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Abstract in English 

 

The purpose of this thesis was to create and characterize a functionalizable 

multimodal iron oxide nanoparticle, compare it with previously available designs and 

to create red blood cell carriers to increase the circulation time in vivo. The 

optimization of biological and physicochemical properties of the particles required the 

introduction of a new synthesis protocol: to reduce the reticuloendothelial uptake as 

well as to avoid extensive renal clearance, the overall hydrodynamic size was 

adjusted to 40 nm. The improvement of the chemical stability necessitated cross-

linking of the dextran cage. Amine groups were created on the surface to enable 

particle functionalization. 

The synthesized nanoparticles (xIONaerosole) were precipitated from Fe2+ and Fe3+ 

(ratio 2:1) in the presence of monodispersed 10 kD dextran. The surface was cross-

linked with epichlorohydrin and nucleophilized with ammonia. Ultrafiltration and 

dialysis was used for purification. The synthesized xIONaerosole particles were 

compared with available products (Endorem®, Guerbet; Resovist®, Schering; 

Rienso®, Takeda). The hydrodynamic diameter and the core size were determined 

by transmission electron microscopy, electron tomography, laser light scattering and 

electron tomography. The amine groups were accessed by incubation with fluorescin 

isothiocyanate and the Fe2+/Fe3+ ratio by Mössbauer spectroscopy. The relaxivity 

was measured at 1.5T and 20°C. The physicochemical stability was assessed by 

Zeta potential, UV light irradiation till 9 Joule as well as laser light scattering during 

thermal cycling between 20 and 80°C. Three human cell lines (HAEC, HASMC, 

HELA) were used to evaluate the cellular uptake. 

The synthesized particles are stable at a broad pH range, biocompatible and have a 

potentially longer plasma half-life. Moreover, the relaxivity is comparable with 

commercial products and the particles are detectable at nanomolar concentrations. 

The theoretically postulated “hairy layer” was visualized by electron tomography and 

provided additional information about the architecture of iron oxide particles. 

Biological targets can be easily addressed by further functionalization of the available 

attachment sites. In future, the particles will be adapted to serve as a platform for 

multimodal molecular imaging and targeted radiation therapy. 



ix 

Abstract in German 

 

Das Ziel dieser Arbeit war es multimodale, funktionalisierbare Eisenoxidnanopartikel 

zu erstellen, zu charakterisieren, mit bisher verfügbaren Produkten zu vergleichen 

und in rote Blutkörperchen einzuschleusen um die Zirkulationszeit in vivo zu erhöhen. 

Bisher nicht verfügbare Eigenschaften erforderten ein neues Syntheseprotokoll.  

Ein neues Syntheseprotokol wurde erstellt um die biologischen und 

physiochemischen Eigenschaften zu optimieren. Eine Größe von 40 nm war 

erforderlich um die retikuloendotheliale Aufnahme zu reduzieren sowie nicht der 

renalen Clearance zu unterliegen. Stabilitätsanforderungen machten eine kovalente 

Vernetzung der Dextranschicht notwendig. Für Funktionalisierung wurden 

Amingruppen geschaffen. Die Partikel wurden im monodispersen 10 kD Dextran 

durch Fällung aus Fe2+ und Fe3+ (im Verhältnis 2:1) synthetisiert. Die 

Dextranoberfläche wurde mit Epichlorhydrin vernetzt und mit NH3 aminiert. 

Anschließend wurde die Lösung mittels Ultrafiltration und Dialyse gereinigt. Die 

Nanopartikel und drei Produkte (Endorem, Guerbet; Resovist, Schering; Rienso, 

Takeda) wurden der Größenbestimmung (TEM, Elektronentomographie, 

Laserlichtstreuung), Aminogruppenbestimmung (Inkubation mit Fluorescein 

Isothiocyanat), Relaxationszeitmessung (1.5T 20°C), Fe2+/Fe3+ Messung 

(Mössbauerspektroskopie) und Stabilitätsevaluation (Zetapotential, UV-Bestrahlung 

bis 9 Joule, DLS zwischen 20°C und 80°C) unterzogen. Die Biokompatibilität wurde 

mit Resazurin und LDH-Assays in LLC-PK1-Zellkulturen getestet. Die Internalisierung 

wurde in drei menschlichen Zelllinien (HAEC, HASMC, HELA) dargestellt. 

Wir haben biokompatible, funktionalisierbare und stabile Nanopartikel mit potentiell 

längerer Plasmahalbwertszeit synthetisiert. Die Relaxationszeiten waren mit 

kommerziellen Produkten vergleichbar und die Partikel mit MRT als auch mit 

Fluoreszenz- und TEM in nanomolaren Konzentrationen darstellbar. Der bereits in 

Theorie postulierte "hairy layer " wurde mittels Elektronentomographie visualisiert 

und lieferte ergänzende Informationen über die Architektur der Partikel. Die 

verfügbaren Bindungsstellen ermöglichen eine weitere Funktionalisierung mit 

Liganden für multivalente Wechselwirkungen mit biologischen Zielen. Die 

Nanopartikel werden zu einer Plattform für multimodale molekulare Bildgebung sowie 

für zellspezifische Strahlentherapieverstärkung weiterentwickelt. 
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CHAPTER ONE: INTRODUCTION 

1.1 General introduction  

In the past decade, different cellular and molecular imaging techniques were 

developed. Both fields are overlapping and it is difficult to define a clear border 

between them. Bulte et al created two definitions, which were based on the targeted 

structures (Bulte & Kraitchman, 2004). In his definition molecular and cellular imaging 

were described to be a non-invasive and repetitive imaging in living organisms. 

Molecular imaging focuses on macromolecules and biological processes. For this 

application, target specific binding partners are needed to detect the macromolecules 

of interest. Furthermore, the binding partners can be connected to MRI (Magnetic 

resonance imaging) contrast agents to enable visualization by means of molecular 

MRI. The higher the target specificity and signal change per unit is, the easier and 

more sensitive the detection of targets becomes. On the other hand, cellular imaging 

is used to visualize cells and cellular processes (Bulte & Kraitchman, 2004). In this 

case, the target specific contrast agent has to bind cellular structures to distinguish 

them from other cellular populations. The first molecular and cellular imaging 

platforms were based on gadolinium chalets. However, they showed major 

disadvantages in applications in vivo. Especially, low relaxivities of the agent itself 

resulted in higher administration doses. This induced cellular toxicity due to the low 

biocompatibility of gadolinium and limited the application of the agent. Further 

development of imaging platforms introduced Monocrystalline iron oxide 

nanoparticles (MION) as the preferred contrast agent. The particles have been 

adapted to serve as a platform for various applications, which include molecular 

magnetic resonance imaging, hyperthermia treatments, targeted drug delivery, 

detoxification of biological fluids and cell separation (Gupta & Gupta, 2005b). 

Especially, the drug delivery showed to be highly effective. In this application the 

nanoparticles were connected to various drugs and bound subsequently to 

predefined targets. To identify the structures selective proteins, enzymes, antibodies 

or parts of them were used (Chastellain et al, 2004). However, to be effective the 

particles must be small enough (<100 nm), show a narrow size distribution and be 

detectable at low concentrations in specific areas. Moreover, the coating material 

must be biocompatible and nontoxic with high stability in vivo (Laurent et al, 2008). 

These requirements increased the use of iron oxide particles because: (1) they show 
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strong signal distraction in MRI imaging due to the superparamagnetic behaviour of 

the iron cores (2) the iron cores can be easily degraded in vivo and (3) the particles 

can be visualized by other modalities, such as fluorescence imaging in vivo and in 

vitro as well as electron microscopy (Bulte & Kraitchman, 2004). However, although 

several successful attempts were undertaken in receptor-specific MR-imaging and in 

cellular tracking using MR, further applications were mostly limited by (1) diffusion 

barriers due to particle size and lack of sufficient plasma half-life, (2) inefficient 

coupling of ligands to the particle surface due to steric inhibitions and insufficient 

chemical stability of the product. Consequently, in the majority of the studies, only 

approx. 2 ligand molecules per particle were attached, and potential multivalent 

effects which would greatly increase target affinity did not occur (Montet et al, 2006). 

Recent studies hypothesised that amination and cross-linking of the dextran surface, 

together with a smaller particle size (core size about 5nm, hydrodynamic size 

including the coating about 40nm) would provide an ideal platform. This platform 

would be detectable in MRI at nanomolar concentrations and would provide binding 

sites for multiple ligands. Therefore, the particles would be suitable for multivalent 

interactions with the cellular surface for receptor specific imaging, as well as 

internalizable for cell tracking studies. Further potential applications of this particle 

would include optical imaging in vivo and in vitro through the attachment of 

fluorochromes and electron microscopy. Ultimately, the particle could potentially act 

as a drug carrier through stable surface binding or integration of the payload in the 

particle core. The core consists of a monocrystalline iron oxide nanocompound, 

which has a magnetic moment and is aligned in the external static magnetic field. 

Therefore, it was possible to visualise the particles in magnetic resonance imaging 

(Shen et al, 1993). The disturbance of the magnetic signal is caused by the change 

of both relaxation times (T1 and T2). Due to its chemical stability and biological 

compatibility, magnetite Fe3O4 is the most commonly used for the synthesis. 

Magnetite was synthesized in the process of precipitation of Fe(II) and Fe(III). 

Dextran was an applicable agent or the coating, because of its clinical use as plasma 

expander and good affinity to iron oxides (Wilhelm et al, 2003). Other common 

substances for the coating were albumin, starch and polyethylenglycol (Kreft et al, 

1994; Saeed et al, 1998; Widder et al, 1987). Further amination or carboxylation of 

the dextran surface leaded to cross-linked iron oxide particles (CLIO) with improved 

conjugation capacity (Shubayev et al, 2009). CLIOs conjugated with fluorescent 
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markers were successfully used for targeting molecular structures in cells (e.g. 

integrin, E-selectin, Cathepsin) (Sosnovik & Weissleder, 2007). The physiochemical 

parameters of MIONs were adjusted in the synthesis. The size, shape and 

magnetization were influenced by the Fe2+ / Fe3+ ratio, pH value and synthesis 

temperature. The range of the particle size was varied from 5 to 500 nm. For 

biomedical application, particles with sizes between 10 and 100 nm provided the best 

performance. This small range of usable particle sizes is caused by a fast renal 

clearance of extremely small (<10 nm) particles and the internalization of bigger 

sized (>200 nm) particles by the reticuloendothelial system(REM)  of the liver and 

spleen (Gupta & Gupta, 2005b). Eliminated particles undergo continues degradation 

and the iron is stored in the iron pool of the body. The biological properties of MIONs 

are strongly dependent on the hydrodynamical particle size. The plasma half life time 

was longer with decreasing particle size and more hydrophilic surface (Duguet et al, 

2006). The progressive internalization in macrophages allowed characterisation of 

regions with higher inflammatory activity and enabled imaging of carotid 

atherosclerotic plaques, stroke expansion, brain tumour characterization or multiple 

sclerosis (Corot et al, 2004). Nowadays, only one iron oxide agent 

(Feraheme/Rienso) is available for in patient use and is approved as an iron 

substitute for anaemia treatment. Two other substances were already available for 

clinical application (Resovist and Endorem) of liver lesion imaging, but were taken 

from the market, probably due to unsatisfactory financial turnaround numbers. The 

visualization of liver lesions was based on the process of phagocytosis by the 

reticuloendothelial system. Due to the internalization of iron oxide particles by Kupffer 

cells it was possible to visualize regions with different cell concentrations within the 

liver. Regions with decreased cell number of the immunological system are 

metastases, different liver cancer and lymphoma. MR scans with Iron oxide 

nanoparticle contrast agent provided a higher detection rate for this application. The 

concept of passive internalisation of MIONs within the liver parenchyma was 

vulnerable. Different disorders of the liver provided disadvantageous environment 

with a low number of immunological cells and a decreased internalization of the 

contrast agent. However, these circumstances opened further diagnostic 

applications. It was possible to determine exactly the magnitude of parenchyma 

destruction (Tanimoto & Kuribayashi, 2006). It provided a potent monitoring tool for 

patients within irradiation treatment programs and it was a reliable diagnostic tool for 
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patients with liver cirrhosis or hepatitis. Despite all these advantages it is still a 

challenge to design contrast agents for specific applications. The particles can be 

stopped at biological barriers and cleared without reaching the target. To offer a 

functionalized contrast agent, it is necessary to enable selective cell binding. 

