
f , , l i h ,'k 

\IU,\FTlCIROM)\n)t FOR 
CONTRAST-!-\M 1\( KD MR J \ J H J \ ( . 

( M e JW1 



Anne Kjersti Fahlvik 

MAGNETIC IRON OXIDE FOR 
CONTRAST-ENHANCED MR IMAGING 

Experimental Investigation of an 
Organ-Specific Contrast Agent 

Oslo 1991 

I 



Anne Kjersti Fahlvik 
Department of Pharmacology 
Institute of Pharmacy 
University of Oslo 
Oslo, Norway 

Oslo, May 1991 

ISBN 82-91094-00-4 

"But iron, cold iron, is the master of them all." 

Rudyard Kipling: Rewards and Fairies 

I 



Amt Kjmti FåHvik 3 

CONTENT 

Content 3 

Acknowledgement 4 

List of Papers 6 

Abbreviations 7 

Introduction 8 

Contrast Agents for MR Imaging 8 

Mechanisms of Action 9 

Applications and Targeting Aspects 12 

Iron and Particulate Iron Compounds in Biological Systems 16 

Aims of the Present Study 19 

General Discussion 20 

The Contrast Enhancing Potential of Magnetic Iron Oxide . 20 

Relaxation Analysis - Methodical Considerations . . . 20 

In Vitro Contrast Effect of Magnetic Iron Oxide 

Preparations 21 

In Vivo Contrast Effect of MSM 22 

The Biological Fate of Intravenously Injected MSM 24 

Distribution and Targeting 24 

Biocompatibility and Elimination 25 

Toxicological Considerations 29 

Conclusions 31 

References 32 

Papers I - VI 

9 



4 Magnetic Iron Oxide for Contrast-Enhanced MR Imaging 

ACKNOWLEDGEMENT 

The experimental work of this thesis wis carried out at the Department of 
Pharmacology and Toxicology, Nycomed AS, Oslo, Norway, during the years 
1987-1989. In 1989, I also worked for three months at the Department of 
Pharmaceutics, Uppsala University, Uppsala, Sweden. The final preparation of 
this manuscript was written in 1990 at Nycomed AS. I wish to thank the 
former Heads of the Department of Pharmacology and Toxicology, Åse Aulie 
Michelet and Eckart Holtz, for prodding excellent working facilities and for 
creating a positive atmosphere for scientific work. 

This thesis would not have been written without contribution from co-authors, 
colleagues, friends, and family. I wish to express my gratitude to all those who 
in different ways have supported me and I would especially like to mention: 

Jo Klaveness, Professor, Vice President Drug Discovery, Nycomed AS 
and Eckart Holtz, Director of Medical Biology, Nycomed AS, my 
mentors, who introduced me to this exciting field of contrast media 
research, for their helpful comments and all interesting discussions, and 
for being invaluable sources of inspiration and enthusiasm. 

Peter Edman and Per Artursson for all their support and advice and for 
giving me a valuable stay in Uppsala, I wish I stayed there longer. 

Peter Leander, Anders Ericsson, and Tore Bach-Gansmo for patiently 
introducing me to the theory and applications of MR imaging. 

All my co-authors for stimulating collaborations. 

Bente Spilling, Jenny-Ann Hardie, and Nina Svendsen for sharing their 
expertise on handling and care of the animals. 

All the members of the scientific and technical staff at the Department 
of Pharmacology and Toxicology, Nycomed AS, for support and co
operation, and, most of all, for their friendliness. 

All the members of the scientific and technical staff at the Department 
of Pharmaceutics, Uppsala University, for all help and hospitality. 

Harald Thidtjmann Johansen at the Department of Pharmacology, 
Institute of Pharmacy, University of Oslo, for help and advice during 
all phases of this work. 

My PC and WP 5.0 for, with few exceptions, being helpful and co
operative, and Stephen McGill for linguistic advice. 



Anne Kjmli Fahlvik 5 

All my friends at Nycomed for their inspiration and support, and for 
all scientific and non-scientific joy in Norway as well as aboard, and 
Marianne, Trude, Kari S, Kari O, and May-Liss, my very best friends, 
for all their moral support. 

My parents and Astrid, my sister and friend. 

Finally, a special thanks to Hans for his never-failing support and 
patience through all phases of this work. 

During the years of 1987-1990 I was a fellow of the Royal Norwegian Council 
for Scientific and Industrial Research. For my stay in Uppsala grants were 
provided by the Nordic Council and by Nycomed AS. I am deeply grateful to 
theses and other financial bodies for supporting my research and making this 
work possible. 

Oslo, May 1991 

Anne Kjersti Fahlvik 

) 



6 Magnetic Iron Oxide for Contrast-Enhanced MR imaging 

UST OF PAPERS 

Tl is thesis is based on the following papers, referred by Roman numerals in the 
text: 

Paper I 
Fahlvik AK, Holtz E, Leander P, Schroder U, and Klaveness J. Magnetic 
starch microspheres, efficacy and elimination: a new organ-specific 
contrast agent for magnetic resonance imaging. Invest Radiol 
1990;25:113-120. 

Paper II 
Fahlvik AK, Holtz E, Schroder U, and Klaveness J. Magnetic starch 
microspheres, biodistribution and biotransformation: a new organ-specific 
contrast agent for magnetic resonance imaging. Invest Radiol 1990;25: 
793-797. 

Paper III 
Thomassen T, Wiggen UN, Gundersen HG, Fahlvik AK, Aune O, and 
Klaveness J. Structure activity relationship of magnetic particles as MR 
contrast agents. Magn Reson Imag 1991;9:255-258. 

Paper IV 
Fahlvik AK, Holtz E, and Klaveness J. Relaxation efficacy of 
paramagnetic and superparamagnetic microspheres in liver and spleen. 
Magn Reson Imag 1990;8:363-369. 

Paper V 
Fahlvik AK, and Holtz E. Hepatic handling of magnetic starch 
microspheres: an experimental organ-specific contrast agent for MR 
imaging. Manuscript. 

Paper VI 
Fahlvik AK, Artursson P, and Edman P. Magnetic starch microspheres: 
interactions of a microsphere MR contrast medium with macrophages 
in vitro. Int J Pharm 1990;65:249-259. 



Anne Kjtnti Fahlvik 7 

ABBREVIATIONS 

AMI-25 

BOPTA 

DOTA 

DPDF 

iron oxide particles from Advanced Magnetics Inc. 

benzyloxypropionic tetraacetic acid 

1,4,7/10- tetraazacyclododecane-N/N',N",N"'-
tetraacetic acid 

N,N'-bis(pyridoxyl-5-phosphate)etylenediarrune-N,N'-
diacetate 

DTPA : diethylenetriamine pentaacetic acid 

DTPA-BMA : diethylenetriamine pentaacetic acid bis-(methylamide) 

Dy : dysprosium 

Fe : iron 

Cd : gadolinium 

HP-D03A : (l,4,7-tris(carboxymethyl)-10-(2'-hydroxypropyl)-
1,4/7,10- ietraazacyclododecane 

Mn mcnganese 

MPS mononuclear phagocyte system 

MR magnetic resonance 

MSM magnetic starch microspheres 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,3-dipenthyl tetrazolium 
bromide 

NMR nuclear magnetic resonance 

r> T t relaxivity 

r2 
T2 relaxivity 

SAR structure-activity relationship 

T, spin-lattice relaxation time 

T, spin-spin relaxation time 



8 Magnetic Iron Oxide for Contrast-Enhanced MR Imaging 

INTRODUCTION 

CONTRAST AGENTS FOR MR IMAGING 

In medical imaging contrast may be described as the relative difference in signal 
intensity of adjacent regions. In X-ray imaging contrast is essentially determined 
by the differential attenuation of high-frequency radiation caused by interactions 
of X-ray photons with orbital electrons. The attenuation increases with 
increasing atomic number. The equivalent of electron density in MR imaging 
is proton density. I iowever, at this point the analogy between contrast 
parameters of X-ray imaging and MR imae:.ng ends since only a fraction of the 
protons present gives a detectable image signal. In conventional proton MR 
imaging the signal is largely composed of the signal of water protons. Protons 
that are part of solid structures such as bone or protons in large 
macromolecules such as proteins produce a signal that is too low to raise above 
the noise level. 

Although proton density is a main contrast parameter in MR imaging, the 
observed image signal is the result of muWple factors. The contrast influencing 
parameters are classified into those related to intrinsic properties of biological 
tissue and those that are external and instrument dependent (Table I). Soft 
tissue contrast is obtained by selecting instrument-dependent parameters so that 
the detected signal intensities in varies regions will differ due to their intrinsic 
properties. Since the water content of all tissues is about the same, contrast is 
cased on other factors than proton density and the most important parameters 
are those related to the behavior of the nuclear spin systems of the tissue water 
protons. 

The fundamental of MR imaging is the absorption of low-frequency energy by 
the protons in samples or u; tissues placed in a strong magnetic field (Block et 
al. 1946a, Purcell el a/. 1946). Protons exhibit a net spin and may be considered 
as small magnetic dipoles. In the absence of any magnetic field, the orientation 
of the dipoles is random. Howeve-, when placed in a uniform static field they 
orient in the direction of the field (low-energy state) or opposite to the direction 
of the field (high-energy state). When low-frequency radiowaves are applied to 
this system it is disturbed from the equilibrium state and transferred to a state 
of higher energy. The process whereby the nuclear spin system returns to 
equilibrium from the excited state is termed relaxation and characterized by two 
time constants; the T, relaxation time and the T2 relaxation time. T, is a 
measure of how rapidly the absorbed energy can be released to the surrounding 
medium while T2 reflects the time of energy exchange between individual 
protons. The relaxation times are dependent upon the physical and chemical 
environment of the protons. 

One of the great advantages of MR imaging is the high degree of intrinsic tissue 
contrast present from tissue relaxation times. The initial belief was that the 
relaxation parameters could be used for discrimination between normal and 
malignant tissue (Damadian 1971), however, it has become clear since the first 
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MR images were produced by Lauterbur (1973; that a consistent differentiation 
of abnormal tissue from normal was impossible. Therefore there has been great 
interest in the use of compounds improving contrast by affecting the contrast 
parameters. Lauterbur el at. (1978) were first to describe the use of contrast 
agents in experimental animals. The diagnostic potential of an intravenously 
administered contrast agent was demonstrated in patients by Carr et al. in 1984 
and the first contrast agent for MR imaging received approval for clinical use 
in 1988. 

Table 1: Important Factors Influencing Contrast in MR Imaging. 

Main Contrast Parameters in MR Imaging 

Intrinsic Biological Factors Extrinsic Physical Factors 

* Proton density * Field strength 
* T, relaxation * Pulse sequences 
* T2 relaxation * Pulse sequence parameters 
* Flow * Hardware/software parameters 
* Perfusion /diffusion * Contrast agents 
* Chemical shift 
* Temperature 
* Viscosity 

Mechanisms of Action 
Although there are many determinants of the MR signal that can be affected, 
two approaches have been used pharmacologically; manipulation of the tissue 
proton density and manipulation of the magnetic properties of the tissue water 
protons. Attempts to modify proton density by use of lipids or dehydration 
agents have not been successful due to lack of specificity and efficiency (Beall 
1982, Newhouse el al. 1982, Brasch 1983). Compounds that change the magnetic 
properties of the protons have shown to be highly effective and thus received 
most attention as potential contrast agents. Like contrast agents used in other 
radiographic procedures, the mechanisms of MR contrast media are physical 
rather than pharmacological. However, unlike other contrast agents such as 
iodine and barium for X-ray imaging and radiopharmaceuticals for scintigraphy, 
the MR contrast agents are not visualized directly in the image but alter the 
tissue contrast indirectly by affecting the signal of tissue water protons. 

Early in vitro NMR experiments revealed that the relaxation times could be 
enhanced by addition of ferric iron (Block el al. 1946b). Because of their 
magnetic properties certain chemical compounds such as ferric iron change the 
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relaxation behavior of protons. These magnetic properties are based in atomic 
structure and arirv from the motion of electrically charged particles. When a 
material is placed in a magnetic field, magnetization is induced and some 
materials are mora susceptible to magnetization than others. The magnetic 
susceptibility of a material is the proportionality constant between an applied 
magnetic field and the magnetization established within the material. 

Different classes of magnetic behavior have been described (Bean and Uvingston 
1959, Saini et ai. 1988). In compounds with paired electrons in their outer shells 
the induced magnetization is extremely weak and points in the opposite 
direction of the external field (negative magnetic susceptibility). This behavior 
is termed diamagnetism and present in most organic compounds. Diamagnetic 
materials are to weak to alter the signal of tissue water and not suitable MR 
contrast agents. The remaining classes of magnetism include paramagnetic, 
superparamagnetic and ferromagnetic materials, which all are utilized as contrast 
agents. These compounds are characterized by unpaired electrons in their outer 
orbital shells and they possess positive magnetic susceptibility. In an external 
magnetic field the magnetic dipoles that arise from unpaired electrons are 
considerably larger than those of protons and when placed adjacent to protons, 
their dipole moments can interact with the proton spins. The signal of water 
protons can be altered by the contrast agent in two different ways, either by 
changing of the proton relaxation processes and/or through bulk susceptibility 
effects. 

Paramagnetism is possessed by individual atoms or molecules without any net 
magnetization in absence of an external magnetic field because of random 
orientation of the dipole moments of the atoms. In an applied field a 
significant net magnetization is observed because the dipole moments align and 
orient in the same direction as the magnetic field. The dipolar interactions 
between the spins of tissue protons and unpaired electrons lower the relaxation 
times, especially the T,. The T,-shortening increases the tissue signal intensity 
and, generally, paramagnetic compounds are termed positive MR contrast agents 
(.Figure lb). 

Potential paramagnetic contrast agents include metal ions in the first transition 
series and in the lanthanide series of elements, nitroxide free radicals and 
molecular oxygen (Brasch 1983). The trivalent ion of the lanthanide element 
gadolinium (Gd) is the strongest paramagnetic agent because or the high 
number of unpaired electrons and large magnetic dipole moment. The free ion 
is a potent calcium-blocker and relatively toxic at doses required for MR 
imaging (Weiss 1974, Arvela 1979, Evans 1983). Complexation of Gd3* with 
organic ligands such as DTPA dramatically reduces the toxicity but also reduces 
the contrast efficiency since the ligand prevents close contact between the ion 
and the surrounding protons (Lauffer 1987). However, the chelating-approach 
has shown to be successful and is widely applied for balancing efficacy and 
biocompatibility of paramagnetic contrast agents. 

Whereas diamagnetism and paramagnetism are properties of individual atoms, 
ions or molecules, superparamagnetism and ferromagnetism nre properties of a 
group of atoms or molecules in a solid crystal. In an individual crystal, the 
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magnetic moments are aligned and the crystal behave as a single magnetic 
region or domain. Depending upon the size of the crystals they possess 
superparamagnetism or ferromagnetism. Superparamagnetic compounds 
consisting of a single domain while in the larger ferromagnetic crystals there are 
multiple ordered and interacting magnetic domains. Like paramagnetic 
compounds, superparamagnetic agents are magnetized in an external magnetic 
field and without any net magnetization when the field is removed. 
Ferromagnetic agents have the properties of permanent magnets. 

The mechanisms of action of superparamagnetic/ferromagnetic agents are based 
on both relaxation processes and bulk susceptibility effects (Renshaw et al. 
1986b, Gillis and Koanig 1987, Josephson et at. 1988, Majumdar et al. 1989a, 
Hardy and Henkelman 1989, Rozenman et al. 1990, Rosen et al. 1990). Relaxivity 
effects result from interactions between the large magnetic moments and the 
surrounding protons and give a decrease in both T, and TV The difference in 
magnetic susceptibility between the solid crystals and their surroundings induces 
local magnetic gradients. Protons passing through regions of non-homogeneous 
field experience efficient spin-dephasing and T2-relaxah'on. In summary, these 
effects give a decrease in image signal-intensity and because areas containing 
superparamagnetic/ferromagnetic agents appear black in an image, the 
compounds are termed negative contrast agents (Figure 1c). 

Figure 1: Schematic outline of detection of liver tumors by use of positive and 
negative MR contrast agents, a) Low contrast between normal tissue and tumors 
without use of contrast agents, b) Paramagnetic agents enhance liver-tumor contrast 
by increasing the signal-intensity of normal tissue compared to the lesions while c) 
superparamagnetic/ferromagnetic agents enhance liver-tumor contrast by decreasing 
the signal-intensity of normal tissue compared to the tumors. 
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Magnetic iron oxides, containing clusters of iron ions, such as magnetite (Fe}0«) 
and gamma-iron oxide (gamma-Fe2C>3), have received most attention as 
superparamagnetic/ferromagnetic MR contrast agents. The use of magnetic iron 
oxides for contrast enhancement was first reported in 1985 (Jacobsen and 
Klaveness 1985, Mendonca-Dias et al. 1985, Saini et al. 1985). 

Recent work has demonstrated that paramagnetic compounds with high 
magnetic susceptibility also can reduce T2 and be used as negative contrast 
agents (Villringer et al. 1988). The bulk susceptibility within an organ can be 
altered by high concentrations of paramagnetic agents to create differences in 
magnetic field between this organ and adjacent regions. The mechanism of 
negative contrast depends on compartmentalization of the agent and locally 
generated field gradients, rather than on direct interactions of tissue water with 
the unpaired spins. If however the agent is homogeneously distributed, the 
relaxation properties will dominate (Rosen et al. 1990). 

Applications and Targeting Aspects 
The initial development of parenteral MR contract agents has centered around 
the use of non-specifically distributed paramagnetic complexes. However, 
ideally, contrast agents should have a tissue-specific or a compartment-specific 
biodistribution. Many biological opportunities for site-specific delivery of 
contrast agents are currently being explored dnd these include both active and 
passive mechanisms of targeting. Although active tumor targeting using 
monoclonal antibody-coated iron oxide particles and receptor-directed 
paramagnetic porphyrins is experimentally demonstrated (Renshaw et al. 1986a, 
Cerdan et al. 1<*}9, Bockhorst et al. 1990), far more interest has been paid to 
strategies of passive targeting. Due to the mechanisms of action of MR contrast 
agents changes in signal intensity may not be directly correlated to 
concentration, and high concentration in a target region in preference to non-
target regions is therefore not the only requirement for improved tissue contrast. 
Based on differences in physiochemical characteristics and in both the qualitative 
and quantitative action of paramagnetic and superparamagnetic/ferromagnetic 
agents, the biodistribution and clinical range of applications will differ for these 
classes of compounds. 

The prototype contrast agent of the non-specifically distributed paramagnetic 
complexes is gadopentetate (Gd-DTPA), the first MR contrast medium that 
received approval for clinical use. Due to its low molecular weight and 
hydrophilic properties, the complex is extracellularly distributed and rapidly 
cleared by the kidneys after intravenous administration (Weinmar.n et al. 1984b). 
Physiological competition for the chelating agent and for the metal ion seems 
to be low since no significant biotransformation or decomposition of 
gadopentetate is detected (Weinmann et al. 1984a, 1984b). The main clinical 
indication for gadopentetate is detection of cerebral lesions associated with 
disrupted blood-brain-barrier. The agent can leak through ruptures in the 
barrier into brain tissues and locally lower the T, relaxation time of water 
protons (Carr et al. 1984). Gadopentetate is a well tolerated agent in clinical 
practice (Goldstein et al. 1990). Further progresses toward increasing the safety 
of the Gd-chelates take place during development of more stable complexes such 
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as gadoterate (Gd-DOTA) (Bousquet et al. 1988), and by lowering the osmolality 
of the contrast solution by using non-ionic complexes such as gadodiamide (Gd-
DTPA-BMA) or Gd-HP-D03A (Brasch and Bennett 1988, Greco et al. 1990, 
Runge et al. 1990). 

Contrast agents with a selective intravascular distribution may have significant 
advantages over the low-molecilar weight complexes for assessment of 
perfusion and capillary integrity. In experimental studies macromolecular agents 
containing small Gd-complexes covalently linked to albumin, dextran or 
polylysine have shown to be efficient blood-pool markers because of their 
prolonged intravascular retention (Wikstrom el al. 1989, Wang et al. 1990, 
Marchal et al. 1990). In their initial vascular phase various other agents may also 
be useful in examination of perfusion, such as particulate preparations of 
magnetic iron oxides and low-molecular weight complexes of Gd and Dy (Kent 
et al 1990, Majumdar et al 1990, White et al. 1990, Villringer et al. 1988, Rosen 
et al. 1990). 

MR imaging has a large potential in liver diagnosis (Reinig et al. 1987, Stark et 
al. 1987, Chezmar et al 1988, Nelson et al 1989, Ferrucci 1990) and there has 
been great interest to further improve the value of liver examinations by using 
contrast agents. Several physiological processes may be utilized for targeting of 
contrast agents to the liver and three separate approaches have been studied; 1) 
hepatocyte targeting based on hepatobiliary excretion, 2) macrophage targeting 
based on phagocytic uptake, and 3) receptor directed uptake into the 
hepatocytes (Table 2). 

