified vesicle samples, multiplied by 100%) and results in solutions too dilute to 

allow for the determination of the corresponding relaxivities. For this reason, vesicle 

formation was attempted at higher concentrations of 10 mg ml
-1
 of both the 

amphiphilic polymer and the rhodamine B (RhB) labelled PEI derivative (Table 16). 

The higher concentrations of either species did not seem to affect the morphology or 

sizes of the obtained vesicles (Figure 42 and Table 11). 

Fluorescence correlation spectroscopy (FCS) was used to determine whether the PEI 

derivatives were indeed encapsulated within the polymersomes. Fitting of the obtained 

autocorrelation curves revealed a diffusion time of approximately 50 µs RhB (Table 

12 and Figure 43). A two component fit of the FCS curves obtained for PEIMalB-

RhB, fixing the diffusion time of the second component to that of RhB resulted in a 

diffusion time of 365 ± 82 µs, corresponding to a hydrodynamic radius of 5 ± 1 nm, 

in accordance with previous observations.
[30]

 The fraction of unbound RhB present in 

the PEIMalB-RhB sample is around 22% and could be the result of incomplete 

purification of the provided PEI-MalB-RhB material or slow cleavage of the dye from 

the PEI scaffold upon long term storage. 

 

Figure 43 Typical FCS autocorrelation curves and fits of Rhodamine B (grey), PEIMalB-Rh 

in solution (blue) and loaded in vesicles (red). 

FCS measurements performed on vesicles encapsulating PEIMalB-RhB show a 

negligible fraction (< 1%) of non-encapsulated PEI derivatives and the obtained radii 

Rh are in range with the sizes observed by DLS and TEM (Table 12 and Figure 

43). 

Interestingly, when using the rhodamine B labelled PEI derivative PEIMalB-DOTA-

Gd-RhB (samples V03-V06, Table 16), the encapsulation efficiency was considerably 

higher than for the samples prepared with non labelled PEI derivatives (samples V01-
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V02, V11 and V17, Table 16). The higher Gd concentrations obtained for these 

samples allowed an estimation of the longitudinal relaxation times and the resulting r1 

relaxivities were comparable to that of the free PEI derivative at around 11 mM
-1 

s
-1
  

(Table 9 and Table 12). 

 

Table 12 FCS parameters, corresponding hydrodynamic radii (Rh) and r1 relaxivities for 

rhodamine B (RhB), PEIMalB-RhB and vesicle samples. 

Sample Component 2 
Diffusion time  

[µs] 

Component 2 

 [%] 

Rh  

[nm] 

r1 relaxivity 

[mM-1 s-1] 

RhB N/A 47 ± 7 N/A 0.6 ± 0.1 N/A 

PEIMalB-RhB RhB 365 ± 82 22 ± 12 5 ± 1 N/A 

V04 PEIMalB-RhB 7515 ± 1255 0.3 ± 1.2 94 ± 16 10.5 ± 0.1 

V05 PEIMalB-RhB 6370 ± 701 0.0 ± 0.1 80 ± 9 10.9 ± 0.1 

V06 PEIMalB-RhB 7448 ± 2320 0.2 ± 0.4 93 ± 29 12.3 ± 0.3 

 N/A: not applicable. 

The increase in encapsulation efficiency observed in presence of RhB was suspected to 

be caused by interactions between the dye molecule and the block copolymer during 

vesicle formation. This was confirmed by FCS analysis of solutions of vesicles after 

addition of RhB labelled PEI derivatives. The diffusion time obtained for free RhB 

labelled PEI ranged from 500 to 1000 µs depending on the sample and increased 

drastically to over 16000 in presence of vesicles (Table 13). This indicates an 

interaction between the labelled PEI HPs and the vesicles leading to the formation of 

large aggregates. 

 

Table 13 FCS parameters and corresponding hydrodynamic radii (Rh) for rhodamine B 

(RhB), PEI derivatives and vesicle samples in presence of PEI derivatives. 

Sample Component 2 
Diffusion time 

[µs] 

Component 2 

[%] 

Rh  

[nm] 

RhB N/A 52 ± 5 N/A 0.6 ± 0.1 

PEIMalB-RhB RhB 512 ± 161 31 ± 11 6 ± 2 

PEIMalB-DOTA-Gd-RhB RhB 960 ± 130 21 ± 7 11 ± 1 

V11 

+ PEIMalB-DOTA-Gd-RhB 

PEIMalB-DOTA-

Gd-RhB 
16483 ± 37339 45 ± 23 187 ± 422 

V13  

+ PEIMalB-RhB 
PEIMalB-RhB 53429 ± 219185 54 ± 34 604 ± 2479 

 N/A: not applicable. 
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4.3.3 Permeabilization of polymersomes with OmpF 

The lack of water exchange between the lumen of polymer vesicles and the external 

environment could potentially limit the efficiency of a polymersome based MRI 

contrast agent.
[149]

 One approach to overcome this limitation is by rendering the 

polymeric membrane permeable to water molecules through insertion of a membrane 

protein. The outer membrane protein F (OmpF) of E. Coli is a transmembrane channel 

protein that allows passive diffusion of substrates up to 600 kDa[159] and has been 

reported to insert in the membrane of PMOXA6-b-PDMS44-b-PMOXA6 vesicles.[151, 160] 

The presence of OmpF and PEI derivatives did not affect the vesicle formation process 

as indicated by TEM (Figure 44) and confirmed by DLS (results not shown). 

 

Figure 44 TEM micrographs of vesicles formed in presence of PEIMalB and dialyzed OG 

(left, sample V07) or OmpF (center, sample V08 and right, sample V05). 

The successful insertion of OmpF and its functionality was confirmed by comparison 

of the enzymatic conversion of 3,3’,5,5’-Tetramethylbenzidine (TMB) by vesicles co-

encapsulating the enzyme horseradish peroxidase (HRP) and PEI-MalB. A 

considerably increased conversion rate is observed for vesicles permeabilized by the 

porin OmpF compared to vesicles lacking permeabilization (Figure 45). 
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Figure 45 Enzymatic activity of HRP co-encapsulated with PEIMalB in polymer vesicles 

with (red) and without (blue) permeabilization of the membrane with OmpF. No 

autoxidation of the TMB substrate in PBS is observable in the timeframe of the 

experiment (grey). 

