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ABSTRACT 
 
Magnetic resonance imaging (MRI) is a noninvasive imaging technique that helps clinicians not 
only to diagnose but also to plan the treatment of invasive surgery and actually treat medical 
conditions. Superparamagnetic iron oxide nanoparticles (SPIONs) are a family of MRI contrast 
agents that improves MRI sensitivity/specificity. The aim of this thesis was to caracterize newly 
developed target specific MRI contrast enhancers using SPIONs. The specific objectives were: 
Functionalization of SPIONs; Characterization of the functionalized SPIONs with the properties 
of MR image, biocompatibility and in vivo interactions.  
 
Chemical surface modifications of SPIONs were carried out in three ways: (a) by coating 
polymeric starch, ethanolamine or aminopropyltrimethoxysilane with co-precipitation of 
magnetite in the matrix of these substances; or (b) by coating gold with coprecipitation of 
magnetite and subsequent reduction of Au on the surface; or (c) conjugate bovine serum 
albumin (BSA) to the surface of the particles using the zero-length cross-linker 1-ethyl-3-(3 
dimethylaminopropyl) carbodiimde hydrochloride (EDC). A method based on 
capillaryelectrophoresis with laser-induced fluorescence detection (CE/LIF) was developed to 
determine the conjugation efficiency of proteins or other primary amino group containing 
molecules linked to SPIONs.  
 
Monocrystalline iron oxide nanoparticles (MIONs) are a type of SPIONs with an optimal size 
of 10-30 nm, when starch coated MIONs (Starch-MIONs) were infused into the striatum of the 
rats, T2*-imaging showed that Starch-MIONs were capable of diffusing in the brain parenchyma. 
Additional studies showed when Dextran or gold coated MIONs (Dextran-MIONs) or (Au-
MIONs) were infused into the striatum of the rats. T2-weighted imaging revealed that increasing 
the infusion volume resulted in a dramatic expansion of the labeled area of Dextran-MIONs. 
Similar effects were observed when the infusion dose or retention time was increased. In contrast, 
Au-MIONs were static at the local injection area and no diffusion was observed. In addition, after 
two weeks, the signal of Dextran-MIONs was much attenuated whereas Au-MIONs still 
produced strong signals.  
 
Au-MIONs were incubated with mouse neural stem cells at a dose of 10 µg Fe/ml without a 
transfection agent, and Dextran-MIONs were used at a dose of 10/100 µg Fe/ml as a control. A 
100% labeling efficiency was observed with Au-MIONs 24 hours after incubation, but no uptake 
was detected for Dextran-MIONs even at a dose of 100 µg Fe.  
 
Green fluorescent protein positive neural stem cells (GFP-NSCs) were labeled with Au-MIONs. 
Without any transfection agent, an 80% labeling efficiency was observed 24 hours after 
incubation. The Au-MIONs labeled GFP-NSCs were tested in agar medium and a dose-dependent 
attenuation of MRI signals was observed for the labeled cells in samples containing as few as 
only 20 cells. The labeled cells were infused into the spinal cord of rats and tracked by MRI for a 
period of one month. Histological analysis revealed that MRI correlated well with gold-positive 
staining of transplanted cells.  
 
In summary, SPIONs can be functionalized with certain substances. The coating efficiency 
can be monitored by CE/LIF via primary amino groups within the coating substances. Both 
Starch-MIONs and Dextran-MIONs were capable of diffusing through the interstitial space of 
brain parenchyma and were progressively cleared out, which can be beneficially used in drug 
or molecule target delivery and MRI applications for tracing and therapy. Au-MIONs possess 
superior stability and surface properties, the latter enabling rapid cellular uptake of the 
particles under physiological conditions. These properties make Au-MIONs especially 
suitable for tracking transplated cells by MRI.  
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ABBREVIATIONS 
 
aCSF                         2 Artificial cerebrospinal fluid 

Au-MIONs                 Gold-coated monocrystalline iron oxide nanoparticles  

BSA                            Bovine serum albumin  

CE                              Capillary electrophoresis 

CE/LIF                       Capillary electrophoresis with laser-induced fluorescence detection 

CE/UV                       Capillary electrophoresis with ultraviolet detection  

DAB                           Diaminobenzidine 

Dextran-MIONs         Dextran-coated monocrystalline iron oxide nanoparticles  

DMEM F12                Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12  

EDC                           1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride  

FID                             Free induction decay  

fMRI                          Function MRI  

GDNF                        Glial cell line-derived neurotrophic factor  

GDNF-NSCs             Neural stem cells with encoded GDNF expression 

GFAP                        Glial fibrillary acidic protein  

GFP                           Green fluorescent protein  

GFP-NSCs                 Neural stem cells with viral transduction of GFP 

ID                               Inside diameter 

IgG                             Immunoglobulin G 

MIONs                       Monocrystalline iron oxide nanoparticles   

MRI                           Magnetic resonance imaging  

NDA                          Naphthyldialdehyde 

NOS                           Nitric oxide synthetase  

NSCs                          Neural stem cells 

PBS                            Phosphate buffered saline  

RES                            reticuloendothelial system  

RF                              Radiofrequency  

SI                               Signal intensity 

SPIONs                      Superparamagnetic iron oxide nanoparticles 

Starch-SPIONs          Starch coated SPIONs  

TA                     222        Transfection agents  

TEM                          Transmission electron microscopy   

TH                             Hydroxylase  

UV/VIS                     Ultraviolet /visible spectrometry     

VIM                             Vimentin  
 

 6



CONTENTS 
 
1   INTRODUCTION ……………………………………………………....…….…….9 

     1.1  Superparamagnetic iron oxide nanoparticles (SPIONs) …………………9  
              1.1.1   Biomedical Applications of SPIONs………………………………....….…9  

                         1.1.1.1   SPIONs as MRI contrast agent………………...…………….……9 

                          1.1.1.2   Active drug targeting ………………………………………....….10 

                         1.1.1.3   Hyperthermia …………………………………………………….11 
              1.1.2   SPIONs synthesis………………………………………………………….11 

              1.1.3   Surface modification of SPIONs………………………………………….12 

              1.1.4   Bioconjugation…………………………………………………….………13 

              1.1.5   Magnetic properties of SPIONs…………………………………….……..13 

 

     1.2   Magnetic materials and magnetic resonance imaging (MRI)………....14 
           1.2.1   Magnetic properties of materials………………………………………….14 

               1.2.2   Types of magnetic materials…………………………………………….…15        

              1.2.3   Nuclear magnetic resonance and MRI…………………………………….17 

                        1.2.3.1   Magnetization…………………………………………………... .17 

                        1.2.3.2   Excitation……………………………………………….….…..…19 

                        1.2.3.3   Relaxation……………………………………………….……..…20 

                        1.2.3.4   Free induction decay…………………………………………..…21               

                        1.2.3.5   Basic measurement of T1 relaxation using the inversion  

                                      -recovery  pulse sequence……………………...……………..…..22 

                       1.2.3.6    Basic measurement of T2 relaxation using the spin-echo pulse            

                                      sequence…………………………………………………………..22          

     
2   AIMS……………………………………………………………………….……....…23 
 
3   MATERIALS AND METHODS……………………………………….…...…..24 
  
     3.1   SPIONs …………………………………………………………….….……….24    

 7



 
               3.1.1    Synthesis and surface modification …………………………………….24 
   
               3.1.2    Characterization .………………………………………………….…….25              
         
               3.1.3    Determination of coating efficacy of functionalized SPIONs …….……26 
 
     3.2   Cell culture and labeling …………………………………………...………27 
 
     3.3   Animals and surgery………………...………………………………………28 
 
     3.4   MRI……………….……………………………………………………………29 
 
     3.5   Histology……………………………………….…………………….…...…..30 
         
4   RESULTS AND DISCUSSION…………………………….………………….32 
 
     4.1   Functionalization of SPIONs (Paper I, II, IV, V) .…...……...…………32  
 
               4.1.1   Characterization of SPIONs ……………………….………...………….32 
 

4.1.2 Surface modification and bioconjugation of SPIONs………..…………33 
 
               4.1.3    Effect of surface modifications on MR image ………………..………..34 
 
     4.2   Determination of bioconjugation efficiency of SPIONs using  
             CE/LIF (Paper II)……………………………………………………….…..34          
   
     4.3   Surface modified SPIONs in vivo (Paper III, IV, V)……...….………..36 
 
               4.3.1 Diffusion and clearance of SPIONs in the rat striatum …..………………36         
 
               4.3.2   Evaluation of toxicity ………………………….………………..………37 
 
     4.4   NSCs labeling with Au-MIONs (Paper IV, V)……………………....…37          
 
     4.5   Tracking Au-MIONs labelled GFP-NSCs in vivo using MRI 
            (Paper V)…………………………….……………………………….….…….38 
 
5   CONCLUSIONS………………………………………………………….……….39 
 
6   ACKNOWLEDGEMENTS……………………………………………..………40 
 
7   REFERENCES………………………………………………………….…………43 
 

 8



1   INTRODUCTION  
 

Superparamagnetic iron oxide nanoparticles (SPIONs) are used for a great number of 

biomedical and clinical applications (1-6). Magnetic resonance imaging (MRI) is a technique 

most commonly used in medical settings to visualize the internal structure (7-9) and function 

of the body (10-12). SPIONs are a family of MRI contrast agents that improve MRI 

sensitivity/specificity (13-15) and opens an important field of research into more specific 

agents adapted to clinicians needs in the diagnosis and treatment of medical conditions (16-

21).  