Paramagnetic metal ions bound to a ligand with some degree of lipophilicity 
and protein binding can be extracted from the blood by hepatocytes and the 
secreted into the bile (Levine 1981, Lauffer 1987). Because these cells comprise 
to about 80 % of the liver volume (Blouin et al. 1977), hepatocellular^ 
distributed paramagnetic agents have direct contact with most of the tissue 
water and thus effectively alter the tissue proton relaxation. Although the 
reason for uneven distribution of these agents between normal and abnormal 
hepatocytes is not clear, experimental studies have shown increased liver-lesion 
contrast after injection of paramagnetic lipophilic agents, such as Mn-DPDP and 
Gd-BOPTA (White et al. 1988, Young et al. 1990, Elizondo et al. 1989). A non
specific cellular distribution may however reduce the efficacy of these agents 
(Weissleder and Stark 1989). 

The efficient and rapid uptake of particles from the blood by macrophages of 
the mononuclear phagocyte system (MPS) represents a great advantage of 
passive targeting of contrast agents to this system and to regions of its 
anatomical distribution. The liver and spleen are the main MPS-organs and 
when foreign particles are introduced intravenously, about 90 % are extracted 
by the liver, 5 % by the spleen and a few per cent enter the bone marrow and 
the lymphatic system (Saba 1970). The number of particulate contrast agents 
that has been experimentally evaluated is large and includes various 
preparations of liposomes and microspheres. Because the macrophages comprise 
about 2 % of the liver volume (Blouin et al. 1977), this cellular compartment 
may not be the optimal target for paramagnetic agents. However, several 
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paramagnetically loaded liposome preparations have shown to enhance the 
signal intensity of liver tissue (Kabalka et al. 1987, Unger et al. 1989). The 
cellular localization of liposomes is scarcely discussed but it is reasonable that 
liposomes in the micrometer size range are taken up by the macrophages, while 
smaller liposomes also accumulate in the hepatocytes (Scherphof et al. 1983). 
The detected signal enhancement of liposomes may also be related to a time-
dependent redistribution of paramagnetic degradation products from the 
macrophages to larger cellular compartments (Burnett et al. 1985b). 

Table 2: Contrast Agents for Liver Imaging. 

Physiochemical Distribution Substances 
Properties (examples') 

Low-molecular, 
hydrophilic, 
complexes 

Non-selective, 
extracellular 

Cd-DTPA' 

Macromokcular 
compounds 

Non-selective, 
intravascular 

Gd-DTPA-albumin2 

Low-molecular, 
lipophilic 
complexes 

Organ-selective, 
intracellular, 
hepatocytes 

Gd-BOPTA1 

Mn-DPDP1 

Liposomes Organ-selective, 
intracellular, 
hepatocytes/ 
the MPS 

Liposomes loaded with 
paramagnetic 
ions/complexes5 

or iron oxide 

Particles Organ-selective, 
intracellular, 
the MPS 

Iron oxide-dextran7 

iron oxide-albumin' 
iron oxide-starch9 

Ultrasmall particles Organ-selective, 
intracellular, 
hepatocytes 

Iron oxide-
arabinogalactan'0 

1. Saini et al. 1986, Edelma.. et al. 1989. 2. Hamm 1989. 3. Elizondo et al. 1989, 
Pavone et al. 1990. 4. Young et al. 1990. 5. Unger et al. 1989, Niesman et al. 1990. 
6. White et al. 1990. 7. Stark et al. 1988, Magin et al. 1989, Marchal et al. 1989. 
8. Widder et al. 1987. 9. Hemmingsson et al. 1987, Leander and Golman 1989. 10. 
Josephson et al. 1990, Reimer et al. 1990. 
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For more efficient contrast agents such as the magnetic iron oxides, the 
macrophages is however an attractive target. By far the most attention in 
hepatic targeting of particulate systems has therefore been directed to various 
particulate preparations of iron oxides. The particles range in size from a low 
of 0.01 micron (Weissleder et al. 1990a,b) to a high of 1 - 5 micron (Widder et 
al. 1987). Unmodified iron oxide (Mendonca-Dias and Lauterbur 1986) and 
preparations of iron oxide crystals incorporated into several types of matrix 
materials have been applied. These materials include proteinaceous carriers 
such as albumin (Renshavv et al. 1986b, Widder et al, 1987), silanized systems 
(Saini et al. 1987b), lipophilic carriers (White et al. 1990) and carbohydrate 
carriers such as starch and dextran (Olsson et al. 1986, Hemmingsson et al. 1987, 
Stark et al. 1988, Magin et al. 1989, Pouliquen et al. 1989). 

The rational for using MPS-specific contrast agents is based on a decreased 
phagocytic activity in space-occupying lesions compared to that of normal tissue 
(Goodman et al. 1987, Haratake and Scheuer 1990). Pathologic regions within 
the MPS-organs will not take up the same amount of particulate agents as the 
non-pathologic regions and thus appear as defects in the normal tissue 
parenchyma. After injection of magnetic iron oxides, lesions are visualized as 
hyperintense regions against the normal tissue which appears dark (Figure 2). 
Increased detection of hepatic tumors have been shown in experimental studies 
by use of different preparations of magnetic iron oxide (Hemmingsson et al. 
1987, Saini et al. 1987a, Tsang et al. 1988, Weissleder et al. 1988b, Leander and 
Golman 1989) and in clinical investigations with the iron oxide-dextran AMI-25 
particles (Stark et al. 1988, Marchal et al. 1989, Fretz et al. 1990). 

Figure 2: Demonstration of hepatic tumors after administration of magnetic iron oxide. 
Images before (left) and after (right) injection of magnetic starch microspheres (MSM), 
0.75 mg Fe/kg, to a rabbit with implanted VX2 adenocarcinoma (Leander and Colman 
1989). 
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MPS-directed iron oxide may also be of value in the diagnosis of diffuse hepatic 
and splenic disease (Weissleder et al. 1988c, Weissleder et al. 1989a, Elizondo et 
al. 1990) and as a liver contrast agent for MR spectroscopy (Engelstad et al. 
1990). It has recently been shown that the hepatic cellular localization of iron 
oxide can be changed by using active rather then passive targeting mechanisms. 
Ultrasmall arabinogalactan-coated crystals were found to be removed from the 
blood by the asialoglycoprotein receptor of the hepatocytes (Josephson et al. 
1990, Weissleder et al. 1990c). Because of accumulation in a larger cellular 
compartment the effective contrast dosage was significantly lower man that of 
macrophage-specific iron oxide particles. Detection of malignant liver tumors 
after administration of the receptor directed particles has been experimentally 
observed (Reimer et al. 1990). 

The contrast enhancing potential of various preparations of magnetic iron oxides 
has been comprehensively studied, but the biological fate and the toxicity of 
these compounds is scarcely discussed. Similar to thorium dioxide and stannic 
oxide, previously tested particulate X-ray contrast agents, magnetic iron oxide 
is insoluble in vitro (Weast and Astle 1981). The inorganic X-ray agents were 
also shown to be physiologically inert and insoluble in vivo (Swarm 1971, 
Schellens et al. 1974, Fischer 1990). After being used clinically for many years, 
thorium dioxide (Thorotrast) had to be abandoned because of serious toxicity 
caused by the combination of intrinsic radioactivity and indefinite retention 
(Swarm 1971). Based on these results the metabolism or retention of magnetic 
iron oxides is an important concern in their preclinical and clinical evaluation. 

IRON AND PARTICULATE IRON COMPOUNDS IN BIOLOGICAL SYSTEMS 

Generally, in all biological systems iron is kept soluble and functional by use 
of complexing proteins (May and Williams 1980). Iron-containing proteins fall 
into two main groups; the heme proteins classified by their ability to bind 
oxygen reversibly and the non-heme proteins involved in storage and transport 
of iron. In the human body hemoglobin is the quantitatively most important 
heme protein and accounts for 60 - 70 % of the total body iron. The two 
intracellular storage proteins ferritin and hemosiderin contribute to 20 - 30 % of 
the total iron pool and the predominant cellular sites of iron storage are the 
MPS and the hepatocytes. Transferrin is the extracellL-'ar iron transport protein 
and accounts for 0.1 - 0.2 % of the total body iron (Worwood 1977). The 
protein complexes are also important from a toxicological point of view as they 
leave a low concentration of free iron. Much evidence concerning the toxic 
effects of surplus iron points to the importance of free or low-molecular weight 
iron being potent biocatalytic compounds, involved in generation of free radicals 
that may initiate lipid peroxidation (Dougherty et al. 1981, Bacon et al. 1983, 
Halliwell and Gutteridge 1984). 

The formation and breakdown of hemoglobin is the major cycle of the body 
iron j-athways and the iron recirculation is mainly maintained by the MPS 
(Figure 3). Injured or senescent red blood cells are phagocytized, hemoglobin 
is decomposed and released iron is bound to transferrin for reuse for new 
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hemoglobin synthesis in red cell precursors (Lynch el al. 1974). The 
macrophages are also involved in iron storage and any excess iron is 
intracellularly accumulated as ferritin and later deposited as hemosiderin 
(Lipschitz et al. 1971, Ono and Seno 1986, Ono et al. 1989). 

Reticuloendothelial cells 

/ o\ 
Red blood cells I Transferrin Parenchymal cells 

Erythrold marrow 

Figure 3: Simplified representation of iron metabolism in man. The relative size of 
different pathways is represented by the thickness of the arrows. 

In humans there is no obvious physiological route for excretion of iron and the 
body iron regulation depends almost entirely upon limitation or enhancement 
of intestinal iron absorption. However, in certain situations the homeostatic 
regulation may be overwhelmed and the body iron content increases 
significantly. Ferritin, hemosiderin and transferrin will become heavily loaded 
with iron and the amounts of free and low-molecular weight iron complexes 
may also increase (Jacobs 1977, Seiden et al. 1980). Hemochromatosis and 
hemosiderosis are the major forms of iron overload. Hemochromatosis is based 
on disorders in the iron uptake mechanism and iron is primarily accumulated 
in parenchymal cells (Powell and Halliday 1980). In hemosiderosis large 
amounts of iron are deposited mainly in the MPS due to excessive ingestion or 
multiple blood transfusions (Hoffbrand 1980). These two cellular areas of iron 
storage have different functional implications. The MPS is directly linked to the 
internal iron exchange and any influx of excess iron is compensated by a 
corresponding increase in MPS iron. Thus, the macrophage compartment may 
be regarded as the normal site of iron storage. The concept has evolved that 
MPS-storage and hemosiderosis appears to be clinically benign while massive 
parenchymal iron deposition and hemochromatosis may be followed by serve 
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tissue injury (Jacobs 1977, Iancu 1982, Stevens et al. 1988). 

Besides the application of iron oxides as contrast agents in MR imaging, 
intravascular administration of magnetic iron oxides seems to be restricted to 
experimental studies of magnetically responsive particles as carriers for drugs 
(Widder et al. 1979, Gupta and Hung 1990). The local effects of magnetic iron 
oxides have been studied in mining and welding workers with masrive 
pulmonary deposition of dust containing iron oxide. Increased incidence of 
lung cancer is reported, however, the workers were simultaneously exposed to 
known carcinogenic substances (Elinder 1986). Elimination of inhaled magnetic 
iron oxide is shown by use of magnetometer (Kalliomåki et al. 1978, Cohen et 
al. 1979) and microscopy (Watson et al. 1979). 

Parenteral administration of magnetic iron oxide must be considered as a new 
medical application. However, the numerous experiments and clinical results 
obtained from colloidal parenteral correction of iron-deficient anemia are of 
interest when evaluating the biological fate of the iron oxides. In the early 
work with parenteral iron-treatment, easily solubilized forms of iron were used, 
but the severity of reactions kept injection of iron from being therapeutically 
practical. In 1947 Nissim reported that relatively large amounts of poorly 
soluble forms of iron could be tolerated after intravenous injection. Non
magnetic saccharated iron oxide and iron-dextran are colloidal polysaccharide-
complexes of iron hydroxides which accumulate in the MPS and give positive 
therapeutic results in the treatment of anemia (Brown and Moore 1956, Beamish 
1971, Kanakakorn et al. 1973). The biological handling of these poorly soluble 
iron compounds have been studied in rodents (Cappell 1930, Richter 1959, 
Pechet 1969). 

The clinical use of parenteral colloidal iron preparations has caused some 
difficulties (Nissim 1954, Brown and Moore 1956, Hillman 1990). The reported 
side effects may fall into the local type or the systemic type and there is no 
evidence that the systemic reactions are more likely to occur with intravascular 
then with intramuscular administration. Most reactions are detected immediately 
after injection and the adverse effects include headache, fever, flushing, nausea, 
back pain, bronchospasm and low blood pressure. However, of greater concern 
are the rarely anaphylactic reactions which may be fatal in spite of treatment. 
The pharmacological explanation of these reactions is not clear and several 
mechanisms might be responsible. Hypersensitivity to the sucrose or dextran 
component may cause early reactions of saccharated iron oxide and iron-dextran. 
Delayed reactions may be due to saturation of the MPS or to intravascular 
instability of the preparations (Brown and Moore 1956, Callender 1974). 

The fate of particles taken up by the macrophages will be dependent upon the 
nature of the material phagocytized and can either be stored, destroyed, utilized 
or subsequently released from the cell in its original or an altered state. Under 
ideal conditions digestion leads to low-molecular weight products which pass 
through the lysosomal membrane and are incorporated into cellular pathways. 
The biological fate of magnetic iron oxide may thus differ from that of other 
previously tested inorganic contrast media as iron is an essential and well 
regulated constituent of the body. 
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AIMS OF THE PRESENT STUDY 

The investigation on which this thesis is founded, was undertaken due to 
increased interest concerning the application of magnetic iron oxides as organ-
specific contrast agents for MR imaging. The main objectives were to study the 
biological fate and the contrast enhancing potential of a model preparation of 
magnetic iron oxide (MSM) after intravenous injection to rodents. This was 
achieved by: 

1. Studying in vitro contrast efficacy of various magnetic iron oxide 
preparations by relaxation analysis (Paper III). 

2. Studying in vivo contrast efficacy of MSM by relaxation analysis and 
MR imaging (Paper I and IV). 

3. Studying the biodistribubon and bioelimination of MSM in 
independent experiments using relaxation analysis, radioactivity studies 
and histological techniques (Paper I, II, IV and V). 

4. Studying interactions of MSM with target cells and target organelles 
using ex vivo techniques (Paper V and VI)-

t 
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GENERAL DISCUSSION 

THE CONTRAST ENHANCING POTENTIAL OF MAGNETIC IRON OXIDE 

Relaxation Analysis - Methodical Considerations 
Relaxation analysis is widely applied as an in vitro method for estimating the 
contrast enhancing potential of MR contrast agents. Based on relaxation time 
measurements in biological or non-biological samples containing contrast media, 
the efficiency and mechanisms of contrast enhancement may be studied before 
in vivo testing using more expensive imaging equipment. NMR spectrometers 
with a low resolution operating at a fixed magnetic field and with alternative 
pulse sequences and sequence parameters are generally applied. The 
spectrometer used in the main relaxation experiments in this study operated, 
however, with fixed pulse sequences. A previous quality control study of 
similar spectrometers indicated an accurate and reproducible instrument output 
for relaxation times within a relevant range for these experiments (Burnett et al. 
1985a). 

The efficiency with which a contrast agent enhances proton relaxation of water 
is referred to as relaxivity and the ability of substances to shorten T, and T, is 
expressed in a quantitative manner by use of T,-relaxivity (r,) and T,-relaxivity 
(rj). A plot of the relaxation rates, 1/T, or 1/Tj, versus contrast agent 
concentration demonstrates a linear curve relationship and the slope of the curve 
is equivalent to r, or rlt respectively. A more efficient agent has higher 
relaxivity values, indicating that the material is more potent per mole to 
decrease the proton relaxation times. The in vitro relaxivity of water-soluble 
agents is normally calculated from measurements performed in water, saline or 
serum. However, for particulate agents, such as the magnetic iron oxides, more 
viscous media may be applied to prevent possible aggregation or settling during 
the time course of relaxation analysis. 

The relaxation parameters are known to be affected by numerous factors, such 
as sample nature and handling, biological processes and the field strength, 
temperature, pulse sequence and data analysis used for the measurements 
(Mathur-De Vre 1984). When performing ex vivo tissue relaxation analysis, the 
tissue T, and T2 values may be influenced by the animal treatment and handling 
of excised tissues (Bottomley et al. 1984, Scheindlin et al. 1985, Fischer et al. 
1989). To minimize alterations in tissue relaxation processes produced by 
intrinsic or extrinsic parameters other than those related to magnetic iron oxide, 
standardized protocols were used in this study. The animals were sacrificed by 
methods known to not alter T, or T, of liver and spleen (Karlik 1986). The 
duration and temperature of tissue storage prior to analysis may affect the 
relaxation times and in general, the lower storage temperature, the better 
stability of tissue T, and T2 is observed (Thickman et al. 1983, Barthwal et al. 
1986, Fischer et al. 1989). In this study the tissue samples were kept at room-
temperature until measurements were performed. However, the relaxation 
parameters were recorded rapidly after sacrifice and possible effects of elapsed 

It 
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time were assumed to be similar for all groups of animals and thus regarded 
as non-significant when evaluating the results. 

Standardized methodologies for sample handling, instrument setting and data 
treatment during relaxation analysis are missing and results carried out in 
different laboratories can not be directly compared. However, if the standard 
of reference is relative rather than absolute, comparison of relaxation data may 
be of value. The relaxation data presented in this study must thus be 
considered as relative and in reference to the applied methods of animal pre-
treatment, sample handling and relaxation analysis. 

In Vitro Contrast Effect of Maptetic Iron Oxide Preparations 
In addition to the described intravascular application of magnetic iron oxides, 
iron oxide preparations are also being used orally for gastrointestinal tract 
explorations (Lonnemark et al. 1988, Rinck et al. 1989, Hahn et al. 1990). 
However, despite the fact that the diagnostic potential of magnetic iron oxides 
has been studied in various organ-systems, little attention has been paid to the 
design of these agents in order to optimize their effectiveness. The in vitro 
structure-activity relationship (SAR) of paramagnetic compounds has been 
summarized (Lauffer 1987) while a commonly accepted SAR of iron oxide 
agents is still mbsing. Based on the mechanisms oi action of iron oxides, their 
contrast effect is assumed to be influenced by properties that are intrinsic to the 
particulate preparations, such as particle size and dispersion of the iron oxide 
crystals, in order to study relations between physiochemical properties and in 
vitro contrast efficacy of particulate iron oxide agents, preparations with different 
particle size, matrix material, iron oxiJo dispersion and iron oxid"1 loading were 
obtained. The preparations may be ternied low-density iron oxide (Gillis and 
Koenig 1987). 

All the tested iron oxide particles effectively reduced the T2 relaxation time. 
The relaxivity, r2, was strongly correlated to magnetic susceptibility and to the 
percentage of iron incorporated in the particles. The submicron particles, 
termed magnetic starch microspheres (MSM), showed a significant higher r2 than 
the larger particles. The disagreement in the literature concerning the influence 
of particle size on contrast effect is probably related to inaccurate particle 
definitions and lack of well characterized test substances. However, theoretical 
considerations and most experimental studies have shown that the T2-effect of 
low-density preparations of iron oxide increases when the parr'de diameter is 
decreased (Majumdar et al. 1989b, Hardy and Henkelman 1989). 

A recently introduced classification system for MR contrast agents may help to 
discriminate between various types of magnetic iron oxide preparations 
(Josephson et «/. 1988). In this system, paramagnetic iron oxides will give a 
rj/r,-ratio of 1 - 2, superparamagnetic iron oxides a rj/r,-ra'io of 2 - 25 and 
ferromagnetic or clustered superparamagnetic iron oxides a r,/r,-ratio above 25. 
According to this classification, MSM behave as a typical superparamagnetic 
agent. All the other heavily loaded preparations showed ratios .-eater than 25 
and may be classified as superparamagnetic compounds with decreased surface 
contact area due to clustering of the magnetic iron oxide crystals. 
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In conclusion, the total particle size, the content and dispersion of iron oxide 
crystals, anc the magnetic susceptibility were important parameters affecting the 
in vitro rclaxivity of the tested particulate preparations of magnetic iron oxide. 
The observed relationship between physiochemical properties and contrast 
efficacy was in accordance with later results reported after studying the SAR of 
various preparations of iron oxide (Josephson et al. 1988, Majumdar et al. 1989b, 
Pouliquen et al. 1989, Ericsson et al. 1990). 

In Vivo Contrast If feet of MSM 
The submicron iron oxide-starch particles, MSM, were injected intravenously to 
rodents lo study the hepatosplenic contrast enhancement and mechanisms of 
contrast by use of relaxation analysis and MR imaging. The in vivo efficacy of 
magnetic iron oxides may best be described in terms of their effect on tissue 
proton relaxation or image signal-intensity as function of tissue concentration. 
However, in this stud" relaxation times ar.J image signal-intensity were used 
as semiquantitative measures of MSM-content in the target organs. The strong 
correlation between the injected doses and the T2 relaxation rates indicated that 
neither the T2-shortening nor the tissue uptake mechanisms were saturated with 
the applied dosages. In the imaging study progressively larger doses of MSM 
reduced the liver signal until the background signal-intensity level was reached. 
When expressing the contrast enhancement in terms of EDj-values, the doses 
which gave a 50 % reduction in T2 or image signal-intensity, MSM appeared to 
be highly effective in doses of 0.3 - 1 mg Fe per kilogram animal. The reported 
hepatic ED5[|-values of iron oxide agents varies from a low level of about 1 mg 
Fe/ kg (Weissleder et al. 1989b) to a high level of about 20 mg Fe/ kg 
(Majumdar el al. 1988). The efficiency is dependent upon properties that are 
intrinsic to the agent (Majumdar et al. 1989b) and to extrinsic instrument related 
factors such as field strength (Thickman et al. 1990), pulse sequences and 
sequence parameters (Fretz et al. 1989, Majumdar et al. 1989b, Rozenman et al. 
1990). In clinical studies dosages in the approximate range of 0.3 - 3 mg Fe/ 
kg have been applied and a dose of 1 mg Fe/ kg has been shown to 
significantly improve liver-tumor contrast (Stark et al. 1988, Fretz et al. 1990). 