The observed decrease in absorbance after 16 min can be explained by the fact that 

the mechanism of TMB oxidation by HRP is a two-step process. It is the formation of 

the intermediate product that is monitored at 375 nm and total oxidation to the final 

product results in a decrease of absorbance at this wavelength.[161] This effect is clearly 

visible when the assay is performed on higher concentrations of vesicles (Figure 48). 

Although the permeabilization of vesicles by insertion of OmpF was shown to be 

successful – even in presence of PEI derivatives – it did not result in a significant 

increase in relaxivity of the system (samples V04, V05 and V06, Table 16). The 

absence of difference in relaxivity certainly is caused by Gd concentrations too low to 

reach the saturation point, above which, water exchange with the surroundings of the 

vesicles is beneficial. 

4.4 Conclusion and Outlook 

While the chosen approach of using PEI-MalB derivatives for the development of 

multifunctional supramolecular assemblies resulted in unexpected difficulties, the 

concept remains of considerable interest. This feasibility study highlights numerous 

problematic aspects of the design and alternative approaches will be discussed herein. 

One approach to overcome the problematic non-specific chelation of Gd by side chains 

of the PEI-MalB HP would be to replace the PEI HP derivatives with other Gd-
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containing macromolecular assemblies. The possible candidates are abundant
[75]

 and 

include the previously reported DOTA-Gd decorated polypropylene imine 

dendrimers
[31]

, the DOTA-Gd decorated dendritic Gadomer-17
[140, 146]

 or the FDA 

approved blood-pool agent gadofosveset (Vasovist®, Ablavar®) combined with 

albumin.[75, 85] 

The substitution of hyperbranched PEI polymers for dendrimers would allow for 

decreased non-specific interactions as these result from the presence of primary and 

secondary amines. This would facilitate the removal of Gd ions that are not chelated 

by the DOTA groups. Alternatively, the commercial Gadomer-17 (invivoContrast 

GmbH, Germany), a polylysine dendrimer decorated with 24 Gd-DOTA complexes 

could be of interest, provided its successful encapsulation in polymer vesicles. Blood 

pool agents such as gadofosveset represent another interesting class of compounds. 

Gadovesfeset is a low molecular weight Gd chelate that binds to the protein albumin.[75, 

85] PMOXA-PDMS-PMOXA polymersomes were reported to efficiently encapsulate 

bovine serum albumin (BSA)[162] and therefore, a BSA-gadofosveset complex could be 

of interest in the present case. However, the interaction of the contrast agent with 

albumin is non covalent and thus reversible, which might result in a sub-optimal 

system.[75] 

The studied PEI derivatives are functionalized with DOTA by formation of an amide 

bond between a primary amine of the PEI and one of the carboxylic groups from 

DOTA (Scheme 4). This results in a final structure possessing only 3 carboxylic acid 

units capable of coordinating Gd ions. The amide group resulting from the linkage to 

the PEI backbone still participates in the coordination of Gd and the stability of such 

a complex remains compatible with in vivo MRI applications.[154, 155, 163]. The hydration 

number of such a complex was also demonstrated to be equal to one,[140] which is of 

particular interest to prevent the coordination of other species such as phosphate ions 

that would limit the effect of the contrast agent.[154, 155] The presence of the amide 

bond, however, was demonstrated to significantly lower the rate of water exchange, 

thus negatively impacting the relaxivity.[84, 86] For this reason, an alternative to DOTA 

was developed, [164] in the form of DOTASA (1,4,7,10-tetraazacyclodo-decane-1-(R,S)-

succinic acid-4,7,10-triacetic acid). This DOTA-like macrocycle possesses and 

additional carboxylate arm allowing its coupling to other molecules while preserving 

the coordination properties found in DOTA.[164] For this reason, replacement of DOTA 

by DOTASA in the PEI derivatives studied here should allow for an increase in 

relaxivity of the system. The presence of a fifth carboxylate arm could also permit the 

pre-chelation of Gd to DOTASA prior to its coupling to the PEI, thus preventing any 

occurrence of unspecific binding between PEI and Gd. 

While the above suggestions should allow to overcome the issues related to non-specific 

binding, measures should also be taken to increase the overall concentration of Gd 

within the polymersomes. The observed encapsulation efficiency for non-fluorescently 

labelled PEI derivatives, although low, was shown to remain constant for a broad range 
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of initial concentrations. Therefore, one approach to increase the Gd concentration is 

to increase the concentration of PEI derivatives in the rehydration solutions even 

further. A more efficient alternative would be to increase the DOTA(SA)-Gd to 

maltose ratio in order to achieve higher Gd concentrations at the same encapsulation 

efficiency. A third approach worth investigating would take advantage of the observed 

interactions between the polymeric membranes and rhodamine B to achieve higher 

encapsulation efficiencies. While it is unclear how strong these interactions are and 

whether the purification steps applied to the vesicles allow for the removal of the 

PEIMalB-DOTA-Gd-RhB bound to the external surface of the vesicles, one could 

consider inserting a labile bond between PEI and RhB. This approach could allow for 

improved encapsulation using the membrane/RhB interactions and subsequent 

cleavage of the RhB-PEI linkage to allow complete removal of non-encapsulated HPs. 

Additionally, it is also worth noting that a macromolecular Gd-containing species could 

be used to demonstrate the permeabilization of vesicles, provided that the 

encapsulation efficiency is sufficiently high. Theoretically, both the T1 relaxation time 

of water in solutions of vesicles containing a macromolecular Gd-decorated species and 

the total Gd concentrations could be determined by NMR. A simple inversion-recovery 

pulse sequence allows to determine the longitudinal relaxation time while the Gd 

concentration can be determined using the BMS method described below. Differences 

in the concentration-weighted relaxations times should occur depending on the rate of 

water exchange between the lumen of the vesicles and the surrounding solutions, thus 

confirming the permeabilization of the vesicles. 