 

1.1  Superparamagnetic iron oxide nanoparticles (SPIONs) 
 

1.1.1   Biomedical Applications of SPIONs 
SPIONs with appropriate surface chemistry have been used for a great number of biomedical 

applications including MRI contrast enhancement, drug delivery, hyperthermia, and in vitro 

bioseparation (22-24). 
 
1.1.1.1   SPIONs as MRI contrast agents: SPIONs are powerful enhancers of T2 weighted 

and T2* relaxation times i.e. causing attenuation in the MRI signal intensity (negative contrast 

effects), which have been used in multiple ways to enhance MRI sensitivity and specificity. 

 

Passive targeting: The basic mechanism of passive targeting is based on the fact that the in 

vivo kinetics of SPIONs is greatly dependent on particle sizes and surface modification, 

which can be specifically taken up by some of the tissue cells. This difference changes the 

local proton environment, thereby increasing the contrast between normal and pathological 

tissues e.g. tumor, inflammation and lesions (25-27). Smaller particles have a longer 

circulation time and have been used to increase the sensitivity of perfusion imaging e.g. organ 

perfusion imaging (28, 29), function MRI (fMRI) (30-32) and tumor vascularity perfusion 

(33, 34).  

 

Specific targeting: SPIONs conjugated with ligands give the particles targeting ability 

towards specific tissues. Weissleder et al. attached SPIONs to antimyosin Fab for 
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immunospecific MRI of cardiac infarcts resulting in a marked decrease in the signal intensity 

of infarcted myocardium (35, 36). In another study, when polyclonal IgG was attached to 

SPIONs, the SPIONs-IgG caused enhancement of MRI at the site of inflammation in an 

animal model of myositis (37, 38). The recently developed arginine–glycine–aspartic acid 

(RGD) )-containing peptide coated SPIONs were found to enhance MRI at the site of 

xenoplanted U87MG tumor cells after intravenous injection (39).  

 

Labeled cells for imaging: SPIONs have been used to label cells in vitro and these labeled 

cells could  then be tracked by MRI in vivo, which is promising in the recent progress in stem 

cell and progenitor cell based therapies (40-42). This technique has been performed 

successfully in animal studies, e.g. Yeh and colleagues demonstrated the MRI tracking of 

SPIONs labeled rat T-cells in rat testicles with tissue inflammation induced by the local 

injection of a calcium ionophore to attract T-cells (43). Krieg and colleague used SPIONs-

labeled neurophils as inflammation-specific contrast agents for MRI (44). SPIONs-labeled 

olfactory ensheathing cells have also been successfully tracked by MRI in the rat spinal cord 

(45). Techniques for cellular labeling include attaching SPIONs to the cell surface (46-48); 

internalizing biocompatible SPIONs by fluid phase endocytosis (49, 50), receptor-mediated 

endocytosis (51, 52) or phagocytosis (53, 54). The most commonly used nanoparticles are 

dextran coated SPIONs. However, dextran coated particles are not presently sufficient for 

cellular uptake. To offset this disadvantage, one strategy has been to use a transfection agent 

to substitute the fluid phase endocytosis pathway (41, 55, 56) or to use a receptor-mediated 

endocytosis pathway by coupling dextran-coated particles with specific ligands (52, 57). The 

latter is specially advantageous for specific cell labeling.  

 

1.1.1.2   Active drug targeting: SPIONs can be used as carriers for the site-specific delivery 

of drugs since their intrinsic superior magnetic property gives them the ability to respond and 

aggregate upon the application of an external magnetic field. This feature has been exploited 

to transport drug loaded SPIONs to areas of interests where the drugs are subsequently 

released in a controlled manner (58, 59). For these applications, the size, surface charge and 

surface chemistry of the nanoparticles are particularly important and strongly affect the blood 

circulation time of the particles within the body (60-62). The internalization of SPIONs is 

especially dependent on the size of the particles. For intravenous injection, if the diameter of 

the particles is larger than 200nm, they are usually sequestered by the spleen and are 
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eventually removed by the cells of the phagocyte system as a result of mechanical filtration 

resulting in decreased blood circulation times. Small particles with diameters of less than 10 

nm are rapidly removed through extravasations and renal clearance. Particles with diameters 

ranging between 10 and 100 nm are optimal for intravenous injection and have the most 

prolonged blood circulation times (61, 63). In this case, the particles are small enough to 

evade the reticuloendothelial system (RES) of the body and capable of penetrating the 

capillaries of the tissues and offer the most effective distribution in targeted tissues (22, 64).  

 

SPIONs are also actively involved in gene delivery (65, 66). Polyethyleneimine (PEI) coated 

SPIONs, with the application of an external magnetic field, have greatly enhanced 

transfection efficiency (22). 

 

1.1.1.3   Hyperthermia: Hyperthermia is an experimental treatment for malignant tumors 

(67, 68). Tumor cells are sensitive to heat because of the states of hypoxia, acidification and 

poor nutrition, and can be destroyed at temperatures higher than 43 °C whereas normal cells 

can survive at higher temperatures. Routine heating methods of the entire body include using 

e.g. hot wax, hot water bath, infrared, radiofrequency, ultrasound and hot blood has been tried 

as heating therapies for human cancer (69). However, the main problem is that it is less 

accurate to generate and control heat in tumors than normal tissue. SPION-induced 

hyperthermia is based on the fact that these particles produce heat during exposure to external 

alternating current magnetic fields. Surface modified SPIONs of appropriate size can diffuse 

into tumor tissue and into tumor cells by endocytosis (70, 71). Subsequently, heat can be 

generated by the magnetic moments oscillates, which converts the electromagnetic energy 

into heat (67, 68). In addition, during hyperthermia treatment, heating can increase the 

membrane permeability, which can be beneficial for using hyperthermia in combination with 

chemotherapy (72, 73). 

 

1.1.2   SPIONs synthesis 
Iron oxides are used in a general sense to either magnetite (Fe3O4) or maghemite (γ-Fe2O3). 

Magnetite has the standard formula A(B)2O4. The A is Fe+2 and the B is Fe+3. Fe3O4 is not 

very stable and is sensitive to oxidation, which can be transformed into γ-Fe2O3 in the 

presence of oxygen. Numerous chemical reactions can be used to synthesize SPIONs. The 

 11



classic way is to co-precipitate Fe2+ and Fe3+ salts in aqueous medium by addition of a base 

(Equation 1). 

 

 

 

Equation 1. Scheme to illustrate the synthesis of SPIONs via co-precipitation. 

 

In order to control the SPIONs´growth and to stabilize the particles from agglomeration, 

some polymers are added during the precipitation process, which coat the surface of the 

particles to create electrostatic/static repulsion to balance the attraction forces among the 

particles (74). 
 

 1.1.3   Surface modification of SPIONs 
Surface coating is of utmost importance in determining the stability of SPIONs under 

physiological conditions. In the absence of any surface coating, the particles are hydrophobic. 

Due to hydrophobic interactions and the strong magnetic dipole-dipole interactions, the 

particles tend to agglomerate (22, 75). For effective stabilization of the particles, various 

methods have been developed. 

 

Surface modification with monomeric stabilizers: Functional groups, including carboxylates, 

phosphates, and sulfates, are known to bind to the surface of magnetites (76, 77). One such 

example is citric acid (77). This acid can be adsorbed on the surface of the particles by 

coordination via one or two the carboxylate functionalities, depending upon steric necessity 

and the curvature of the surface. This leaves at least one carboxylic acid group exposed to the 

solvent, which is responsible for making the surface negatively charged and hydrophilic.  