The efficiency of magne.'" iron oxides can be expressed quantitatively by the 
methods mentioned ^ve, however, considerable insight into the mechanisms 
underlying their contrast enhancement may be obtained by studying their 
behavior in the target tissues. The importance of local environment and spatial 
arrangement of MSM was shown when the relaxation data from measurements 
in gels and different tissues were compared. The efficiency of MSM was higher 
in the gels than in intact tissue samples, most likely due to a homogeneous 
distribution in the gel sys^m and a non-homogeneous spacing of MSM in the 
target tissues (Majumdar et al. 1989b). After intravenous injection MSM were 
accumulated by fixed macrophages in the liver and spleen. The macrophage 
compartment contributes to only a minor fraction of the total tissue volume 
(Blouin et al. 1977) and tissue macrophages are uneven distributed and also 
possess heterogenous phagocytic activity (Sleyster and Knook 1982, Bouwens et 
al. 1986). The cellular «equestion of MSM thus resulted in localization of iron 
oxide to relatively few, discrete regions. 
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ln both hepatic and splenic tissue MSM reduced Tj in a dose-dependent manner, 
but the effect was stronger and the EDH-dose lower in the spleen. The T, of 
liver remained unchanged, while T, of spleen decreased dose-dependently. In 
various studies the target organ relaxation effects of iron oxides have been 
evaluated and increased as well as decreased efficacy in the spleen compared 
to that of the liver have been reported (Magin et al. 1989, Majumdar et al. 
1989b). The biodistribution study showed a similar percentage uptake of MSM 
per gram of tissue for the liver and spleen and the detected variations in 
relaxation enhancement were probably not related to tissue concentrations of 
MSM. The mechanisms of action of iron oxides and the different histological 
architecture of liver and spleen, giving a more scattered distribution of MSM in 
the spleen, may however explain the variation in target organ efficiency of 
MSM. 

The hypothesis of the importance of microscopic distribution of MSM was 
confirmed during the homogenization experiment. To eliminate the importance 
of different histological organization and microdistribution of MSM, tissue 
samples from the target organs were mechanically homogenized. When creating 
an uniform dispersion of MSM-loaded macrophages, both the T,- and T2-effects 
were improved. The influence of macrophage density on the contrast 
enhancement of magnetic iron oxides has been theoretically calculated (Bauer 
and Schulten 1990) and the experimental data presented here supports these 
theoretical considerations. 

In addition to cellular sequestration of MSM, the localization of MSM to certain 
cellular organelles further subdivided the particle compartment. Microscopic 
examinations showed that the material was intracellularly localized to membrane 
enclosed regions identified as lysosomes. This subcellular compartmentalization 
probably also modified the in vivo effect of MSM. The normal sparing of 
macrophages in the tissues resulted in a heterogeneous distribution of the agent 
and thus less ability to generate field gradients throughout the total tissue 
volume. The bulk susceptibility effect has although a long distance range and 
was probably limited by cellular rather than by subcellular comparrmentalization 
of MSM. However, both the organelle membrane and the cell membrane may 
act as barriers for water diffusion and could limit the direct interactions of 
tissue water with MSM (Koenig and Brown 1985, Bacic et al. 1989, Magin et al. 
1989, Bihan 1990). As a result, also the dipolar enhancement of the relaxation 
processes may be restricted by compartmentalizalion of MSM. 

In conclusion, MSM demonstrated to be a powerful contrast agent in the liver 
and spleen. The in vivo contrast effect of the magnetic iron oxide crystals was 
probably not primarily modulated by properties that were intrinsic to the MSM-
preparation, but rather by biological factors such as the density of target cells 
in the target tissues and the ablity of diffusion and exchange of water to 
cellular and subcellular compartments containing MSM. 



2 4 Magnetic Iron Oxide for Contrast-Enhanced MR Imaging 

THE BIOLOGICAL FATE OF INTRAVENOUSLY INJECTED MSM 

Distribution and Targeting 
The phagocytic uptake of particulate matter by the MPS may be influenced by 
a number of physical properties of the material. Particle size, surface 
characteristics, and particle dose are known to affect the clearance rate and 
intraorgan distribution of intravenously administered particles (Violante and 
Fischer 1984, Billinghurst 1986). The targeting of magnetic iron oxide, 
incorporated into the MSM drug delivery system, to the MPS was evaluated by 
radioactivity studies, relaxation analysis and microscopic techniques. The 
distribution of MSM war. studied qualitatively and quantitatively after 
intravenous administration of a dosage similar to that purposed for MR 
imaging. 

One hour after injection, radiolabelled MSM were localized in the liver and 
spleen. The hepatic cellular distribution of radiolabelled MSM was evaluated 
after separation of the parenchymal and the non-parenchymal cell population 
and all detected radioactivity was associated with the non-parenchymal fraction 
containing macrophages and endothelial cells (Fahlvik et at. 1988). 
Microscopically MSM were detected in macrophage cells in the liver and spleen, 
and at the subcellular level the material was located to the lysosome 
compartment. Lysosomal deposition of MSM was also observed when cultured 
macrophages were exposed to MSM. The lack of detectable amounts of MSM 
within well perfused organs such as lungs, heart and kidneys indicated physical 
stability of the particulate preparation in the initial circulation phase after 
intravenous injection. 

The hepatosplenic macrophages manifest approximately 85 - 95 % of the total 
intravascular phagocytic activity and the dispersion of injected pas'tides of 0.1 
to about 2 micron size reflects this activity by uptake of 85 - 95 % of the dose 
in the liver and spleen (Saba 1970, Tomlinson 1983, Chia 1986). Smaller 
particles can pass through the fenestrations of the liver endothelium and become 
localized, possibly after lymphatic transport, in the spleen, bone marrow and in 
tumor tissue. Particles above 7 micron will be entrapped in the lungs while 
particles above 2 micron also may become entrapped within the capillary 
network of liver and spleen (Laval-Jeantet et at. 1982, Tomlinson 1983). With 
increasing doses there is a tendency of greater uptake in spleen, lungs and bone 
marrow (Violante and Fischer 1984). Both the major deposition of MSM in the 
liver and the total hepatosplenic MSM-uptake of over 90 % of the dose, 
supported the general accumulation of particulate matter. Additionally, the 
percentage uptake of MSM per gram of tissue was the same in the liver and 
spleen, which is the typical intraorgan distribution pattern of low doses of 
particles (Kabisch 1967). The uptake of MSM in th • spleen supported the 
general rule that MPS-uptake in this organ requires a particle size over 0.2 
micron (Billinghurst 1986). Thus, both the absolute and relative MPS-localization 
of MSM were in well accordance with the general distribution of low doses of 
particles with size between 0.1 and 2 micron. 

The biodistribution of several other preparations of magnetic iron oxides has 
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been studied after intravenous injection to rodents. Variations in the applied 
dosages and in the physiochemical properties of the preparations are reflected 
in different MPS-uptake rate and MPS-tissue distribution. With doses 
comparable to that of MSM used in this study, larger polymer-coated particles, 
0.5 - 1 micron in diameter, were detected in the liver, spleen and lungs 
(Majumdar et al. 1989b), while the smaller dextran based AMI-25 particles, size 
0.07 - 0.08 micron, accumulated in the liver and spleen (Majumdar et al. 1989b, 
Weissleder et al. 1989b). Ultrasmall iron oxide particles, about 0.01 micron, had 
a considerably longer blood half life, and were located in the liver and spleen 
but small amounts were also detectable in lymph nodes and bone marrow 
(Weissleder el al. 1990b). 

In conclusion, MSM have the potential of being applied as an organ-specific 
contrast agent due to its rapid and selective accumulation in the liver and 
spleen after intravenous injection. Because of small particle si/e and biological 
stability, the preparation readily passed the capillary net work and was cleared 
from the circulation by the phagocytic function of the MPS. 

Biocompatibilitu and Elimination 
An anticipated imaging dose of MSM corresponds to 1 ni£ Fe/ kg or to an 
adult human dosage of 70 mg Fe. With an average liver weight o( 1500 g and 
85 % deposition in the liver, a single dose of MSM initially increases the hepatic 
iron content by 0.04 mg Fe/ g liver. The iron content of normal human liver 
tissue is in the range of 0.1 - 0.5 mg Fe/ g wet liver (Worwood 1977, Powell 
and Halliday 1980). The liver seems to have capacity to accumulate large 
amounts of surplus iron without obvious dysfunction. In hemochromatosis, 
fibrosis and cirrhosis are not observed until the tissue concentration exceeds 4 -
5 mg Fe/ g (Bassett et al. 1984, 1986) and in patients with tr? nsfusional 

hemosiderosis toxic effects are not seen until the tissue concentration is 9 - 10 
mg Fe/ g (Barry et al. 1974, Risdon et al. 1975). The 70 mg iron dose of MSM 
may also be compared to dosages used in parenteral treatment of iron 
deficiency. Most patients require 1000 - 2000 mg iron given in daily 
intravenous or intramuscular injections, each of 100 - 200 mg iron, or as a single 
intravenous infusion (Brown and Moore 1956, Ries and Santi 1984). 

A series of experiments was undertaken in order to trace the ultimate fate of 
magnetic iron oxide with increasing elapse of time after injection of MSM. 
Relaxation analysis, MR imaging and electron microscopic examination were 
performed, and these techniques are sensitive for detection of magnetic iron 
ox;.de, but inadequate for detection of relevant concentrations of dissolved iron. 
By use of a histochemical light microscopic technique and radio-labelled iron 
oxide it was possible to follow the distribution of iron, but differentiation 
between magnetic iron oxide and solubilized iron was impossible. However, 
when results from these independent experiments were taken together alterations 
of the physiochemical nature and distribution of injected iron were detected. 
The MR techniques showed a time-dependent elimination of magnetic iron oxide 
from the target organs but it could not be established from these studies 
whether the crystals were eliminated by solubilization, redistribution or whole 
body excretion. The parallel relaxation time measurements and radio-iron 
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analysis indicated however that magnetic iron oxide was converted to contrast-
ineffective iron degradation products which were time-dependently distributed 
from the target organs to the blood (Figure 4). The macroscopic handling of 
MSM was microscopically confirmed according to results from the electron 
microscopic investigation and from the histochemical light microscopic study. 
Results from in vitro experiments, performed to study interactions between MSM 
and target cells as well between MSM as target organelles, were in accordance 
with the in vivo findings. In cultured macrophages, relaxation analysis showed 
that large amounts of MSM were accumulated in the cells before being 
intraællularly eliminated in a time-dependent manner. Solubilization of 
magnetic iron oxide was also detected during in vitro incubation of MSM with 
a hepatic lysosome-enriched fraction. The results from the various independent 
experiments proved that magnetic iron oxide crystals injected as MSM did not 
behave as an inert substance after tissue deposition. 

o l iver 
• Spleen 
» Erythrocytes 

Time after injection (weeks) 

Figure 4: Distribution of radio-iron labelled MSM and radio-iron metabolites with 
increase of time after intravenous injection of MSM (1 mg Fe/kg) to rats (Paper II). 
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The fate of the iron metabolites of MSM probably reflected the importance of 
the MPS in the internal iron exchange. A model of the MPS iron kinetics 
stipulates two separated iron pools, one with a rapid recirculation iron turnover 
and the other involved in storage, followed by a slower iron exchange (Lipschitz 
et at. 1971, Stefanelli et al. 1984). Iron in the recirculation pool is readily 
available both for storage as ferritin and later hemosiderin and for redistribution 
bound to transferrin. Iron released from MSM probably entered the labile 
intracellular iron pool (Figure 5). It could then either leave the cell or be 
incorporated into iron storages, the proportion following each route is influenced 
by the size of the pool. Histochemically no increase in hepatic hemosiderin 
concentration was detected parallel to the solubilization of iron oxide. Ferritin 
was not stained due to low accessibility of iron in the histochemical reaction 
(Trumph et al. 1973). It is then reasonable that both the initial increase and 
gradual decrease in tissue iron after injection of MSM were directly correlated 
to tiv amount of iron oxide. Under physiological conditions relatively little iron 
enters the storage compounds, and most of the iron is quickly released from the 
cell (Deiss 1983). Because no increase in the hepatic hemosiderin was observed 
up to 2 weeks after injection of MSM, the added iron quantity was probably to 
small to affect the equilibrium between iron release and iron storage. 

The elimination of radio-iron from the target tissues after administration of 
radio-labelled MSM was paralleled with increasing radioactivity of circulating 
red blood cells (figure 4). Although no radio-iron was detected in plasma, it 
is reasonable to assume that MSM-related iron was released from the MPS 
bound to transferrin. Radio-iron transferrin was transported to the erythroid 
marrow, incorporated into hemoglobin and later detected in the red blood cells. 
According to this pathway, radio-iron from MSM was directly introduced into 
the normal body iron pool and took part in the internal iron exchange. This 
was confirmed by a second peak in splenic radio-iron and a parallel decrease 
in radio-iron of biood 8 weeks after MSM-injection. The observation 
corresponded to the life span of red blood cells in rats (Gauzon 1978) and was 
most likely due to macrophage uptake of aged red blood cells which 
preferentially occurs in the spleen (Deiss 1983). 

Previous studies of the fate of various endogenous and exogenous iron-
compounds have shown that whether iron is stored or utilized for hemoglobin 
synthesis depends upon the total body iron content, the injected iron dose and 
the nature of the injected material (Blown et al. 1957, Richter et al. 1959, 
Beamish et al. 1971, Dullmann et al. 1977, Deiss 1983, Kim el al. 1985). The 
effective utilization of iron from MSM was probably related to the low iron 
dosage and to the gradual release of solubilized iron from MSM to the labile 
MPS pool. Rapid expansion of the recirculation pool may increase the amount 
of storage iron (Noyes et al. 1960, Lipschitz et al. 1971, Ono et ai. 1989). 
Investigations of the MPS iron kinetics have shown that iron reutilization was 
initially slower for a radio-iron colloid than for radio-iron transferrin, however, 
after 2 weeks a similar and complete redistribution of radio-iron from the MPS 
to the blood was detected for both substances (Stefanelli et al. 1984). 

•- The detected redistribution of iron from the major MPS-organs to the blood after 
injection of MSM was in accordance with results obtained with other contrast 
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agent preparations of magnetic iron oxide (Engelstad et al. 1988, Weissleder et 
al. 1989b, White et al. 1990). The reported half-lives of iron oxide varies from 
a short of days as observed for MSM and AM1-25 (Weissleder et al. 1989b), to 
a long of weeks or months for larger particles (Widder et al. 1987, Saini et al. 
1987b). The rate of elimination probably depends on the iron oxide dosage, the 
dispersion of iron oxide in the preparation and in the target tissues, as well as 
the nature of the carrier or coating-material of iron oxide in the applied 
preparation. The methods that have been used for studying the fate of iron 
oxide differ in sensitivity and specificity and methodological considerations 
must thus be taken account when evaluating and comparing the elimination of 
different preparations of iron oxide. 

In conclusion, biodegradation of iron oxide crystals of MSM has been proved 
in independent experiments. Iron oxide was solubilized in the MPS and 
mobilized iron was redistributed from the liver and spleen and rapidly 
incorporated into the normal body iron turnover. 

*" Transferrin 

Magnetic starch 
microspheres 

Figure 5: Schematic illustration of the main metabolic iron pathways and possible 
correlations between the normal iron turnover and the uptake and elimination of MSM 
within the mononuclear phagocytic cell. 
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Toxicotogical Considerations 
It was beyond the scope of this study to evaluate the safety of MSM and only 
minor in vivo experiments were performed to estimate toxicity. The acute 
toxicity was measured as the median lethal dose in mice and the approximated 
LDgo-dose corresponded to 150 - 200 mg Fe/ kg. Mortality occurred within 3 
hours after bolus injection and magnetic iron oxide was detected in the lungs 
of the dead mice. Body weight was not changed when compared to control 
mice but a significant increase in liver weight was observed. The acute toxicity 
test indicated thus a 150 - 200 fold ratio between the approximated median 
lethal dose and the doses purposed for clinical imaging. After a single injection 
of MSM in dosages up to 3 mg Fe/ kg, no evidence of changed body weight 
or organ weights was recorded. Histopathologic examinations of the target 
organs were undertaken after administration of 1 mg Fe/ kg to study if the 
uptake, distribution, turnover or a possible storage of iron were accompanied 
by significant alterations in cellular or subcellular structures. Hepatic and 
splenic cells, including the macrophages, as well as the cellular organelles 
showed normal morphologic features besides those directly dependent on the 
accumulation of MSM. 

Although the purposed imaging dose of MSM seemed to be well tolerated in 
animals, the cellular response of a selective MPS uptake of MSM needed to be 
further investigated. By use of macrophages in culture and the MTT-cytotoxicity 
assay, interactions between MSM and the target cells were studied in vitro. 
The cultured macrophages were incubated with MSM as well as with 
components and metabolites of MSM and the cells were exposed to MSM-dc-ses 
up to thousand times higher than the amounts accumulated by macrophages in 
vivo after injection of the imaging dose. Based on uptake experiments and 
relaxation analysis it was however shown that uptake mechanisms were 
saturated and only a small fraction of the applied dosage was phagocytized. 
No toxic effects of MSM, or of pure magnetic iron oxide crystals or starch as 
components of MSM, were detected after incubations for up to 96 hours. 
However, comparable doses of ionic iron and non-magnetic saccharated iron 
oxide were clearly toxic to the cells. The detected differences in macrophage 
sensitivity for the various iron compounds may be related to their 
physiochemical nature. Compared with ionic iron and non-magnetic saccharated 
iron oxide, the magnetic iron oxide crystals were probably slowly solubilized 
and intracellularly presented as a sustained release preparations of iron. 
Degradation of magnetic iron oxide was confirmed during relaxation analysis. 
The slow rate of iron-release from iron oxide kept the concentration of ionic 
iron and low-molecular weight iron compounds below the toxic level and 
cellular mechanisms of iron handling had sufficient capacity to eliminate these 
potential toxic metabolites of MSM. 

Fine structural observations of cultured macrophages exposed to MSM or to 
pure magnetic iron oxide showed a massive accumulation of iron oxide crystals 
in lysosomal regions. The increased autophagic activity in these macrophages 
is considered as a normal response to phagocytosis of large amounts of slowly 
eliminated material (Hamberg and Edman 1983, Edman et at. 1984). Generally, 
lysosomal loading may affect the fragility of lysosome membranes and 
additionally, surplus iron can to destabilize membranes to leakage of hydrolytic 
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enzymes and increased autophagy (Peters and Seymour, 1976, Abok et al. 1983, 
LeSage et al. 1986). 

The toxicity of some other contrast agent preparations of magnetic iron oxide 
has been evaluated. In preclinical studies with AM1-25, no acute or subacute 
toxic effects were reported (Weissleder et al. 1989b). Massive experimental liver 
deposition of larger iron oxide particles gave no significant alterations in hepatic 
morphology (Widder et al. 1987) or in sensitive biochemical parameters (Bacon 
et al. 1987). The total hepatic iron content reached the range at which organelle 
dysfunction may occur, but no signs of toxicity were observed. AMI-25 is in 
clinical testing Phase I1/II1. Reviews from the investigations show that about 
70 % of the patients had acute hypotensive reactions at dosages higher than 4 
mg Fe/ kg (Wolf 1989, Ferrucci and Stark 1990). However, no or only minor 
reactions in few patients (vomiting, flash, hypotension) are seen when dosages 
up to 2 mg Fe/ kg were infused or given in divided doses (Stark et al. 1988, 
Weissleder et al. 1988a, 1989a, Marchal et al. 1989, Elizondo et al. 1990). 

In conclusion, although toxicity was not the subject of this study, no significant 
side effecls were observed from injections of MSM-dosages within an anticipated 
clinical range. The ratio between the approximate lethal dose and the 
anticipated imaging dose was considerably larger then the respective ratios for 
most X-ray and MR contrast media. No cytotoxicity of MSM, or components 
and metabolites of MSM, was observed in cultured target cells. 
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CONCLUSIONS 

The aims of this experimental work have been to study the biological fate and 
the contrast enhancing properties of a particulate starch-preparation of magnetic 
iron oxide (MSM) after intravenous injection to rodents. The results from tiie 
investigations support the following main conclusions: 

1. Particulate preparations of magnetic iron oxide have a strong effect 
on the T2 relaxation time in vitro. The relaxation effect is related to the 
total particle size and to the content, dispersion and magnetic 
susceptibility of the incorporated magnetic iron oxide crystals. 

2. Intravenous administration of MSM in r. ^-romolar iron dosages 
induces significant changes in sensitive contrast parameters of liver and 
spleen. The in vivo efficacy is partly restricted by compartmentalization 
of MSM in the target organs. 

3. Intravenously injected MSM are selectively taken up by macrophages 
in the liver and spleen and intracellularly accumulated in lysosomal 
organelles. 