  



 Chapter 4 

 

 91 

4.5 Supporting Information 

4.5.1 Bulk Magnetic Susceptibility (BMS) 

The Bulk Magnetic Susceptibility (BMS) or Evan’s method for the determination of 

the concentration of paramagnetic species in solutions relies on the BMS shift of an 

inert species caused by the presence of a paramagnetic species. To a good 

approximation, the BMS shift can be described as: 
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Where Δx is the difference in chemical shift in ppm (Figure 46), c the concentration 

of paramagnetic species in mol L
-1
 and s is a parameter depending on the shape of the 

sample and its position in the magnetic field. For a cylinder parallel to the main field, 

s = 1/3. For Gd, µeff = 7.94,
[165]

 and for T = 298 K, equation (18) becomes: 
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and c, the concentration of Gd is given by 
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Figure 46 Typical 
1
H-NMR spectrum of Gd-containing solutions in D2O. The BMS shift 

resulting from the presence of the paramagnetic species is visible for both the H2O 

and 
t
BuOH signals. 
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4.5.2 Supplementary tables and figures 

Table 14 Hydrodynamic radius (Rh) and polydispersity index (PDI) for sample V01 (4 mg 

ml
-1
 polymer + 0.4 mg ml

-1
 PEIMalB-DOTA-Gd) at various scattering angles. 

Angle [°] Rh [nm] PDI 

30 97.0 0.18 

60 94.5 0.16 

90 88.3 0.15 

120 83.9 0.21 

150 80.8 0.25 

 

Table 15 Hydrodynamic radius (Rh) and polydispersity index (PDI) for sample V02 (4 mg 

ml
-1
 polymer + 0.4 mg ml

-1
 PEIMalB-DOTA-Gd) at various scattering angles. 

Angle [°] Rh [nm] PDI 

30 97.2 0.23 

60 94.6 0.19 

90 91.4 0.17 

120 86.0 0.20 

150 83.4 0.21 

 

Table 16 Summary of all vesicle samples, their composition, final Gd concentrations and 

encapsulation efficiencies (%EE). 

Sample 
cpolymer  

[mg ml-1] 

Membrane 

protein 
Encapsulated species 

cPEI  

[mg ml-1] 

cGd 

[µM] 
%EE 

r1  

[mM-1 s-1] 

V01 4 - PEIMalB-DOTA-Gd 0.4 0.16 0.1 N/A 

V02 4 - PEIMalB-DOTA-Gd 4 1.77 0.1 N/A 

V03 10 - PEIMalB-DOTA-Gd-RhB 10 25.6 0.7 N/A 

V04 10 - PEIMalB-DOTA-Gd-RhB 10 63.1 1.7 10.5 ± 0.1 

V05 10 OmpF PEIMalB-DOTA-Gd-RhB 10 57.7 1.5 10.9 ± 0.1 

V06 4 OmpF PEIMalB-DOTA-Gd-RhB 4 24.6 1.6 11.3 ± 0.3 

V07 4 OG control PEIMalB + HRP 4 N/A N/A N/A 

V08 4 OmpF PEIMalB + HRP 4 N/A N/A N/A 

V11 4 OmpF PEIMalB-DOTA-Gd-II 4 1.8 0.1 N/A 

V17 4 - PEIMalB-DOTA-Gd-II 4 1.8 0.1 N/A 

 Error on gadolinium concentrations is ± 10%. N/A: not available 
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Figure 47 Typical SEC chromatogram for vesicles extruded at 200 nm. The collected fraction 

is delimited by the vertical lines. 

 

 

Figure 48 Enzymatic activity of HRP co-encapsulated with PEIMalB in polymer vesicles 

with (red) and without (blue) permeabilization of the membrane with OmpF. No 

auto-oxidation of the TMB substrate in PBS is observable in the timeframe of the 

experiment (grey). 
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Chapter 5  

5 GENERAL CONCLUSION AND OUTLOOK 

As outlined in the present work, supramolecular assemblies of amphiphilic molecules 

present a high potential for various biomedical applications. Through the plurality of 

structures accessible by the self-assembly of biocompatible peptides and polymers, a 

multitude of systems can be designed to improve the pharmaceutical treatment of 

diseases and their diagnosis. In drug delivery, nanosized DDS allow the use of highly 

hydrophobic compounds, otherwise limited by their low solubility, a lowering in dose 

and an increase in efficiency via targeted delivery and/or triggered release. The stimuli-

responsive nanoparticles presented herein represent a promising candidate for 

anticancer drug delivery. They allow for a high loading of hydrophobic anticancer drug 

candidates and their release in reductive environment.  

For diagnosis, and particularly in the case of magnetic resonance imaging, self-

assembled nanostructures open the way to new approaches. Indeed, commercial 

contrast agents lack selectivity and their relatively low relaxivity limits their 

development. As demonstrated herein, the use of supramolecular assemblies allows to 

achieve higher relaxivities, while also conferring selectivity to the contrast agent. High 

relaxivities are necessary to allow for specific labelling of tissues, as less uptake is 

needed to generate more contrast. A stimuli-triggered increase in relaxivity is also of 

high interest as it allows to take advantage of the physico-chemical specificities of 

tissues such as tumors to generate higher contrast. 

It is clear that a system capable of combining diagnostic and therapeutic approaches 

is of high interest. Towards that goal, polymersomes are possibly the most promising 

structures as they can be loaded with multiple species and their permeability can be 

finely tuned, by the insertion of membrane proteins for instance. The encapsulation of 

macromolecular contrast agents in vesicles permeabilized by the membrane protein 

OmpF represents a first step towards the development of such a multifunctional 

system. The size of the polymersomes would allow for passive targeting of tumors, 

while their surface could be decorated with various molecules to allow active targeting 

of specific tissues. Co-encapsulation of various substrates was demonstrated and the 
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triggered release of low molecular weight drugs could be achieved by the insertion of 

membrane proteins engineered to selectively allow the diffusion of active molecules in 

specific conditions. All these suggested modifications are possible and have individually 

been reported in the literature. 

While very few supramolecular assemblies of amphiphilic molecules are used clinically, 

they have shown tremendous potential in vitro and in animals. One major limitation 

still to be overcome to allow for the democratization of nanosized supramolecular 

assemblies in the treatment and diagnosis of pathologies is their large scale production.  