Weissleder et al demonstrated in an animal model of myositis a significant signal 

variation in MR imaging for MION-IgG compounds compared to unlabeled MION 

particles (Weissleder et al, 1991). Further development of this model served for 

selective visualization of myocardial infarction with particles linked to Antimyosin Fab 

(Weissleder et al, 1992). For the diagnosis of arteriosclerosis at the molecular level, 

MION particles with anti E-selectin were designed and successfully tested (Kang et 

al, 2002). Funovics et al implemented E-selectin binding peptide MION particles with 

fluorescent properties for both MRI and fluorescence reflectance imaging (Funovics 

et al, 2005). Based on the fact that E-selectin is synthesized not only on endothelial 

cells but also on LLC (Lewis lung carcinoma) cells and human prostate cancer 

specimens, it was possible to detect both cell lines. Benedetto et al showed that MR 

visualization with iron oxide particles conjugated antibodies was achieved up to the 

single-cell level (Benedetto et al, 2006). Polyethylene coated nanoparticles with 

specific monoclonal antibodies were successfully used for the identification of 

intracerebral glioma cells and the carcinoembryonic antigen (CEA) (Suzuki et al, 

1996; Tiefenauer et al, 1993). MIONs provide more than the ability to target cells. 

The name theragnostics was established to describe the fusion of therapy with 

diagnosis (Ozdemir et al, 2006). Drug loaded nanoparticles are a promising cancer 

treatment method avoiding the side effects of conventional chemotherapy (Laurent et 

al, 2008). The particles were delivered intravenous and concentrated by an external 

magnetic field in the region of the malignancy to increase the efficiency of treatment. 

Studies with Methotrexat (MTX) loaded MIONs were already performed. The cleaving 

mechanism was pH dependent to simulate intra lysosomal conditions (Kohler et al, 

2005). Due to the extremely small size, the particles could migrate across the blood 

brain barrier and could serve as a intracerebral delivery vehicle for different drugs 

(Kreuter, 2001). Additionally, selective tumour imaging was already successfully 

combined with gene delivery systems (Weissleder et al, 2000). Another medical 

approach in cancer therapy using nanoparticles was hyperthermia, which is based on 

temperature induced necrosis. In alternating magnetic fields MIONs can generate 

significant local temperature increase. The generation of heat was dependent on the 
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properties of the particles and the magnetic field characteristics (Gupta & Gupta, 

2005b). Moroz et al compared the response of liver tumours to arterial embolization 

hyperthermia (AEH) and direct injection hyperthermia (DIH) in rabbits. The 

subpopulation of AEH showed in all cases a tumour regression and in three cases a 

complete tumour necrosis (Moroz et al, 2002).  

1.2 Magnetic particle imaging (MPI) 

An important development of the clinical application of iron oxide nanoparticles is 

Magnetic Particle Imaging (MPI). This new particle imaging method was presented in 

2005 and will probably enter the clinical routine in the near future (Gleich & 

Weizenecker, 2005). The technical difference to MRI is that MPI is based on the 

nonlinear magnetization response. That means that a nanoparticle generates in an 

oscillating magnetic field an output signal, which is equal to multiple harmonics of the 

base signal and can be detected with high sensitivity (Markov et al, 2010).  In the last 

years promising pre-clinical results were shown in phantoms and mice. Based on 

these results different applications in the clinical routine can be estimated, which 

include angiograms, in-vivo stem cell tracking, cancer staging and inflammation 

imaging in vivo (Saritas et al, 2013). Especially in angiography there could be 

advantages in comparison to the currently available methods. More than 80 million 

doses of intravascular contrast media injections were administrated worldwide in 

2003 (Katzberg & Haller, 2006). In patients with chronic kidney disease iodine and 

gadolinium contrast agents cannot be easily excreted. Subsequently, serious 

adverse events can occur, which include contrast induced nephropathy and 

nephrogenic systemic fibrosis (Broome, 2008; Goldfarb et al, 2009). There is a need 

for novel contrast agents and alternative imaging modalities, if we consider that 25% 

of the angiography patients present a chronic kidney disease. (Reddan et al, 2003). It 

is possible to perform the MRI angiography without contrast agents as well. However, 

the contrast of the images is reduced in comparison to MRIs where contrast agents 

are used (Saritas et al, 2013). MION agents demonstrated already to be safe in 

patients with decreased kidney clearance functionality (Lu et al, 2010). Neuwelt et al. 

proofed the safeness of MIONs comparing different contrast agents in chronic kidney 

disease patients (Neuwelt et al, 2009). However, the negative contrast of MIONs in 

MRI made it difficult to precisely define the localization of the particles (Saritas et al, 

2013). In comparison, the MPI angiography images showed advantages in clinical 
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application. Saritas et al investigated the impact of surrounding tissue on picture 

equality. This study was concluded that the tissue creates no signal, no depth 

attenuation of the particles is present and the MPI is an ideal method to perform 

angiography with high contrast and high sensitivity (Saritas et al, 2013). The imaging 

was done using an iron oxide nanoparticles bolus, injected directly into the blood 

stream. Real time 3D visualization of the heart passage in a mouse model was 

already done successfully as well (Weizenecker et al, 2009).  However, one 

important limitation of the MPI angiography existed. From the beginning of the bolus 

injection the contrast agent was removed from the blood pool. The bigger particles 

were phagocytized by the reticuloendothelial system and the smaller particles 

underwent renal clearance. Therefore, the sufficient concentration of the agent in the 

blood stream with a constant signal level, which was needed for imaging, gave a 

measurement window of only a few minutes (Lawaczeck et al, 1997).  

1.3 Erythrocyte carriers 

Antonelli et al. showed that it is possible to extend the circulation time by 

encapsulating the nanoparticles in red blood cells (RBCs). The intracorpuscular 

localization of iron oxide nanoparticles was verified by Transmission Electron 

Microscopy (Antonelli et al, 2011). The encapsulation procedure was based on 

changing the permeability of the erythrocyte cell membrane. The pores of the 

erythrocytes opened in a hypotonic solution and the nanoparticles moved across the 

membrane though the open pores into the RBCs. The pores closed in an isotonic 

buffer and the particles remained in the cells (Ihler & Tsang, 1987). Synthesized 

erythrocyte carriers remained in the blood circulation up to 30 days in humans and 11 

days in rodents after the injection (Bax et al, 1999; Magnani et al, 1990). The survival 

rate of red blood cells during the loading procedure was dependent on the species 

and was 70% for human erythrocytes and 30% for rodents (DeLoach, 1987; Markov 

et al, 2010). After the transfusion back into the body’s blood pool, the damaged 

erythrocytes were removed immediately by the spleen and liver (Muzykantov, 2010). 

Magnani et al presented a semi-automated apparatus to load human nanoparticles 

with diverse substances (Magnani et al, 1998). For the procedure 50-60 ml of blood 

was needed and it took approximately 2 hours to load the substance into 

erythrocytes. The loading was performed under sterile and pyrogen free conditions 

using only disposable and hemocompatible components. The cell recovery rate was 
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35 to 50% and the cells showed normal survival rates in vivo (Magnani et al, 1998). 

The drug encapsulation percentage was about 30%, and the remaining 70% were 

easily washed out from the surrounding fluid (Magnani et al, 1998). Two clinical 

studies were performed using the procedure presented above. In these studies the 

concept of encapsulation and slowly release of substances from the erythrocytes was 

proofed. The most important advantage for patients was the absence of substance 

concentration peaks and therefore a reduced severity of adverse events. The first 

study demonstrated the effectiveness of Dexamethasone loaded erythrocytes in 

patients with ulcerative colitis. In contrast to oral Prednisolone, which was given in 

the control group, no steroid related adverse events were reported (Bossa et al, 

2008). The second study evaluated the feasibility of using dexamethasone 21-

phosphate loaded erythrocytes in steroid dependent crohn disease pediatric patients. 

The patients showed a good response to the treatment, with a reduced 

hospitalization rate and no steroid related side effects (Castro et al, 2007). 

1.4 Coating materials 

MION particles consist of an iron oxide core and coating molecules. Without the 

coating molecules the nanoparticles would have hydrophobic surfaces with a 

propensity to agglomerate (Lu et al, 2007). Therefore, the proper surface coating is 

needed to guarantee the colloidal stability of the solution in the biological 

environment and within an external magnetic field. The design of the particles has to 

consider two main forces to achieve sufficient stability: the steric and the static 

repulsion forces. The steric force is well describe in theory but difficult to access. It 

depends mostly on the molecular weight and density of the coating polymer (Fritz et 

al, 2002). On the other hand, the static force is very close to the zeta potential, which 

mainly depends on the ionic strength and the pH of the solution (Kobayashi et al, 

2005). The iron atoms on the surface of the core act as a Lewis acid. The donor of 

ion electron pair electrons is the surrounding water, which creates functionalized 

surface hydroxyl groups on the iron core (Lefebure et al, 1998). These hydroxyl 

groups can react in the next step with a base or an acid. Due to the amphoteric 

characteristics the charge can be either positive or negative and is dependent on the 

external pH level. At pH = 6.8 the particles reach the point of zero charge and the 

solution is not stable any more (Bacri et al, 1990). One of the most used coating 

materials was dextran. It is a polysaccharide consisting of α-D-glucopyranosyl and 
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the coating procedure was done in situ during the particle synthesis. Dextran coating 

provided both, prolongation of the circulation time and stabilization of the colloidal 

solution (Massia et al, 2000). For the coating of particles different molecular sizes 

were used. Molday et al coated iron oxide particles using a 40kD dextran and for 

additional functionalization the surface was oxidized using periodate (Molday & 

MacKenzie, 1982). This approach resulted in hydroxyl groups on the surface, which 

could bind amino groups of proteins in the next step. Pardoe et al demonstrated for 

the same dextran size, that the polymer limited the size of the particles in comparison 

to particles synthesized without the polymer (Pardoe et al, 2001). The stability of 

particles was improved by reduction of the dextran, which was done before or after 

the synthesis (Paul et al, 2004). The choice of dextran length was optimized in terms 

of binding stability. The dextran chains underwent hydrogen binding with the surface. 