4. The magnetic iron oxide crystals of MSM are time-dependently 
solubilized in the lysosomes of macrophages and the mobilized iron is 
directly incorporated into the normal body iron metabolism. 

5. The in vitro macrophage cytotoxicity of MSM is low due to a 
gradual release of iron from the preparation. 

Based on the presented experimental study, the MSM model preparation of 
magnetic iron oxide seems to fulfill basic requirements of MR contrast agents; 
efficient proton relaxation, specific in vivo distribution, and biological tolerance. 
MSM are taken up by the macrophages of the MPS and accumulate in the liver 
and spleen. The detected elimination and biocompatibility of MSM is based on 
the physiological roles of the MPS in the degradation of particulate matter and 
in the internal iron metabolism. 

However, besides its function in clearance and catabolism of phagocytized 
material, the MPS is a sensitive system participating a variety of essential 
biochemical and physiological events. Consequently, there are many potential 
toxic effects that could arise due a selective accumulation of MSM in the MPS. 
The major concerns are with immune responses and alterations in the function 
of the MPS, such as enhanced synthesis and excretion of various of potent 
effector molecules. Further toxicologic and pharmacologic studies thus need to 
be performed to evaluate the safety of MSM and other MPS-directed contrast 
agent preparations. 

» 
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Magnetic Starch Microspheres, Efficacy and Elimination 
A New Organ-Specific Contrast Agent for Magnetic Resonance Imaging 
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A new particulate magnetic resonance (MR) contrast agent was 
prepared by controlled precipitation of iron oxide in an aqueous 
starch solution. The potential or the magnetic starch 
microspheres (MSM) as a hepatosplenic contrast enhancer was 
studied by MR spectroscopy and MR imaging. Intravascular 
administration of MSM to rodents showed an effective blood 
clearance and a tissue-specific localization of the substance. 
MSM doses in a range of 0.3-1.5 mg Fe/kg caused a 50% 
alteration in sensitive contrast parameters 4EDH doses) of liver 
and spleen. The contrast effect of MSM in liver and spleen 
was halved within 2 to 5 days. The approximated lethal MSM 
dose in mice was 150-200 mg Fe/kg. MSM is a tissue-specific 
MR contrast substance with high efficacy, rapid bioeHmination, 
and low acute toxicity. 
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MAGNETIC substances—ferromagnetics and super
paramagnetics—are potential contrast agents in 

magnetic resonance imaging (MRI) because of their 
characteristic effect on proton relaxation. Iron oxides have 
been investigated as magnetic contrast enhancing agents 
both for enteral and parenteral applications.' "6 

Small particles injected intravenously will be cleared 
rapidly from the circulation by the reticuloendothelial 
defense mechanism, with liver and spleen as the largest 
clearance compartments. Reticuloendothelial cells are 
absent in such abnormal tissues as tumors; thus, diseased 
tissue will have a decreased ability to accumulate 
particulate matter. For this reason, particulate contrast 
agents may help differentiate between normal and 
abnormal tissue in such organs as liver and spleen. 

The pharmacokinetic and pharmacodynamic properties 
of parenterally administered particles are highly dependent 
upon the physiochemical nature of the particles, ie, the 
size and the surface of the particulate matter. The current 
investigation sought to characterize and evaluate a new 
particulate, superparamagnetic magnetic resonance (MR) 
contrast agent by contrast efficacy, contrast elimination, 
and acute toxicity studies in rodents. 

Materials and Methods 

Test Substance: Preparation and Characterization 
Magnetic starch microspheres (MSM) were produced by 

controlled precipitation of iron oxide in an aqueous solution 
of starch according to the following procedure: 2.7 g FeClj X 
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Fig. 1. Relaxation rates (1/T1. 1/T2) as function of increasing 
concentration of MSM in 0.4% agar gels. A. T1 relaxation rate; 
B. T2 relaxation rate (measurements performed at 0.24 T and 
37° C|. 

7 H20.4.5 g FeCl: X 4 H : 0 <Merck, Darmstadt, West Germany) 
and 3.0 g starch (PSI Stadex AB, Malmo\ Sweden) were 
dissolved in 10 mL distilled water by gentle heating. The iron-
siarch solution was added dropwise to 50 mL of 1.2 M sodium 
hydroxide while sonicating. The sonication was continued for 
5 minutes, then the suspension was cenirifuged for 5 minutes 
at 3000 g and dialyzed against saline solution. The MSM were 
suspended in saline solution (Natriumklorid 9 mg/mL, Naflab 
Hospital AS, Oslo, Norway) to concentrations of 0.05-0.5 mg 
Fe ml.. 

The sire of the microspheres was measured by photon 
correlation spectroscopy and the diameter range was 0.1-0.5 
Mm (mean = 0.4 /tm). Approximately 40% of the weight of 
the microspheres was magnetic iron oxide, the rest represented 
the hydrophilic matrix. 

The in vitro relaxation properties of MSM were measured 
at 0.24 T and 37° C on a Radx tablelop spectrometer <Radx 
Proton Spin Analyzer, Houston, TX).7-S The Tl values were 
obtained from an inversion recovery sequence. The T2 values 

were divided by a Carr-Purcell pulse sequence with echo time 
4 ms and collection of 64 echoes. Tl and T2 were recorded 
in 0.4% agar gels (Bacto-Agar, Dilco Laboratories, Detroit. 
USA) doped with different concentrations of MSM (Fig. I). 
RI was calculated to 17 mM Fe 's ' (r = 0.999, P < 0.001) 
andR2to2ISmMFe 's ' (r = 0.977, P= 0.001). 

Animals 
Female BALB/C and male NMRI mice, weighing IS 21 g, 

from Eomholtgaard, Denmark, and male Wistar rats, weighing 
160 ?50 g, from M^llegaard Breeding Centre, Denmark, were 
obtained. The animals were placed in plastic cages and fed tap 
water and pellets freely. The light-dark cycle for all animals 
was 12 12 hours, the room temperature was 20 ± 2° C and 
the relative humidity was 55% ± 10%. 

The MSM suspensions were vigorously shaken before being 
injected into a tail vein. For all studies MSM was administered 
with an injection rale of 1.2 ml./minule. 

MR Spectroscopy 

Duse-Response Studies. Dose-respunse investigations were 
undertaken in BALB.'C mice and rats with four different doses 
of MSM; 0.15, 0.75, 1.5. and 3.0 mg Fe/kg. Five animals of 
each species were injected with MSM at each dose level. Eight 
control animals were given volume equivalent doses of saline 
solution. The mice were sacrificed by cervical dislocation I hour 
after MSM administration and tissue samples for relaxation 
time measurements were taken from the liver. The rats were 
anesthetized by intraperitoneal administration of pentobarbital 
(pentobarbital 50 mg/mL, NAF Lab AS, Oslo, Norway) and 
sacrificed by cardiac puncture 1 hour after the MSM injection. 
Tissue samples were taken from the liver, spleen, lungs, kidneys, 
and blood. 

The contrast response was measured by recording the Tl and 
T2 of the tissue samples in an MR spectrometer operaiing at 
0.24 T and 37° C (Radx Proton Spin Analyzer).7-" Tl was 
divided by an inversion recovery pulse sequence and T2 was 
obtained from a Carr-Purcell spin-echo sequence with echo time 
4 ms and collection of a train of 64 echoes. All the samples 
were kept airtight at room temperature and thermostabilized 
at 37° C before the relaxation time measurements, within 2 
hours after sacrifice. The recorded relaxation times were 
corrected for day-to-day variations of the MR spectrometer by 
use of standard curves. 

Time-Response Studies. In time-response studies BALB/C 
mice received an MSM dose of 0.75 mg Fe/ kg and rats a dose 
of 1 mg Fe/ kg, respectively. Groups of three animals were used 
at each time point. Five control animals were given volume 
equivalent doses of saline solution.' The mice were sacrificed 
by cervical dislocation r 0.5, 2, 5 minutes; at 1,8, 24 hours; 
and al 3, 5, and 7 days after injection. The rats were sacrificed 
by cardiac puncture (as described above) at I hour, 1, 3. 5, 
and at 7 days after injection. Liver tissue samples were obtained 
from the mice; liver, spleen, lung, and blood samples were 
obtained from the rats. Then, relaxation lime analysis was 
performed as above. 

MRl 

Dose Response Study. MRl of anesthetized rats was 
performed with a 2.4 T Bruker Medspcc 24/30 MR! system 
(Bruker, Rheinstetten, FRG). Five doses of MSM were 
evaluated; 0.15. 0.30, 0.75, 1.5, and 3.0 mg Fe/kg with four 
or five rats at each dose level. 

H 
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TABLE 1. n^sue Relaxation 1 Hour After In1 ravenous Injection of Various Doses of MSM to Mice and Rats 

Tissue Relaxation Times (ms) (Mean ± SD) 
Mice Rats 

MSM Dose 
(mg Fe/kg) Liver Liver Spleen Lungs Kidneys Blood 

Control T1 310 ± 11 241 ± 8 524 ± 13 558 ±20 397 ±29 757 ±84 
T2 4 8 ± 2 4 6 ± 2 77 ± 4 70 ± 7 6 0 ± 5 100-

0.15 T1 306 ±40 229 ± 9 429 ±20 551 ± 17 418 ± 16 716 ± 2 9 
T2 4 0 ± 1 40 ± 2 52 ± 8 75 ± 4 6 3 ± 5 100 -

0.75 T1 275 ± 8 230 ±16 377 ± 18 541 ±13 427 ±11 716 ± 1 9 
T2 23 ± 1 28 ± 2 37 ± 6 74 ± 6 6 4 ± 3 100-

1.5 T1 290±11 230 ± 6 324 ± 19 547 ±20 407 ±16 707 ± 25 
T2 17 ± 2 21 ± 1 22 ± 3 69 ± 4 62 ± 3 100-

3.0 T1 259 ± 9 221 ± 14 253 ± 18 559 ± 9 397 ± 5 713 ± 27 
T2 10± 1 13 ± 3 5 ± 5 ' 61 ± 6 5 8 ± 2 100' 

'Value out of standard ranga. 
Measurements performed at 0.24 T and 37° C. 
N 8 in control group and n - 5 in test groups. 
MSM - magnetic starch microspheres. 

Two imaging sequences were used; a mixed spin-echo (SE) 
sequence, SF. 800 34 (repetition time in ms/echo time in ms), 
and a T2-weighled gradient echo (GE) sequence, GE 80/13/ 
I0(repeiition time in ms echo lime in rns/fiip angle in degrees). 
Prccontrast images were obtained and MSM was administered 
without removal of the rats from the magnet. The posicontrast 
images were obtained 15 20 minutes after MSM injection. Both 
SE and CJE imaging were performed before and after MSM 
injection. 

Image analysis was based on signal intensity measurements 
in trie luer parenchyma and in the image background. A circular 
region of interest was selected in the liver parenchyma, avoiding 
surrounding high signal intensity regions and partial volume 
effects from the lungs and the ime unal tract. The same mask 
was used in the pre- and postcontrast images and the mask 
M/e was unaltered during the image analysis. The background 
intensity was calculated from a large, rectangular region of 
interest, excluding the respiratory motion artifacts in phase-
encoding direction. The background mask was uniform in size 
and localization during the analysis. 

Signal to noise ratios (S N) were calculated as the liver signal 
intensity (S) versus the background noise (N). The effect of 
MSM on the signal intensity was expressed as a percentage 
ratio between the S N post-MSM injection and the S'N pre-
MSM injection. The mean signal intensity values ± standard 
deviation (SI)) and the percentage ratio SrN post and S N 
pre * SI) are given. 

Timt-- fif.ipome Sfutli In a time-response investigation, rats 
received a dose ol I mg he kg and underwent imaging before 
and 20 minutes. 1. 2. 5. K. and 15 days after MSM injection. 
lirouph ol lour or five ral.s were used for each time period. 
Imaging was undertaken with the described SF sequence and 
the image analysis wo», per lor med as above. 

Acute Toxicity Stud v 
The acute intravenous toxicity of M S M was studied in male 

N M R l mice. Doses of MSM corresponding to 100 mg. 150 

mg, 200 mg. and 300 mg Fe/kg were given to five animals 
at each dose level. The body weight was measured throughout 
the observation period of one week. Daily observations for signs 
of morbidity and mortality were performed. The mice were killed 
by cervical dislocation and the weights of liver, spleen, and lungs 
were recorded. Statistical calculations were performed with two-
tailed Student's t tests and correlation analysis. The confidence 
interval was 95% 

Results 

MR Spectroscopy 
Dose Response Studies. Intravenous administration of 

MSM to BALB/C mice led to a statistically significant 
change in the T2 relaxation time of liver (Table 1). Only 
minimal changes were detected in the Tl relaxation time. 
The increase in T2 relaxation rate (1/T2) per injected 
dose was linear and without loss of effectiveness at higher 
doses (Fig. 2A). The dose causing a 50% decrease in T2 
values of liver tissue, the E D W dose, was 0.75 mg Fe/ 
kg-

In rats, injections of MSM produced statistically 
significant alterations in both the liver and the spleen 
T2 relaxation time (Table 1). The T2 relaxation rates 
increased linearly with the injected doses and no saturation 
was observed (Fig. 2B, D). The ED 5 0 dose ranged 0.75-
I.S mg Fe.'kg for liver tissue and was about 0.75 mg 
Fe/kg for spleen tissue. At the highest doses, l.S and 
3.0 mg Fe'kg, a significant decrease in T2 of lungs was 
observed. Blood and kidney T2 values were unchanged 
with the doses used. Tl relaxation time of spleen tissue 
decreased significantly compared with control values, and 
the increase in Tf relaxation rate was highly dose-
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Fig 2. Tissue relaxation rates (1/T1. 1/T2) with increasing doses of MSM. A) Mice: T1 and T2 relaxation rate of liver, BJ rats. 
Ti and T2 relaxation rate of liver. C) rats: T1 relaxation rate of spleen. D) ibis: T2 relaxation rate of spleen. Measurements performed 
at 0,2-1 T and 37" C. Mean values are plotted. N = 8 in control groups and n = 5 in test groups. 

dependent (Fig. 2C). Liver Tl value was only minimally 
affected, with a 5% to 10% Tl shortening throughout the 
dose :ange. No significant alterations in Tl were observed 
in lungs, kidneys, or blood. A parallel shortening of Tl 
and T2 in spleen was recorded (r - 0.994, P = 0.002); 
for li /er a lesser, nonsignificant correlation was observed 
<r = 0.831,/» = 0.092). 

Time Response Studies. Time dependent evaluations 
of ths relaxation times were performed both in BALB/ 
C mice and in rats after administration of MSM. The 
injec ed MSM doses were 0.7S and I mg Fe/kg, 
respectively, and at the same level as the estimated E D M 

doses of liver tissue. The aim of the study undertaken 
in mice was to investigate both the accumulation rate 
and i he elimination rate of MSM in the liver tissue. The 
liver TC was shortened to 60% of baseline value 0.5 minute 
after injection. The T2 decreased further and reached a 

minimum value, corresponding to 50% of control, after 
5 minutes. The T) of liver was slightly but statistically 
significantly decreased in those groups. No alteration from 
the T2 minimum level was observed after I hour. The 
T2 effect of MSM was progressively reversed from 8 hours. 
The effect was halved after two to three days and 
eliminated within five days (Fig. 3). No changes in Tl 
were detected during this period. 

The elimination of MSM-induccd TI and T2 shortening 
was studied in rats. One hour after injection a significant 
decrease in T2 of liver and spleen tissues was observed 
(Table 2). T2 of liver was 46% and T2 of spleen 70% 
below the control levels, respectively. Tl of liver was 
unchanged, whereas Tl of spleen showed a 35% drcrease 
compared with control values. During the test period of 
seven days, both Tl and T2 gradually returned iO 
precontrast values. The initial MSM effect on those 
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parameters was halved within two to three days after 
injection. 

MR Imaging 

Dose Response Study. The liver signal intensity change 
in reponse to various doses of MSM is shown in Table 
3. Quantitative measurements of signal to noise confirmed 
the visual observations of MSM efficacy in the images 
(Fig. 4). The signal intensity of liver decreased with 
increasing dose. However, no further effect of MSM was 
obtained with increase of dose of 1.5 mg Fe/kg to 3.0 
mg Fe/kg in the GE sequence. According to the signal 
intensity analysis, the ED50 dose of liver was approxi
mately 0.3 mg Fey kg both for SE and GE imaging. 

Time Response Study. In the time response study a 
dose of I mg Fe/kg significantly decreased the signal 
intensity of liver. Compared with the S/N ratio of 
precontrast images, the liver S/N was reduced to 31% 
after 20 minutes (Table 4). Delayed scans showed a time-
dependent return of signal intensity of liver parenchyma 
10 baseline values. As a result of this contrast elimination, 
the ratio between post- and pre-S/N was 38% after one 
day, 42% after two days, 54% after five days, and 58% 
after eight days, respectively. At 15 days the S/N ratio 
was at pre-MSM level. The reversal of decreased signal 
intensity toward baseline level had a half-life of four to 
five days. 

Acute Toxicity Study 

The median lethal dose of MSM (approximated LD W ) 
corresponded to 150-200 mg Fe/kg (Table 5). Mortality 
occurred between 10 minutes and 3 hours after injection 
and no apparent morbidity on surviving animals was 

Tims alter injection 

Fig. 3. T2 relaxation time of mouse liver tissue at increasing 
time after intravenous injection of MSM in dose 0.75 mg Fe/kg. 
Measurements performed at 0.24 T and 37° C. Data are given 
as mean ± SD. N = 5 in control group and n = 3 in test groups. 

recorded during the test period. The body weight analysis 
did not indicate a significant difference between the MSM-
treated and the nontreated mice. A significant increase 
in liver weight was observed in the MSM-exposed animals 
(/* = .001), but no weight alterations of spleen or lungs 
were detected compared with the control group. 

Discussion 
Magnetic particles have an extremely large magnetic 

moment, creating inhomogeneities in a magnetic field. 
The field inhomogeneity promotes dephasing of proton 

Time After 
Injection 

TABLE 2. Rat Tissue Relaxation After Intravenous Injection of MSM in Dose 1 mg Fe/kg 

Tissue Relaxation Times (ms) (Mean ± SD) 
Liver Spleen Lungs Blood 

T1 233±7 506 ± 1 2 595 ± 3 1 716 ± 22 
T2 4 6 ± 2 74 ± 6 74 ± 4 100" 

T1 226 ±15 329 ±20 576 ±15 719 ± 10 
T2 25 ± 1 22 ± 5 72 ± 4 100-

T1 235 ±16 394 ±26 580 ±26 722 ± 3 
T2 3 2 ± 3 30± 1 73 ± 3 100 -

T1 243 ± 5 485 ±23 566 ±25 745 ±24 
T2 37 ± 2 55 ± 4 76 ± 1 100' 

T1 227 ± 7 477 ± 22 571 ± 8 717 ±22 
T2 41 ± 4 6 5 ± 2 82 ± 3 100-

T1 234 ± 5 516 ± 5 578 ±29 754 ± 5 
T2 4 3 ± 2 71 ± 5 8 2 ± 6 100-

Control 

1 hour 

1 day 

3 days 

5 days 

7 days 

'Value out of standard range 
Measurements performed at 0 24 T and 37" C 
N - 5 m control group and n = 3 in test groups 
MSM magnetic starch microspheres. 
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TABLE 3 Luer S'N Ratios Before (Pre) and After (Post) Intravenous Injection of Various Doses of MSM and Ihe 
Percentage Relation Between the S/N Post and the S'N Pre Ratio 

Pre 

MRI Sequence 

Pre 
GE 80/13/10 

Post 
MSM Dose 

Pre 
SE 800/34 

Sequence 

Pre 
GE 80/13/10 

Post (mg Fe/kg) Pre Post Post/Pre 

Sequence 

Pre 
GE 80/13/10 

Post Post/Pre 

0 15 20 7 : 0 5 14.1 i 08 68 3 ± 3.2 12.3 t 1 5 8 4 1 1.4 68 6 t 4 6 
0 30 21 0 : 23 119 1 2 3 56 3 -t 6 3 10.9 • 1 0 5.9 t 0.9 53 9 t 7 5 
0 75 21 5 r 1 6 64 1 0 7 298 1 2.7 10 6 ' 0 9 22 1 0 2 20 9 • 4.2 
1 5 20 4 r 1 6 3 8 1 0 6 18.7 '_ 3.4 120 1 1 3 1 6 t 0.2 133 * 24 
30 20 7 .• 3 3 24 1 0.5 11.6 t 24 115 1 19 1.5 1 0.4 132 t 39 

Measurements perlormed at 2 4 T 
Data are given as mean : SD (0 15 mg Fe/kg n 4, 0.3. 0 75. 1.5and3 0mg Fe/kg n 5) 
5/N signal to noise ratio, MSM magnetic starch microspheres, SÉ spin echo, GE 

resonance imaging 
gradient echo. MRI magnetic 

spins, reduced T2 relaxation t ime, and decreased signal 
intensi ty. 4 -" 1 Magnetic particles such as M S M are more 
efficient contrast enhancers in M R I than paramagnetic 
substances. Typical R I and R2 values for low-moleculai-
weight paramagnetic chelates are I 10 m M 's ', whereas 
superparamagnetic particles have R I of 3 30 m M 's ' 
and R2 of 100 300 m M 's '. According to a classification 
system of M R contrast agents recently introduced by 

Josephson et al , M S M makes up the class II agents that 
include superparamagnetic particles wi th values o f R2 ' 
R l between 2 and 25 (20 M H / ) . 1 " The ratio oi R2 R l 
for M S M was calculated to be about 13 (10 M H / ) . 