Simple systems such as micelles and liposomes are being manufactured in large scale, 

however, for structures of higher complexity, the scale up from the amounts necessary 

for in vitro studies to amounts necessary for clinical applications represent numerous 

challenges yet to be overcome. 

Although the democratization of nanoassemblies of amphiphilic molecules for 

therapeutic and diagnostic applications still faces numerous challenges, a large number 

of studies highlight the benefits that such systems will, one day, bring to patients. 
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Chapter 6  

6 EXPERIMENTAL SECTION 

6.1 Experimental Details Chapter 2 

6.1.1 Materials Chapter 2 

All reagents and materials were of the highest commercially available grade and used 

without further purification, unless specified. Dulbecco’s phosphate buffered saline 

(DPBS) and penicillin-Streptomyces were purchased from Sigma-Aldrich. Dulbecco’s 

Modified Eagle Medium with 4.5 g L-1 D-Glucose (DMEM-GlutaMax) was purchased 

from Gibco life technologies. Fetal calf serum (FCS) was purchased from BioConcept. 

CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS) was purchased 

from Promega. All other chemicals and reagents were obtained from Sigma-Aldrich. 

Solvent exchange was performed in Biotech Cellular Ester dialysis tubing (MWCO 

500-1000 Da, 10 mm FW, Spectrum Inc.). Water was obtained from a Purelab Option 

system (ELGA Veolia). HPLC grade solvents were obtained from Scharlab, S.L. 

The peptide H3SSgT with sequence H2N-H3-X-[W-DL]3-W-CONH2 (with  

X = –(CH2)2-S-S-(CH2)2-NH-CO-(CH2)2-CO–) ) was synthesized, purified and 

characterized as previously described.[52] 

The anthraquinones Qc1 (2-phenyl-4-(butylamino)naphtho[2,3-h]quinoline-7,12-

dione), Qc2 (2-phenyl-4-(octylamino)naphtho[2,3-h]quinoline-7,12-dione) and Qn (2-

phenyl-5-nitronaphtho[2,3-g]indole-6,11-dione) were provided by Dr. Lev Weiner 

(Weizmann Institute of Science, Israel) and synthesized and purified as described 

previously.[101] 

6.1.2 Peptide nanoparticles formation and characterization 

Peptide nanoparticles were prepared trough solvent exchange from 50% ethanol to 

water. The H3SSgT peptide was dissolved in 50% ethanol to reach a concentration of 

2 mg mL-1 and sterilized by filtration through a 0.2 µm hydrophilic syringe filter. To 
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prepare nanoparticles, the stock solution was diluted to a final concentration of 0.2 mg 

mL
-1
 peptide in 50% ethanol. 500 µL of the solution were transferred to a prewashed 

500-1000 Da MWCO dialysis tube and dialyzed against 1 L of water for 18 - 20 h, 

exchanging the water after 1 and 3 hours. 

After dialysis, the sample was collected and diluted 9:1 with 200 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer to yield a final concentration of 20 

mM MOPS and a pH of 6.5. The size distribution of the sample was measured by 

dynamic light scattering (DLS) at 25 °C and an angle of 90° with a 633 nm laser using 

a LS Spectrometer (LS Instruments AG, Switzerland). Mean hydrodynamic radii and 

PDIs were obtained by performing a 2nd order cumulant analysis.  

Transmission electron microscopy (TEM) was performed on a Philips CM100 operating 

at 80 kV. Samples were incubated for 2 min on hydrophilized, carbon-coated, copper 

grids and negatively stained (10 s) with 2% uranyl acetate. Size analysis was performed 

by manual measurement of the nanoparticles with the open source program ImageJ 

(1.50b). Scanning electron microscopy (SEM) was performed on a Hitachi S-4800 

operating at 5 kV. Samples were prepared on glass coverslips and sputter-coated with 

silver. 

6.1.3 Payload embedding in peptide nanoparticles 

The anthraquinones were dissolved in ethanol to a concentration of 100 µM and stored 

in the dark. Typically, solutions with final concentrations of 0.2 mg mL
-1
 peptide and 

12 µM anthraquinone were prepared in 50% ethanol and dialyzed as described above. 

The final anthraquinone concentration was determined by RP-HPLC 

6.1.4 Anthraquinone quantification 

Anthraquinone concentration was determined by RP-HPLC (Prominence 20A, 

Shimadzu, Japan) using a C18 reverse phase column (Merck Chromolith RP-18e, 

100x4.6 mm, Merck, Germany) and using a gradient from 0-100% acetonitrile/water 

(+ 0.1% TFA) over 10 minutes. Injection volumes were 30 µL and the chromatogram 

were recorded at 280 nm. Concentrations were calculated using a calibration curve 

obtained by reporting the area under the peak as a function of the anthraquinone 

concentration. The calibration samples were prepared in triplicate by dilution of a 

stock solution of the anthraquinone in ethanol. Peptide containing samples were 

dissolved 1:1 with dimethylformamide and vortexed for 30 s prior to injection. 

6.1.5 Cell culture 

HEK293T and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium with 

GlutaMAXTM-I and supplemented with 10% Fetal calf serum (FCS) and 1% 

penicillin/Streptomyces (100 units mL-1 penicillin and 100 µg mL-1 Streptomyces). 

Cells were kept in a humidified atmosphere with 5% CO2 at 37 oC. 
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6.1.6 Cell viability assay 

To determine cell viability, the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS) was used according to manufacturer protocol. Cells were 

seeded at a density of 5 000 cells/well in a 96-well plate and cultured for 24 h. After 

24 h, free Qc2 in ethanol, NPs containing Qc2 in MOPS buffer, or NPs containing Qc2 

pre-incubated (4h at 37°C) with 7mM TCEP (tris(2-carboxyethyl)phosphine) in 

MOPS buffer were added to the cells to reach final concentrations of Qc2 ranging from 

0 to 1 mM. Concentrations of ethanol or TCEP were normalized for all tested Qc2 

concentrations to 1 vol% and 1 mM respectively. Cells were further incubated in 

presence of compounds for 24 h after which 20 µL MTS reagent was added to each 

well. After 2 h absorbance was measured at 490 nm using a Spectramax plate reader 

(Molecular Devices LLC, USA). Background absorbance measured in control wells 

containing all assay components except cells, was subtracted from each well and 

normalized to control cells containing all components except Qc2 or Qc2 loaded NPs. 