The multiple numbers of bindings resulted in a relative high total energy but the 

binding could be broken at higher temperatures (Cabuil, 2000). Hilger et al 

investigated the labelling efficiency of 65 nm dextran coated particles in endothelial 

cells. The amount of internalized iron was measured by means of atomic absorption 

spectroscopy and was 153±56 µg Fe per 1x107 cells (Ingrid et al, 2004). The cross-

linking of the surface using epichlorohydrin resulted in temperature stable particles, 

which were additionally modified for functional capabilities (Holthoff et al, 1997). 

Pullulan is a polysaccharide and is used in humans as plasma expander. It showed 

great solubility in water, is not toxic and non-immunogenic (Gupta et al, 2007). Gupta 

et al showed that internalized bare iron oxide crystals induced disruptions in the 

cytoskeleton architecture in contrast to non-disruptive, self-synthesized 45 nm 

pullulan coated iron oxide particles. Additionally, the internalization pathway of both 

particles was different, suggesting that the internalization process depends on the 

surface properties (Gupta & Gupta, 2005a). Polylyctide-co-glycolides were already 

approved for in human use and were highly biocompatible. The first approaches 

using these molecules in tissue engineering and for drug delivery were already 

reported (Sander et al, 2004). Kopke et al presented iron oxide particles for targeted 

drug delivery, which were coated with oleic acid and afterwards encapsulated in 

polylyctide-co-glycolide (Kopke et al, 2006). However, due to the coating the 

saturation magnetization decreased to approximately 50% of the value of pure 

magnetite (Gomez-Lopera et al, 2001). Chitosan can be found in different products, 

including food, medicine and in life-science research especially for gene delivery 
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(Khor & Lim, 2003). For purifying trypsin epichlorohydrin cross-linked chitosan coated 

iron oxide particles were presented (An & Su, 2001). Liu et al reported the synthesis 

of chitosan coated particles with agglomeration functionality in microbes used for 

magnetic bacteria separation (Liu et al, 2000). An alternative polymer for stabilizing 

iron oxide particles was polyethylene glycol. Due to highly hydrophilic, non-antigenic 

and non-immunogenic properties polyethylene glycol (PEG) coated particles showed 

a longer plasma half-life time and decreased uptake by the reticuloendothelial system 

(Gupta & Wells, 2004). Therefore, the clearance time of the particles in blood 

increased. (Paul et al, 2004). In contrast to highly cell toxic not coated iron oxide 

particles, PEG coated particles were internalized into cells without any toxicity signs 

(Gupta & Curtis, 2004). The internalization occurred via the fluid phase endocytosis. 

The amphiphillic nature of the particles enabled interaction with polar and nonpolar 

solvents and therefore relived the crossing of cell membrane bilayers (Gupta & 

Curtis, 2004). The particle size was varied between 20 and 100nm, and depended on 

the synthesis procedure (Kang et al, 2002). Kumagai et al presented a hydrolytic 

synthesis, followed by a polyethylene glycol polyaspartatic acid treatment. Using 

these particles he was able to demonstrate the multivalent bound between the 

carboxylic acids and the iron oxide cores (Kumagai et al, 2007). Another hydrophilic 

and biocompatible coating agent was the polyvinyl alcohol. Polyvinyl alcohol (PVA) 

showed advantages in adhesion, film forming and emulsifying. These properties 

prevented the particles from agglomeration. It was possible to synthesize 

monodisperse iron PVA coated iron oxide particles by iron salt participation (Lee et 

al, 1996). The particles were synthesized by participation in an aqueous solution of 

iron salts and polyvinyl alcohol (Lee et al, 1996). Polyvinyl alcohol bound irreversibly 

to the surface of the iron oxide cores (Laurent et al, 2008). Cytotoxicity experiments 

of polyvinyl alcohol coated iron oxide particles showed a toxicity minimum at an iron/ 

polymer ratio of 2 (Osada & Gong, 1998). Alginate was used for the synthesis of 

particles as well. It provided on the surface numerous carboxyl groups for the 

reaction (Llanes et al, 2000). Ma et al synthesized particles with a core size between 

5 - 10 nm and a hydrodynamic diameter of approximately 500 nm (Ma et al, 2007). 

Morales et al synthesized iron oxides inside of alginate beads and achieved core 

sizes between 4.3 and 9.5 nm (Morales et al, 2008). Another nontoxic, hydrophilic 

and biocompatible polymer used for coating is chitosan. Kim et al presented a 

sonochemical synthesis of iron oxide particles, coated with oleic acid and finally 
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dispersed in chitosan, with a final size of 15 nm (Hee Kim et al, 2005). 

Polyethyleneimine (PEI) showed to be the preferred coating polymer for applications 

within a wide pH range and at high salt concentrations (Llanes et al, 2000). The 

synthesis was done in two steps. First, the core was coated by a layer of 

polyethyleneimine and afterwards surrounded by polyethylene oxide block 

polyglutamic acid (Viau et al, 1996). Chiang et al synthesized PEI nanobeads for 

transfection-grade plasmid deoxyribonucleic acid (DNA) purification from bacterial 

cells (Chiang & Sung, 2006). Additionally, PEI showed the ability to neutralize anionic 

charge under acidic and neutral pH levels (Brus et al, 2004). The Polyacrylic acid 

(PAA) coating of the particles provided the ability for bioadhesion and increased the 

stability (Burugapalli et al, 2004). The PAA surface was subsequently sulfonized 

using sulfanilic acid to create magnetic cation nanoabsorbent (Mak & Chen, 2005). 

Wu et al published a novel Chitosan-PAA particles synthesis using positively charged 

chitosan and negatively charged iron oxide particles (Wu et al, 2006). Polyayralamide 

magnetic nanoparticles were created by crystallization within a polyacrylamide matrix 

(Moffat et al, 2003). Breulmann et al synthesized particles in an elastic polystyrene 

polyacrylate copolymer gel. The constrained architecture of the gel served as a 

nanoreactor and the particles were created in pores of the gel (Breulmann et al, 

1998). The iron cores were coated by inorganic materials such as gold or silica as 

well. Lin et al synthesized in a reverse micelle approach gold coated iron oxide 

particles, which were functionalized in the next step (Lin et al, 2001). A synthesis of 

gold nanoshells was done using silica coated particles covalently bound to iron 

oxides coated with oleic acid, 2-bromo 2-propionic and gold seed particles (Kim et al, 

2006).  Silica coated particles were stabilized by enhancing the coulomb forces of the 

negatively charged surface and throttling the dipole interactions between the iron 

oxide cores (Sun et al, 2005). The siloanol groups on the surface were easily 

modified for further functionalization. Therefore, amino terminals were created and 

different agents covalently attached (Mornet et al, 2005). The synthesis of particles 

was performed using the Stöber process, where the educts were hydrolysed and 

subsequently condensed (Lu et al, 2002). The concentration of the iron oxide 

particles and the solvent type influenced the final particle size. The synthesis 

efficiency was increased by using silicic acid. In this procedure, the particle size was 

varied by changing the ratio of Silicon dioxide and iron oxides or by subsequent 

coating by an additional layer of the surfactant (Im et al, 2005). Yang et al 
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synthesized silica coated iron oxide particles with a narrow size distribution using a 

micelle emulsion for size control (Yang et al, 2004). Santra et al presented a novel 

method to create silica coated iron-oxide nanoparticles in a water-in-oil 

microemulsion (Santra et al, 2001). An aerosol of hollow silica coated nanospheres 

was synthesized in a one-step pyrolysis method (Tartaj et al, 2001). The first silica 

coated contrast agent was already approved for clinical applications. Ferumoxil is an 

non targeted silica coated iron oxide contrast agent containing 300 nm particles and 

is used for gastro intestinal magnetic resonance imaging (Hahn et al, 1990). 

Monomeric functional materials served as potential stabilizers of iron oxide particles. 

Mohaparta et al published a synthesis of ultrafine poylvinylalcohol phosphate (PVAP) 

coated magnetite nanoparticles. It was shown that particles, which were prepared 

using 1% PVAP solution, had an average core size of 5.8 nm and were stable for four 

weeks at pH 5-8 (Mohapatra et al, 2006).  Portet et al created biophosphonate 

coated particles with an overall size of fewer than 15 nm, which were stable in a wide 

range of pH levels. The coating density was evaluated as well and was around 1.6 

molecules per nm² (Portet et al, 2001). Different carboxylic acids were used for the 

synthesis of nanoparticles, including citric acid, gluconic acid, dimercaptosuccinic 

acis and phosphorcholine (Denizot et al, 1999; Fauconnier et al, 1997; Sahoo et al, 

2005). The steric necessity and the curvature of the core surface leaded to acid 

absorbance on the iron core surface. Due to the remaining unreacted acid groups the 

surface was negatively charged, highly hydrophilic and the concentration of adsorbed 

acids influenced the stability. (Laurent et al, 2008). Tadmor et al presented in his 

work that stearic acids without double bonds in the molecular structure could not be 

used for ferrofluid stabilization (Tadmor et al, 2000). It was already shown that citric 

acid leads to changes in the surface geometry and that the crystallinity of the cores 

decreases with increasing concentration of the surrounding acid (Liu & Huang, 1999). 

1.5 Radiation enhancement 

Various nanoparticles were analyzed if they act as enhancers in radiation therapy. 

The enhancement was based on the photoelectric effect, where the energy supplied 

by radiation causes inner shell ionization of the enhancing material. The inner 

electrons were dislodged and the atom reacts with photon or electron emission. The 

photon emission was perceived as fluorescence light and the electron emission was 

the starting point for the Auger cascade. The penetration depth of the Auer electrons 
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was between 10 and 100 nm.  The depth was dependent on the energy, which 

reached levels of up to a few keV (Meesungnoen et al, 2002). The energy deposition 

was highly localized and the effect was as high as of heavy clinical linear particle 

accelerators (McMahon et al, 2011). Two different strategies were assumed for the 

biological application. First, if the particles were irradiated with energies below the K-

edge, the auger cascade was activated. Secondly, if the particles were irradiated with 

energies above the K-edge, the energy was deposited by photoelectrons (Lechtman 

et al, 2011). The biological effect depended on the energy source, particle size, 

material used, concentration and the cellular localization (Lechtman et al, 2011). The 

vasculature of gliosarcoma tumours develops in an uncoordinated growth process 

and shows therefore the tendency for enhanced permeability (Cao et al, 2006). In a 

rat model it was already shown that the accumulation of 2 nm gadolinium 

nanoparticles in tumours was significantly increased. The particles served as a 

positive contrast magnetic resonance contrast agent and a radio synthesizer as well 

(Le Duc et al, 2011). The survival rates demonstrated the efficiency of this approach. 