 

Surface modification with polymeric stabilizers: Polymeric coatings on magnetic 

nanoparticles offer a high potential in stabilization and biocompatibility of the particles. The 

most commonly used polymeric coatings in biomedical applications include dextran, starch 

and polyethylene glycol (PEG) (78, 79). For example, amphiphilic dextran offers the iron 

oxide particle hydrophilicity and stability, with the hydrophobic moiety interacting with the 

inner hydrophobic iron oxide core and the hydrophilic tail sticking out into aqueous solution 

(80).  
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Surface modification with inorganic molecules: The most common inorganic material for 

coating iron oxide particle is silica, but other materials such as gold are also used for coating 

the particles. These coatings provide not only enhance the stability to the nanoparticles in 

solution but also help to facilitate the binding of various biological ligands at the nanoparticle 

surface for various biomedical applications (81, 82). 

 

1.1.4   Bioconjugation 
In addition to making particles target specific, after modification, various biological 

substances such as antibodies, proteins, or targeting ligands may also be conjugated to the 

surface of the modified nanoparticles. These substances have some chemically active groups 

in their structures such as carboxyl, thiol, or amine, etc., which can react with some active 

groups on the biovectors to make the particles target specific (83, 84).  

 

1.1.5   Magnetic properties of SPIONs 
Iron oxide particle materials are classified by their response to an externally applied magnetic 

field. The ratio of magnetization induced in a magnetic material to the strength of the applied 

magnetic field is termed magnetic susceptibility. The magnetic susceptibility of 

superparamagnetic materials is higher than paramagnetic materials, although paramagnetic 

iron oxides are also used for MRI (85). 

 

The effect of iron oxides on proton relaxation time is described by their relaxivity, i.e. R1 and 

R2, which change in reverse relaxation time plotted as a function of iron concentration 

(mmol/l.s-1). MR contrast agents´relaxivity is typically measured at 37°C and 0.47T (86). 

Relaxivity of the contrast agents depends on many variables including the structure and 

particle size, field strength, medium in which the relaxation times are determined, 

temperature, etc. Typically R2 values of iron oxides range from 10-1000 (mmol/l.s-1). 

Medium sized (<200 nm) iron oxide particles have been shown to have a higher R2 relaxivity 

than larger particles. Very small particles on the other hand (<10nm) have a lower R2 (87). 

Monocrystalline iron oxide nanoparticles (MIONs) are a type of SPIONs with an optimal size 

of 10-30 nm (35, 88), which were used in the studies presented in this thesis. 
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The effect of iron oxides on MR signal intensity is best explained by two mechanisms. First, 

strong magnetic fields introduced in iron oxide particles in a magnetic field shorten the spin 

relaxation process of nearby protons. Second, there exists a large susceptibility difference 

between particles and the surrounding medium. It has been shown that diffusion in these field 

gradients leads to an irreversible loss of phase coherence and thus decreased transverse 

relaxation times of protons. Because of the decreased T2 relaxation times, tissues containing 

iron oxides appear hypointense (dark) relative to surrounding tissues on MRI. This effect is 

most marked on T2 weighted images, especially on T2* images (86).  

 

1.2   Magnetic materials and magnetic resonance imaging (MRI) 
 

1.2.1   Magnetic properties of materials 
 

Magnetic field and magnetic induction: Atoms consist of three fundamental particles: 

protons, which possess a positive charge; neutrons, which have no charge; and electrons, 

which have a negative charge. The nucleus of an atom consists of all the protons and neutrons 

whilst the electrons are located in orbitals surrounding the nucleus. A property of the nucleus 

is spin. The nucleus can be considered to be constantly rotating around an axis at a constant 

rate. This self-rotation axis is perpendicular to the direction of rotation (Figure 1). Concurrent 

with the spinning, a charged nucleus produces a magnetic field, which is oriented parallel to 

the axis of rotation. This arrangement is analogous to a bar magnet in which the magnetic 

field is considered to be oriented from the South to the North Pole (Figure 1).  
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Figure 1. A rotating nucleus with protons produces a magnetic  
  field oriented parallel to the axis of rotation. 

 

Magnetic field strengths are measured in units of gauss (G) and tesla (T). One Tesla is equal 

to 10,000 gauss.  

 

Magnetic moment and magnetization: With the spinning, the nucleus produces a local 

magnetic field which possesses a magnetic moment. The magnetization of a material is the 

magnetic moment per unit volume. The magnetic moment (m) and magnetization (M) 

measure how a nucleus responds to an applied magnetic field (B0). The relationship between 

magnetic moment m and magnetization M is given by:  

  

                                                           M = mB0                                                   (Equation 2) 

 

1.2.2   Types of magnetic materials 

According to the magnetic properties, the materials contain spins that are classified as 

ferromagnetic, paramagnetic, superparamagnetic and diamagnetic. 

 

Ferromagnetic materials: Ferromagnetic materials have a large positive magnetic 

susceptibility. These materials contain spins that are aligned parallel to each other due to 

strong positive exchange interaction between the spins, which may have a resultant magnetic 

moment if there is no applied magnetic field. When ferromagnetic materials are placed in a 

magnetic field, the field strength is much stronger inside the material than outside. 

Ferromagnetic materials have the ability to remain magnetized when an external magnetic 

field is removed. On MR images, ferromagnetic materials cause susceptibility artifacts 
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characterized by loss of signal and spatial distortion. Generally, ferromagnetic materials 

contain iron, nickel or cobalt. 

 

Paramagnetic materials: Paramagnetic materials have unpaired electrons whose spins are 

free to change direction, resulting in a positive magnetic susceptibility. When these materials 

are placed in a magnetic field, the field strength is stronger inside the material than outside 

but the magnitude of this susceptibility is less than one thousand of that of ferromagnetic 

materials. Paramagnetic materials do not have an inherent magnetic moment in the absence of 

an applied field. On MR images, paramagnetic materials increase the T1 and T2 relaxation 

rates (decrease in the T1 and T2 times). The paramagnetic materials Gd and ferric ion are used 

as MR contrast agents. At low concentrations, Gd and ferric ion cause preferential T1 

shortening, resulting in high intensity on T1 weighted images. At high concentrations, T2 

shortening causes a decreased signal intensity. 

 

Superparamagnetic materials: Superparamagnetic materials consist of two spin lattices 

pointing in opposite directions and the number of spins on each lattice may have different 

populations leading to a net magnetic moment. Their magnetic susceptibility is between that 

of ferromagnetic and paramagnetic materials. On MR images, superparamagnetic materials 

cause the marked shortening of both T1 and T2 relaxation time resulting in loss of signal in all 

commonly used pulse sequences. This results in high intensity decrease in T2 weighted 

images and the efficiency is larger than paramagnetic materials (86). The superparamagnetic 

iron oxide, Magnetite (Fe3O4), is commonly used and developed as a strong MR contrast 

agent. 

 

Diamagnetic materials: Diamagnetic materials consist of two spin lattices pointing in 

opposite directions and the number of spins on each lattice have similar populations, which 

giving a negligible net magnetic moment. When these materials are placed in a magnetic 

field, they weakly repel the field resulting in a small negative magnetic susceptibility. 

Diamagnetic materials include water, copper and most tissues.    
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1.2.3   Nuclear magnetic resonance and MRI 

 

1.2.3.1  Magnetization: Nuclei possess a property known as nuclear spin. Consider an 

arbitrary volume of material containing protons located outside a magnetic field. Each proton 

has a spin vector of equal magnitude. However, the spin vectors for the entire collection of 

protons within the tissue are randomly oriented in all directions. Performing a vector addition 

of these spin vectors produces a zero sum: no net magnetization is observed in the tissue 

(Figure 2). 

 

 

 

 
 

Figure 2. In the absence of a magnetic field, the protons have their spin vectors  
       oriented randomly and the vector sum of these spin vectors is zero.  

 

If the material is placed inside a magnetic field B0, the individual protons begin to rotate 

(precess) about the magnetic field. The protons are tilted slightly away from the axis of the 

magnetic field, but the axis of rotation is parallel to B0. This precession occurs because of the 

interaction of the magnetic field with the moving positive charge of the nucleus. By 

convention, B0 is defined to be oriented in the z direction of a Cartesian coordinate system; 

the axis of precession is also the z axis. The motion of each proton can be described by a 

unique set of x, y and z coordinates. The perpendicular, or transverse, coordinates are nonzero 

and vary with time as the proton precesses, but the z coordinate is constant with time (Figure 

3).  
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Figure 3 Inside a magnetic field, a proton precesses about the magnetic field. 

 

The rate or frequency of precession is proportional to the strength of the magnetic field and is 

expressed by the Larmor equation: 

 

                                                      ω0 = γB0 / 2π                                                   (Equation 3) 

 

where ω0 is the Larmor frequency in megahertz (MHz), B0 is the magnetic field strength in                              

Tesla (T) that the proton experiences, and γ is a constant for each nucleus in s-1 T-1,  know as 

the gyromagnetic ratio, which is different for different nuclei. 