Data (n = 4) was plotted using Origin 2016 (OriginLab Corporation) and EC50 values 

were estimated using the built-in DoseResp function. For HeLa cells, an artificial data 

point was added (viability of 1% at 4000 nM) to allow fitting.  
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6.2 Experimental Details Chapter 3 

6.2.1 Materials Chapter 3 

All reagents and materials were of the highest commercially available grade and were 

used without further purification, unless otherwise mentioned. 2-(6-chloro-1H-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-phosphate (HCTU), Rink 

Amide AM resin (0.71 mmol/g) and Fmoc-Trp(Boc)-OH were purchased from IRIS 

Biotech GmbH. Boc-Cystamine-Suc-OH was obtained from IRIS Biotech GmbH and 

converted to Fmoc-Cystamine-Suc-OH amino acid as previously described.
[166]

 Other 

amino acids were ordered from Novabiochem. Dimethylformamide (DMF) was 

purchased from J.T. Baker, diisopropylethylamine (DIPEA) from VWR, 

dichloromethane (DCM) and ethanol (96 %) F15 from Brenntag Schweizerhall AG, 

and acetonitrile (ACN) from Fisher Scientific. Opti-MEM, DMEM, fetal bovine serum, 

and penn/strep were obtained from Gibco. CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (MTS) was purchased from Promega. Heparin sodium salt from 

porcine intestinal mucosa (15 kDa, 193 U/mg) was purchased from Merck KGaA 

(Darmstadt, Germany), Aminopropyl-terminated poly(dimethylsiloxane) 

(PDMS(NH2)2) was obtained from ABCR GmbH (Karlsruhe, Germany). All other 

chemicals and reagents were ordered from Sigma-Aldrich. Free amines in DMF were 

eliminated by aluminum oxide prior to usage. Dialysis was performed in dialysis 

tubings from Spectrum Laboratories (Spectrum Laboratories Inc., cellulose ester, 

MWCO 0.5–1 kDa or 3.5–5 kDa). Water was obtained from a Milli-Q Direct 8 water 

purification system (Merck Millipore).  

6.2.2 Heparin-PDMS synthesis 

Heparin-PDMS block copolymer was synthesized as reported previously.
[129]

 Briefly, 

heparin sodium salt was converted to tetrabutylammonium salt using a Dowex 

Marathon MSC column (Sigma-Aldrich, 428787) neutralizing to pH 7 with 

tetrabutylammonium hydroxide solution (Sigma-Aldrich, 86863). The product was 

purified via dialysis against water for at least 48 h (Spectrum Laboratories Inc., CA, 

USA, MWCO 3.5–5 kDa) and dried.  Heparin tetrabutylammonium salt was reacted 

with PDMS(NH2)2 for 7 days, then precipitated in diethyl ether, washed, purified and 

dried. 

6.2.3 Peptide synthesis 

Peptides were synthesized as described previously.[52] Briefly, peptides were synthesized 

by solid phase peptide synthesis using a Syro I peptide synthesizer (MultiSyn Tech 

GmbH, Witten, Germany) using standard fluorenylmethoxycarbonyl (Fmoc) 

chemistry and HCTU coupling protocols. After synthesis, the resin was isolated and 

washed alternating with DMF, methanol, and dichloromethane. Cleavage from the 

resin and removal of protective groups was performed for 2 h in 10 mL cleavage cocktail 
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containing 85% trifluoroacetic acid (TFA), 2.5% triisopropylsilane, 2.5% ethanedithiol, 

5% thioanisole and 5% H2O followed by filtration and precipitation in 40 mL cold 

diethyl ether. The pellet was subsequently solubilized and lyophilized. Purification was 

performed on a high-performance liquid chromatography (HPLC) instrument from 

Shimadzu using a C18 reverse phase (RP) column (Merck Chromolith, RP-18e, 100 

mm × 10 mm and 100 mm × 4.6 mm) with mobile phases of water and acetonitrile 

containing 0.1% TFA while monitoring at 280 nm. Correct mass was confirmed by 

liquid chromatography electron spray ionization mass spectrometry (LC-ESI-MS) 

performed on an amazon X MS from Bruker (Germany).  

6.2.4 Gadolinium-complex and nanoparticle formation and 

characterization 

HepPDMS was dissolved in 50% ethanol and filtered (0.45 µm) to obtain a 17 mg/mL 

clear solution. After dilution to 4.25 mg/mL and pH adjustment to pH 7 using diluted 

NaOH, the solution was dialyzed against water for 16 h, renewing exchange solvent 

twice, using prewashed 0.5-1 kDa MWCO dialysis tubes. HepPDMS-Gd nanoparticles 

were formed by adding gadolinium chloride hexahydrate stock solution (27 mM) 

dropwise under stirring to above described hepPDMS stock solution (17 mg/mL). The 

pH was readjusted to 7 when necessary, diluted to 4.25 mg/mL HepPDMS and to a 

final gadolinium concentration of 2.4 mM, then dialyzed to water as described above. 

For production of coassemblies the peptides were first dissolved in 50% ethanol to 

obtain 1 mg/mL stock solutions and then filtered through 0.2 µm hydrophilic syringe 

filters.  HepPDMS-Gd stock solutions (8.5 mg/mL) were mixed 1:1 with peptide stock 

solution and subsequently dialyzed as described above. After sample removal from 

dialysis tubing, the hydrodynamic diameter was measured from diluted samples in 

water (1:10 v:v) by dynamic light scattering (DLS), zeta-potential was measured at 

1:100 (v/v) dilution in water. DLS and zeta-potential data were obtained from a Zeta 

Sizer Nano ZSP (Malvern Instruments Ltd., UK) operating at a fixed angle of θ = 

173o with a laser beam wavelength of 633 nm at room temperature. Transmission 

electron microscope (TEM) images were recorded using a Philips CM100 transmission 

electron microscope operating at an acceleration voltage of 80 kV. Samples were 

incubated for 2 min on hydrophilized, carbon coated, parlodion-(2% in n-butyl acetate) 

copper grids, when necessary the grids were negatively stained for 10 s with a 2% 

uranyl acetate solution. Size data was obtained using the imageJ64 program (n > 100). 