The median survival time in the untreated group was 19 days and in the radiation 

group 47 days. In the combined therapeutic approach using gadolinium and radiation 

therapy together the median survival time reached 90 days (Le Duc et al, 2011).  A 

combined therapy for non-small cell lung cancer with secondary metastases was 

clinically tested irradiating motexafin gadolinium particles [28]. The therapeutic effect 

was based on the direct generation of reactive oxygen species (ROS) by the 

motexafin gadolinium particles, which decreased the cellular capabilities of 

intracellular DNA damage repair mechanisms. Additionally, this mechanism was 

amplified by decreased ROS elimination rate (Hashemy et al, 2006). Therefore, the 

DNA damages from the intensive irradiation could accumulate till a potentially lethal 

level (Chang et al, 2007). Iron shows a lower Z value of 26, but iron oxide particles 

are highly biocompatible. The particles were already used in vivo and first targeted 

applications exist. Despite the lower Z value of iron, they could be considered as a 

more ideal candidate for in vivo use. An evaluation of cross-linked iron oxide particles 

in the Hela cell line showed an enhancement between 1.6 and 1.33 dependent on 

the applied irradiation dose (Huang et al, 2010). A combined radiation and gene 

therapy using iron oxide particles resulted in reduced relative tumor volume in human 

cervical cancer xenograft mice (Shen et al, 2010). A multiple method treatment of 

patients with glioblastoma multiforme was performed using iron oxide particle for 
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hyperthermia, followed by a radiation therapy. This approach resulted in a prolonged 

median survival of the treated patients (Maier-Hauff et al, 2011). Therefore, the tumor 

progress decreased by a direct damage of the tumor microvasculature during 

radiation therapy (Garcia-Barros et al, 2003). A high concentration of particles, 

needed for a sufficient therapy, was achieved by targeting peptides, which were 

already presented for glioblastoma using arginylglycylaspartic acid (RGD) 

conjugation (Zhang et al, 2012). Ultimately, the particles acted as a tumour targeted 

enhancement factor, which achieved high concentrations in the region of interest and 

gave additionally the possibility of MRI imaging for therapy progress control. Silver 

nanoparticles were used as irradiation enhancers as well. In the treatment of 

radiation resistant glioblastoma tumours the biological effect was dependent on the 

size and concentration of the nanoparticle. Smaller particles with a higher surface to 

volume ratio and higher concentrations showed the strongest biological effects (Xu et 

al, 2009). The effect was based on cation release, which induced an intracellular 

ROS production (AshaRani et al, 2009). Lim et al demonstrated that silver particles 

decrease the activity of the DNA kinase. This kinase is mainly responsible for 

repairing DNA damages including double strand breaks, which are the wanted 

therapeutic effect of the irradiation (Groselj et al, 2013). A multifunctional magnetic 

silver nanocomposite Fe3O4Ag with attached Cetuximab antibodies was presented 

for the treatment of malign tumours overexpressing the epidermal growth factor 

receptor (EGFR). Tests in human nasopharyngal carcinoma cell lines in vitro showed 

a dose dependent toxicity of the particles. However, a dose enhancement factor of 

2.26 at a concentration of 30 µg/l was achieved by concomitant radiation (Zhao et al, 

2012). Gold nanoparticles are easy to control in size distribution and show a high Z 

value of 79. Gold was used for irradiation enhancement, but shows low 

biocompatibility and is not an ideal candidate. However, an enhancement effect of 

10³ was achieved, using gold nanoparticles and Iodine-125 (125I) sources (Lechtman 

et al, 2011). Regulla et al presented the enhancement effect of gold in a biological 

environment. A dose enhancement factor was achieved by irradiating single layer 

mouse embryo fibroblasts, which were in close contact to a ultrathin gold foil (Regulla 

et al, 1998). The dose enhancement effect was theoretically calculated, but often 

differs from the achieved effect. Rahman et al evaluated the enhancement factor of 

gold nanoparticles on bovine endothelial cells treated with superficial x-ray radiation 

therapy as well as megavoltage electron radiation. More cell damage was identified 
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with the increase of the gold concentration. Additionally, the megavoltage generated 

25 times higher enhancement factor than the kilovolt x-ray. In comparison to the 

theoretical calculation, an 11% higher dose enhancement factor was achieved at a 

concentration of 41 µg/ml (Rahman et al, 2009). Hainfeld et al demonstrated the 

feasibility of using gold nanoparticles in mice for tumor control. In this study 

mammary carcinoma EMT-6 mice showed a one year survival rate of 0% with gold 

alone, 20% with irradiation alone and 86% in the combined therapy group (Hainfeld 

et al, 2004). In another study non functionalized 11 nm gold nanoparticles were 

intravenously administrated into mice bearing intracerebral human glioblastoma 

tumors. The particles effectively crossed the tumor- brain barrier and were 

accumulated with a tumor to brain ratio of 19:1. After the administration, the mice 

were irradiated with 30 Gy at 100 kVp and showed a one year survival rate of over 

50%. These results were a significant improvement in comparison to the untreated 

group, which showed a maximal survival of 23 days and the irradiation group without 

the particles with 100% mortality within 1 year  (Hainfeld et al, 2013). Chattopadhyay 

et al evaluated the radio sensitization effect of 30 nm gold particles labeled with 

trastuzumab antibodies. The particles were injected directly into the tumors of 

xenograft bearing mice. The irradiation was performed after 24 hours with a single 

dose of 11Gy at 100 kVp. The combined therapy resulted in a regression of tumor 

volume by 46% within a period of 120 days. In contrast, the control group with 

radiation treatment without gold particle administration showed a tumor volume 

increase of 16% in the same time period (Chattopadhyay et al, 2013).  

1.6 Synthesis procedures 

The most common method of iron oxide particle synthesis is the iron salt 

precipitation. For the synthesis of our particles (IONsolid, IONaerosole, xIONaerosole) we 

have modified the iron salt precipitation method, which will be presented and 

discussed in the following chapters of this thesis. This section will demonstrate the 

alternative synthesis pathways and will address the advantages as well as the 

disadvantages of these procedures. Iron oxide particles were successfully 

synthesized inside of micelles or water in oil emulsions (Liz et al, 1994). The iron 

salts were encapsulated inside these nanoreactors and the growth of the crystal was 

limited to the dimensions of the nanoreactor. The properties of the particles were 

varied using different surfactants and oils or changing the conditions of the reaction 
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(Laurent et al, 2008). Due to the nanosized aqueous core of the micelles, the crystal 

size of the synthesized particles was smaller than 15 nm (Müller & Müller, 1984). 

Inouye et al presented a method for the synthesis of iron oxide particles inside of 

micelles by oxidation of iron salts (Inouye et al, 1982). A large scale synthesis in 

micelles was performed at high temperatures and resulted in uniform size 

distribution. The size was adjusted by varying the concentration of iron salts, 

surfactant and solvents (Lee et al, 2005). Tang et al created smaller and more 

uniform particles using lower synthesis temperatures and by introducing nitrogen gas 

(Tang et al, 2003). Water in oil emulsions showed advantages in the droplet size 

control (Munshi et al, 1997). The nanoreactor was created by dispersed aqua 

droplets in a hydrocarbon environment (López-Quintela et al, 2004). The iron salt 

concentration and the synthesis temperature was varied to obtain particles between 3 

and 12 nm (Pileni, 2003). Iron oxide particles were created within vesicles using 

single tailed cationic cetyltrimethylammonium bromide (CTBA) and anionic 

dodecylbenzenesulfonic acid (DBSA) with a molar ratio of 7:3 and heating Fe2+ 

hydroxide (Yaacob et al, 1994). By adjusting the ratio of anions and cations the 

synthesis was performed at room temperature as well (Yaacob et al, 1995). Coated 

and uncoated iron oxide particles were synthesized in a one pot synthesis procedure 

using water in oil solution. The particles were participated using cyclohexylamin, 

oleylamine and iron salts. The core size was 3.5±0.6 nm with a narrow size 

distribution (Vidal-Vidal et al, 2006). Chitosan coated particles with a size between 10 

and 80 nm were created by adding NaOH to a solution containing chitosan and 

ferrous salt (Zhi et al, 2006). Magnetoliposomes resulted from encapsulating iron 

oxide cores inside liposomes. Subsequently, centrifugation, magnetic sorting or gel 

exclusion chromatography was used to separate the loaded liposomes from the 

empty ones (Laurent et al, 2008). Pegylated magnetoliposoms were synthesized by 

De Cuper et al by dialysis of single unilamelar vehicles and lauric acid coated 

nanoparticles (Bulte et al, 1999). Lipid-magnetite spherical nanoparticles in the size 

of 62 nm were created in a two-step synthesis. First, lipophilic magnetite was 

incorporated in a lipid phase solution containing ethyloleate and soybean lecithin. 

Afterwards, the solution was melted with an aqueous surfactant solution by heating. 

Secondly, the solution was dispersed in cold water under vigorous steering to create 

the particles (Igartua et al, 2002). Sangregorio et al presented a synthesis of 25 nm 

magnetoliposoms purified by magnetic sorting. Iron salts were encapsulated into 
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phospholipids and subsequently crystallized by NaOH diffusion into the inner 

compartment (Sangregorio et al, 1999). Solid lipid nanoparticles were created in cold 

water and showed sizes between 159 and 233 nm. The size was dependent on the 

iron concentration inside the liposomes (Peira et al, 2003). Sukhorukov presented a 

synthesis based on controlling the pH gradients across the synthesis capsule, which 

evolve from polyelectrolyte multilayers of polystyrene sulfonate and polyallylamine 

hydrochloride. Due to the gradient, Fe3+ ions moved across the wall and precipitated 

inside to iron oxide nanoparticles (Sukhorukov et al, 1998). Bacterium 

Magnetospirillum grysphiswaldense was effectively used for a biological synthesis. 

The culture medium contained ferric citrate to create the particles, which showed a 

narrow size distribution and a mean diameter of 42 ± 9 nm (Lisy et al, 2007). 

Gonzales-Carreno et al presented the pyrolysis method to synthesize iron oxide 

particles between 5 and 60 nm. In this method the iron salts and a solvent were 

directly sprayed into a reaction chamber. The particle size was dependent on the salt 

used and the initial droplet size (González-Carreño et al, 1993). Another method 

used laser energy to heat the gaseous mixture to form magnetite crystals. The 

advantage of this approach was the limited reaction space and subsequently a 

narrow size distribution. The size of the obtained particles was between 2 and 7 nm 

(Morales et al, 2003). Multifunctional particles embedded in a mesoporous matrix 

were synthesized by sol spray drying. The particle size and amount was controlled by 

the sol composition (Julian-Lopez et al, 2007). To achieve higher temperatures 

during the synthesis, the procedure was performed in a polyol environment. Polyol 

has a high boiling point and was used as a coating agent as well (Jézéquel et al, 

1995). The polyol coating enabled hydrophilic properties and the particles were 

dissolved in polar media. Additionally, the higher synthesis temperature delivered 

particles with higher magnetization and narrower distribution (Merikhi et al, 2000). 