 

The spins can be either parallel (low energy level) or anti-parallel (high energy level) to the 

magnetic field B0. The number of protons in the lower energy level is greater than the number 

in the higher level, leading to a net magnetization that is different from zero (Figure 4). 

 

 

 
                                                                                                   

Figure 4. Zeeman splitting for protons. 
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The amount of protons in each level is governed by the Boltzmann distribution: 

 

                                                  Nupper / Nlower = e-ΔE/kT                                                            (Equation 4) 
 

Where Nupper  and  Nlower are the number of protons in the upper and lower energy levels, ΔE is 

the energy difference between the two levels, k is Boltzmann´s constant (1.381 x 10-23JK-1), 

and T is the absolute temperature (K). Since ΔE depends on the field strength B0, the exact 

number of spins in each level also depends on B0 and increase with increasing B0. This 

unequal number of protons in each energy level means that the vector sum of spins, known as 

the net magnetization (M0) will be nonzero and will point parallel to the magnetic field B0 

(figure 5). The direction of the magnetic field has been defined as the z-direction of M0. The 

components of M0 in the x- and y-direction are zero. If there is absorption of energy, more 

protons will become antialigned, but when the energy supply is stopped, the protons will 

always strive to return to equilibrium. Larger field strength B0 means a greater value of M0, 

resulting in a more intense MR signal. This induced magnetization M0 is the source of signal 

for MR experiments. 

 

 
 

Figure 5. Alignment of the individual magnetic moments with 
 an external magnetic field. 

 

1.2.3.2  Excitation: Given a radio frequency (RF) pulse onto the material with a frequency 

equal to the precession of the spins, the spins will be excited from the lower energy 

orientation to the higher energy orientation. At the same time, a spin in the higher energy 

level will be stimulated to release its energy and will go to the lower energy level. Because 

there are more spins in the lower energy state, there is a net absorption of energy by the spins 

in the material. This quantized energy absorption is known as resonance absorption and the 
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frequency of energy is known as the resonant frequency. The RF pulse causes a magnetic 

field B1 (Figure 6).  

  

 
 

Figure 6. Effect of a 90º RF pulse. 

 

B1 interacts with the magnetization and makes the magnetization vector M0 (Mz, Mx,y) rotate 

around the B1 field. The change in the procession angle of the net magnetization vector is 

dependent on the length and amplitude of the RF pulse. If the RF pulse is powerful enough to 

flip M0 down by 90° it is called a 90° pulse (Figure 6). If the pulse flipped M0 down by 180° 

it is called a 180° pulse and so on. Strong RF pulse means high B1 field and more flip angle of 

M0, high B0 field means high basic frequency.   . 

 

1.2.3.3  Relaxation: After the application RF pulse the protons release the absorbed energy 

and return to their original configuration i.e. the magnetization M0 decays back to the 

equilibrium state. There are two major processes contributing to the return of M0 to the 

equilibrium state: T1 relaxation and T2 relaxation. The relaxation is characterized by 

relaxation times, T1 and T2.   

 

T1 relaxation: The return of excited nuclei from the high energy state to the low energy is 

associated with loss of energy to the surrounding nuclei. T1 relaxation is characterized by the 

longitudinal return of the net magnetization to its ground state of maximum length in the 

direction of the main magnetic field (along the z axis). T1 relaxation is also called spin-lattice 

relaxation, the spins in the high energy state release their energy to the surrounding lattice. 

The relaxation time T1 is the time required for the z component of M0 to return to 63% of its 

original value following a 90° RF pulse. This return of magnetization follows the equation: 

 

 20



                                                                Mz = M0(1-e-t/T1)                                 (Equation 5) 

 

where t is the time following the RF pulse. After 3 T1 times, M0 is at 95 % of its original 

length. Spins are usually considered completely relaxed after 5 T1 times. T1 relaxation is 

dependent on the main magnetic field strength that specifies the Larmor frequency. When the 

frequency of the rotations is close to or at the Larmor frequency, T1 relaxation is fastest.  

 

T2 relaxation: T2 relaxation is also called spin-spin relaxation. The spins in the high and low 

energy state exchange energy but do not loose energy to the surrounding lattice. This results 

in loss of the transverse magnetization (in the xy plane). The T2 relaxation time is the time 

required to decay 63% of the transverse magnetization after a 90° RF pulse. This return of 

magnetization follows the equation: 

 

                                                               Mxy = M0e-t/T2                                     (Equation 6) 

 

T2 is less than or equal to T1, e.g. in pure water T2 is approximately the same as T1, but in 

biological materials, T2 is considerably shorter than T1.  

 

T2* relaxation: T2* relaxation is the loss of signal seen with dephasing of individual 

magnetizations. It is characterized macroscopically by loss of transverse magnetization at a 

rate greater than T2. It is caused by magnetic field inhomogeneity and occurs in all magnets. 

The relationship between the T2 from molecular processes and that from inhomogeneities in 

the magnetic field is as follows. 

 

                                                 1/T2* = 1/T2 + 1/T2 inhomo.                       (Equation 7) 

  

Therefore, gradient echo sequences are more susceptible to ferromagnetic foreign bodies that 

distort the main magnetic field homogeneity. 

 

1.2.3.4 Free induction decay: As mention above, after an RF pulse the protons immediately 

release the absorbed energy and return to their original equilibrium orientation. If a coil is 

placed perpendicular to the xy plane, the protons induce a voltage in the coil during their 

precession. This voltage decays with time through the relaxation. This is the MR signal, 

called free induction decay (FID) (Figure 7). 
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Figure 7. Free induction decay (FID). 

 

Where SI is signal intensity.  

 

1.2.3.5   Basic measurement of T1 relaxation using the inversion-recovery pulse 

sequence: T1 can be measured using a 180°-τ-90º pulse sequence. A 180° pulse is applied. 

M0 rotates down parallel to the z axis in the negative direction. After a time τ a 90º pulse is 

applied to push M0 into the xy plane to make a detectable FID signal. 

 

1.2.3.6   Basic measurement of T2 relaxation using the spin-echo pulse sequence: T2 can 

be measured using a 90º τ-180° pulse sequence. First a 90° pulse rotates M0 down in the xy 

plane, then a 180° pulse is applied to rotate spins around in the xy plane, during the 

rephrasing a free induction `echo´ signal is detected.        
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2   AIMS  
 

General aim:  

 

To caracterize target specific MRI contrast enhancers based on SPIONs using MRI and 

immunohistochemistry concerning biocompatibility testing in vitro and in vivo and in vivo 

documentation of distribution and elimination.  

 

Specific aims:  

 

• To caracterize; surface modification and bioconjugation combined with establishing a 

high sensitivity method to determine the conjugation efficiency of antibodies or other 

primary amino group containing molecules to SPIONs. 

 

 

• To caracterize; the properties of SPIONs with different surface modifications using 

MRI. 

 

 

• To caracterize; the capacity of diffusion and clearance of the surface modified 

SPIONs in the rat striatum and their biocompatibilities with the brain tissue.  

 

 

• To caracterize; the potential of surface chemisorption of gold coated SPIONs in cells 

by adhesion or endocytosis as a tool for labelling stem cells. 

 

 

• To evaluate; gold coated SPIONs as a cell label for tracking transplanted stem cells in 

vivo. 
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3   MATERIALS AND METHODS 
 
3.1   SPIONs   

3.1.1  Synthesis and surface modification    

 

Starch coated MIONs (Stach-MIONs): Aqueous dispersion of MIONs was achieved by 

alkalinizing an aqueous mixture of ferric and ferrous salts with NaOH at room temperature. 

N2 gas was bubbled through the reaction medium during synthesis in a closed system. The 

detailed procedure of this controlled co-precipitation approach has been reported (89, 90). A 

specific amount of the Fe stock solutions was poured into a prepared starch solution under 

vigorous stirring. A 25 ml portion of the starch and iron mixture was then added drop-wise 

into 200 ml of 1.0 M NaOH under vigorous mechanical stirring (2000 rpm) at 60 °C for 2 

hours. After the starch was completely dissolved, the solution was quickly placed in a 60 °C 

water bath. The gels formed were washed with deionized water until the pH became less than 

8.5. During the boiling, around 50 % of the water was evaporated and the remaining solution 

was cooled to room temperature and kept for 12 hours. The Starch-MIONs were dialyzed for 

the removal of excess unreacted starch at 37 °C for 2-3 days while being continuously stirred.  

 

Ethanolamine/aminopropyltrimwthoxysilane coated SPIONs: SPIONs were synthesized 

using the chemical co-precipitation method as described above. However, the particles were 

coated with entanolamine (hydrodynamic diameter of 107 nm)/aminopropyltrimethoxysilane 

(hydrodynamic diameter of 183 nm) directly during the coprecipitation reaction (90).  