For energy dispersive X-ray spectroscopy (EDX) analysis an FEI Nova NanoSEM was 

used operating at 10 kV. Samples were prepared on glass coverslips and sputter-coated 

with silver. 
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6.2.5 Cell culture 

HeLa cells were maintained at 37 °C in a 5% CO2 and were grown in Dulbecco's 

modified eagle medium (DMEM) with 10% fetal bovine serum (FBS), 100 units/mL 

penicillin and 100 µg/mL streptomycin. 

6.2.6 Cell viability assay 

Cytotoxicity testing was performed using the Promega CellTiter 96 AQueous Non-

Radioactive Cell Proliferation (MTS) assay determining the number of viable cells in 

culture. 2×10
3
 HeLa cells were seeded in triplicates in a 96-well plate 24 h prior to the 

experiment. 10 µL of peptide HepPDMS-Gd NPs were added to the cells to give final 

concentrations between 0.05–1 mM Gd and incubated for 24 h at 37°C with 5% CO2. 

MTS solution (20 μL/well) was added to the cells and incubated for 2 h. Cell viability 

was calculated by measuring the absorbance at 490 nm using a SpectraMax M5
e
 

(Molecular Device) spectrometer, and data was normalized where minimum viability 

was media and MTS assay alone and maximum viability was cells incubated with 10 

µL equivalents of water. 

6.2.7 Cellular uptake 

Hela cells (5×104 cells per well) were seeded in triplicates into a 24-well chamber 24 h 

prior to the experiment. The cell culture media was replaced with Opti-MEM (150 µL) 

followed by addition of 20 µL peptide HepPDMS-Gd nanoparticles. After 4 h 

incubation, the cell culture medium was removed and replaced with serum-containing 

medium (500 µL). The cells were then incubated for another 20 h. Cells were washed 

with opti-MEM, trypsinized, transferred to Falcon tubes and digested in 65% HNO3 

over night. Subsequently, the gadolinium-content was determined using inductively 

coupled plasma optical emission spectroscopy (ICP-OES). 

6.2.8 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

All gadolinium contents were determined by ICP-OES. Quantification of gadolinium 

was carried out on a Ciros Vision inductively coupled plasma optical emission 

spectroscopy from Spektro (Kleve, Germany) in axial mode. Gadolinium stock 

solutions of known metal content were measured prior to sample measurements to plot 

calibration curves. All samples were digested by 65% HNO3 overnight and diluted to 

2% HNO3 prior to analysis. 

6.2.9 Anticoagulation activity 

The anticoagulation activity was determined by a Biophen Heparin (LRT) kit using a 

STA-R analyzer from Stago and the absorbance was measured at 405 nm.  
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6.2.10 Farndale microassay 

Accessible heparin was determined by Farndale microassay as described previously.[129, 

167]
 Briefly, 250 µl 1,9-dimethylmethylene blue (DMMB) stock solution was mixed with 

50 µl heparin standards (2.5–20 µg/mL). Samples were diluted to the range of the 

calibration curve using phosphate buffered saline (PBS). Absorption was measured at 

525 nm and the heparin levels of samples were calculated using a standard dilution 

curve. 

6.2.11 Xylenol orange assay 

Free gadolinium levels were analyzed by xylenol orange assay according to a published 

procedure.
[156]

 Briefly, xylenol orange tetrasodium salt was diluted in 10 mM HEPES 

buffer pH 6 to obtain a 12 µg/mL stock solution. Samples were diluted to the linear 

range and 10 µL aliquots were mixed with 100 µL xylenol orange stock solution. For 

stability tests samples where maintained in optiMEM with FBS, after 7 days 10 µL 

sample was added to 100 µL stock solution in triplicates and measured absorption at 

433 nm and 473 nm. Gadolinium-ion concentration was calculated using a calibration 

curve of the ratio of absorption at 573 nm and 433 nm plotted against gadolinium-

concentration. 

6.2.12 Electron paramagnetic resonance spectroscopy (EPR) 

Electron paramagnetic resonance (EPR) spectra were recorded with a Bruker 

ElexSys500 X-band CW spectrometer, to which the superQ wave-guide resonance 

cavity (ER4122 SHQE-W1) was attached. Microwave power was adjusted at levels 

below the saturation condition with values 2.0–6.0 mW. The modulation frequency 

was 100 kHz and the modulation amplitude was 0.9 mT; other spectral parameters 

were adjusted for each spectrum individually. 80 spectra were acquired to optimize the 

signal-to-noise ratio, and 3rd-order polynomial averaging was used for subsequent noise 

reduction. Gd samples (pH adjusted to 7 with NaOH) were measured at room 

temperature. Lorentzian line shapes were considered with the line-width adjusted for 

each spectrum. The peak-to-peak line width (Hpp ) was measured from the spectrum 

using the WINEPR software. The transverse electronic relaxation rates, 1/T2e were 

calculated using eq.1:[140] 

 
2

31 B
pp

e

g
H

T h

 
    (21) 

Where B is the Bohr magneton, and h the Plank constant. 

6.2.13 Magnetic resonance imaging (MRI) 

Samples were measured in 1.5 mL centrifuge vials in denoted concentrations. For 

imaging a 3T clinical human MRI scanner (Magnetom Prisma, Siemens Healthcare, 
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Erlangen, Germany) was used. The T1 relaxation times were measured using an 

inversion-recovery-prepared spin echo sequence with the following acquisition 

parameters: voxel size 1.2×1.2×5 mm
3
, TR/TE 6000/12 ms. The scan was repeated at 

various inversion times (TI): 50 ms, 100 ms, 200 ms, 500 ms, 750 ms, 1000 ms, and 

2000 ms. The T2 relaxation times of the samples were measured using a multi-echo 

spin echo sequence with the following acquisition parameters: voxel size 1.2×1.2×5 

mm
3
, TR 3000 ms. 32 echoes were acquired with a 13.2 ms echo spacing (first echo: 

13.2 ms, last echo: 422.4 ms). 
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6.3 Experimental Details Chapter 4 

6.3.1 Materials Chapter 4 

All reagents and materials were of the highest commercially available grade and used 

without further purification, unless specified. Deuterated solvents were obtained from 

Cambridge Isotope Laboratories, TMB Single Solution was obtained from Life 

Technologies, n-Octyl-β-D-Glucopyranoside from Anatrace. All other chemicals and 

reagents were obtained from Sigma-Aldrich. Water was obtained from a Milli-Q
®

 

Reference system (Merck Millipore). 