Smaller particles were obtained by increasing the synthesis temperature. To 

synthesize a mixture of heterogeneous cores, preformed nuclei created from other 

materials were added to the reaction (Fievet et al, 1989). Three dimensional gels 

containing iron oxides were synthesized by hydroxylation and condensation of 

synthesis educts in a sol environment. The crystals of the precursor particles were 

solidified by subsequent heat treatment (Dai et al, 2005). The experimental 

conditions were predetermined and allowed tight size control when the gel-sol 

method was used. Therefore, the homogeneity and microstructure of the educts was 
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controlled. This approach resulted in a pure amorphous phase synthesis with 

monodispersed particles, which were embedded in the sol-gel matrix (Solinas et al, 

2001). The properties of the particles were influenced by the synthesis temperature, 

pH level and sol concentration (Ennas et al, 1998). Del Monte et al presented a 

synthesis procedure of particles between 6 and 15 nm, using the gel reaction method 

and a subsequently heat treatment with a temperature of 400°C (del Monte et al, 

1997). Different silica precursors were used for the synthesis. The surface to 

evaporation volume ratio (S/V ratio) and the synthesis temperature were two 

important factors for the synthesis. It was already presented that particles produced 

under high S/V ratios were smaller, than the particles synthesized with low S/V ratios 

(Solinas et al, 2001). Iron oxide particles were formed in reactors or autoclaves with 

temperatures above 200 °C and pressures higher than 2000 psi. The size of the 

particles was dependent on the reaction temperature and time as well as the 

solvents, which were used for the synthesis. Chen et al showed that in hydrothermal 

precipitation the particle size was adjusted by the control of the nucleation and 

crystallization processes. For both processes the same educts were needed and 

therefore a competitive relation exists, which was dependent on the synthesis 

temperature and time. Higher temperatures moved the balance more to the 

nucleation process and resulted in smaller particle size. Complementary, prolonged 

reaction time gave the growth process more reaction time and resulted in increased 

size (Chen & Xu, 1998). Zheng et al used the hydrothermal process to synthesize 27 

nm iron oxide particles in presence of sodium bis(2-ethylhexyl)sulfosuccinate (Zheng 

et al, 2006). Particles with sizes between 4 and 16 nm were obtained by thermal 

decomposition of iron pentacarbonyl and oleic acid at 100 °C followed by a growth 

phase at 300 °C (Hyeon et al, 2001). Woo et al synthesized hydrophobic particles 

using iron pentacarbonyl, octyl ether and oleic acid (Woo et al, 2005). It was already 

shown, that iron pentacarbonyl oleate was used to form nanoparticles. The size was 

controlled by the reaction temperature and was varied between 4 and 11 nm. Highly 

hydrophobic particles were synthesized by Sun et al by reacting iron(III) 

acetylacetonate with 1,2-hexadecanediol, oleic acid and oleylamine (Sun et al, 2003). 

Particles were synthesized from refluxing 2-Pyrrolidone into Fe(acac)3 or FeCl3 as 

well. The size was varied from 4 to 60 nm, and the shape was changed from 

spherical to cubic magnetite by increasing the reflux rate (Li et al, 2005). 



18 

1.7 Superparamagnetism 

Beside the natural permanent magnetism, the disordered magnetic moments can be 

aligned by applying an external magnetic field, which results in an induced 

magnetism. In ferromagnetic particles unpaired electron spins are aligned in one 

direction and result in ordered magnetic moments. Cooperative phenomenon of 

ferromagnetic materials means that a sufficient number of atoms are needed to 

create a resulting moment. If the particle size of ferromagnetic materials is smaller 

than the magnetic domain, the materials loose the ferromagnetic properties and 

become paramagnetic. The orientation of moments in ferromagnetic materials 

remains in absence of an external magnetic field as well. The aligned moments can 

only be disordered above the Curie temperature, which is specific for every material. 

In contrast, paramagnetic materials show a moment disorder in absence of an 

external field. If an external magnetic field is applied, the single domains are aligned 

and the resulting magnetic moment will additionally amplify the external field. Due to 

the much higher magnetic susceptibility of nanoparticles in comparison to 

paramagnetic materials the term superparamagnetism was established. In 

superparamagnetic nanoparticles without the influence of an external magnetic field, 

the magnetic domain of the particles could flip between different directions as well. 

The response of nanoparticles to external magnetic field depended on the crystallite 

core size. If the size remained under 15 nm the particles showed superparamagnetic 

properties. On the other hand, particles with diameters in micrometer range behaved 

similar to ferromagnetic materials (Lefebure et al, 1998). The blocking temperature of 

nanoparticles determines the transition from the free flipping magnetic moment of a 

superparamagnetic material to the blocked state, where the magnetization orientation 

remains in one direction. This phenomenon can be described by the proportion of 

measurement time (tm) to the flip time of the nanoparticle magnetization (tn) due to 

thermal fluctuation. The flip time which separates the orientation change is called the 

Neel relaxation time. In case of tm>tn the magnetization orientation changes during 

the measurement and the average value is close to zero, which represents the 

superparamagnetic state. When tn>tm the magnetization will remain blocked in one 

direction and the measured value will not change over the measurement time. In 

determining the blocking temperature the measurement time was kept constant and 

the temperature was varied to find the level of change between free flipping and 

blocked state, which was dependent on the material and the core size of the particles 
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(Chatterjee et al, 2003). Usually, iron oxide nanoparticles show stronger 

superparamagnetic properties with the decrease of the core size. However, it was 

already shown that core dimensions under 10 nm demonstrated an contrary effect 

and the saturation magnetization was reduced (Han et al, 1994). Surface coatings 

were non-magnetic layers with a thickness between 1 and 20 nm (Tourinho et al, 

1989). In polylactide-co-glycolide coated particles the saturation magnetization 

declined by nearly 50% of the value before the coating procedure (Gomez-Lopera et 

al, 2001). Similar results were shown with sodium oleate and polyvinylalcohol coated 

particles, where the coating reduced the saturation magnetization (Voit et al, 2001). 

Bradbury et al presented a Monte Carlo based study with core size measurements 

and magnetization calculations. The difference between the calculated and 

measured core diameter suggested a magnetically not functional layer on the surface 

of the cores (Bradbury et al, 1984). Magnetically dead layer in the range of 1 nm 

surrounding the core reduced the magnetization and was described by Sato et al. An 

asymmetric environment effect of the atoms on the surface was responsible for the 

magnetically dead layer (Sato et al, 1987)]. Binth et al demonstrated that magnetic 

nanoparticles showed saturation magnetization values between 30 and 50 emu/g, 

but in contrast the bulk magnetite value was 90 emu/g (Binh et al, 1998). The 

reduction was caused by the existence of noncollinar spins on the surface of the 

crystals (Coey, 1971). Another factor influencing the saturation magnetization was 

the core size itself. The curvature of smaller particles induced disorder crystal 

orientation and resulted in a linear function of size and saturation magnetization 

(Varanda et al, 2002). Zhou et al investigated thin magnetite films on silica substrate 

and showed that antiphase boundaries reduced the saturation magnetization and 

were not unique to Fe3O4 films (Zhou et al, 2001).  
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1.8 Aims of this thesis  

The purpose of the present thesis was:  

 to establish a stable synthesis protocol with physicochemical and biochemical 

characterization of a cross-linked, aminated, dextran-coated 

superparamagnetic iron oxide nanoparticle with core size of 5nm, suitable for 

a ligand attachment platform.  

 to develop a method and a protocol for visualizing the only in theory described 

hairy layer model of dextran coated iron oxide particles using electron 

tomography and the photo-conversation protocol. 

 to create a library of different physicochemical properties of FDA approved 

and commercially available iron oxide contrast agents, including core size, 

hydrodynamic diameter, iron content, Fe2+/Fe3+ ratio, crystal structure, Zeta 

potential, optical and thermal stability. 

 to test the feasibility of the newly synthesized cross-linked iron oxide particles 

to be used as stealth particles enclosed within human erythrocytes and create 

a protocol for loading thus particles across the membrane into erythrocytes 
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CHAPTER THREE: ADDITONAL RESULTS AND DISCUSSION 

3.1 General discussion 

An effective way to create iron oxide particles is the precipitation of ferrous and ferric 

salts in the presence of a coating agent. Magnetite is created in a pH range between 

8 and 14 and Fe3+/Fe2+ ratio of approximately 2:1 in an oxygen free environment 

(Jolivet et al, 2004). The reaction can be presented as follows: 

 

                           

 

The magnetite cores of xIONaerosol were participated at a pH = 9.5 and Fe3+/Fe2+ ratio 

of ~ 2:1. These settings proved particles with a narrow size distribution. Fe3+ was 

obtained from Fe3+Cl3, which was dissolved in ~ 80°C hot water and was cooled 

down to ~ 4°C before it was added to the dextran solution. Fe3+Cl3 dissolved in water 

at room temperature produced agglomerates, with sizes above 0.2 µm. Fe2+ was 

obtained from Fe2+Cl2, which was dissolved in ~ 4°C water and immediately added to 

the dextran solution to avoid to extensive oxidation. 

The reaction kinetics is dependent on the oxidation of iron salts and the oxygen 

content, which were removed by bubbling nitrogen through the solution. This step 

protects the magnetite from oxidative processes and reduces the mean core size 

(Kim et al, 2001). In our reaction, direct bubbling of nitrogen through the solution 

showed to reduce particle stability and particles demonstrated a broader size 

distribution. The nitrogen bubbles removed effectively ammonia from the solution, 

which caused a reduction of the pH level. Subsequently, this effect was the most 

probable reason for the stability reduction. Particles with higher stability were 

achieved by a continuous inflow of nitrogen into the reaction chamber above the 

particle solution.  Due to the remaining oxygen a part of the magnetite is oxidized to 

maghemite, which especially occurs under basic conditions (Laurent et al, 2008). 

 

        
          

       

 

Boistelle et al presented the nucleation, growth, habit modification and ripening 

phase transition of crystals in detail. The precursor nuclei developed in 

supersaturated medium and grew in a second step. The growing phase was 
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characterized by Ostwald ripening. This means that bigger particles tend to grow 

faster than the smaller ones, due to the disturbed surface equilibrium, which is 

caused by the addition and removal of synthesis educts on the surface.  Especially, 

the amount of removal increased with decreasing particle size and influenced the 

particle distribution (Boistelle & Astier, 1988). Our synthesis procedure consisted of 

two phases as well. The nucleation phase was characterized by constant low 

temperature, which was kept under 3°C with dry ice. In this period, deep cooled 

ammonia was added till pH=7. In the growing phase the temperature was increased 

till 87.5°C and held constantly over 120 min with a constant drop wise H2O inflow, to 

compensate the evaporation. Synthesis temperatures under 70°C did not deliver 

magnetite cores. In contrast, in syntheses above 95.0°C the temperature kinetics 

caused too massive water evaporation, which could not be balanced and resulted in 

agglomeration of the particles. A large amount of particles was created within a single 

synthesis using the precipitation protocol. However, only limited number of factors 

was controlled, what resulted in a broad size distribution (Laurent et al, 2008). In the 

first step, if the concentration of the educts was high enough the nucleation of 

magnetite cores occurred. In the second step, the crystals grew due to solute 

diffusion. Especially in this phase a further nucleation was avoided to create narrow 

distributed particles (Laurent et al, 2008). Babes et al demonstrated that particles 

between 2 and 17 nm were synthesized by varying the pH level, synthesis 

temperature, ratio of Fe2+/Fe3+ and nature of salts. By optimizing these parameters 

stable particles with a core diameter of 5 nm were synthesized. (Babes et al, 1999). 