 
Gold coated MIONs (Au-MIONs): Au-MIONs (mean hydrodynamic diameter of 20 nm) 

were synthesized using a water-in-oil reverse microemulsion (μE) system by coprecipitation 

of magnetite and subsequent reduction of gold on the surface of the magnetite using NaBH4, 

as described elsewhere (91). 

 

Dextran coated MIONs (Dextran-MIONs): Dextran-MIONs (hydrodynamic diameter of 20 

nm) were purchased from Dr Weissleder´s laboratory (Harvard Medical School, MA, USA), 
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with a suspension containing 11.92 mg Fe/ml of 0.025 M sodium citrate, were diluted in 

artificial cerebrospinal fluid (aCSF) for intracerebral inoculation. 

 

Bioconjugation of SPIONs: MIONs were conjugated with bovine serum albumin (BSA) 

using the zero-length cross-liker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC). Briefly, the iron oxide particles (0.6 mg/ml) were resuspended three 

times in the phosphate buffer (0.1 M, pH 6.3) using the ultrasound bath for 2 min. EDC and 

BSA (each at the concentration of 0.6 mg/0.5 ml) were dissolved in the phosphate buffer and 

kept at 4 ºC. To this solution, 1 ml of the nanoparticles was added and the whole reaction 

mixture was incubated under constant shaking for 24 hours. Finally, the particles were 

repeatedly purified from the unreacted BSA by magneto-extraction, i.e. a strong external 

magnet was used to retain the magnetic material inside the vial the reaction mixture was 

discarded and replaced with the phosphate buffer (SPB). 

 

3.1.2     Characterization 

 

Spectrophotometric determination of the iron content in the diluted samples was performed 

by ferrozine method as follows: the iron oxide nanoparticles were dissolved in 12 M 

hydrochloric acid to form Fe+3 and Fe+2 ions. The solution was mixed with the ferrozine 

reagent (Hach, Chicago, Illinois, USA) and absorbance of the resulting complex was 

measured at the wavelength of 562nm. 

 

Transmission electron microscopy (TEM) measurement: A TEM study was carried out on a 

JEOL-2000EX microscope with an electron kinetic energy of 200 kV. The specimen for 

TEM imaging was prepared from the SPIONs suspension in deionized water using sonication 

for 3 min. After sonication, 1 ml of the SPIONs suspension was centrifuged for 5 min at 

14000 rpm. A drop of well dispersed supernatant was placed on a carbon-coated 200 mesh 

copper grid, followed by drying the sample at ambient conditions before it was attached to 

the sample holder on the microscope. The particle size and size distribution were calculated 

from TEM images for all prepared samples using an image analysis program by measuring 

the diameters of at least 500 particles.  
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ξ-potential measurement: The ξ-potential of the SPIONs suspension was measured in 5x10-3 

and 1x10-2 M NaCl background electrolyte solutions using a Zetasizer 2000. The test 

suspension was prepared at a fixed concentration in several buffers adjusted to requested pH 

using NaOH or HCl stock solutions.  

 

Surface-characterization of SPIONs by using CE/UV: A Beckman P/ACE capillary 

electrophoresis (CE) system equipped with filter-based ultraviolet (UV) /visible spectrometry 

(VIS) detector operating at wavelengths of 200, 214, 254 and 280 nm, respectively, was used. 

CE separation was carried out using a fused-silica capillary with inside diameter (ID) of 75 

μm and the total length of 65 cm (effective length 48 cm). 12.5 mM sodium borate buffer (pH 

9.2) was used as a separation buffer. The capillary was sequentially flushed with 1, 0.2 M 

sodium hydroxide, water and separation buffer (10 min for each) prior to use. The samples 

were injected by pressure at 50 mbar for 5 sec. A potential of 30 kV was applied and the 

temperature of the capillary was maintained at 26°C.  

 

Effect of surface modifications of SPIONs on MR image: SPIONs were tested in colloidal 

suspension. Au-MIONs and Dextran-MIONs were prepared at the concentrations of 1, 3, 10, 

30 and 100 ng/μl of Fe in a water medium, and tested by MRI with T2 weighted spin-echo 

imaging. 

 

3.1.3  Determination of coating efficacy of functionalized SPIONs 

 

The protein content of the functionalized nanoparticles was estimated spectrophotometrically 

at the wavelength of 562 nm and by using the BCA Protein Assay Reagent kit (Pierce, 

Rockford, Illinos, USA). The amount of protein entrapped within the nanoparticles is 

calculated as the difference between the total amount used to prepare the nanoparticles and 

the amount of protein in the unreacted fraction. The functionalized nanoparticles were 

derivatized with naphthyldialdehyde (NDA)/cyanide reagent as follows: 80 µl of 0.1 M 

perchloric acid solution, 240 µl of sodium cyanide solution in borate buffer and 40 µl of 5 

mM NDA solution were added to 720 µl of sample in separation buffer. The reaction time 

was 5 min at room temperature. After derivatization, the samples were placed into the 

sampler of the P/ACE electrophoresis instrument and separated by capillary electrophoresis 
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with a laser-induced fluorescence detection (CE/LIF) at the wavelengths of 442 nm 

(excitation) and 488 nm (emission). The laser-induced fluorescence detector ZETALIF was 

connected to a helium-cadmium laser (22 mW). The separations were carried out using a 

fused-silica capillary (effective length 48 cm, ID 75 μm) and 100 mM sodium borate buffer 

(pH 9.2), the samples were injected by pressure at 50 mbar for 2 sec. A potential of 30 kV 

was applied and the temperature of the capillary was maintained at 26°C.    

 

3.2   Cell culture and labeling 
 

Neural stem cells with encoded GDNF expression: Primary neural stem cell lines were 

generated from neonatal mouse cerebellum (external germinal layer), which produce glial cell 

line-derived neurotrophic factor (GDNF) as described elsewhere (92, 93). These stem cells 

were incubated with Au-MIONs at a dose of 10 μg Fe/ml or Dextran-MIONs at a dose of 10-

100 μg Fe/ml for 24 hours without the transfection agent (TA). The control group was added 

with saline only.  The cell density during incubation was approximately 2.4 × 104 per ml 

medium and 1.77 cm2 growth surface area. Cytospins were fixed with 4% glutaraldehyde, 

washed, incubated for 5 min with Perl´s solution, washed, and enhanced with 0.5% 

diaminobenzidine (DAB) (containing 0.15 % hydrogen peroxide). 

 

Neural stem cells with viral transduction of GFP (GFP-NSCs): Neural stem cells (NSCs) 

were prepared from the spinal cord of adult female Sprague-Dawley rats (Scanbur BK, 

Sollentuna, Sweden) as previously described (94). After removal of the meninges, spinal cord 

tissue was dissociated at 37 °C for 30 min in a solution of 0.7 mg hyaluronic acid, 200 U 

Dnase and 1.33 mg trypsin per ml. After filtration (70 μm mesh) and centrifugation (200g for 

5 min), cells were resuspended in 0.5 M sucrose in 0.5x Hank´s balanced salt solution. After 

a second centrifugation (750g for 10 min), the cell pellet was resuspended in neurosphere 

culture medium based on Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 

(DMEM F12, Invitrogen, Carlsbad, CA, USA) with Glutamax and supplemented with 20 ng 

epidermal growth factor, 20 ng basic fibroblast growth factor, 20 μl B27, 100 U penicillin 

and 100 μg streptomycin per ml. Neurospheres that had formed after 7 days were dissociated 

in 1.33 mg/ml of trypsin and single cells were further cultured for 3 days into secondary 

neurospheres in 50% neurosphere-conditioned medium and 50% fresh medium.  
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To encode green fluorescent protein (GFP) transduction and label the cells with paramagnetic 

particles, vesicular stomatitis virus G protein-pseudotyped retroviral particles were prepared 

(95). Secondary neurospheres were infected 24 hours after passage at a multiplicity of 

infection of 3.5. The efficiency of the transduction protocol is approximately 60%. Cells were 

propagated in complete neurosphere culture medium for another 6 hours, thereafter the cells 

were incubated in 2 ml neurosphere culture medium in the absence or presence of TA 

TransFast (1 μg/μl, 1 hour at 37 °C) containing Au-MIONs at concentrations of 0.5, 2, 10 and 

20 μg Fe/ ml at 37 °C for 24 hours or 48 hours, washed three times with Hank´s balanced salt 

solution, and harvested with 0.25% trypsin. The cells were counted, and diluted into 1334 

cells/μl suspensions in DMEM/Ham´s/F-12 for transplantation.  