The in v i t ro relaxation properties ol M S M were 
reflected in in v ivo experiments performed to evaluate 
the intrinsic efficacy ol the substance. The tissue response 
per injected dose of M S M was correlated to sensitive 

Fig 4 Transverse images through rat liver before and after in1 ravenous injection of increasing doses of MSM. (A-F) spin-echo 
(SE) sequence images (800/34). before. 015. 0.30. 0.75. 1.5. and 3 mg Fe/kg. respectively. (G-L) Gradienl-echo (GE) sequence images 
(80/13 ' 0). before. 0 15. 0 30. 0 75. 1 5. and 3 mg Fe/kg. respectively. 

0 
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TABLE 4. Liver S/N Ratios Before (Pre) and Alter (Post) 
Intravenous Injection ot MSM. Dose 1 mg Fe/kg. and the 

Percentage Relation Between the S/N Post and the S/N Pre 
Ratio 

SE 800/34 
Iniectton Pre Post Post/Pre 

20 minutes 17.7 ± 1.0 5.5 ± 0.6 30.8 ± 3.3 
1 day 17.7 ± 1.0 6.8 ±1.2 38.2 ± 7.1 
2 days 17.7 ± 1.0 7.4 ± 1.1 41.7 ± 5.4 
5 days 17.7 ± 1.0 9.7 ± 2.0 54.4 ± 8.5 
8 days 18.0 ± 0.9 10.4 ± 0.7 58.1 ± 6.9 
15 days 17.7 + 1.0 19.2 T 2.4 108.6 ± 16.6 

Data are given as means ± SD {20 min.. 1, 2, 5 and 8 days 
n - 5. 15 days n - 4) 

S/N signal to noise. MSM = magnetic starch microspheres. 
SE * spin echo. 

contrast parameters in M R spectroscopy and M RI studies. 
The estimated E D W doses indicated high efficacy of MSM 
in the liver and spleen, and MSM seemed to be a stronger 
contrast enhancer because of lower EDso doses, than 
related substances." J 2 

The relaxation time measurements demonstrated a 
dose-dependent increase in T2 relaxation rate of both liver 
and spleen, whereas only the spleen TJ relaxation was 
correlated with injected MSM dose. Previous MR 
spectroscopy studies show negligible effects of Tl in liver 
and spleen, as well as increase of liver Tl relaxation rate 
with increasing amounts of injected magnetic 
particles. 5- ( , '"- i : 

The imaging study indicated only minimal differences 
of liver signal loss between the T2-weighted GE images 
and the mixed SE images. Despite a shorter echo time, 
the GE sequence disclosed the same efficacy as the SE 
sequence did. This can be explained by the absent 
refocusing pulse in the GE sequence not compensating 
for the inhomogeneous field created by the superpara
magnetic particles.1* Both sequences are clinically relevant 
and appear to be sensitive for MSM, even in low doses. 
In pulse sequences that emphasize Tl-dependent contrast, 
normal and diseased tissues can appear nearly isointense 
without use of contrast agents. 1 4 The best suited sequences 
foi iron oxide-enhanced detection of tumors are reported 
to be T2-wcighted sequences, in which normal tissue is 
hypointense relative to cancer tissue.1 5 

The iron oxide of MSM was gradually eliminated from 
the liver and spleen. In the MR spectroscopy study the 
T2-response persisted for five to seven days, giving an 
organ elimination time, with half-life of two to three days. 
The imaging experiments showed reversal of the reduced 
signal intensity toward baseline after eight to fifteen days 
and an organ elimination time with half-life of four to 
five days. Reported biodegradation rates of iron oxide 
particles accumulated in the liver vary in terms of days, 
weeks, and months. 5 ' h . , f ,i 1 ' ' 

TABLE 5. Acute Toxicity ot MSM in Male NMRI Mice 
Observed for Seven Days 

MSM Dose (mg Fe/kg) Dead Mice/Total Mice 

100 0/5 
150 0/5 
200 3/5 
300 5/5 

MSM = magnetic starch microspheres. 

We noted discrepancies between the dose- and time-
response data using both MR spectrometry and MR1. 
The contrast efficacy of MSM was higher and persisted 
longer in the imaging study compared with the in vitro 
tissue relaxation measurements. The observed variations 
probably result from the tenfold difference in field 
strengths in the experiments. Majumdar et al 1 2 recently 
studied the reiaxivity of iron oxide particles as a function 
of field strength. They reported a significant increase in 
efficacy at higher fields. 

The MR spectroscopy studies stipulated the biodistri-
bution profile of the parenterally administered MSM. A 
high degree of hepatosplenic targeting was observed in 
addition to a lack of T2 response in nonreticuloendothelial 
tissue. MSM was detected in lungs after injection of high 
doses. This observation is probably attributable to 
capillary blockage rather than macrophage engulfmenl 
of microspheres in this tissue. 

The acute toxicity study indicated an approximately 
200-fold margin of safety between the stipulated E D W 

dose and the LD 5 0 dose of MSM in mice. Enlargement 
of liver was observed after toxic doses, whereas no 
statistically significant increase of organ weights was 
recorded at lower doses. 

The potential toxic effects of MSM and related 
compounds are associated with their physical and chemical 
properties. Embolization after injection of foreign 
particulate matter may occur from in vivo particle 
aggregation, although the particle diameter is far below 
the critical size needed to pass through the finest 
capillaries. Albumin, starch, and dextran, 5- 1 6- 1 8- 1 '* as 
carriers for iron oxides, may contribute to the total 
biologic tolerance of magnetic panicles. Both immune 
response and reticuloendothelial function can probably be 
affected by these substances. Release of iron oxide crystals 
from the carrier molecule and increase of iron concen
tration in stationary macrophages of the reticuloendothe
lial system, may lead to cellular, organ-related, and 
systemic toxic effects. 

Iron-related hepatctoxicily of iron oxide particles has 
been studied in rats after a single injection of magnetic 
particles.20 Neither iron-induced organelle lipid peroxi
dation, organelle dysfunction, nor morphologic injury 
were reported. Subacute toxicity investigations with 
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magnetic panicles in rats and dogs showed no serologic 
or morphologic evidence of tissue damage. 2 1 

Magnetic particles have proved to be effective contrast 
enhanced,, improving accuracy in the diagnosis of hepatic 
and splenic tumors. N > 1 7 However, questions regarding the 
biologic fate of iron oxides as well as aspects of toxicity 
remain unanswered. There is an obvious need for further 
investigations to optimize the usefulness of magnetic 
particles as a reticuloendothelial system-specific contrast 
agent. Our results indicate thai MSM has advantages in 
both contrast efficacy and elimination. 
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The biodistribution and elimination of magnetic starch 
microspheres (MSM) were studied qualitatively and quanti
tatively by radioiron tracer studies and relaxation time 
measurements. One hour after injection of MSM (1 mg/kg of 
Fe), 85% ± 5% of the dose was accumulated in the liver and 
6.5% ±3-1% in the spleen. The hepatic clearance led to 50% 
reduction in the T 2 relaxation time of liver tissue. This T z effect 
was halved after 24 hours and Tj reversed to baseline value 
within 5 days after injection. The radioiron was gradually cleared 
from the liver with a t l / z of 4 to 5 days. Six weeks after injection 
of MSM, 72% ± 7% of the ndioiron dose was detected in 
the circulation in a nonsuperparamagnetic form associated with 
the erythrocytes. The results indicate a redistribution of iron 
from the liver and spleen via the erythroid bone marrow to 
the erythrocytes after injection of MSM. 

Key words: MR contrast media; iron oxides; liver; MR studies; 
iron metabolism. 

PA R T I C U L A T E C O N T R A S T MEDIA offer advantages over 
w a t e r - s o l u b l e m e d i a for severa l t i s sue- spec i f i c 

radiologic investigations. Studies have been done with 
passive particle targeting, including occlusion, cellular 
uptake and local injection, and active targeting concerning 
a n t i b o d y c o a t i n g o f contras t e n h a n c i n g part ic les . 
Parenteral administration of particulate matter for passive 
targeting of the reticuloendothelial system ( R E S ) is 
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suggested for x-ray diagnosis , 1 - 2 scintigraphy, 3 ultra
s o u n d , 4 and magnetic resonance imaging ( M R I ) . S 8 

The physical and chemical properties of magnetic iron 
oxides make these substances possible candidates for 
parenteral administration to enhance contrast in MRI. 
Previous contrast efficacy studies9 I J that use MR 
spectroscopy and MR imaging report a time-dependent 
elimination of the iron oxide-induced contrast enhance
ment of liver tissue within days or weeks after injection. 
The aim of this investigation was to study the biological 
fate of magnetic microspheres by correlating the pharma
cokinetics and the contrast elimination profile of a new 
superparamagnetic particulate contrast agent for MRI. 

Materials and Methods 

Test Substance 

The preparation and characterization of the magnetic starch 
microspheres (MSM) were reported previously." The micros
phere size of MSM was in the range of O.J to 0.5 /*m, mean 
0.4 jiim. Approximately 40% of the microsphere weight 
represented magnetically active iron oxide. Radiolabeled MSM 
were produced wilh M FeCl j as slarting material for the 
preparation. MSM was suspended in saline (Natriumklorid 9 
mg/ml , Naflab Hospital AS, Oslo, Norway). The iron 
concentration of the injection solution was 0.2 mg/ml of Fe 
and the specific radioactivity was 37 kBq/mg of Fe. 

Animals 

Male Wistar rats from Møllegaard Breeding Centre, Denmark, 
with a body weight between 135 and 165 g were used. The 
rats were fed tap water and pellets and housed in plastic cages, 
three in each, or individually in metabolic cages for urine and 
feces sampling. The light/dark cycle for all animals was 12/ 
12 hours, the room temperature was 20° C ± 2°C, and the relative 
humidity 55% ± '.Q%. 

Methods 

The MSM suspension was shaken vigorously before 
administration in a tail vein with an injection rale of 1.2 ml/ 

793 
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TABLE 1 Biodislnbution of 5 9Fe Labelled MSM in Rats 0 to 7 Days After Injection" 

Percentage of injected dose (mean i : SD. n = 5) 

Organ 1 h 24 h 3d 5d 7d 

Liver 845 t 4.8 71.1 t 3.5 52.3 ± 5.8 40.1 ± 1.2 28.3 ± 3.8 
Spleen 6.5 1 1.3 6.1 i 1.1 6.8 ± 0.5 5.6 t 0.8 3.7 ± 0.8 
Whole blood 0 0 20.6 t 4.6 35.8 l 3.8 49.6 t 4.8 
Erythrocytes 0 0 16.3 i 3.9 31.6 + 4.9 47.8 ± 3.9 
Other organst 0 0 0 0 0 
Excretia (cumulative) — 0 0 0 0 
Recovery 91.0 ± 3.8 77.2 ± 4.2 79.6 I 3.9 81.5 t 4.1 81.6 ± 3.7 

•Each rat received an MSM dose of 1 mg/kg of Fe (37 KBg/mg of Fe). 
tLungs. bone marrow, kidneys, heart, and blood plasma. 
SD- standard dewalfon 

mm. The injected dose of MSM corresponded to I mg'kjj of 
K\ A parenteral volume equivalent injection of saline was given 
to control rats. Groups of five animals were used. The animals 
were anesthetized by an injection intraperitoneal!}' of 
pentobarbital (Pentobarbital 50 mg'ml, NAF-lab AS, Oslo, 
Norway) and killed by cardiac puncture. The tesl rats were killed 
I hour. 1, 3, 5. and 7 days, and 2, 4, 6, and K weeks after 
administration of MSM. The control rats were killed 1, 4, and 
K weeks after injection. Body weights were recorded throughout 
the test period and at termination. 

The liver, spleen, bone marrow, lungs, kidneys, heart, and 
whole blood were obtained from the test animals. Bone marrow 
samples were excised from both femurs and the total sample 
weight was recorded. A portion of the heparinized whole blood 
was centrifuged at K00 g for 20 minutes. The liver, spleen, lungs, 
kidneys and heart were analyzed for total radioactivity. One 
ml of whole blood, 1.0 ml of erythrocyte fraction, and 1.0 ml 
of plasma fraction were counted. The total recovery of 
radioactivity from bone marrow, whole blood, erythrocyte 
fraction, and plasma fraction was calculated on the base of 
the counted sample amount. The blood volume of rats was 
assumed to be 6^- of body weight, the hematocrit was 45% 
of blood volume, and the bone marrow weight was 3% of body 
weight.14 Urine and feces samples were collected daily for 7 
days f'om one group and the activity of samples was recorded. 
The radioactivity measurements were done on a CliniGamma 
1272 gamma counter (LKB Wallac, Turku, Finland). The 
minimum detection limit was set to three times the background 
level. 

Liver and whole blood samples were collected from the control 
rats. 

Relaxation time measurements were done on liver and whole 
blood samples from all rats. The samples were kept airtight 

at room temperature and stabilized thermally at 37&C before 
analysis within 2 hours after death. The spin-spin relaxation 
lime, T?, was measured with an MR-spectrometer, Radx NMR 
rVoton Spin Analyzer (Radx Corp., Houston, TX), operating 
at 37°C and 0.24 T (10 MHz). The T ; values were obtained 
by a Carr-Purcell pulse sequence with an interpuise time of 
4 ms; a train of 64 echoes were collected." 

Statistical calculations were done on mean values with two-
sided Student's t test and 959r confidence interval. Data are 
given as mean ± standard deviation. 

Results 
Period 0 to 7 days After MSM Injection 

The biodistribution of s , Fe la^illed MSM is shown 
both qualitatively and quantitatively in Tables I and 2 
and in Figure I. One hour after administration of MSM, 
all detected radioactivity was seen in the major 
reticuloendothelial organs. Liver tissue accumulated 
84.5% ± 4.8% of the dose, whereas 6.5% ± 1.3% of the 
dose was located within the spleen. The percentage 
distribution of s , F e labelled MSM per gram of tissue 
represented 12.1% ± 1.5%/g of liver and 13.2% ± 3.2%/ 
g of spleen, respectively (Fig. 2). 

From day three, a significant redistribution of i 9 Fe was 
seen (Table 1). The amount of radioactivity in the liver 
decreased to 52.3% ± 5.8% of the dose, which parallels 
an estimated increase to 20.6% ± 4.6% of the dose in 
the whole blood. All the radioiron of blood was associated 

TABLE 2. Biodistribution of M Fe Labelled MSM in Rats 2 to 8 Weeks After Injection-

Organ 
Percentage of injected dose (mean ± SD. n = 5) 

2wk 4wk 6wk 8 wk 

17.8 ±1.1 13.8 ±5.9 14.7 ±1.3 10.6 ±2.4 
3.1 ± 0.6 2.4 ± 0.9 3.6 ± 0.8 8.0 ± 0.8 

60.2 ± 2.9 65.2 ± 15.0 71.6 ±6.9 49.4 ± 5.4 
58.8 ± 4.8 55.8 ± 25.3 65.2 ±10.8 50.3 ± 9.3 

0 0 0 0 
81.1 ±3.5 77.4 ± 10.3 89.9 ± 6.4 67.8 ± 4.1 

Liver 
Spleen 
Whole blood 
Erythrocytes 
Other organst 
Recovery 

*Each rat received an MSM dose of 1 mg/kg of Fe (37 KBg/mg ot Fe}. 
tLungs. bone marrow, kidneys, heart, and blood plasma. 
SO' standard deviation. 

M 
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Fig. 1. Biodistribution ol M Fe 
labelled MSM and M Fe labelled 
degradation products as percent 
of dose per total organ. Mean 
values are plotted, standard 
deviations (SD) are given in 
Tables 1 and 2; n = 5. 

Time after injection (weeks) 

with erythrocytes. The transport of 5 9 Fe from liver tissue 
to the erythrocyte fraction continued from day three lo 
day seven. One week after injection 28.3% ±3.8% of the 
injected radioactivity remains in liver and 47.8% ± 3.9% 
of the 5 1 iFe dose was erythrocyte bound. A significant 
decrease of splenic radioiron from an initial 6.5% ± J.3% 
to 3.7% ± 0.8% was noted. No radioactivity was recorded 
in the lungs, bone marrow, blood plasma, kidneys, or 
heart. Daily radioactivity measurements of urine and feces 
did not show any excretion of radioiron within I week 
after injection. 

The high entrapping of MSM in the liver led to a 50% 
decrease in the 1 2 relaxation time of liver tissue (Table 
3). The T 2 of whole blood was unaltered 1 hour after 
administr ition of MSM. A significant increase in T 2 of 
the liver was seen after 1 day. Over a period of 5 to 
7 days. T : of the liver returned to the control level. No 
alteration from normal T 2 was noted in whole blood 
samples during this period. 

Period 2 to 8 Weeks After MSM Injection 
Analysis done 2 to 8 weeks after MSM administration 

indicated a continuing radioiron redistribution (Table 2). 
Amounts of s , F e in the liver tissue decreased from 17.8% 
± 1.1% of the dose after 2 weeks to 10.6% ± 2.4% of 
the dose after 8 weeks. The splenic amount was 3.1% 
± 0.6% in week 2, decreased to 2.4% ± 0.9% in week 
4, and increased to 8.0% . 2.0% after 8 weeks. The 
radioiron content of blood increased until week 6 and 
reached a maximum level of 71.6% ± 6.9% of Ihe dose. 
A decrease to 49.4% ± 5.4% was seen at week 8. No 
significant differences in amounts of 5 9 Fe of whole blood 
and erythrocyte fractions were seen. The T; relaxation 
times of the liver and whole blood were on a baseline 
level during the current long-term study (Table 3). 

No statistically significant alterations of organ weights 
or body weights were recorded in MSM-treated rats versus 
control rats in the total test period. The recovery of the 
s g Fe varied between 91% ± 4% and 68% ± 4% of the 

Time after injection (weeks) Time after injection (weeks) 

Figs. 2A and 2B. Biodislnbution of M Fe labelled MSM and "Fe labelled degradation products. (A) Percent of dose per gram of 
liver. (B) percent of dose per gram of spleen. Data given as mean ± SD: n ~ 5. 

I 
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TABLE 3. Tissue Relaxation After Intravenous Injection of MSM in a Dose of 1 mg/kg or Fe* 

T2 Relaxation TimB (ms). (mean ± SD, n = 5) 

Organ 1 h 24 h 3d 5d 7 d 2 wk 4 wk 6 wk 8 wk Control 

Liver 20 ±3 33 ± 7 35 ±2 41 ±2 43 ± 3 45 ± 3 45 ±2 42 ±3 44 ±2 44 ±2 
Whole blood >100 > 100 >100 > 100 > 100 > 100 >100 >100 > 100 >100 

'Measurements were done at 0.24 T and 37°C. 
SD: standard deviation. 

administrated radioiron dose during the test period 
(Tables I and 2). No systematic decrease in total S 9 Fe 
was detected, although the l-hour group shov/ed the 
highest and the 8-week group the lowest radioiron 
recovery. 

Discussion 

In the development of organ-specific MR contrast 
agents, magnetic iron oxides have been shown to be 
effective contrast enhancers. The contrast efficacy and the 
diagnostic ; otentials of magnetic particles have been 
studied.* "- '* M whereas knowledge of the relation 
between efficacy and pharmacokinetics is limited. 

The biodistribution of particles administered intravas
cular!}' depends on the particle dose and the physiochem-
ical nature of the substance, ie the size, the composition, 
and the surface of injected particles. The iron oxide 
microspheres studied as MR contrast media vary greatly 
with regard to particle size and particle composition.8 

" , < l The submicron diameter of MSM in addition to 
the hydrophilic starch matrix, seem to be well suited for 
targeting the substance to restricted anatomic sites. 
Parenteral administration of 59Fe-Iabelled MSM led to 
an organ selective deposition of MSM in the liver and 
spleen. The organ distribution pattern indicates that cells 
that belong to the RES are responsible for extraction 
of MSM from the circulation. 

No initial distribution of MSM to the lungs or bone 
marrow was seen with a detection limit representing 
approximately \.5% of the injected dose. The particle 
diameter of MSM was far below the critical size for 
passage through the pulmonary vascular bed. However, 
small particles may tend to aggregate when administered 
intravascularly due to interactions with blood components 
and a large surface-to-mass ratio. This may result in 
mechanical filtration and prolonged retention of the 
particles in the lungs. However, MSM at the applied dose 
level seemed not to be entrapped in the lung capillaries. 

A significant decrease in hepatic and splenic radioiron 
was paralleled by an increase in erythrocyte-associated 
radioiron during a 6-week period after injection (Fig. I). 
This observation, combined with data from the relaxation 
analysis, has two important implications. First, the 
superparamagnetic contrast-inducing iron oxide is 
metabolized to contrast-ineffective degradation products. 

Second, the results show a coupling between the radioiron 
released from MSM and the total body iron exchange. 
A transport of superparamagnetic material from RE tissue 
to the blood compartment could be responsible for 
increasing radioiron progressively in the circulation. The 
physical form of iron would not be specified by tracer 
studies. By correlating the radioiron measurements and 
the relaxation analysis, the authors assumed a transport 
of soluble rather than particulate radioiron. 