The ratio of Fe2+/Fe3+ seemed to be the most important of these factors. An 

increasing ratio caused an increase in core size. Syntheses performed with ratios 

between 0.4 and 0.6 produce clinically usable particles. This is in accordance to ~ 0.5 

Fe2+/Fe3+ ratio of our synthesis. An increasing overall iron salt concentration caused 

an increase of the core size. An optimum for most uniform sized particles was found 

between 39 and 78 mM  (Babes et al, 1999). Another factor influencing the outcome 

of the synthesis was the pH level and the ionic strength, because these parameters 

modify the electrostatic surface charge of the crystals. A higher pH level and a 

stronger base resulted in smaller particles size. Above a certain pH level the crystals 

do not grew after the nucleation period. This non-growth point depends on the ionic 

strength and the temperature as well (Vayssières et al, 1998). The influence of the 

ionic strength on the synthesis was presented by adding 1M NaCl. The mean 
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diameter decreased by 1.5 nm and the saturation magnetization decreased from 71 

to 63 emu/g as well (Qiu, 2000). Gribanov et al showed that beside other factors the 

synthesis temperature has a major impact on the outcome and the nucleation period 

was insufficient if the temperature is too high (Gribanov et al, 1990). Removing 

oxygen was critical to prevent the magnetite from oxidative processes. Bubbling 

vaporous nitrogen through the solution was successfully implemented (Gupta & 

Wells, 2004). Massart et al synthesized iron oxide particles using the precipitation 

method and obtained 8 nm magnetite cores. The particle size was varied between 

4.2 and 16.6 nm by altering the pH level, Fe2+/Fe3+ ratio and exchanging the base 

used for the synthesis (Massart, 1981). The final size was controlled by adding 

chelating anions or polymer agents during or before the formation of magnetite 

crystals. Especially the molar ratio of chelating anions and iron salts leaded to 

inhibition or acceleration of crystal growth (Laurent et al, 2008). By adding citrate ions 

to the reaction the diameter of the particles was decreased to 3 nm. The nucleus 

growth was inhibited by the direct reaction of citrate with the iron ions and by citrate 

adsorption on the surface (Bee et al, 1995). The size distribution of iron oxide 

particles was narrowed in a second step by adding an electrolyte or a non-solvent to 

the solution. These substances disrupted the stability of the solution. The bigger 

particles precipitated and were easily eliminated. Cabuil et al successfully decreased 

the core size of citrate iron oxide nanoparticles adding NaCl as a disturbing factor to 

the final solution (Cabuil et al, 1995). This process was presented to work with 

cationic particles and nitric acid as well (Lefebure et al, 1998). The IONaerosole 

particles underwent further stabilization and functionalization. The dextran surface of 

freshly prepared IONaerosole was treated by epichlorohydrin. In this reaction the 

epoxide and the organochlorine compound of epichlorohydrin are able to react with 

the OH groups of dextran. We assume that the result is dependent on the availability 

of the OH dextran groups. If dextran provides not enough OH groups only the 

epoxide end of epichlorohydrin will react with OH, which leads to chlorinated dextran 

(Formula 3). On the other hand, if enough dextran OH groups are available, HCl is 

released and links between the OH groups of different dextran molecules are 

created, which leads to cross-linked dextran (Formula 4). These cross-links are 

probably responsible for the increased physicochemical stability. In a second step, 

the organochlorine compound of the chlorinated dextran can be treated with 

ammonia (NH4OH), where amino groups are created, the dextran molecules become 
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highly nucleophilic and HCl as well as H2O are released into the solution (Formula 5). 

This level of modification is presented by our xIONaerosole particles. Moreover, we 

were able to attach Fluorescein isothiocyanate (FITCs) as well as Alex Fluor 488 

carboxic acid succinimidyl ester (AF488) to create fluorescent particles (xIONaerosole-

FITCs and xIONaerosole-AF488). FITCs are functionalized fluorescein molecules with 

an isothiocyanate group, which is reactive with amine groups and binds directly to the 

nucleophilic dextran of xIONaerosole (Formula 6). AF488 has a increased photo-

stability, is brighter than FITCs and binds to the amine group of the dextran with 

release of N-Hydroxysuccinimide (NHS) group (Formula 7). With an average 

bounding rate of 9.9 AF488 per particle we have demonstrated the efficiency of our 

surface modification process. For the modification of our particles we have adapted 

the method of Högemann et al (Högemann et al, 2000). The method was based on 

the synthesis of dextran covered monocrystalline iron oxide particles. These particles 

were cross-linked using epicholorohydrina and subsequently treated with ammonia to 

create amine-terminals on the surface. In the next step, transferrin was conjugated 

through the linker molecule N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP). The 

conjugation resulted in a 4-fold increase in the number of molecules attached per iron 

oxide nanoparticle in comparison to conjugating done by oxidative activation of the 

dextran-coat with subsequent reduction of Schiff's base (Högemann et al, 2000). 

Wunderbaldinger et al compared physical and biological properties of 

monocrystalline iron oxide particles with aminated cross-linked iron oxide particles 

(Wunderbaldinger et al, 2002b). Both particles showed blood half-lives of 682 ± 34 

and 655 ± 37 min, which we assume to be comparable with IONaerosole and 

xIONaerosole. After injection the particles accumulated in hepatic endothelial and 

kupffer cells. Subsequently, the CLIOs were labelled with the membrane 

tranclocating tat-peptide, to increase the internalization rate. The average number of 

attached tat peptides per crystal to amino-CLIO was 9.7, but this modification 

reduced the blood half-life to 47 ± 6 min (Wunderbaldinger et al, 2002b). The 

attachment rate is comparable with our results, where we were able to connect 9.9 

Alexa Fluor 488® particles to xIONaerosole. Funovics et al improved the concept of 

nucleophilic particles by creating a targeted molecular imaging contrast agent 

(Funovics et al, 2005). The CLIO platform was further modified by attaching E-

selectin binding peptide for Lewis lung carcinoma cell targeting and attaching Cy5 
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cyanine dye for visualization by means of fluorescence microscopy (Funovics et al, 

2005). 
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3.2 Transmission electron microscopy (TEM) 

The core of iron oxide particles consists of Fe2+ and Fe3+, is electron dense and it is 

possible to visualize the core in transmission electron microscopy. In contrast, 

dextran molecules which serve as coating material for iron oxide nanoparticles are 

not electron dense and cannot be detected by TEM imaging without further 

modification. The newly synthesized particles demonstrated the biggest diameters 

with d = 5.58 ± 1.14 nm for IONaerosol (Figure 1) and d = 5.64 ± 1.3 nm for IONsolid 

(Figure 2). The dextran blast apparatus seems to influence the core size as well. The 

average core size decreased. However, this effect was not significant and needs 

further investigation. In contrast to Endorem® (Figure 3) and Resovist® (Figure 4), 

no extensive aggregation was found in the self-synthesized particles. Both previously 

commercially available particles showed smaller core sizes with d = 5.05 ± 1.06 nm 

for Endorem® and d = 4.34 ± 0.84 nm for Resovist®. These results were similar to 

the literature, where Endorem® was presented to have d = 5 nm (Torres Martin de 

Rosales et al, 2011) and Resovist® d = 4.2 nm (Wang et al, 2001).  

 

Figure 1: IONaerosole cores visualized by Transmission electron microscopy 
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Figure 2: IONsolid cores visualized by Transmission electron microscopy TAUSCHEN 

 
Figure 3: Endorem® cores visualized by Transmission electron microscopy  
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Figure 4: Resovist® cores visualized by Transmission electron microscopy  

3.3 Dynamic laser light scattering (DLS) 

The particles IONsolid and IONaerosol were precipitated from Fe2+/Fe3 in the highly 

concentrated dextran solution under exact the same conditions. The difference of 

both procedures was based on different dextran dissolving protocols. For IONsolid the 

classical spoon method was used. Using this method the dextran powder is directly 

added into vigorously stirred water. In contrast, the IONaerosol particles where 

synthesized from aerosol phase dextran, which was created using an innovative 

nitrogen blast device and resulted in a monodispersed dextran solution. IONaerosol had 

a diameter of d = 34.06 nm with a peak size of d = 40.65 nm and a peak width of d = 

16.41 nm (Figure 5). In contrast, IONsolid showed a hydrodynamic size of d = 37.12 

nm with a peak size of d = 42.23 nm and a peak width of d = 14.43 nm (Figure 6). 

The narrow curve progression with high peak levels in the size distribution histogram 

indicates that IONaerosol exhibits a clearly unimodal distribution in comparison to 

IONsolid and the dextran blast apparatus resulted in a significant reduced 

hydrodynamic diameter (Figure 7). Both commercially available particles showed a 

broader size distribution. Endorem® showed a double peak distribution with a mean 

size of d = 168.1 nm and a first peak of d = 20.36 nm, width d = 4.475 nm as well as 
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a second peak of d = 240.3 nm, width d = 144.8 nm (Figure 8). The hydrodynamic 

size of Resovist® was d = 61.78 nm with a peak size of d = 79.77 nm and a peak 

width of d = 38.55 nm (Figure 9).  

 
Figure 5: Hydrodynamic size distribution of IONaerosole 

 
Figure 6: Hydrodynamic size distribution of IONsolid 
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Figure 7: Hydrodynamic size distribution of IONaerosole and IONsolid 

 
Figure 8: Hydrodynamic size distribution of Endorem® 
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Figure 9: Hydrodynamic size distribution of Resovist® 

3.4 Relaxivity  

The magnetite core of iron oxide particles induces a signal reduction in the MRI and 

is therefore a negative contrast agent (Roch et al, 1999). The ability of the particles to 

influence the transversal relaxation time T2 and the longitudinal relaxation time T1 are 

described by their reciprocals, relaxivity r2 and r1. Higher r1 and r2 values cause a 

stronger signal change in the MRI (Sosnovik et al, 2008). Additionally, a lower r2/r1 

ratio means in general smaller clusters of the particles in the solution. The relaxivity 

of the particles was measured using clinical 1.5T MRI equipment. To determine the 

relaxivities, the particles have to be measured at different concentrations by varying 

the echo time (TE) to obtain r1 and by varying the inversion time (TI) to obtain r2. The 

measurement was performed for all particles at 21 °C with a dilution series in a 96-

well plate (Figure 10).  Both values of r1 and r2 are dependent on different 

parameters, which include the temperature, the medium where the particles are 

diluted and the magnetic field strength of the MRI. Endorem® showed the following 

values: r2  = 114.4 mM-1s-1, r1 = 10.1 mM-1s-1 and a ratio r2/1 = 11.33.  Resovist® 

demonstrated a higher r2 of 196.5 mM-1s-1, a r1 of 9.86 mM-1s-1 and subsequently a 

higher r2/1 ratio of 19.93. Both results are comparable with the self-synthesized 

particles IONaerosole and xIONaerosole. 
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Figure 10: Relaxivity measurement of all particles in a 1.5T MRT using a 96 well plate 

3.5 Mössbauer spectroscopy 

The spectrum of the self-synthesized IONaerosole particles  appeared to be less 

resolved and broader which is due to larger internal magnetic fields of ~ 52(4) kOe 

for Fe3+ and ~ 48(8) kOe for Fe2+. Smaller spin relaxation processes seem to occur, 

which is due to larger particle sizes (Figure 11). As in all samples the Fe2+ 

component is small with only ~ 20% of the total iron. Endorem® showed the smallest 

internal magnetic fields of 38(3) and 43(7) kOe for the Fe3+ and the Fe2+ component 

and the most relaxed spectra. Thus, it is assumed that this sample displays the 

smallest particle size among all samples (Figure 12). The amount of the Fe2+ 

component was similar to the self-synthesized particles (~ 20 ± 5%). Resovist® had a 

different appearance as two side peaks at ~ -0.7 mm/s and 1.4 mm/s are visible 

which were not present in the other samples (Figure 13). On the basis of their isomer 

shift values, the magnetic split component with 442(5) kOe is assigned to Fe3+, the 

second one with 209(8) kOe to mixed valent iron "Fe2.5+" as it is typical for magnetite. 