 

3.3   Animals and surgery 

 

All animal experiments were approved by the local ethical committee (Stockholms Norra 

djurförsöksetiska nämnd) following the directives of the "Principles of Laboratory Animal 

Care" (NIH publication No. 85-23) and the Council of the European Communities 

(86/809/EEC). N 3/00, Börje Bjelke and N91/02, Christian Spenger.  

 

Infusion of nanoparticles in the rat brain: Adult male Sprague-Dawley rats (body weight 

250-300 g, delivered by B&K Universal, Sollentuna, Sweden) were anesthetized by sodium 

pentobarbital (60 mg/kg i.p.). Body temperature was maintained at 36-37ºC using a 

thermostat regulated heat pad (CMA/105, CMA/Microdialysis, Stockholm, Sweden). The 

animals were placed in a stereotaxic frame with the incisor bar in –3.2 mm in order to achieve 

a flat skull position. After the scalp was incised (1.5 mm), the skull was cleaned and a drill 

hole for microinjection was made (diameter 0.7 mm) using a fine trephine drill, a glass 

capillary injection cannula (outside diameter of 120 µm) was implanted in the striatum at the 

coordinates AP + 0.2, L ± 3.1, V – 0.5 mm (from the brain surface). The infusion was 

performed using a micro infusion pump (CMA/100, CMA/Microdialysis, Stockholm, 

Sweden) and Hamilton syringe (25 µl). The colloidal nanoparticles were suspended in aCSF 

at certain concentrations. The colloidal suspensions were infused into the rat striatum at a 

constant flow rate of 0.5 µl/min. The control rats were injected with aCSF only. After 

infusion, the injection cannula was withdrawn over a 10 min period and the skin was closed 

in a single layer. 
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Cell transplantation in spinal cord: Adult male Sprague-Dawley rats (body weight 250-300 

g) were anaesthetized with sodium pentobarbital (60 mg/kg i.p.). Body temperature was 

maintained at 37ºC using a thermostat regulated heat pad (CMA/105, CMA/Microdialysis, 

Stockholm, Sweden). After laminectomy of T8, the dura was incised, a total of 2 μl Au-

MIONs labelled GFP-NSC (0.5 µl at four depths of 1.75, 1.25, 1 and 0.5 mm from the spinal 

cord surface) was grafted at the midline of the spinal cord. The cell suspension was infused 

with a 10 µl Hamilton syringe connected to a glass capillary (outer diameter 100 μm) at a 

speed of 0.5 µl/min (micro infusion pump, CMA/100, CMA/Microdialysis, Stockholm, 

Sweden). Control animals received Au-MIONs (2 µg Fe/µl) alone, or Dextran-MIONs (2 µg 

Fe/µl) or aCSF injection. 

 

3.4   MRI 
 

Brain MRI: The rats were anaesthetized with isoflurane (5 % for induction and 1.5-2 % for 

continuous anesthesia, driven by air). The body temperature was maintained within the range 

of 36-37ºC using a regulated warm air stream. MRI was performed using a 4.7 T, 40 cm 

diameter horizontal bore (Bruker Biospec Avance 47/40, Bruker, Karlsruhe, Germany) fitted 

with a 12 cm inner diameter self-shielded gradient system (200 mT/m). A 35 mm volume RF 

coil was used for signal detection. The main sequence employed was a Bruker 

implementation of rapid acquisition with relaxation enhancement (RARE) imaging (96). The 

following MR parameters were used: repetition time (TR) = 2000 ms, echo time (TE) = 46.2 

ms, number of averages (NEX) = 8, RARE factor = 16, field of view (FOV) = 4 × 4 cm, 

matrix dimension = 256 × 256, slice thickness = 0.8 mm.  

 

Spinal cord MRI: A commercially available 1H/31P 40 mm surface coil (Bruker, Karlsruhe, 

Germany) was used for excitation and signal detection. Animals were anaesthetized with 1.5-

2.0 % isoflurane using a facemask adapted to the mouthpiece of the rig. Body temperature 

was maintained at 36-37 °C using a temperature controlled air stream. T2-weighted 2D spin-

echo images were produced with RARE. The following parameters were used: TR = 3000 

ms, TE = 21 ms, RARE factor = 8, NEX = 8, FOV = 3.5 × 3.5 cm, matrix dimension = 512 × 

512, slice thickness = 1 mm. 
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Au-MIONs labeled GFP-NSCs: To test the detection limit of MRI for Au-MIONs labeled 

GFP-NSCs, 1 μl suspensions of GFP-NSC were injected into 0.3% agar (agar / water) with 

different concentrations (20, 60, 200 cells / μl). Unlabeled GFP-NSCs with the concentration 

of 200 cells / μl were injected as a control. The MRI protocol is the same as `Brain MRI´ 

above.  

 
3.5   Histology 
 

Histochemical iron staining: Rats were sacrificed immediately by overdose with sodium 

pentobarbital at certain time intervals after the particles infusion. Brains were removed and 

fixed by submersion in 10 % neutral buffered formalin for lest 24 hours at room temperature. 

After fixation, the brains were serially sectioned at 100 µm (coronal) on a microtome 

(MICROM HM500M, Germany). The free floating sections were subjected into Perl´s 

solution (equal parts of 2 % HCl and 2 % potassium ferrocyanide) for 30 min at room 

temperature, rinsed in deionized water for 30 min and incubated in 0.5 % diaminobenzidine 

(DAB, in 50 mM Tris buffer, containing 0.15 % hydrogen peroxide, pH 7.4) for 30 minutes 

(97). This stain yields a brown reaction product. The same staining process was carried out 

for spinal cord iron staining. 

 

For staining cells, the cells in cell cultural dish were fixed with 4% glutaraldehyde, washed, 

incubated for 5 min with Perl´s solution, washed, and enhanced with 0.5% DAB (containing 

0.15 % hydrogen peroxide). 

 

Histochemical gold staining: For the gold staining, a silver enhancement stain was used. 

Slides were developed in the silver enhancer solutions (Silver enhancer kit; Sigma, St. Louis, 

MI, USA) at room temperature for approximately 10 min, washed, and fixed by immersion in 

2.5% aqueous sodium thiosulfate for 3 min. 

 

Immunohistochemistry: Rats were perfused with 150 ml of 0.9 % saline (contain 10 U/ml of 

heparin), followed by 150 ml of 4% paraformaldehyde in 0.1M ice-cold phosphate buffer, pH 

7.4. The spinal cords were dissected, post-fixed for 1 hour at room temperature, and kept in 

10% sucrose for 48 hours at 4˚C. A 2 cm long spinal segment centered at the injection site 

was longitudinally sectioned at 14 µm thickness on a cryostat. For immunohistochemistry, 

 30



the sections were incubated with primary antibodies at 4˚C overnight. Antisera raised in 

rabbit against GFP (1:200; Molecular probes, Eugene, OR, USA) and in mouse against ED1 

(1:200; Serotec,Oxford, UK) were used in 0.3 % Triton X, 0.1 M PBS. After rinsing three 

times, the sections were incubated with secondary antibodies conjugated with Cy2 or Cy3 

(Jackson ImmunoResearch, West Grove, PA, USA) for 1 hour at room temperature. The 

slides were rinsed again, mounted with anti-fading agent and cover slips for analysis with 

confocal microscopy (LSM 510 META; Carl Zeiss, Germany). 

 

Assessment of Tissue Toxicity: Adult male Sprague-Dawley rats (body weight 230-250 g) 

were infused with Au-MIONs or Dextran-MIONs at a dose of 0.1 or 1.0 µg Fe in 0.5 μl aCSF 

or 0.5 μl aCSF only (control) into the striatum (see Animals and infusion). 1 week after 

inoculation, the rats were anesthetized with sodium pentobarbital (80 mg/kg i.p.) and 

perfused via the aorta, first with 150 ml of 0.9 % saline (contain 10 U/ml of heparin), 

followed by 150 ml of Lana´s fixative (98) at room temperature. The rat brains were removed 

and postfixed in the same fixative for 1 hour, then transferred to 10 % sucrose-phosphate 

buffered (SPB) and stored at 4°C. The perfused brains were rapidly frozen in gaseous CO2 

and sectioned by microtome (MICROM HM500M, Germany); the 14µm cryosections were 

thawed onto gelatin-coated slides. Sections were rinsed for 3 x 10 min in 0.1M phosphate 

buffered saline (PBS) before being incubated with primary antibodies diluted in PBS 

containing 0.3% Triton X-100 for 48 hours in 4°C in a humid chamber. After rinsing for 3 x 