The triblock co-polymer poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane)-

block-poly(2-methyl-2-oxazoline) (PMOXA-b-PDMS-b-PMOXA) with block ratios 

6:44:6 and Mn = 4542.2 (sample code: SL2R2) was synthesized, purified and 

characterized as previously reported 
[157]

 and was kindly provided by Dr. Samuel 

Lörcher (Universität Basel). 

The maltose decorated hyperbranched polyetylenimine polymers (PEI25-MalB) and its 

derivatives (sample codes: Stp 4491, Stp 4523, Stp 4344 and Stp 4629) were synthesized 

and characterized as previously reported [30, 31] and kindly provided by Dr. Dietmar 

Appelhans (Leibniz-Institut für Polymerforschung, Dresden). 

6.3.2 Gadolinium chelation 

PEIMalB-DOTA-Gd and PEIMalB-Gd 

30.8 mg PEI25-MalB-DOTA15 (sample code Stp 4344) (0.85 µmol) was dissolved in 5 

ml ddH2O in a 10 ml round bottom flask. 14.2 mg GdCl3·6H2O (38.3 µmol, 45 eq, 3 

eq Gd per DOTA) was added to the solution and the reaction mixture was stirred at 

55 °C for 24 h. In parallel, a control reaction with 34.7 mg PEI25-MalB (sample code 

Stp 4491)(0.98 µmol) and 16.4 mg GdCl3·6H2O (44 µmol, 45 eq) was performed in the 

same conditions. The pH of each reactions was measured regularly over 24h and 

remained constant at 6.5-6.6 and 6.9-7.0 respectively. After 24 h, the reaction mixtures 

were left to cool and 500 µl 10x PBS was added dropwise, resulting in the formation 

of a precipitate. The samples were transferred in 15 ml centrifugation tubes and 

centrifuged at 6700 g and 4 °C for 20 minutes. The supernatant was collected and 

purified on Sephadex™ G-25M (GE Healthcare PD-10), eluting with water according 

to manufacturer protocol. The collected solutions were freeze dried to yield fluffy pale 

yellow solids. 
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PEIMalB-DOTA-Gd-RhB, PEIMalB-DOTA-Gd-II and PEIMalB-Gd-II 

Gd chelation was attempted with PEI25-MalB-DOTA15, PEI25-MalB-DOTA15-Rh and 

PEI25-MalB: 

- 52 mg PEI25-MalB-DOTA15 (sample code Stp 4344) (1.44 µmol) was dissolved in 8 

ml ddH2O in a 25 ml round bottom flask. 24.2 mg GdCl3·6H2O (65 µmol, 45 eq, 3 eq 

Gd per DOTA) was added to the solution. 

- 85.7 mg PEI25-MalB-DOTA15-Rh (sample code Stp 4629) (2.37 µmol) and 39.8 mg 

GdCl3·6H2O (107 µmol, 45 eq, 3 eq Gd per DOTA) were dissolved in 13 ml ddH2O in 

a 25 ml round bottom flask 

- 34.55 mg PEI25-MalB (sample code Stp 4491) (0.97 µmol) and 16.3 mg GdCl3·6H2O 

(44 µmol, 45 eq) in 5 ml ddH2O was performed in the same conditions in a 10 ml flask.  

The solutions were stirred at 55 °C and no significant change in pH was observed. 

After 24 h, the solutions were left to cool and 1-2 ml of 100 mM Na2HPO4 were added 

dropwise to each solution. The resulting suspensions were transferred to 15 ml 

centrifugation tubes and centrifuged at 6700 g and 4 °C for 20 minutes. The 

supernatant was collected, centrifuged at 8000 g and 4 °C for 30 min. The supernatant 

was then diluted 9:1 with 40 mM EDTA in 10x PBS buffer to yield a final 

concentration of 4 mM EDTA and 1x PBS. The solutions were stirred at 40 °C for 18 

h and after cooling, purified on Sephadex™ G-25M (GE Healthcare PD-10), eluting 

with water according to manufacturer protocol. The collected solutions were freeze 

dried to yield fluffy pale yellow solids (pink in the case of Rh labelled PEI). 

6.3.3 Vesicle formation and characterization 

Vesicles were formed by the film rehydration method.
[168]

 Typically, 500 µL of a 

solution of 4 to 20 mg ml-1 of PMOXA-b-PDMS-b-PMOXA dissolved in ethanol were 

placed in a 5 mL round bottom flask and the solvent was evaporated on a rotary 

evaporator (40°C, 100 mbar, 15 min, then 10-15 mbar, 2 min). The obtained film was 

rehydrated overnight with 1 mL PBS under vigorous stirring. When encapsulation was 

desirable, the hydrophilic compounds were dissolved in the rehydration solution. 

After film rehydration, the polymer suspension was extruded 11 times through a 200 

nm Nucleopore Track-Etch membrane (Whatman, GE Healthcare) using a mini-

extruder (Avanti Polar Lipids) and the samples were purified by size exclusion 

chromatography on a home packed 1x20 cm Sepharose® 4B column, monitoring the 

absorption at 280 nm using a Model 280 Spectra/Chrom® UV monitor (Spectrum 

Laboratories Inc.).  

The selected fractions were then characterized by dynamic light scattering at 633 nm 

in a 1 cm quartz cuvette at an angle of 90° and a temperature of 25 °C, using a LS 

Spectrometer operating in 3D mode (LS Instruments AG, Switzerland). Mean 
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hydrodynamic radii and PDIs were obtained by performing a 2
nd

 order cumulant 

analysis.  