It is assumed that these two additional components arise from somewhat larger 

magnetite particles. Pinna et al published well resolved magnetic split Mössbauer 

spectra for 10 nm magnetite nanoparticles (Pinna et al, 2005). The inner broad 
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component was evaluated using a similar procedure as for the remainder samples 

yielding internal magnetic fields of 40(4) and 47(5) kOe for Fe3+and Fe2+ respectively. 

 
Figure 11: Mössbauer spectroscopy of IONaerosole particles 

 
Figure 12: Mössbauer spectroscopy of Endorem® particles 
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Figure 13: Mössbauer spectroscopy of Resovist® particles 

3.6 UV light irradiation  

The particles were irradiated using UV light to evaluate the stability of the coating 

layer. After every cycle of 0.25 Joule the hydrodynamic size was determined using 

dynamic laser light scattering. IONaerosole demonstrated a size shift at 3 Joule. The 

mean size was d = 84.54 nm with a double peak distribution, where the first peak 

was d = 104.7 nm and the second 5365 nm (Figure 14). Further administration of 

energy till 6 Joule caused agglomeration of the particles, with a resulting mean size 

of d = 1377 nm and double peak distribution with 149.3 and 2355 nm (Figure 15). 

The UV irradiation experiment demonstrated that the cross-linked surface provided 

superior UV-light resistance and the particles showed no significant difference in the 

distribution till the end-dose of 9 Joule. The mean size was d = 48.52 nm with a 

single peak d = 55.68 nm (Figure 16). Endorem® showed significant agglomeration 

after administration of 3 Joule. The mean size was d = 2461 nm with a triple peak of 

253.4, 1361 and 5398 nm (Figure 17). The mean size of Resovist® increased 

already at 3 Joule d = 99.71 and at 6 Joule the particles showed a double peak 

distribution with peak one d = 34.48 nm, peak two d = 178.4 as well as mean size d = 

137.5 (Figure 18) Rienso® demonstrated a slightly size shift at 6 Joule to a mean 
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size of d = 23.44 nm. A significant agglomeration of the particles was detected at 9 

Joules with a mean size of d = 26.8 nm and a triple peak distribution of d = 23.04 nm, 

d = 349.2 nm and 4790 nm (Figure 19).  

 
Figure 14: Hydrodynamic size distribution of IONaerosole irradiated with 3 J UV-light 

 
Figure 15: Hydrodynamic size distribution of IONaerosole irradiated with 6 J UV-light 
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Figure 16: Hydrodynamic size distribution of xIONaerosole irradiated with 9 J UV-light 

 

Figure 17: Hydrodynamic size distribution of Endorem® irradiated with 3 J UV-light  
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Figure 18: Hydrodynamic size distribution of Resovist® irradiated with 3 J UV-light 

 
Figure 19: Hydrodynamic size distribution of Rienso® irradiated with 9 J UV-light 
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3.7 Temperature trend analysis 

A promising field of application of iron oxide particles is the hyperthermal therapy for 

cancer treatment (Lin et al, 2008) . It is based on the fact, that cancer cells are more 

vulnerable to temperatures above 43°C than non-tumor cells and that iron oxide 

particles can release heat when treated with an alternating magnetic field  (Kalambur 

et al, 2005; Mornet et al, 2004). Consequently, when particles are internalized into 

tumors, they convert the electromagnetic energy into thermal energy (Gneveckow et 

al, 2004).  Hyperthermia using iron oxide particles combined with radiation therapy 

was already evaluated in humans for prostate cancer treatment and showed that the 

effect on tumor growth at 20 Gy was equal to 60 Gy for radiation therapy alone 

(Johannsen et al, 2006). Ideally, this therapy targets only the cells with internalized 

particles, but in reality due to the diffusion gradients a larger field of treatment should 

be anticipated. The stability of iron oxide particles in a temperature range from 30 to 

90 °C was tested to demonstrate the usability of iron oxide particles in hyperthermia 

therapy. IONaerosole showed a size variation of 6.4 %, with a mean size maximum d = 

34.30 nm at 30 °C and a mean size minimum d = 32.23 nm at 67.5 °C (Figure 20). 

The size drift of xIONaerosole was 5.6 %, with a mean size maximum d = 49.94 nm at 

32.5 °C and a mean size minimum d = 47.28 nm at 65.0 °C (Figure 21). Endorem® 

showed size change of 7.9 %, with a mean size maximum d = 169.8 nm at 90 °C and 

a mean size minimum d = 157.4 nm at 82.5 °C (Figure 22). The size of Resovist® 

varied by 4.8 % with a mean size maximum d = 62.64 nm at 30 °C and a mean size 

minimum d = 59.79 nm at 70.0 °C (Figure 23). Rienso® showed a size variation of 

6.3 %, with a mean size maximum d = 25.00 nm at 85 °C and a mean size minimum 

d = 23.51 nm at 47.5 °C (Figure 24). In conclusion, all particles demonstrated 

sufficient stability for thermal therapy. However, the size increase starting from 70 °C 

may indicate a loosening of hydrogen bounds between the dextran molecules and 

the iron core. This fact may have an influence on long term stability, which was not 

evaluated in this study. 
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Figure 20: Hydrodynamic size alternation of IONaerosole at temperatures between 30 

and 90 °C 

 

 
Figure 21: Hydrodynamic size alternation of xIONaerosole at temperatures between 30 

and 90 °C 
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Figure 22: Hydrodynamic size alternation of Endorem® at temperatures between 30 

and 90 °C 

 

 
Figure 23: Hydrodynamic size alternation of Resovist® at temperatures between 30 

and 90 °C 
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Figure 24: Hydrodynamic size alternation of Rienso® at temperatures between 30 

and 90 °C  

3.8 Zeta potential 

The Zeta potential is the potential of the layer between the stationary and the liquid 

phase surrounding the particles (Di Marco et al, 2007). The value of the zeta potential 

is equal to the repulsion force between particles with similar charge. If the particles 

are small enough, it is a viable indicator of the interaction between the particles and a 

parameter for the stability of the solution. A low Zeta potential means, that the 

repulsion force is lower than the attraction between the particles. This solution has a 

low degree of colloidal stability, the particles tend to aggregate and to flocculate. In 

contrast, a high Zeta potential means that the repulsion force is stronger than the 

attraction and the solution is stable. Four degrees of stability were presented: instable 

±0 - 10 mV; Incipient ±10 - 30 mV; Moderate ±30 – 40 mV; Good ±40 – 60 mV; 

Excellent above ±60 mV (Hanaor et al, 2012). The Zeta potential of IONaerosole 

particles was -30.7 mV with a potential deviation of 8.33 mV and was measured at a 

conductivity of 0.291mS/cm (Figure 25). Endorem® demonstrated a potential of -32.2 

mV and deviation of 5.61, measured at a conductivity of 0.00962 mS/cm (Figure 26). 

Resovist® showed a value of -39.3 mV with a deviation of 12.9 mV and solvent 
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conductivity of 0.0284 mS/cm (Figure 27). All investigated particles showed to be 

moderate stable. This level of stability is sufficient to perform imaging in vivo. 

 
Figure 25: Zeta potential distribution of IONaerosole 

 
Figure 26: Zeta potential distribution of Endorem® 
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Figure 27: Zeta potential distribution of Resovist® 

3.9 X-ray diffraction 

In x-ray diffraction the investigated crystal generates a diffraction of the x-rays, which 

is specific and represents a reflection pattern for the specific material. The obtained 

reflections can be transformed by Fourier transformation into three-dimensional 

crystal models and subsequently compared with existing models to determine the 

crystal group affiliation. All investigated particles showed peaks at 220, 311, 400, 

422, 511 and 440 nm in the X-ray diffraction analysis, which equals the cubic 

magnetite structure space group Fd-3m. The calculated Crystallite size for IONaerosole 

was d = 9.5 ± 0.2 nm with a lattice constant of a = 8.362 ± 0.003 (Figure 28). 

Endorem® showed the smallest crystalline size with d = 7.1 ± 0.1 nm and a lattice 

constant of a = 8.360 ± 0.002 (Figure 29). In contrast, the crystalline size of 

Resovist® was the smallest under the evaluated particles and demonstrated a 

diameter of d = 9.9 ± 0.3 nm with a lattice constant of a = 8.359 ± 0.003 (Figure 30). 

The size difference between the TEM core measurements and the crystalline size 

obtained by x-ray diffraction cannot be fully explained.  One possible reason could be 

the nano size of the iron oxide cores, which cause a resolution error of the reflection 

pattern. However, to explain the difference further investigation is needed. 
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Figure 28: X-ray diffraction of IONaerosole 

 
Figure 29: X-ray diffraction of Endorem® 
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Figure 30: X-ray diffraction of Resovist® 

3.10 Internalization of xIONaerosole 

The synthesized particles xIONaerosole were tested for internalization capability in three 

different cell lines. Human aortic endothelial cells (HAEC) and Human aortic smooth 

muscle cells (HASMC) were used to simulate the interaction of the particles with the 

vasculature system. To evaluate the interaction of the particles with human renal 

cells, the particles were tested in Henrietta Lacks cervix carcinoma (HELA) epithelial 

cell culture. All three cell lines were cultured to the confluence and incubated with 

xIONaerosole particles coupled to Alexa Fluor 488® for 48h. The influence of particle 

charge was already described in the literature. Wilhelm et al published, that 

negatively charged particles undergo faster internalization due to the attraction of the 

positively charged cell membrane (Wilhelm et al, 2003). Illustrations of all three cell 

lines created by means of confocal microscopy showed in all three cell lines (HAEC 

Fig. 31; HASMC Fig. 32; HELA Fig. 33) internalized xIONaerosole particles, which were 

accumulated in numerous endosomes and lysosomes. xIONaerosole demonstrate a 

positive zeta potential, which seems not to block the internalization. 
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Figure 31: Internalized IONaerosole partilces (green) in HAEC cells (red) 

 
Figure 32: Internalized IONaerosole partilces (green) in HASMC cells (red) 
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Figure 33: Internalized IONaerosole partilces (green) in HELA cells (red) 