10 min in PBS, the slides were incubated in either ALEXA454 or ALEXA594 conjugated 

secondary antibodies (Molecular probes, diluted 1:500 in 0.3% Triton X-100) for 1 hour at 

room temperature. After additional rinsing for 3 x 10 min in PBS, the slides were mounted in 

90% glycerine in PBS. The primary antibodies used were raised against tyrosine hydroxylase 

(TH, Diasorin, mouse anti-rat diluted 1:5000) to label dopaminergic neurons, glial fibrillary 

acidic protein (GFAP, Sigma, mouse anti-human, diluted 1:100), S100 (Dako patts, rabbit 

anti-cow, diluted 1:300), and vimentin (VIM, Sigma, mouse anti-pig, diluted 1:100) to label 

astrocytes, OX-42 (Serotec, mouse anti-rat CD11b, diluted 1:100) to label microglia, and 

nitric oxide synthase (NOS, Chemicon, rabbit anti-rat, diluted 1:100) to visualize the 

inflammatory reaction. The sections were evaluated using a fluorescent microscope 

connected to a camera and computer with AxioVision software. 
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4   RESULTS AND DISCUSSION 
 

4.1   Functionalization of SPIONs (Paper I, II, IV, V)   
 

4.1.1 Characterization of SPIONs 

 

TEM: TEM image of dried magnetic nanoparticles taken from the corresponding colloidal 

particles prepared at room temperature. Typically, spherical shapes were formed. A roughly 

spherical or ellipsoidal shaped particle with some irregularities has the characteristic 

crystalline order of magnetite and a diameter around 5.7 nm. However, when stored in the 

solution the hydrodynamic diameter of magnetite nanoparticles measured by light-scattering 

method was 154 nm at the iron concentration of 769 μg/ml. 

 

CE-UV: A sample of these `naked´ SPIONs was introduced into the separation capillary of 

the CE system and analysed with UV detection at the wavelength of 200 nm. Figure 8A 

shows the baseline separation of the SPIONs (migration time of 2.08 min) from the neutral 

marker mesityl oxide (1.47 min). The samples were introduced into the capillary at the anode 

and they were transported to the cathode by a combination of electroosmosis and 

electrophoresis (99, 100). The retention of the neutral marker is affected only by the 

electroosmotic flow, whereas the peak of the later eluting nanoparticles indicates that they 

moved more slowly, either because of their size or due to their negatively charged surface. 

This behaviour of the charged particles is in good agreement with the ξ-potential values 

measured in buffers at different pH (Figure 8B). Thus, the ξ-potential of the uncoated 

SPIONs at pH 9.2 was –30 mV, which confirms the CE measurement suggesting that the 

surface of the SPIONs is hydrated and contains negatively charged hydroxyl groups. These 

hydroxyl groups make it possible to use carbodiimide as a cross-linker of nanoparticles and 

primary amino group containing molecules.  
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Figure 8. (A) Separation of the Fe3O4 nanoparticles (peak a) and the neutral marker mesityl 
oxide (peak b) by CE/UV at the wavelength of 200 nm. Curve (c) is the background 
electrolyte. (B) Microelectrophoretic measurements (ξ-potential) of the Fe3O4 nanoparticles 
(uncoated; APTM-aminopropyltrimethoxysilane-coated; ethanolamine-coated) in buffer 
solutions at different pH values.   
 

4.1.2    Surface modification and bioconjugation of SPIONs 

 

Surface modification: The surface modification of SPIONs with starch, ethanolamine or 

aminopropyltrimethoxysilane can be achieved by controlled co-precipitation of the particles 

in matrix of polymeric starch, ethanolamine or aminopropyltrimethoxysilane respectively. 

Gold coated MIONs were synthesized in a water-in-oil reverse microemulsion (μE) system 

by coprecipitation of magnetite and subsequent reduction of gold on the surface of the 

magnetite using NaBH4.  

 

Bioconjugation: To make SPIONs target specific, after modification, various biological 

substances such as antibodies, proteins, or targeting ligands can be conjugated to the 

particles. The bioconjugation most often occurs via covalent binding of the molecules to an 

active surface of the nanoparticle using bifunctional cross-linkers and methods of 

bioconjugation chemistry. In this experiment, ethanolamine or aminopropyltrimethoxysilane 

coated SPIONs with carboxylic or aminopropyltrimethoxysilane groups at their surface were 

conjugated to the model protein BSA using EDC as a zero-length cross-linker. The 

conjugation efficiency was estimated by CE/LIF. 
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 4.1.3    Effects of surface modifications on MR image 

 

 To compare the contrast effects of Au-MIONs and Dextran-MIONs on MRI, the particles 

were tested by MRI in aqueous colloidal suspension. A dose-dependent attenuation of MRI 

signal intensities was observed in both types of particle. Au-MIONs showed a clear 

suppression of T2-weighted spin echo signals by 16.2 % of the medium carrier (water) levels 

already at concentration of 0.001 μg Fe/μl, whereas Dextran-MIONs induced a similar effect 

(13.3% attenuation) firstly at the concentration of 0.01 μg Fe/μl. Accordingly, at 0.03 μg 

Fe/μl levels, Au-MIONs caused an almost complete attenuation in MRI signal intensity, 

whereas Dextran-MIONs still permitted 34.6% of T2-weighted signals originating from the 

medium carrier (water). Au-MIONs were shown to exert powerful contrast-enhancing 

properties in MRI. A possible mechanism could be that the golden shell of the Au-MIONs 

might have further attributed to the T2 relaxation by a possible disturbance of the local 

magnetic field caused by electromagnetic interaction with the applied excitation pulse during 

excitation. 

 

4.2    Determination of bioconjugation efficiency of SPIONs using 

CE/LIF (Paper II)          
 

NDA has no intrinsic fluorescence but in the presence of nucleophile (thiol, cyanide), it reacts 

with primary amines to form highly fluorescent derivatives (101-104). The electropherogram 

(Figure 9A) shows the peak of SPIONs-BSA-NDA conjugate eluting at 3.15 min, which was 

completely diminished in a sample from the magneto-extracted supernatant. The 

electropherogram of a standard solution of BSA (4 μg/ml) shows the peak of the BSA-NDA 

derivative eluting at 3.32 min. This demonstrates that the final sample of the bioconjugated 

nanoparticles contained BSA only in the form of SPIONs-BSA conjugates, since there was 

no detectable free BSA in the final carrier medium. In addition, the signal in the sample of the 

nanoparticle-BSA conjugates reflects the amount of the conjugated protein. The SPIONs in 

their `naked´ form, i.e. those not conjugated to the protein, could not react with the NDA 

reagent and resulted only in the same electropherogram as the blank sample. In addition, the 

`naked´ and non-derivatized nanoparticles did not produce any signal when injected into the 

CE/LIF system (Figure 9A). 
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Figure 9. The electropherograms illustrating the separation and detection of functionalized 
iron oxide nanoparticles by CE/LIF following their derivatization with NDA. (A) Represents 
the Fe3O4-BSA-NDA conjugate (curve a), a standard solution of BSA-NDA derivative (curve 
b), the Fe3O4-NDA nanoparticles in their `naked´form, i.e. those not conjugated to the protein 
(curve c) and the `naked´and non-derivatized nanoparticles (curve d). (B) Represents the 
NDA-derivatized goat anti-rabbit IgG-coated MACS beads (curve a), the `naked´(no 
antibody) MACS beads (curve b) and the IgG-MACS particles not derivatized with NDA 
(curve c). 
 

To test the ability of CE/LIF for determination of bioconjugated SPIONs with antibodies, the 

commercially available immunolabelled superparamagnetic iron oxide particles (MACS) 

were used. These particles are routinely used for magnetic cell sorting in cytochemistry. The 

electopherogram (Figure 9B) shows the detection of NDA-derivatized goat anti-rabbit 

immunoglobulin G (IgG)-coated MACS beads, whereas the peak of antibody was completely 

missing when the `naked´MACS beads were derivatized. When the IgG-beads were not 

derivatied with NDA, they did not produce any significant fluorescence signal (Figure 9B).  

 

To test the ability of CE/LIF for determination of a direct conjugation of the fluorophore to 

the bioconjugated SPIONs, the recently introduced strong fluorescent Alexa FluorTM 430 was 

conjugated via its succinimidyl ester moiety to the amino groups of the 

aminopropyltrimethoxysilanized nanoparticles. The Alexa-nonoparticle derivatives and that 

of Alexa itself gave signals in the electropherograms, which shows that the CE/LIF method 
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can also be used in combination with other derivatization reagents and chemistries for the 

characterization of protein-coupling efficiency to the iron oxide nanoparticles. 