Transmission electron microscopy (TEM) was performed on a Philips CM100 operating 

at 80 kV. Samples were incubated for 1 min on hydrophilized, carbon-coated, copper 

grids and negatively stained (10 s) with 2% uranyl acetate. 

6.3.4 OmpF extraction and insertion in vesicles 

OmpF was expressed and extracted as previously reported
[158]

 and stored at 4°C in 3% 

n-Octyl-β-D-Glucopyranoside (OG) in PBS. Prior to insertion in polymersomes, 500 

µL of OmpF stocks solution and 500 µL of 3% OG in PBS were placed in dialysis tubes 

(MWCO 8-10 kDa, 10 mm FW, Spectrum Inc.) and dialyzed together against 1L 0.5% 

OG in PBS (overnight). The dialysis was continued against 1L PBS (2x 4h).  

Insertion of OmpF in polymer vesicles was performed by addition of 50 µL of the 

dialyzed OmpF solution (0.2 mg mL-1) (or detergent control) on top of pre-formed 

polymer films. The flasks were rotated for a few minutes at 1 atm on a rotary 

evaporator prior to rehydration (see section 6.3.3). 

6.3.5 Functionality of inserted OmpF 

The functionality of OmpF upon insertion in the membrane of polymersomes was 

assessed by monitoring of the oxidation of 3,3’,5,5’-Tetramethylbenzidine (TMB) by 

hydroxyl radicals generated by the decomposition of hydrogen peroxide by horseradish 

peroxidase (HRP). Film rehydration of the polymer was performed in presence of 200 

µg ml-1 HRP in PBS and 4 mg ml-1 PEIMalB and either OmpF or detergent control. 

After rehydration, the suspensions were extruded and purified as described 6.3.3above. 

10 µl of the vesicle suspensions (4x with and 4x without OmpF) were placed in a row 

in a 96-well plate and 100 µl of a freshly prepared stock solution of PBS, TMB solution 

and H2O2 (100:100:1) was added simultaneously to each well using a multi-channel 

pipette. The absorption at 375 nm was monitored over 20 minutes on a Spectramax 

M5e plate reader (Molecular Devices), recording a data point every 15 s. 

6.3.6 Electron paramagnetic resonance spectroscopy (EPR) 

EPR spectra were recorded at room temperature with a Bruker ElexSys500 X-band 

CW spectrometer, using a superQ wave-guide resonance cavity (ER4122 SHQE-W1). 

Sample were dissolved in water and placed in flame-sealed 100 µl glass capillary 

pipettes (intraMARK, Brand GmbH, Germany). Microwave power (frequency of 

9.86882 GHz) was adjusted to 6.325 mW. The modulation frequency was 100 kHz and 

the modulation amplitude was 6 G. Samples were measured using a single, 2048 points, 

scan with a sampling time of 60 ms. Background correction was applied by subtraction 

of the spectra of water measured in the same conditions and the spectra were baseline 

corrected using a linear correction.  
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6.3.7 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Gadolinium containing samples were digested with concentrated (>50%) HNO3 

overnight under constant shaking. Samples were then diluted to a final concentration 

of 2.2 % HNO3 and quantification was performed on a ICP-OES 5100 (Agilent 

Technologies) after calibration with standard solutions of known concentration. 

6.3.8 Magnetic resonance imaging (MRI) 

Samples diluted with PBS were placed in 1.5 mL screw cap glass vials and imaged on 

a clinical 3 Tesla scanner (Magnetom Prisma, Siemens Healthcare, Germany). The T1 

relaxation times were measured using an inversion-recovery-prepared spin echo 

sequence with the following acquisition parameters: voxel size 1.2×1.2×5 mm
3
, TR/TE 

6000/12 ms. The scan was repeated at various inversion times (TI): 50 ms, 100 ms, 

200 ms, 500 ms, 750 ms, 1000 ms, and 2000 ms. The T2 relaxation times of the samples 

were measured using a multi-echo spin echo sequence with the following acquisition 

parameters: voxel size 1.2×1.2×5 mm
3
, TR 3000 ms. 32 echoes were acquired with a 

13.2 ms echo spacing (first echo: 13.2 ms, last echo: 422.4 ms). 

6.3.9 Fluorescence correlation spectroscopy (FCS) 

FCS measurements were performed on a LSM880 confocal laser microscope (Carl Zeiss 

Microscopy GmbH, Germany) using a 561 nm diode laser. The laser beam was focused 

on the sample through a 40x C-apochromat water immersion objective with a numeric 

aperture of 1.2 and the appropriate filter sets. Measurements were performed on 20 µL 

of sample placed on a glass slide. 30 x 10 s measurements were taken for each sample 

and the obtained autocorrelation curves were fitted using the Zen 2.3 software (Carl 

Zeiss) using built in functions for one or two component fits (including triplet state). 

The hydrodynamic radii were then calculated using the Einstein-Stokes equation, as 

described previously.[129] 

6.3.10 Gadolinium quantification: bulk magnetic susceptibility (BMS) 

The bulk magnetic susceptibility (BMS) or Evan’s method was used for the 

determination of Gd concentration by NMR.[165, 169] 

Gd containing samples were diluted with 10% tBuOH in D2O to reach a final 

concentration of 1% tBuOH and 10% D2O and placed in flame-sealed 100/200 µl 

capillary pipettes (ringcaps®, Hirschmann Laborgeräte). The capillary tubes were 

sealed with PTFE thread seal tape and placed within a 5 mm O.D. NMR tube (type 

5TA, ARMAR Isotopes) containing 1% tBuOH and 10% D2O. An excess of PTFE 

thread seal tape was wrapped around the upper part of the capillary to maintain it 

aligned with the NMR tube. 1H-NMR spectra were recorded on a Bruker Avance NEO 

NMR spectrometer (500.13 MHz). 
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The molar Gd concentration (c) was obtained from equation (22) where Δx is the 

difference in chemical shift (in ppm) between the two peaks corresponding to the 

methyl protons of 
t
BuOH.

[165, 169]
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Equation (22) is obtained from equation (18), where s is a parameter depending on the 

shape of the sample and its position in the magnetic field and is equal to 1/3 for a 

cylinder parallel to the main magnetic field, T = 298 K and µeff = 7.94 for Gd
[165]
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