3.11 Erythrocyte loading 

A limiting factor of the application of contrast agents in vivo is the circulation time. On 

one hand, the particles undergo elimination by the reticuloendothelial system; on the 

other, the particles renal excretion. These factors decreased the blood circulation 

time of CLIOs to 655±37 min and Tat peptide labelled CLIOs to 47±6 min 

(Wunderbaldinger et al, 2002a). To overcome these limitations and to increase the 

potential circulation time the xIONaerosole particles were encapsulated into RBCs. The 

vitality of the loaded cells was optically confirmed by optical microscopy. The 

efficiency of the loading procedure was demonstrated by TEM imaging (Figure 34), 

where multiple iron oxide cores were visualized (arrows). Magnani et al showed that 

particles encapsulated in human RBCs remain for over 30 days in the blood pool 

(Magnani et al, 1990). We assume that this circulation time is applicable for our 

particles as well, because the concept of encapsulating is similar.  In later studies the 

same author presented a semi-automatic loading apparatus, but to load the RBCs at 

least 60-70 ml of blood is needed (Magnani et al, 1998). This is more in comparison 

to 10 ml, which were needed to load the RBCs during our procedure.  
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Figure 34: Transmission electron microscopy of xIONaerosole loaded erythrocytes 

3.12 Biocompatability 

xIONaerosole particles were designed to serve as a functionalizable contrast agent. To 

reach a specific molecular target it is necessary to cross different diffusion barriers. A 

simple way to bypass the entry barrier is to administrate the particles directly into the 

blood flow. In this case the particles get in tight contact with kidney cells. Therefore, 

the toxicity potential of the particles was investigated in renal epithelial cell cultures 

(LCC-PK1). All tested particles (Resovist®, Endorem®, IONaerosole) did not show an 

acute toxic reaction in Resatzurin assay (Figure 35) and LDH release (Figure 37).  

Similarly, no significant reaction was detected after 7 days in Resazurin assay 

(Figure 36) and in LDH release (Figure 38).Ding et al presented, that the toxicity of 

iron oxide particles is cell specific and in renal cells no toxicity was detected for iron 

concentrations up to 128 mg/ml. In contrast, periphery blood mononuclear cells 

(PBMC) underwent concentration dependent apoptosis (Ding et al, 2010).  Human 

umbilical vain endothelial cells (HUVEC) were inhibited in migration already at a 

concentration of 0.1 mM iron and over 1 mM the viability decreased below 50% (Wu 

et al, 2010). Soenen et al demonstrated that Resovist® particles had no toxic effect 
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in human blood outgrowth endothelial cells (HBOEC) below an iron concentration of 

300 µg/ml (Soenen et al, 2011). 

 
Figure 35: Resazurin reduction direct after 24h of exposure 

 
Figure 36: Resazurin reduction 1 week after the exposure 
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Figure 37: LDH release direct after 24h of exposure 

 
Figure 38: LDH release 1 week after the exposure 
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3.13 Conclusion & future prospects  

In our scientific studies we have demonstrated, that it is possible to create a 

competitive nanotechnology research programme in a clinical environment. The 

synthesized iron oxide particles (IONaerosole) were compared to three different existing 

commercial products (Endorem®, Resovist® and Rienso®), which were developed 

by companies with a multiple higher research budget (Guerbet, Schering and Takeda 

Pharma). We have successfully demonstrated that the properties of our particles 

were superior to existing products in various categories including size distribution and 

detectability due to better relaxivity values. Additionally, we have cross-linked and 

aminated the dextran surface of IONaerosole to provide a modifiable research tool. On 

the basis of these modifications the particles are highly nucleophilic and diverse 

agents can be attached to the surface (xIONaerosole). Therefore, it is possible to detect 

molecular targets in-vivo, if target specific molecules (i.e. proteins, small molecules, 

antibodies) are attached to the particles. The visualization can be performed routinely 

by magnetic resonance imaging, where the iron core gives a distraction of the 

magnetic field and creates a negative signal in the images. Furthermore, the particles 

can be adapted to a desired visualization method by attaching specific tracers, which 

include fluorescent dyes or radioactive pet tracers among others. For our cell culture 

studies we have developed a nanocompound, consisting xIONaerosole with attached 

Alexa Flour 488® molecules. Using live view confocal microscopy we have 

demonstrated that these particles are able to cross the cellular membrane of different 

human cell lines (HAEC, HASMC and HELA) and are stored in intracellular vesicles. 

Therefore, the particles are able to cross biological diffusion barriers and find 

extravascular as well as intracellular targets. Ultimately, we have successfully 

encapsulated xIONaerosole particles in red blood cells to avoid renal clearance and the 

uptake by the RES system. This strategy increases the blood circulation time of the 

particles and decreases substance concentration peaks, which are responsible for 

adverse events. In future studies we want to focus on the development of treatment 

strategies, which will be based on xIONaerosole particles. The first study will address 

radiation enhancement. It was already presented that diverse nanoparticles are able 

to enhance the impact of radiation therapy on cancerous cells. Due to the ability of 

xIONaerosole to address predefined targets, we assume that we will be able to reduce 

the distance between the enhancer and the radiation target. This will result in cell 

specific therapy and improved clinical results.    
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CHAPTER FOUR: MATERIALS & METHODS 

4.1 Iron content 

The overall iron content was determined by complexometric titration, using 5-

sulfosalicylic acid (Sigma Aldrich, St. Louis, MI, USA) and ethylenediaminetetraacetic 

acid (EDTA, Sigma Aldrich, St. Louis, MI, USA). This indicator provides only a Fe(III) 

measurement.  To oxidize the Fe2+ fraction to Fe3+ the particles (IONaerosole, 

xIONaerosole, Rienso®, Resovist® and Endorem®) were diluted in nanopure water, 

and nitric acid (65%, Sigma Aldrich, St. Louis, MI, USA) as well as hydrogen peroxide 

(30%, Sigma Aldrich, St. Louis, MI, USA) were added. The solution was heated to 

90°C and the temperature was kept for 3 minutes. Afterwards, the solution was 

diluted 1:10 and adjusted to pH=2.5 using NaOH solution (50% wt/vol, Sigma Aldrich, 

St. Louis, MI, USA). To determine the endpoint, EDTA (0.01M, Sigma Aldrich, St. 

Louis, MI, USA) was added using a titration device (Multipette x-stream, Eppendorf, 

Hamburg, GER). Sulfosalicylic acid (5%, Sigma Aldrich, St. Louis, MI, USA) served 

as complexometric indicator. The measurements of complexometric titration were 

verified by high resolution inductively coupled plasma mass spectrometry (ICP-OES, 

Jobin Yvon ACTIVA, Horiba, Kyoto, JP) using a 1kW Argon-Plasma generator. 

Before the measurement, a linear four point Fe calibration (0.000-0.250-0.500-1.000 

mg/l) was performed (correlation >0.999) using an ICP standard solution (ICP 

standard XIV, Merck, Darmstadt, GER). The Fe line showed a wavelength of 259.940 

nm (background corrected). All samples were measured at Fe concentrations below 

1mg/l Fe.  

4.2 UV stability 

The UV stability of the particles was investigated using a UV-crosslinker (Biolink, 

Vibert Lourmat, Cedex, FR). The particles (IONaerosole, xIONaerosole, Rienso®, 

Resovist® and Endorem®) were diluted in nanopure water to a concentration of 1%. 

24 well plates (Flat bottom, Nalgene Nunc, Penfield, NY, USA) were filled with the 

nanoparticle solution. The well plates were placed in the cross-linker and were 

irritated with 254 nm ultraviolet light till a total energy of 6 Joule (24 steps from 0.25 

to 6 Joule) At each level, the sample was taken out of the well plate and was 

investigated using Laser Light Scattering (Zetasizer S90 Nano, Malvern, 
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Worcestershire, UK). Each sample was measured within 40 runs at 21°C using a 

standard quartz cuvette.  

4.3 Temperature trend analysis 

The temperature trend analysis was investigated by dynamic laser light scattering 

(Zetasizer Nano S90, Malvern, Worcestershire, UK). The overall hydrodynamic 

diameter of the particles (IONaerosole, xIONaerosole, Rienso®, Resovist® and 

Endorem®) was determined in the range between 20°C and 80°C. To eliminate 

concentration dependent effects, the particles were diluted to a concentration of 0.1% 

in nanopure water (Easypure II, Millipore, Lake Balboa, CA, USA). All measurements 

were performed in 1.5° steps and 40 runs for every point using a standard quartz 

cuvette. 

4.4 Erythrocyte loading 

For the loading procedure our own blood donation was used. The blood was 

collected using the Vacutainer Safty-LokTM system and (Becton Dickinson, Franklin 

Lakes, NJ, USA) heparin tubes (Becton Dickinson, Franklin Lakes, NJ, USA). The 

blood was concentrated by centrifugation at 1000 g at 10°C for 10 minutes. The 

remaining erythrocytes were washed with 4 °C cold PBS solution (1x, Sigma Aldrich, 

St. Louis, MI, USA) and concentrated by centrifugation at 1000 g at 4°C for 10 

minutes. This procedure was repeated three times. The erythrocytes were filled into 

20 kD Spectra/Por Float-A-Lyzer 5 ml tubes (Spectrumlabs, Rancho Dominguez, CA, 

USA) and dialyzed in diluted (PBS/H2O ratio 3:2) and cooled (4 °C) PBS solution (1x, 

Sigma Aldrich, St. Louis, MI, USA) for 15 min. 50 µl of xIONaerosole particles (4.2 

mgFe/ml) were added directly into the dialysis tubes and the erythrocytes were 

incubated with the particles for 45 min. To encapsulate the particles in the 

erythrocytes the tubes were transferred into 37 °C PBS buffer (1x, Sigma Aldrich, St. 

Louis, MI, USA containing 15 % PIGPA solution and were dialyzed for 45 min. The 

PIGPA solution contained 33 mM NaH2PO4, 1.606 M KCl, 0.194 M NaCl, 0.1 M 

inosine, 5 mM adenine, 20 mM ATP, 0.1 M glucose 0.1 M pyruvate and 4 mM MgCl2 

(all from Sigma Aldrich, St. Louis, MI, USA). The erythrocytes were collected into 15 

ml Falcon tubes (Corning, Corning, NY, USA), washed with PBS solution (1x, Sigma 

Aldrich, St. Louis, MI, USA) and concentrated by centrifugation at 400 g at 21°C for 5 
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minutes. The washing and concentrating procedure was repeated three times to 

remove all particles, which were not encapsulated.  

4.5 Other measurements 

The following measurements for IONaerosole, Endorem®, and Resovist® were 

performed in accordance with the material and methods presented in the publication 

“Nucleophilic cross-linked, dextran coated iron oxide nanoparticles as basis for 

molecular imaging: Synthesis, characterization, visualization and comparison to 

previous product.”, which is presented in section 2.1 of this thesis: Transmission 

electron microscopy (TEM), Dynamic laser light scattering (DLS), Relaxivity, 

Mössbauer spectroscopy, Zeta potential, X-ray diffraction, Biocompatability 
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