   
4.3   Surface modified SPIONs in vivo (Paper III, IV, V) 
 

4.3.1 Diffusion and clearance of SPIONs in the rat striatum 
 

Starch-MIONs: To confirm the intensity of the transport/diffusion of Starch-MIONs through 

the extracellular space in the brain, Starch-MIONs were infused into the rat striatum and MRI 

was performed. On T2* images, the MR signal intensity strongly reduced (black) and 

gradually from the center of the infusion toward the periphery, indicating that Starch-MIONs 

can diffuse through the extracellular space in rat brain. 

 

Dextran-MIONs: Dextran-MIONs were stereotaxically infused into the striatum of the 

anesthetized rats. MRI followed by histochemical staining of the Fe ions were performed at 

time intervals of 1, 3, 6, 12, 24, 48, 72 hours and 2 weeks after inoculation. The particles 

were infused at doses of 0.01; 0.1; 1 and 5 µg Fe/0.5 µl/min and at varying volumes (0.5, 3 

and 9 µl). There was a good correlation between the MR signals and histochemical Fe 

staining at the reasonable doses. Both methods were capable of detecting as low as 0.1 µg 

Fe/0.5 µl, 1 hour postinjection, whereas the lowest dose of 0.01 µg Fe was not detectable. 

Infusion of 1 or 5 µg Fe/0.5 µl caused a dramatic increase of the labeled area 1 hour (5 µg Fe) 

or 24 hours (1 µg Fe) after inoculation, and similar effects were observed when increasing the 

volume of infused Fe. Two weeks after inoculation, the Fe signals were undetectable at 0.1 

µg Fe and strongly attenuated at 1 and 5 µg Fe in MR image. Dextran-MIONs with their 

biocompatible surface coating can diffuse through the interstitial space of the brain and are 

progressively cleared out from the infusion site of the brain. The Dextran-MIONs can be 

beneficially used in MRI-guided diagnostic applications, or as labels and carriers for targeted 

drug delivery in the central nervous system.  

 

Au-MIONs: We speculate that  since Au-MIONs expose their bare gold surfaces, they might 

anchor themselves to the surrounding tissue via chemisorb spontaneously to the substrates 

through the sulfur group, and because of its inert property, the Au shell might protect 

dissolution of Au-MIONs from the low pH environment of the lysosome (105, 106). If this is 
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true, Au-MIONs might have relatively long-term MRI contrast-enhancing properties in their 

target area in vivo. To prove this hypothesis, we infused Au-MIONs into the rat striatum at 

the doses of 0.1 or 1 μg Fe/0.5 μl, Dextron-MIONs were used as a control. MRI observed that 

the labeled area of Dextran-MIONs increased within increasing time in the brain, however 

Au- MIONs were static at the local injection area, no diffusion was observed. Two weeks 

later, the signals of the particles were obviously attenuated for Dextran-MIONs, whereas Au- 

MIONs still produced strong signals for both doses of 0.1 or 1 μg Fe/0.5 μl. Similar findings 

were found with the histological staining. These results provide preliminary evidence to 

support our hypothesis.  

 

4.3.2   Evaluation of toxicity 
 

The degree of tissue trauma caused by the infusion of Au-MIONs and Dextran-MIONs was 

evaluated by immunocytochemical staining of markers of dopaminergic neurons (TH), 

astrocyte (GFAP, VIM), microglia (OX-42) and NOS activation. There were no differences 

in distribution of TH positive dopaminergic neurons and staining of NOS were observed 

between treated animals and control. In all brains, reactive astrocytes were found surrounding 

the needle tract and the site of injection with GFAP, VIM labeling, and no difference was 

observed between Au-MIONs and Dextran-MIONs. Similarly, there was no difference 

between animals with Au-MIONs and Dextran-MIONs for staining of microglia (with OX-

42), although both materials caused a slightly higher GFAP, VIM or OX-42 staining 

intensities than the control animals.  Taken together, these results indicate that the 

biocompatility of Au-MIONs was similar with Dextran-MIONs. 

 
4.4   NSCs labeling with Au-MIONs (Paper IV, V)        
 

Labeling efficiency of GDNF-NSCs with Au-MIONs: Neonatal mouse cerebellum primary 

neural stem cell lines incubated with Au-MIONs or Dextran-MIONs for 24 hours. When 

these cells were incubated with Au-MIONs at the concentration of 10 μg Fe/ml, an efficacy 

of all of the cells were labelled for Au-MIONs was observed. However, no labeling was 

observed for the cell line incubated with Dextran-MIONs both at the concentration of 10 and 

100 μg Fe/ml. In previous experiments, most nonphagocytic cells do not take up SPIONs 

efficiently which require cells to be exposed to high amounts of iron (2000 µg Fe/ml) in 
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culture (53, 55, 56), or in combination with a transfection agent (TA) (107, 108), but clinical 

application may be limited for TA using. The results of this study show that neuron stem cells 

can be labeled with low concentration of Au-MIONs (10 µg/ml) without TA. Since Au-

MIONs expose their bare gold surfaces, they can chemisorb spontaneously to the substrates 

through the sulfur group. This would be one of the possibilities for them being attracted on 

the cells surface and stimulate phagocytosis. 

 

Labeling efficiency of GFP-NSCs with Au-MIONs: The GFP-NSCs in culture were 

identified by fluorescence microscopy of GFP expressed by the cells. Similarly, in 

immortalized cells, the silver enhancement histochemical protocol was used to examine the 

presence of gold-coated nanoparticles in the cell cytoplasm following 24 hours incubation. A 

good overlap between the GFP fluorescence and enhanced silver staining of gold 

nanoparticles was obtained. Interestingly, silver staining was restricted only to the cytosol 

and cell membrane indicating that Au-MIONs did not penetrate to the nucleus. Without the 

contrast agent, an 80% efficacy of cell labelling was obtained for Au-MIONs concentrations 

at 10 µg Fe/ml and 24 hours incubation period. Prolonged incubation to 48 hours or higher 

(20 µg Fe/ml) nanoparticle concentration had no enhancing effect on loading efficiency. The 

nanoparticle-labelled and control cells showed similar morphology and survival rate, with 

only 3% and 1.3% dead cells, respectively, estimated by trypan blue dye exclusion. 

 

4.5   Tracking Au-MIONs labelled GFP-NSCs in vivo using MRI 

(Paper V) 
 

Detection limit of MRI for Au-MIONs labeled GFP-NSCs: To test the detection limit of 

MRI for Au-MIONs labeled GFP-NSCs, the suspensions of Au-MIONs labeled GFP-NSCs 

were injected into a 0.3% agar medium with different concentrations. MRI revealed that as 

few as 20 labelled cells resulted in 7.1% attenuation of T2-weighted signals, while 200 

labelled cells caused 21.6% attenuation compared to 200 non-labelled cells. 

 
Ttracking Au-MIONs labeled GFP-NSCs in the rat spinal cord: The Au-MIONs labelled 

GFP-NSCs were infused into the rat spinal cord with a concentration of 1334 cells/μl. MRI 

was performed at 1 hour, 48 hours and 1 month after infusion. The labelled cells were 
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confined at the grafted site as a distinct dark area. No notable migration from the original site 

of infusion was observed during the study period. 

 
Histological conformation: The MRI findings were closely correlated to those obtained by 

histological staining of Au-MIONs (silver enhancement) and GFP immunoreactivity for 

GFP-NSCs. However, several silver-stained cells were also immunopositive for ED1 

staining, indicating that Au-MIONs from died stem cells were transferred to microglia and 

macrophages. These results suggest that the grafted cells do not migrate efficiently when 

implanted in the intact rat spinal cord. However, very few cells appeared to have survived to 

the one month time point, as revealed from the staining for GFP immunoreactivity, making it 

difficult to draw conclusions regarding the cell migration. One possible explanation is that the 

surviving cells could downregulate the GFP expression (109). In agreement with previous 

data on the stem cell survival in the host tissue (45), the occurrence of a number of ED1-

positive reactive microglial cells at the site of implantation suggests that a substantial number 

of stem cells have died one month after the transplantation. This is also reflected by the 

overlap between the histochemical staining of the Au-MIONs and the immunohistochemical 

staining of the microglia.  

 

5   CONCLUSIONS 
 

SPIONs can be functionalized with proteins, antibodies or other primary amino group 

containing molecules. The coating efficiency can be monitored by CE/LIF. Both Starch-

MIONs and Dextran-MIONs were capable of diffusing through the interstitial space of brain 

parenchyma, which can be beneficially used in drug or molecule target delivery and MRI 

applications for tracing and therapy. Au-MIONs possess superior stability and surface 

properties, the latter enabling rapid cellular uptake of the particles already at physiological 

conditions. These properties make Au-MIONs especially suitable for tracking of transplated 

cells by MRI. 
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