The current study showed metabolic iron pathways 
between the RE uptake of 59Fe-labelled MSM and the 
erythrocyte-bound radioiron. Macrophages are involved 
in blood clearance of foreign particulate matter and the 
stationary macrophages of the liver and spleen manifest 
approximately 90% of the total intravascular phagocytic 
activity.21 The phagocytosis is accompanied by stimulation 
of the cells' metabolic machinery. Endosomes with 
engulfed material will fuse with lysosomes; organelles that 
contain hydrolytic enzymes with an acid pH-optimum" 
and represent the main site of intracellular breakdown 
of phagocytized substance. 

The RES is an important participant in the internal 
iron exchange. A model of RE iron metabolism stipulates 
two separated iron pools, one with a rapid recirculation 
iron turnover and the other involved in storage, followed 
by a slower iron exchange. 2 1 Iron in the recirculated pool 
is readily available both for the storage compounds of 
iron and for hemoglobin incorporation after transport 
to the erythroid bone marrow. Radioiron probably entered 
this pool after lysosomal breakdown of MSM. According 
to the relaxation analysis, the disappearance rate of 5 9 Fe 
from the liver is limited by iron turnover of the circulation 
pool rather than by the elimination rate of superpara
magnetic iron oxide. 

The formation and breakdown of hemoglobin is the 
main cycle of iron metabolism. The turnover is sufficiently 
rapid to ensure that most iron in the body is involved 
in the cycle. The main source of heme-iron are the RE 
cells of liver and spleen that engulf aged erythrocytes and 
liberate the iron for reuse.2"1 A second peak of 5 9 Fe in 
the spleen 8 weeks after the injection of MSM correlated 
with decreased radioactivity in the circulation. The 
observation is due most likely to RES phagocytosis of 
nonviable J9Fe-labelled erythrocytes and corresponds to 
the 60-day lifespan of erythrocytes in rats. 2 5 
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A time-dependent redistribution of iron, from the liver 

and spleen to the erythrocytes is reported by Weissleder 

et al 2 f t after intravenous injection of another composition 

of superparamagnetic particles (AMI25, diameter 0.08 

fim). The bioavailability of iron oxide, given ?s percentage 

incorporation of radioiron in hemoglobin, was increased 

for MSM versus AM125 despite similarities in tissue half-

life of the compounds. Seven days after particle injection 

11 mg; kg of »Fe), 14% of the radioiron dose of AM125 

was associated with the erythrocytes, whereas 50% of the 

MSM-radioiron was erythrocyte bound. The peak in 

erythrocyte uptake of radioiron represented 25% of the 

AMI25 dose and 70% of the dose of MSM, respectively. 

These observations may be related to differences in the 

methods used to study erythrocyte incorporation and to 

lower total radioactivity recovery and higher degree of 

excretion reported from the AMI25 investigation. 

The targeting strategy of iron oxide particles admin

istered parenterally involves the RES of the liver and 

spleen. This report shows a selective hepatosplenic 

accumulation of MSM and supports the organ restricted 

contrast enhancement of the substance seen previously." 

With reference to time-dependent contrast elimination, 

magnetic particles have been considered biodegradable.9 

1 1 However, MR spectroscopy and MR imaging 

techniques are inadequate for studying the biological 

handling of these substances. The reversability of iron 

oxide-induced contrast theoretically could be due l<~ 

redistribution or excretion of particulate matter. By 

correlating radioiron tracer studies and relaxation 

analysis, the current study confirms the previously 

predicted biocompatibility of MSM. 
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STRUCTURE ACTIVITY RELATIONSHIP OF MAGNETIC 
PARTICLES AS MR CONTRAST AGENTS 
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Structure activity relationship (SAR> of superparamagnetic MR contrast agents is discussed based on physicochem-
ical properties and relaxivity data of 16 different particles. All the magnetic particles reduce both relaxation limes, 
7*1 and T2. The effect on T2 is stronger than the effect on Tt. The relaxation efficacy varies over a wide range. 
Minor modifications in the preparation of the magnetic particles result in products with different susceptibility 
properties. The T2 relaxivity is dependent upon the magnetic susceptibility as well as particle size. Small particles 
reduce the relaxation times to a larger extent than tht iarger particles. No significant difference in relaxivity is 
observed between compact and porous particles. Magnetic particles coated with nonmagnet polymer are effec
tive relaxation agents, while nonmagnetic monodisperse particles show no effect on the relaxivity. 

Keywords: MR contrast agents; Iron oxide; Particles; Structure activity. 

INTRODUCTION 

Magnetic resonance (MR) imaging provides excellent 
soft-tissue delineation without use of contrast agents. 
However, from the late 1970s various potential MR 
contrast agents have been under development, and 
clinical experiences with GdDTPA and similar prod
ucts have shown that these compounds are beneficial 
from a diagnostic point of view as well as safe.' 4 The 
chemical structure activity relationship (SAR) of para
magnetic MR contrast has been extensively s tudied. ' 7 

Despite numerous reports on superparamagnetic MR 
contrast agents, relatively little is known about the 
SAR of these products." " The potential applications 
for superparamagnetic MR contrast agents are many, 
depending on the route of administration and (he 
physicochemical properties of the product. The main 
target organ systems are the gastrointestinal tract, ' 4 

(he reticuloendothelial system, 1 5 and the blood pool 
compartment." 1 Another interesting approach is site 
specific delivery of superparamagnetic panicles with 
monoclonal antibodies. 1 7 

A better understanding of the relation between the 

physicochemical properties of superparamagnetic par
ticles and the efficacy on proton relaxation is required 
for the design of effective superparamagnetic MR con
trast agents. 

The primary purpose of this study is to highlight 
the SAR of superparamagnetic MR contrast agents 
based on in vitro relaxivity data of 16 different and 
well-characterized particles. 

MATERIALS AND METHODS 

Test Substances 
Several types of monodisperse magnetic polymer 

particles have been prepared using different meth
ods. , H The methods have in common that the starting 
materials were nonmagnetic monodisperse polystyrene 
particles. The particles were made magnetic (i.e., mag-
netizeable) by formation of FejOj or other magnetic 
iron oxides in the particles. Compact magnetic parti
cles were prepared by introducing slightly crosslinked 
compact polymer particles containing iron complexing 
groups in a solution of Fe(II) and Fe(III) salts fol
lowed by precipitation of magnetic iron oxide on the 
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particles. Porous magnetic polymer panicles were pre
pared by introducing porous polymer particles con
taining oxidating tunctional groups in a solution of 
Fe(II) salts followed by precipitation of magnetic iron 
oxide in the pores. 

The size of the monodisperse particles was deter
mined by light microscopy, electron microscopy and 
nano-sizer (Coulter Electronics, Hialeah, USA). 

The magnetic susceptibility measurements were car
ried out with an instrument from Oxford Instruments 
I.:d., England having an electromagnet equipped with 
Faraday pole tips and a microbalance. The instrument 
was calibrated using HgCo(NCS),, as a substance of 
known susceptibility. 

Magnetic starch microspheres (MSM) (Particle type 
no. 1) were prepared as previously described.1'' 

The iron content was determined by atomic absorp-
lion spectroscopy. 

Refaxurion Measurements 
All relaxarion measurements were performed in a 

medium containing water:glycerol:gelatin (75:17:8) 
(weight %) at 0.24 T and 37°C on a Radx table top 
spectrometer (Radx Proton Spin Analyzer). The 7"! 
values were obtained from an inversion recovery se
quence. The T2 values were divided by a Carr-PurceU 
pulse sequence with echo lime 4 msec and collection of 
64 echoes. The particles were homogeneously sus
pended in ihe above medium by vigorous shaking and 
soniftcation (bath, 10 min). 

Each observed relaxation time was an average value 
of eight independent measurements. Four different 
particle concentrations were used in order to calculate 
the relaxivity values (least-squares method). 

RESULTS AND DISCUSSION 

Nonmagnetic polymer particles (Particle no. 12 in 
Table I) showed no effect on the relaxation times due 
to diamagnelic properties. In contrast to paramagnetic 
and especially superparamagnetic and ferromagnetic 
substances which exhibit high positive susceptibility, 
diamagnetic compounds have a very low negative sus
ceptibility resulting in no or minimal effect on the 
relaxation rate. 

The monodisperse magnetic particles were prepared 
by precipitation of soluble iron salts'* and correlation 
between the per cent of iron and susceptibility was de
tected. However, minor modifications in the prepara
tion of the magnetic particles resulted in particles with 
different susceptibility values. The composition and 
susceptibility of iron oxide formed by precipitation of 
soluble iron salts in an aqueous solution are known to 
be very dependent on ihe reaction condi t ions . 2 a z i 

Formation of iron oxide on compact non-magnetic 
polymer particle presumably take place in two steps 
(Eq. (1». 

FeCU + 2FeCU - [Fe(OH) : + 2 F e : O r H :OJ 

- F e , 0 4 H ; 0 (1) 

Table [. Relaxivity data of superparamagnetic particles 

Relaxivity 

Panicle 
Panicle •Fo iron in 

particle 
(mM"' sec - 1 (Fel) i Susceptibility 

(cgs units/g Particle Panicle 
•Fo iron in 
particle 

Susceptibility 
(cgs units/g Particle 

lype no. ittm) (w/w) ' 2 /•[ r,/r. particle) composition-1 

1 0.1-0.5 27 199 29.0 6.8 _ MSM 
2 1.2 7.9 40.3 I.I 36.6 1.5 C V PFA 
3 1.2 10.9 45.1 1.1 41.0 1.4 C 
4 I.I 14.3 74.6 1.5 49.7 4.4 C 
5 1.2 17.7 83.0 0.3 376.7 4 C 
6 1.2 24.5 161.2 1.3 124.0 10.4 C/PFA 
7 2.0 0.45 6.7 0.5 13.4 0.04 C 
8 2.0 9.5 58.2 0.% 64.7 2.6 P 
9 2.5 12.0 33.1 0.4 82.8 4.0 P 

10 2.0 14.9 44.6 0.7 63.7 4.1 P 
11 2.0 15.2 43.4 0.4 108.5 5.3 C 
12 3.0 0 0 0 - 0 C 
13 3.0 0.52 11.8 0.9 13.1 0.06 C 
14 3.3 9.0 26.3 0.4 65.8 1.7 CVPFA 
15 3.0 11.9 38.5 0.4 96.3 2.5 C 
16 3.0 14.2 40.5 0.2 202.5 3.9 C/PFA 

*MSM = magnetic starch microspheres; C ^ compact: PFA = polyfurfuryl alcohol; P = 
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Fe(OH) ; is like ferrous and ferric chloride a paramag
netic compound. Magnetic iron oxides will exhibit 
ferromagnetic or superparamagnetic properties de
pending upon the crystal size." Magnetite might be 
oxidized further to 7-Fe ;Oj which is also among the 
magnetic iron oxides. : 1 However, 7 -Fe 2 0 : has a lower 
susceptibility than magnetite. Side-products in this 
reaction might, however, be paramagnetic iron ox
ides. The ratios between magnetite, 7 -Fe 3 0 3 and 
paramagnetic iron oxides were very dependent on the 
reaction conditions and work up procedures. Since 
paramagnetic substances have a much lower suscepti
bility compared to superparamagnetic and ferromag
netic compounds (1/1000), the reaction conditions 
have to be controlled very carefully in order to obtain 
particles with high susceptibility. 

In contrast to the nonmagnetic polymer particles, 
all the iron-containing particles reduced both T, and 
7;. The r ;-relaxivity was correlated to magnetic sus
ceptibility (r = 0.8929, p < 0.0001) and the percentage 
of iron (r » 0.8883, p < 0.0001). In accordance with 
other reports on magnetic particles/"" the effect on 
7"; was much stronger than the effect on Tx. How
ever, both the 7",- and Tweiaxivity data varied over 
a large range; rt from 0.2 to 29.0 mM" 1 sec" 1 and r> 
from 6.7 to 199 mM ' sec ' with the highest efficacy 
(both rt and r2) for small particles. This is in accor
dance with Majumdar et al. who have in an extensive 
report studied the relaxation efficacy of two different 
magnetic particles, M4125 and AMI25, at field 
strengths varying from 0.15 to 7 T. AMI25 (size 72 
nanometer) was a much stronger relaxation agent 
(both T, and 7",) compared to the larger M4125 (size 
0.5-1 micrometer). 4 

The TV-relax i v ky was more dependent upon the 
magnetic susceptibility than the percentage of iron in 
the particles. This can be explained from the previous 
discussion on iron oxide chemistry. The iron in the 
particles can be either; paramagnetic or magnetic (fer-
romagnetic/superparamagnetic). As a 7Vcontrast 
agent, the efficacy of the superparamagnetic and fer
romagnetic form of iron is much higher than that of 
the paramagnetic form. 

All the particles (except particle no. I) in Table I 
are monodisperse with compact ( Q or a porous (P) 
matrix. In the compact panicles most of the iron ox
ide crystals are distributed on the particle surface 
while a more homogenous distribution of magnetic 
material throughout the particle was observed in the 
porous panicles. Both particle types reduced the T2 

relaxation time, but no significant difference in 7V 
efficacy was observed by comparing particles nos. 10 
and I I . According to the Solomon-Bloembergcn 
equations the magnitude of the paramagnetic effect 

decreases very fast with the distance from the para
magnetic centre (I//-''). However, the mechanism of 
7";-reduction by magnetic particles is a long distance 
process, and Lauterbur et a l . 2 4 have estimated the ef
fective size amplification to be at least a factor 50 
times the particle size. The distance efficacy of mag
netic materials compared to paramagnetic substances 
hay also been shown in vivo.2* Based on this, it is rea
sonable that porous particles with homogenous distri
bution of superparamagnetic iron oxide through the 
polymer will be as active TV-relaxation agents as com
pact particles coated with magnetic iron oxides. 

Some particles (Particle nos. 2, 6, 14, and 16) were 
coated with polyfurfuryl alcohol (PFA) which is a 
diamagnetic polymer. PFA coating did not have any 
effect on the 7V-relaxation efficacy of magnetic poly
mer particles (Particle no. 15 vs. no. 16). 

Josephson et a l . 1 2 have compared relaxivity data 
of superparamagnetic, ferromagnetic and paramag
netic iron oxides and classified the compounds into 
three groups. The class I substances were paramag
netic compounds with a typical r2/rt ratio of 1-2, 
while dispersed superparamagnetic iron oxides with in
termediate values of r2/rx between 2 and 25 were 
called class II agents. Class HI products had r : / r , 
greater than 25 and were either ferromagnetic iron ox
ides or superparamagnetic iron oxides whose clustered 
structure limits the contact between the iron oxide 
crystals and solvent. The r2/r} ratio for the particles 
in this study were between 6.8 and 376.7, and conse
quently class II and class III agents. Particle no. 1 rep
resent small magnetic starch microspheres (MSM) 
(0.1-0.5 microns). LikeAMI-25, MSM is class II, the 
dispersed superparamagnetic agents. 

Particle no. 7 and no. 13 have r 2 /r ,-ratio 13.4 and 
13.1, respectively. Both particles are compact with low 
iron content (less than 0.6% iron). The polymer par
ticles are here covered by a very thin layer of superpar
amagnetic iron oxide with good contact between the 
crystals and solvent and behave is typical Class II 
agent. 

All the other particle types in this investigation had 
r2/rx ratios higher than 25 and, according to Joseph-
son ef. al., consist of ferromagnetic iron oxides or su
perparamagnetic iron oxides whose clustered structure 
limits the contact between crystal and solvent. Com
mon for these particles was the relative high content 
of iron (>7.8%) resulting in a limited contact between 
the iron oxide crystals and water. In addition, the ac
cessibility of water protons for magnetic iron oxide is 
reduced due to the dispersion of crystals inside the po
rous particle and to the polymer coating. 

Mossbauer spectroscopy and magnetic hysteresis 
measurements of monosized magnetic particles have 

w 
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shown thai most of the magnetic iron oxide was in the 
form of vl'c'jO, with crystal size in the single domain 
range (50-100 A) with superparamagnetic proper
ties.'" The magnetic particles with r:/rt ratios higher 
i han 25 are typical Class 111 superparamagnetic MR 
com rast agenls. 
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A distinct knowledge of the relationship between physiochemical properties, cellular distribution and relaxation 
efficacy of particulate MR contrast media is needed for the development of tissue specific contrast compounds. 
To study these relations paramagnetic gadolinium labelled microspheres and superparamagnetic iron oxide mi
crospheres (MSM) were injected intravenously to rats. The T, and T2 relaxation times of (he liver and spleen were 
recorded and the gadolinium tissue content quantified. A clear relationship between the gadolinium dose and the 
gadulinium concentration of the liver and spleen was observed while the Tx of the tissues remained unchanged. 
After injection of MSM, Tz of liver and both 7", and T, of spleen decreased dose-depcndently. The splenic relax
ation efficacy of MSM was higher compared with that of liver, probably due lo the morphology of ihc .spleen al
lowing a scattered cellular sequestration of MSM. To mimic a uniform tissue distribution of the contrast agents, 
the liver and spleen samples were homogenized and a marked increase in the intrinsic relaxation efficacy of both 
the paramagnetic and superparamagnetic microspheres was observed. 

Keynordx; MR contrast agents; Microspheres; Gadolinium; Iron oxide; Liver and spleen. 

INTRODUCTION 

An essential requirement of enhanced medical imaging 
is delivery of the contrast media to the target tissue or 
the target compartment in an appropriate concentra
tion. In the development of contrast agents with im
proved pharmacokinetic properties allowing selective 
biodistribution. the combination of contrast enhanc
ing substances and particulate matter has been stud
ied . : i : ' ; ' 1 " Parenteral paniculate drug-delivery systems 
can be aimed at the reticuloendothelial system and the 
regions of its anatomical distribution, with liver and 
spleen as the main organs. 

Paramagnetic and ferromagnetic, including super
paramagnetic, particles have been evaluated as contrast 
agents for hepatosplenic MR imaging.'• •"•'4•1,'•--•-4•1, 

Unlike the direct, dose-dependent action of X-ray con
trast media and radiopharmaceuticals, ihe in vivo ef
ficacy of MR contrast agents is not a simple function 
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of tissue concentration. By facilitation of intrinsic pro
ton 7~| and T2 relaxation, the MR contrast media have 
an indirect and complex mechanism of action. 

Due to the physiochemical properties of the partic
ulate MR contrast agents, the material may be intra
cellular localized and not uniform distributed within 
the tissues. The accessibility and diffusion of water 
protons for the magnetic centers will consequently 
be decreased and differences between substances act
ing selective with a water exenange mechanism and 
compounds with an additional magnetic field depen
dent action may be observed. Despite numerous re
ports are the intrahepatic and intrasplenic relaxation 
processes of particulate MR compounds scarcely dis
cussed. For the design of effective organ selective con
trast agents for MR imaging the relationship between 
proton relaxation and particle microkinetics needs to 
be investigated. 

The purpose of this report is to focus some of the 
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biological factors acting on the contrast efficacy of 
particulate MR contrast media tor the lixor and spleen. 
The relaxation properties of paramagnetic and super
paramagnetic microspheres are quantitated and their 
efficacy discussed with reference to magnetic proper
ties, injected dose, organs invoked in particle accumu
lation and tissue handling. 

M.VIKRIAI S A M ) MKIHODS 

Test Substances 
The paramagnetic microspheres consisted of swell-

ahle, epichlorohydrin crosslinked potato starch labelled 
with completed gadolinium <Cid). Diethylenctriamine 
pentaacetic acid (DTPA) was bound to the particle 
matrix by using the bisanhydride of DTPA in dry 
dimethylsull'oxid. The particles contained 11.5% gad
olinium (wAv) and the particle size was 1.1-1.4 mi
cron (Coulter counter analysis). The 7", relaxivity was 
6.0 sec 'mmol tid ' l . under standard conditions (10 
MH/). 

The superparamagnetic particles contained iron ox
ide crystals embedded in a starch matrix and are previ
ously described as magnetic starch microspheres 
(MSM)." The particle si/e was0.1 -0.5 micron (Photon 
correlation spectroscopy) and 29.2% of the particle 
weight corresponded to iron (Fc). The 7", relaxivity of 
MSM was 17 sec 'mmol Fe 'L and the T2 relaxivity 
218 sec 'mrnolFe '1.(0.4*0 agar gel, 37°C, 10 MHz). 

Injectable suspensions of the gadolinium micro
spheres a.id the MSM were fornmlr'cd in saline with 
concent r i lions of 0.6 mg Cid/ml and 0.2 mg Fe/ml, 
respectively. 

Animals 
Male Wistar rats (Møllegaard Breeding Centre, 

Denmark) with a body weight between 140-370 g were 
used. The rats were fed tap water and pellets ad libi
tum. The light/dark cycle for the rats was 12/12 hr, 
the room temperature 20 ± 2°C and the relative hu
midity 55 ± 10%. 

Methods 
The microsphere suspensions were vigorously shaken 

prior to intravenous administration. The gadolinium 
microspheres were given at doses of 20, 40, and 80 
^mol Gd/kg. The MSM were injected at doses of 2.7, 
9.0, and 13.4 /imol Fe/kg (0.15. 0.5, and 0.75 mg 
Fe/kg). Three rats were iniected at each dose level. 
A parenteral volume equivalent injection of saline was 
given to the control rats. AH rats were sacrificed one 
hr after injection; the gadolinium treated rats by cer
vical dislocation and the MSM treated rats by cardiac 
puncture. 

Rela\ation time measurements were performed on 
liver and spleen samples. The sample lubes were 
•rapped lo avoid dehydration and the samples were 
thermally stabilized at 37'C before the analysis, within 
2 hr of excision of the tissues. The Tt and 7\ relax
ation times were obtained respectively from an inver
sion recovery sequence and a Carr-Purcell sequence in 
a MR-spectrometer (Rad\ NMR Proton Spin Ana
lyzer) operating at 37°C and 10 MHz. 7", and T2 of 
the samples were recorded before and after mechani
cally homogeni/ation of the tissues by a (kwerk I P 
18-10 liomogeni/ator. "1 he gadolinium concentration 
in tissue was determined by inductively coupled plasma 
analysis. 

Statistic calculations were performed on mean val
ues with two-sided Students /-test and 95% confidence 
interval. 

RKSl I.TS A M ) DISCISSION 

The measurements of gadolinium content in the 
liver and spleen indicated a linear relationship bet'.veen 
the injected dose of gadolinium microspheres and the 
gadolinium concentration of the tissues (Fig. 1). 
Despite this dose-dependent deposition of gadolinium, 
no statistical significant change in 7", was detected; 7*, 
of control liver was 218 ± 20 ms and after administra
tion of 20, 40, and 80 M mol Gi 'kg the 7", was 219 ^ 
6 msec, 217 ± 13 msec and 203 +• !3 msec, respec
tively. No change in splenic 7", was observed ai low 
loses, while 7"i was significantly reduced from 43N + 
11 msec in control samples to 306 ± 60 msec after ad
ministration of 80 jtmol Gd/kg. Homogenizalion of 
the liver samples after gadolinium microsphere admin
istration led lo a marked decrease in 7", compared 
with that of intact liver samples at each dose level 
(Fig. 2). At 40 and 80 M mol Gd/kg the 7", values were 
respectively 216 ± 11 msec and 225 ± 17 msec in intact 
liver and 141 ± 16 msec and 92 t 16 msec in homog
enized tissue. 

While 7", of liver remained unchanged, 7\ was sig
nificant and dose-dependent reduced after injection of 
MSM (Fig. 3(A), (B)). Tz was shortened to abjui 
50% of control value at a dose of 13.4 mmol Fe/kg. 
This result confirms the previous reported ED<„-dose 
of MSM. 7 Both T[ and 7\ of the splenic tissue de
creased dose-dependently (Fig. 3(C), (D|). Homogeni-
zation of the hepatic and the splenic tissue reduced 7~, 
and T2 at each dose compared with the relaxation pa
rameters of the intact tissue samples (Fig. 3). The re
laxation times of the liver control samples were not 
changed after homogenization. The homogenization 
process decreased both 7", and 7\ of the splenic con
trol samples with about 15% and 40%, respectively. 

I 
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Animal OOSH ai Gd (mieromolflig) Animal dose ol Gd (nuctomol/kg) 

B 

l-ig. 1. Retaliun between increasing animal doses, [issue gadolinium concentration and 7", relaxation rale after administra
tor! of fiittltilinittm ([ircr(*<.pfk*rc*. (AJ f iver and (B) spleen. 

The in vitro relaxi\ity of ihc gadolinium labelled 
microspheres was 6.0 sec ' mmol 'L, significantly 
higher lhan that of GdDTPA (4.0sec 'mmol 'L , un
published results) under standard conditions at 10 
MHz. The paramagnetic microspheres arc swellable in 
water resulting in free access of water for the para
magnetic centers. The higher relaxivity compared to 
GdDTPA might be explained by increased molecular 
weight and thereby effect on the tumbling rate. 

The in vivo efficacy of the gadolinium micro
spheres was low despite a high in vitro relaxivity and 
a marked accumulation of gadolinium within the liver 
and the spleen. A histological examinalion of the liver 

£ zoo 

Fig. 2. 7, relaxation lime of intact and homogenized liver 
after administration of gadolinium microspheres. (Control: 
n = 7, 40 fimol Gd 'kg : n = 5. 81) pmul dd / kg : n = 4.) 

samples confirmed the localization of the gadolinium 
starch microspheres in the Kupffer cells. 

The volumetric composition of the rat liver shows 
that hepatocyt.es account for 78% of the parenchymal 
volume, the endothelial cells for 2.8% and that the 
Kupffer cell volume contributes with only about 2.1% 
to the total liver parenchyma.: As the microspheres 
selectively are taken up by the Kupffer cells without a 
parenchymal distribution, the majority of liver ceil 
water is not available for relaxation.1 The relaxation 
enhancement of paramagnetic substances falls off rap
idly as the distance from the paramagnetic center to 
the protons increases; the rate is proportional to l/r f t 

where r is the distance paramagnetic center/proton.2} 

However, after the homogenization of gadolinium 
containing tissue, gadolinium was made accessible to 
the tissue water protons and a clear relaxation effect 
was observe,1. The increase in relaxation rate of gad
olinium in intact and homogenized liver tissue were 
calculated from Fig. 1(A) and Fig. 2. The efficacy of 
the gadolinium microspheres increased from 0.2 sec"' 
mmol Gd 'kg to 7.7 sec "'mmol G d ' k g after the 
homogenization (Table 1). 

Liver contrast enhancement with paramagnetic mi
crospheres would be expected to occur only after in
trahepatic translocation, secondary to Kupffcr cell 
sequestration or extracellular storage of particles, i.e., 
in the space of Disse. Metabolism, leakage and/or 
redistribution may expose the compounds to larger 
compartments, thereby making the paramagnetic sites 
available to a larger fraction of tissue protons. This 
phenomenon has been observed in experimental imag
ing studies. Burnett et al. injected gadolinium cxide 
particles and observed a maximum in contrast effect 

» 
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X 

Control 2.7 micromot 9.0 micromol 13.4 micromol 
Fa/kg Fa/kg Fft*g 

^SL 
Control 2.7 mieromol 9.0 micromol 13.4 rrecromol 

FtAg F»*g Fa/kg 

Control 2.7m«cn>mol 9.0 micronwl 13.4 micromol 
Ffl*g Fc/kg Fa/kg 

Control 2.7 micromol 9,0 micromol 13.4 micromol 
FeAcg Fa/kg Fa*g 

D 
Fig. 3. T, and T: relaxation times of intact and homogenized liver and spleen after administration of MSM. (A) 7", of liver, 
(B) 7", of liver, (C) 7T, of spleen, and (D) 7\ of spleen. (Control: n = 5, various MSM doses n = 3. x = values out of standard 
range.) 

of liver 3-7 hr after particle administration. 3 In an
other study liposomes containing manganese chloride 
provided no apparent increased liver signal intensity 
until one hr after intravenous injection, at a time when 
the liposomes were cleared from circulation and pres
ent within the liver.16 Due to the thermolability of the 
liposomes, the contrast enhancement was increased 
when the animals were heated to 40°C 15 min after 
administration of the contrast agent. 

Various paramagnetic compounds have been incor
porated into liposomes; from simple paramagnetic 
salts and chelates to spin labels and paramagnetic 
macromolecular products. 4-*- 1 0- 1 4- 1 6- 2 0- 2 7 After intra
vascular administration, liposomes are rapidly cleared 
from the circulation. Various interactions between li
posomes and cells are possible. Liposomes may un

dergo phagocytosis followed by lysosomal degradation 
of the liposome membrane. Liposomes can also fuse 
with the cell membrane and release the content into 
the cytosol or be adsorbed to the cell surface without 
being internalized. 

In vivo experiments with small liposomes, about 
0.05 micron, and larger liposomes, above 0.2 micron, 
showed that there was a correlation between the lipo
some size and intrahepatic deposition after intrave
nous administration. 2 6 Most of the liver associated 
liposomes were found within the hepatocytes when the 
small vesicles were used, while the large liposomes 
were associated with the Kupffer ceils. The liver 
sinusoides are fenestrated with pores of mean diame
ter 0.1 micron. M The fenestrations allow direct con
tact between the blood and the hepatocytes. It is 

I 
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Table 1. in vivo 7", and T2 relaxivity of gadolinium 
microspheres and MSM in intact and homogenized tissue 

Substance Tissue R\ r R* r 

Gd microspheres Liver 
• intact 0-2 0.23 
• homogenized 7.7 0.95 

MSM Liver 
• intact 0.5 0.25 73 0.95 
• homogenized 26 0.96 1403 0.99 
Spleen 
• intact 5.9 0.98 97 0.99 
• homogenized 69 0.93 2355 0.99 

r = correlation coefficient. 
Ry's of gadolinium microspheres are calculated from daia in Fig. 
MA) and Fig. 2. R,'s and R2's of MSM are calculated from data in 
Fig. 3(A)-(D) and the biodistribution data of a previous report'' 
showing 85% and 6.5wo accumulation of MSM in «he liver and 
spleen, respectively. 

reasonable thai small liposomes pass the pores and en
ter the hepatocytes. Larger liposomes will mainly be 
cleared from the circulation by the Kupffer cells. 

Unger el al. have recently studied the imaging effi
cacy of liposomal GdDTPA encapsulated in vesicles of 
various s izes . : H ' 4 In general, the smaller liposomes 
(<0.1 micron) caused greater contrast enhancement 
than the larger ones (^0.2 micron). According to the 
authors, the large surface-area-to-volume ratio of the 
small liposomes explain the results and the findings 
are correlated to in vitro data. 2 7 In a simple, homoge
neous environment such as a gel, contrast enhance
ment of the liposomes can be increased by allowing a 
larger proportional surface area for water exchange to 
facilitate the proton/paramagnetic center interaction. 
An in vitro relaxation model of liposomal GdDTPA 
can probably not be used for prediction of effects of 
the contrast agent in vivo. The imaging observations 
seem to reflect distinctions in intra- and extracellular 
distribution as well as variations in cellular localization 
of the various sized liposomes. 

The in vivo relaxation efficacy of MSM was high 
and 7\ was more affected than Tx. The relaxation 
processes of by superparamagnetic substances have 
been discussed by Gillis and Koenig1* and Josephson 
et a l . 1 2 In summary, superparamagnetic material in
duce inhomogeneities in the applied magnetic field 
and reduce the T2 relaxation time. The mechanism of 
T2 -reduction is a long distance process with an effec
tive size amplification of at least a factor of 50." The 
magnitude of 7", for superparamagnetics is consistent, 
with the general principles through which magnetic 

compounds affect proton relaxation. The accessibility 
of protons is of great importance and enhancement of 
7", relaxation requires intimate contact between the 
water molecules and the iron oxide. 

The MSM relaxivity measurements were performed 
in a homogeneous agar gel diffuse enough to allow 
water to move freely around the particles and both 7", 
and 7\ relaxation were effective.7 The intact liver 
samples of MSM treated rats showed no alteration in 
7"|, while a statistical significant shortening in Tt of 
spleen was recorded. A previous investigation showed 
that the particles were exclusively picked up by liver 
and spleen, 85% and 6.5^0 of dose, respectively. f t 

The intrahepatic cellular distribution of radioiron 
labelled MSM has been investigated, and all of the de
tected radioactivity was recorded in the nonparen-
chymal liver cell fraction." 

One possible explanation for the differences in 7"| 
relaxation of liver and spleen after accumulation of 
MSM is based on the different histological architec
ture of the tissues. The histological organization of 
spleen is distinct from that of liver. The splenic tissue 
has the character of a complex discrimination filter in
serted in the blood stream. The localization of the 
macrophages is not restricted to well defined sinusoids 
as for the Kupffer cells in the liver. Additionally, the 
sinusoids of splenic tissue have larger spaces which 
facilitate more effective exchange between blood and 
adjacent tissue compared with the fenestrations of the 
liver. The pores between endothelial cells in the spleen 
can be 2-3 micron, or even larger, in diameter." The 
distribution and accessibility of macrophages possibly-
created a more effective relaxation of MSM within the 
spleen compared with the liver. 

The mechanical treatment of the liver and the 
spleen samples mimiccd a homogeneous tissue disper
sion of the microspheres. The Tx value at each dose 
of MSM was decreased in the fiomogenizated tissue 
compared w'ith that of intact tissue. Although T2 of 
intact tissue was effectively and dose- dependent I y re
duced, the efficacy was further increased and reached 
a saturation level in response to the homogenizarion 
process. The results from these experiments support 
the theory of a limited intrinsic efficacy even of super
paramagnetic material, due to the compart mental lo
calization of particles and the histomorphology of the 
target organs (Table 1). 

In the control splenic tissue differences between re
laxation limes of intact and homogenized samples 
were found. The homogent/ations were performed 
without interrupting the water content of the tissues. 
The macromolecular composition and structure as 
well as the amount and localization of endogenous 
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paramagnetics are important to the relaxation times ot' 
the tissues. The statistical significant ileerea.se in both 
7\ and 7\ of homogeni/uled spleen was probably re
lated to altera I ions of these parameters. 

In previous reports contrast efficacy and biodislri-
bulion of MSM are discussed.*1,7 In vitro studies 
.showed that the / ' : relaxation of spleen was most ef
fective at a given iron dose. However, the biodistribu-
tion study indicated deposition of equal amounts 
MSM per gram liver anil spleen. The observed corre
lation between intraorganic distribution and efficacy 
in the simple homogeni/ation experiment reported 
here, may explain these previously reported apparently 
paradoxal results. 

In numerous papers the in vitro as well as the in 
vivo efficacy of various compositions of superpara
magnetic particles ha\e been discussed. 1-.JMK-'''."---'-,> 
Most studies are performed with the M4125 and 
AMI25 particles (particle sr/e: 0.5-1 micron and OM 
micron, respectively!, and substantially diffeient re
sults are reported.' M Comparing MSM with M4125 
and AMI25, discrepancies concerning absolute as well 
as rdaihe efficacy are observed. Although variations 
in the experimental techniques, MSM seem to decrease 
7". stronger at ;> given tissue concentration compared 
with the other panicle suspensions. More interesting 
are the observed differences in relative efficacy. Both 
M4I25 and AM125 were most effective in the liver,1" 
which is the opposite of the results obtained from 
studies with MSM. : 

Majumdar et al. have published a quantitative 
study of ihe efficacy of M4I25 and AMI25 in gel 
phantomes and in hepatic and splenic tissue.1" The 
authors found higher efficacy of both particle types in 
phantomes than in tissue samples. The smaller AMI25 
particles had higher relaxivities than the larger M4125 
particles both in vitro and in vivo. The magnetic prop
erties and relaxivities of magnetic iron oxide are func
tions of the particle s i /e . ' : For a given dose of iron 
oxide, an increase in particle size lead to administra
tion of fewer particles and reduced number of parti
cles will be accumulated in the target organs per 
injection. The dispersion of particles, reflecting the to
tal contribution of cells involved in particle clearance, 
is more important than the net concentration of mag
netic iron oxide per gram of tissue for imaging pur
poses. By altering the microsphere size Ihe number of 
phagocytic cells involved in particle uptake as well as 
the cell types taking part in accumulation of particu
late matter may he changed. 

In summary, the physiochemical nature of micro
spheres affects upon the tissue microdistribution and 
has consequently implications for Ihe imaging efficacy 

of pure reticuloendothelial paniculate MR contrast 
agents. The tissue relaxation efficacy cannot directly 
be predicted by in viim relaxivity measurements and 
care should he taken when correlating in vitro and in 
vivo efficacy of paniculate MR contrast media due to 
compartimenlal tissue deposition of the materials. 
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ABSTRACT 

Magnetic starch microspheres (MSM) is an experimental iron oxide-based 
particulate contrast agent for MR imaging. After intravenous administration 
MSM are accumulated in the liver and spleen. In this study the 
intrahepatic distribution and elimination of MSM in mice were followed 
for up to 2 weeks after injection by use of light- and electron-microscopic 
techniques. MSM were selectively taken up by the Kupffer cells without 
redistribution to other cell types during the test period. Intracellularly 
MSM were localized to lysosome organelles. A time-dependent lysosomal 
degradation of iron oxide was detected and mobilized iron was cleared 
from the Kupffer cells as well as from the liver during the observation 
period. Elimination of iron oxide was also studied in vitro in an isolated 
lysosome-enriched fraction from rat liver by use relaxation measurements 
and chemical analysis. The in vitro results were in accordance with the in 
vivo findings. 

Correspondence and reprint requests: AK Fahlvik, Department of Pharmacology and Toxicology, Nycomed 
Imaging AS, Pb 4220, Torshov, 0401 Oslo, Norway. 
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INTRODUCTION 

A major function of the mononuclear phagocyte system (MPS) is the trapping 
and degradation of endogenous and exogenous particulate matter. The liver 
and spleen contain 85 % to 90 % of the fixed macrophages of the human 
body and the Kupffer cells of the liver is the main site of particulate uptake 
(13). The phagocytic uptake of particles may include several phases; 
modification of the particle surface by certain blood components 
(opsonization), attachment of opsonized particles to the macrophages, 
phagocytosis, and particle degradation. The dose and the physiochemical 
properties of injected particles may affect the uptake processes, the biological 
fate as well as the toxicity of accumulated material. 

The phenomenon of passive tissue targeting of particulate matter may be 
utilized for organ-specific delivery of contrast media for radiologic 
examinations. Magnetic iron oxides are potent contrast enhancing agents for 
MR imaging and various particulate compositions of iron oxide have been 
developed as targeting devices for imaging of the liver and spleen (8,10,12,15). 
Inorganic based particulate contrast materials have previously been evaluated 
for X-ray imaging but the tested metal oxides were considered as biologically 
incompatible due to inertness and lack of elimination after tissue deposition 
(5). The biological fate of magnetic iron oxide may however be different 
because of the low dosages needed for contrast enhancement and the essential 
function and well regulated body turnover of iron. 

After injection to rodents, a particulate model preparation of iron oxide has 
shown to accumulate selectively in the hepatosplenic compartment before 
being time-dependently eliminated from the target tissues (3,4). The purpose 
of this investigation was to study the hepatic microdistribution and 
elimination of iron oxide after injection of a single, anticipated clinical dose 
of this preparation to mice. 

MATERIALS AND METHODS 

Test Substances 
The iron oxide drug delivery system contained magnetic iron oxide crystals 
embedded in a starch matrix (3). The total particle size of the magnetic 
starch microspheres (MSM) was in range 0.1-0.5 microns, and approximately 
30 % of the microsphere weight corresponded to iron. Saline (Natriumklorid 
9 mg/ ml, Hydro Pharma AS, Norway) was used as control substance. 

Animals 
Male NMR1 nice and male Wistar rats (Mollegaard Breeding Center, 
Denmark) were obtained. The animals were fed pellets and tap water ad 
libitum and kept in rooms with light/dark cycle of 12/12 h, temperature of 
20±2 °C, and relative humidity of 55±10 %. 

* 
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Methods 
Microscopic examinations: 
MSM (1 mg Fe/kg) were injected intravenously through a tail vein to mice. 
A volume-equivalent dose of saline was injected to control mice. Groups of 
ten mice were injected. Food restriction was performed 24 h before necropsy 
and the mice were sacrificed 5 min, 1 and 24 h, and 3, 7 and 14 d after 
injection. The mice were anaesthetized with a combination of midazolam 
(Dormicum", Roche, Switzerland) and fentanyl/fluanison (Hypnorm", Janssen, 
Belgium). The liver was perfused in situ through the portal vein. 
Preperfusion was performed with phosphate buffered saline (PBS) (Flow 
Laboratories, Scotland). Perfusion for fixation was performed with 4 % 
formaldehyde in PBS or 2 % glutaraldehyde in PBS, for light and electron 
microscopic (LM and EM) examinations, respectively. In each group, the liver 
of five (in control group: ten) mice was formaldehyde fixated and the liver 
of five (in control group: ten) mice was glutaraldehyde fixated. Liver samples 
were prepared for LM by standard techniques and the slides were stained 
with hematoxylin-eosin, PAS (periodic acid-Schiff reaction), and Perls blue. 
Liver samples for EM were postfixed in osmium tetroxide and further 
prepared by standard methods. The slides were counterstained with uranyl 
acetate and lead acetate. All slides were examined by pathologists. 

Incubation studies: 
Lysosome fractions were obtained from rat liver after the following 
summarized procedure: Rats were anaesthetized with pentobarbital i.p. 
(Pentobarbital 50 mg/ ml, Hydro Pharma AS, Norway) before in situ 
perfusion of liver through the portal vein with a calcium free phosphate 
buffer. The liver was suspended in a sucrose solution and a homogenate of 
the liver was prepared in a Dounce homogenisator. The homogenate 
underwent gradual centrifugation and the resulting lysosome pellet was 
suspended in sucrose and stored at -20 °C. The isolated lysosome fractions 
were used for incubation studies if the content of N-acetyl-fi-D-
glucosaminidase (NAG) was above 30 % of that in the total liver homogenate. 
The enzyme-activity was measured colorimetrically with 3-
aesolsulfonphtaleinyl-N-acetyl-13-D-glucosaminide as substrate (Boehringer 
Mannheim, Germany). MSM (0.05 mg Fe/ml) were added to the enriched 
lysosomal fraction and lysosome fractions added volume-equivalents of saline 
were used as controls. Penicillin (5000 IU/ml) and streptomycin (5000 IU/ml) 
(Flow Laboratories, Scotland) were also added. Three parallel incubation-
experiments were performed at 37 °C for up to 48 h in tissue culture wells 
(25 mm, Costar, USA) under constant shaking. NAG, soluble iron, and the 
T, relaxation time were measured after 3, 6, 24 and 48 h of incubation. NAG 
was quantified as described above and the concentration of soluble iron was 
determined by use of the Iron FZ Test (Roche, Switzerland). The T2 

relaxation time was measured at 37 °C and 0.48 T (Minispec, Bruker, 
Germany) by a Carr-Purcell-Meiboom-Gill pulse sequence and with an echo 
time of I ms. 

ft* 
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RESULT'S 

Microscopic Examinations 
In the LM study, slides stained for iron showed Perls positive color in the 
hepatocytes of the control group, and in both hepatocytes and Kupffer cells 
after the MSM-injection (Fig. 1 and 2). The largest intracellular iron content 
was detected 1 hour after injection and the iron amount decreased gradually 
during the test period. No iron was detected in the cells 14 days after 
injection. Positive PAS staining was detected in all slides, without significant 
variations between the different test groups or between the test groups and 
the control groups (Fig. 3). Hepatocellular vacuolization was observed in all 
groups including the controls. Due to high electron density iron oxide was 
seen directly in EM slides. The electron dense structures were only detected 
in MSM-treated mice. In mice sacrificed 5 min, 1 and 24 h, and 3 d after 
M5M injection, iron oxide crystals were observed in Kupffer cells, while no 
iron oxide was detected in hepatocytes, endothelial cells or in blood cells. 
Within the Kupffer cells, the material was localized to lysosome organelles 
and the highest lysosomal amount of iron oxide was observed 24 h after 
injection (Tab. 1, Fig. 4). Iron oxide crystals were not detected after day 3. 
No morphological alterations in target cells or other hepatic cells, besides 
those directly related to accumulation of MSM, were observed. 

Incubation Studies 
Results obtained after in vitro incubation of MSM with lysosome-enriched 
fractions are summarized in Tab. 2. The stability of the lysosome fraction 
was measured as NAG-activity during the incubation. After 3, 6, 24 and 48 
h of incubation the NAG-activities of the MSM-samples and control samples 
were, respectively, 306±2 and 316±9, 311±4 and 304±2, 22±11 and 346±29, 
and 315±45 and 355±34 U/l. A drop in NAG was detected after 24 h of 
MSM-incubation, but the enzyme activity was on control level at 48 h. In the 
control experiment, no significant change in NAG was observed. The 
concentration of soluble iron increased in a time-dependent manner in both 
test and control experiments. However, the amount of ionic iron was above 
ten-fold higher in the MSM-doped lysosome fractions compared to that of 
the control fractions at any time point. The T2 relaxation time of MSM-
samples increased continuously during the incubation period. The T2 of 
lysosome fractions added MSM was 6.6±0.3 ms after 3 h of incubation and 
55.6±10.4 ms after 48 h. The T, of control samples was unchanged till 48 h 
when a decrease in T2 was measured. 

DISCUSSION 

The rational for intravascular use of particulate contrast agents is to improve 
the detection of abnormal tissue or function in MPS-organs as liver, spleen 
and lymph nodes. From hepatic scintigraphy, uptake of radiocolloides by 
Kupffer cells, which gives negative results in areas of carcinoma, is reported 
(9,16). Although microscopic investigations have shown that Kupffer cells are 
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present in rumors (6), the number and phagocytic activity of Kupffer cells are 
reduced in these regions when compared to normal tissue. Efficient targeting 
of particulate agents to the Kupffer cells may thus be helpful in the diagnosis 
of hepatic lesions. However, a specific uptake of contrast media in the 
Kupffer cells gives high intracellular concentrations of exogenous material 
which may affect the biocompatibility of the agent. 

In this study, the hepatic handling of the particulate contrast agent MSM was 
followed for up to 2 weeks after intravenous injection to mice. Different 
techniques were applied to detect various physiochemical forms of iron. Both 
MSM and iron oxide crystals could easily be observed by use of EM due to 
the high electron density of iron oxide. Histochemical LM techniques were 
applied to follow the distribution of iron oxide (Perls blue) and the starch 
matrix (PAS staining) of MSM. Perls blue stains ferric iron of MSM and 
hemosiderin. Due to the selective detection of ferric iron and the low 
accessibility of ferric iron in ferritin in the histochemical reaction, positive 
staining does not reflect the exact tissue iron quantity (14). However, a good 
correlation between Perls blue stainable iron and total hepatic iron 
concentration is previously reported (13). In the in vitro experiment, 
relaxation analysis was used as a semiquantitative measure of iron oxide, 
while solubilized iron was measured photometrically. 

The uptake of MSM by the various types of liver cells was examined at 
several time points after administration to avoid the possibility of undetected 
transfer of MSM or free iron oxide crystals from one cell type to the other. 
In the EM study, there was strong evidence of selective accumulation of MSM 
in the Kupffer cells and no redistribution from this compartment was detected 
during the test period. By using the histochemical staining techniques it was 
impossible to differ naturally occurring iron and glycogen from artificial 
MSM-related ferric iron and starch. However, a significant increase in tissue 
iron was observed after injection of MSM. Although both hepatocytes and 
Kupffer cells showed positive iron staining, only the Kupffer cells showed 
higher concentration of iron after administration of MSM. Positive PAS 
staining, indicating deposition of polysaccharides, was observed in all groups 
and no differentiation of starch from endogenous glycogen stores was 
possible. 

By use of EM, iron oxide was intracellularly detected in the lysosomes, which 
is the normal pathway of foreign material ingested by the cells. The extent 
of digestion of phagocytized material depends on the amount and chemical 
nature of the material as well as on the activity of lysosomal enzymes. 
Under ideal conditions, digestion leads to low-molecular-weig... products that 
are incorporated into various cellu'- processes and pathways. Residual 
bodies, containing undigested rr. al, are formed during incomplete 
degradation and they may remain in the cells for a long time. According to 
the in vitro and the in vivo results iron oxide did not behave as an inert 
substance after Kupffer cell deposition but was rather effectively and 
eliminated by the lysosomes over time. In the EM study, iron oxide was not 
observed later than 3 d after injection of MSM, while the histochemical LM 
technique, detecting both iron oxide and iron metabolites, showed increased 
amounts of intracellular iron up to 7 d after injection. 
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These findings confirmed previous results obtained with MSM (4). The 
hepatic half-life of MSM-iron seems to be restricted by the turnover of 
dissolved iron rather than by solubilization of iron oxide crystals. The slow 
release of iron from MSM is probably responsible for the detected low cellular 
toxicity of the contrast agent in a macrophage culture (2). With a constant 
low intracellular iron concentration in the period of iron oxide disintegration, 
the amount of ionic iron is kept below the toxic level and cellular 
mechanisms of iron handling will have sufficient capacity to take care of 
mobilized iron. It is known that high intracellular concentrations of iron is 
toxic to macrophages (1,2), probably due to iron-catalyzed lipid peroxidation 
and increased fragility of membrane structures. The detected transport of 
solubilized iron away from the Kupffer cells is in well accordance with the 
pathways of endogenous iron (7). The macrophage cells phagocytize 
senescent red blood cells to decompose hemoglobin for reutilization of iron. 
Therefore, the iron in Kupffer cells from either hemoglobin or other 
phagocytized digestible iron compounds is the first material of iron 
reutilization. 

In conclusion, due to a selective Kupffer cell uptake followed by lysosomal 
accumulation of MSM, the liver seemed to handle the particulate contrast 
agent by the MPS defence mechanism. Both iron oxide and iron metabolites 
of MSM were eliminated from the liver during days after administration 
without any significant morphological alterations. The Kupffer cells are 
important participants of the internal iron exchange and the solubilized iron 
was probably directly incorporated into the normal iron metabolism. 
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LEGENDS 

Table J: Electron microscopic f ridings' of iron oxide crystals in Kup.'fer cells 
after intravenous injection of MSM (1 mg Fe/kg) to mice (n = 5). 

Table 2: In vitro degradation of MSM in a lysosome-enriched fraction 
followed by the T2 relaxation time* and the concentration of solubilized ironb. 
Mean values ± SD are given (n = 3). 

Figure 1: Total amount of hepatic iron at increasing time after intravenous 
injection of MSM (1 mg Fe/kg) to mice, quantified by Perls blue staining. 
Mean values ± SD are given (n = 5 in test groups and n = 10 in control 
group). 

Figure 2: Iron localized in Kupffer cells at increasing time after intravenous 
injection of MSM (1 mg Fe/kg) to mice, quantified by Perls blue staining. 
Mean values ± SD are given (n = 5 in test groups and n = 10 in control 
group). 

Figure 3: Total amount of hepatic polysaccharides at increasing time after 
intravenous injection of MSM (1 mg Fe/kg) to mice, quantified by PAS 
staining. Mean values ± SD are given (n = 5 in test groups and n = 10 in 
control group). 

Figure 4: Transmission electron micrograph showing iron oxide localized in 
lysosome organelles (electron dense regions) of a Kupffer cells 24 h after 
intravenous injection of MSM (1 mg Fe/kg) to a mouse. 



Table 1: 

9 

Time After 
MSM Injection 5min lh 24h 3d 7d 14d 

Relative 
Content of 
Iron Oxide 

( + ) ( + ) 

'The findings were graded as; - : not observed, (+): small amounts and/or 
present only in single animals, + and + + : present in different degrees. 

Table 2: 

Incubation 
Period 

T 
MSM 

(ms) 
Control 

Iron (micromol/1) 
MSM Control 

3 h 6.6±0.3 1066±30 289*22 16±0 

6 h 8.8±0.1 1175±28 326±31 15±3 

24 h 21.6±3.4 1192±15 404±36 36±4 

48 h 55.6±10.2 682±45 488±46 42±6 

•The T2 relaxation time was measured at 37 °C and 0.48 T (Minispec, Bruker, 
Germany) bya Carr-FurceU-Meiboom-Gill pulse sequence and an echo time 
of 1 ms. The concentration of solubilized iron was determined by 
complexation and photometric analysis (Iron FZ Test, Roche, Switzerland). 



10 

J__L 
5 min 1 hr 1 day 3 days 7 day* 14 dayi control 

Time af ter injection of MSM 

Figure 2 

5 mki 1 hr 1 day 3 day* 7 doyt 14 dayi control 

Time af ter injection of MSM 



11 

2 

d> 2 
'•6 p 
o 

Figure 3 

~r 

5 min 1 hr 1 day 3 day» 7 dayt 14 day* control 

Time after injection of MSM 

Figure 4 
. 1 

•"T~& 

ft* 



Paper VI 

*' 



Inlemaltonal Journal of Pharmaceutns. 65 (!99())249 259 249 
MM.'* ler 

IJ I' (122III 

Magnetic starch microspheres: Interactions of a microsphere MR 
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Summar) 

The cellular effects of a reticuloendothelial contrast agent for MR imaging were examined in cultured murine macrophages (.1774 
cells). The macrophage handling and toxicity of iron oxide loaded starch microspheres (MSM) were evaluated by radiotracer studies, 
relaxation time analysis, electron microscopy and a cytotoxicity assay (MTT test). Macrophages exposed to MSM showed a 
concentration-dependent and saturable accumulation of the microspheres. MSM were intracellularly localized to the lysosomes. 
Relaxation time measurements indicated that the iron oxide in MSM was mobilized and eliminated from the cells. The cellular 
toxicity of MSM was investigated after various incubation times and no cytotoxicity of MSM or components of MSM was detected, 
whereas ionic iron administred direclJy lo J744 cells showed high cellular toxicity. This study has shown that starch microspheres 
containing iron oxide are nontoxic to macrophages in vitro. Consequently. MSM is an attractive delivery system for targeting of MR 
contrast agents to the reticuloendothelial system. 

Introduction 

The clinical usefulness of magnetic resonance 
(MR) imaging as a diagnostic tool has increased 
as the advantages over other imaging techniques 
have been demonstrated. Although MR imaging 
shows excellent soft tissue contrast, the diagnostic 
value can be improved further by use of contrast 
agents. Potential MR contrast enhancers are sub
stances with magnetic properties such as magnetic 

( nrrcKpondencc A K. Kahlvik. I)epl of Pharmacology and 
foxicologv, R& I) Division. Nvcomcd Imaging AS. PB 4220 
Torshov. N-0402 Oslo. Norway 

(ferromagnetic or superparamagnetic) iron oxides 
and paramagnetic metal ions. 

During recent years there has been great inter
est in the use of particles and liposomes as MR 
contrast agents, especially for gastrointestinal 
(Lonnemark et a!.. 1988) and reticuloendothelial 
imaging (Burnett et al., 1985. Kabalka et al., 1987. 
Stark et al.. 1988. Schwendener et al.. 1989). In
travenously administered particles are mainly dis
tributed to the liver and spleen due to macrophage 
uptake. The macrophages in these organs com
prise about 90% of the total intravascular phago
cytic capacity of the reticuloendothelial system 
(RES) (Saba. 1970). Hepatosplenic clearance of 
magnetic particles facilitates the detection of 
space-occupying lesions such as malignancies, cysts 
and abscesses. Since these formations do not con-

0.17K-SI7.1 90/S0.1.50 • 1990 Idvevicr Science Publishers B.V (Biomedical Division) 
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lain macrophages, they exclude the contrast agent 
and arc distinguished from the norma] tissue 
parenchyma. 

The pharmacokinetics and contrast enhance
ment of intravenously injected iron oxide loaded 
starch microspheres have been evaluated in animal 
studies (Fahlvik el al.. 1990a.b). The kinetics 
showed a typical distribution pattern for par
ticulate matter and the administered iron oxide 
was exclusively observed in the reticuloendothelial 
cells of the liver and spleen. A lime-dependent 
solubilization of iron oxide within the macro
phages followed by incorporation of the dissolved 
iron into the body iron pool was observed. Doses 
from 1 to 3 mg microspheres/kg gave good con
trast enhancement and the safety index of the 
substance was of the order of several hundred. 

Although the magnetic microspheres seemed to 
he well tolerated in animals, the effect on macro
phages needs to be studied further. In this investi
gation some cellular interactions of iron oxide 
loaded starch microspheres on macrophages are 
presented. The microsphere-related, as well as the 
iron-related toxic effects, are studied in macro
phages in cell culture by a well-known cytotoxic 
assay. 

Materials and Methods 

Test substances 
Magnetic starch microspheres (MSM) (Table 1) 

containing iron oxide (Fe ,0 4 ) were prepared from 

TABLK1 
Chtiruclertztiuon cf murtmpherex 

Microsphere Matrix material Sizetum) 

MSM' hydrolyzed starch 0.1-0.5 
DSM " crosslinked starch 1.0-1.8 
PSM' acrytoylated starch 0.6-2 
PS1 hydrolyzed starch n.m. d 

l.ichcnan glucan n.m. d 

I ..net polystyrene 0.9 

J MSM. magnetic starch microspheres. 
h DSM. dcgradable starch microspheres. 
1 PSM. polyacryl starch microspheres. 

Not measured 

ferrous and ferric chloride and hydrolyzed starch 
as previously described (Fahlvik et al.. 1990a). 
Degradable epichlorhydrin-crosslinked starch mi
crospheres (DSM) were obtained from Pharmacia 
AB, Sweden. Polyacryl starch microspheres (PSM) 
were a gift from Dr Peter Stjarnquist, National 
Board of Health and Welfare, Uppsala. Sweden. 
Glucan particles (Lichenan; prepared from 
Cetraria islandica) and polystyrene particles (Latex 
beads) were purchased from Sigma. U.S.A. Iron 
oxide crystals were obtained from Nycomed Imag
ing AS. Norway, ^ Jrolyzed potato starch (PSD 
was obtained from Stadex AB. Sweden; ferric 
chloride was obtained from Merck. F.R.G.. and 
MacoferK (saccharated iron oxide) was obtained 
from Hausmann. Switzerland. All test substances 
were dissolved or suspended in physiological saline 
or phosphate buffered saline (PBS) and sterilized. 

Cells 
The murine macrophage cell line J774 used in 

these studies is described as a reticulum cell 
sarcoma with the morphology, adherence and 
phagocytic properties of macrophages (Ralph et 
al., 1975). J774 cells were seeded into 75 enr cell 
culture flasks (Costar, U.S.A.) and grown in 
Dulbecco's modifided Eagles medium (Gibco. 
U.S.A.) with 10 fetal bovine serum, henzylpenicil-
lin (100 U/ml) and streptomycin (10 jug/ml) at 
37 " C a n d 10* CO,. 

Phagocytosis 
The macrophages were suspended to give a 

concentration of 1 x 10A cells/3 ml and seeded on 
to circular plastic coverslips (Thermanox 25 mm 
diametre. Miles Scientific. U.S.A.) in tissue culture 
wells (35 mm diametre, Costar. U.S.A.) and culti
vated for 24 h. Tne uptake capacily of the J774 
cells was quantified by cellular exposure to re
labelled DSM (1 mg microspheres/ml) for up to 4 
h at 4 and 37 °C. Coadministration of 1 mg/ml of 
radiolabelled DSM and variable concentrations of 
MSM and unlabeled DSM (1 10 mg micro-
spheres/ml) was performed, and the uptake mea
sured after 5 h at 37 °C. The coverslips were 
washed in PBS and the maciophage-ussociated 
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radioactivity was determined by liquid scintilla
tion counting. 

MTT assay 
The macrophage toxicity of the test compounds 

was determined with a modified MTT assay (Mos-
mann. 1983). The assay is based on the reduction 
of MTT <3-(4.5-dimethylthiazol-2-yl)-2,3,-di-
penlyltelrazolium bromide) to the blue formazan 
product by the mitochondrial enzyme succinate 
dehydrogenase of viable cells. To determine the 
relationship of cell number to formazan formation 
in unexposed cells, plates containing cell numbers 
increasing from 240 to 124 000/well were pre
pared. The optical absorption as a function of the 
number of viable cells was linear within the range 
of 240-31000 cells/well (r = 0.9886). According 
to these results. 15000 and 5000 cells/well were 
seeded for the 24 and 96 h experiments, respec
tively. 

J774 cells were plated in the wells of 96-well 
flat-bottom microtiter plates (Flow Laboratories, 
U.S.A.) for 24 h cultivation. Serial dilutions of the 
various lest compounds were prepared in cell cul
ture medium and added to each well. Incubations 
were performed either for 24 or 96 h. or for 24 h 
followed by rinsing to remove excess of the test 
substance and further cultivation for 72 h. MTT 
(Sigma, U.S.A.) (5 mg/ml in cell culture medium) 
was then added, followed by an additional incuba
tion period of 45 minutes, during which MTT was 
transformed to .formazan. To achieve solubiliza
tion of the formed formazan, an acid isobutanol/ 
sodium lauryl sulphate solubilizer was added (Tada 
et al.. 1986). The absorbance was measured by a 
multiwcll scanning spectrometer (Labsystem Mul-
tiscan MCC/340) using a wavelength of 590 mm. 
The absorbance levels from exposed cells were 
corrected against the absorbance values of un
treated cells ,.s well as against (he baseline absorp
tion of the test compounds. The ratio of the 
absorhance of the exposed cells to the control 
ahsorhancc was equated with the surviving frac
tion of the cells. The IC„, value was definded as 
the concentration of the test compound which 
produced 50% reduction of development of for
ma/an compared to the control values. Wells con
taining medium but no cells served as blanks. 

Relaxation time measurements 
The proton relaxation times are important con

trast parameters in MR imaging. The mechanism 
of action of MR contrast agents is to shorten the 
relaxation times and thereby enhance the contrast 
of organs or compartments containing these sub
stances. To estimate the cellular uptake and 
metabolism of magnetic iron oxide, the 7", and 7*, 
relaxation times of MSM exposed cells were re
corded. Low concentrations of iron oxide selec
tively decrease T2 while higher amounts will re
duce both T2 and 7",. Non-crystalline, dissolved 
iron will not alter the relaxation times at equiv
alent iron concentrations. 

J774 cells cultivated in cell culture flasks were 
incubated with MSM in a concentration of 0.1 mg 
Fe/ml for 24 h followed by washing with PBS. 
The macrophages were harvested by trypsiniza-
tion, or were further cultivated till 96 h before 
trypsinization and then resuspened in HSA-
medium (0.1% protein) for relaxation time analy
sis. The measurements were performed with a MR 
spectrometer (Minispec PC/20 Series. Bruker. 
F.R.G.) operating at a field strength of 0.47 T. 
The T, relaxation time was determined by calcula
tion from eight data points generated by a stan
dard inversion recovery pulse sequence. The 7", 
relaxation time was calculated from ten data points 
generated with a Carr-Purcell-Meiboom-Gill se
quence. A standard curve was based on the relaxa
tion values obtained from measurements of MSM 
suspended in HSA-medium. 

Transmission electron microscopy 
The macrophages were seeded and cultivated 

on coverslips as in the phagocytosis experiment. 
MSM or iron oxide crystals were added to the 
wells at a concentration of 0.1 mg Fe/ml and 
incubation was performed for 24 h before washing 
to remove the non-phagocilized fraction. The cells 
were then fixed directly on to the coverslips with 
1.5? glutaraldehyde in phosphate buffer (pH 7.4) 
or further cultivated in cell culture medium for 72 
h before fixation. Postfixation was performed for 
1 h in 1? osmium tetroxide in phosphate buffer 
(pH 7.4). The cells were then dehydrated in 
elhanol. counterstained for 2 h with 1% uranyl 
acetate in 50? elhanol. and subsequently em-

* 



bedded in F.pon. The sections were cut with di
amond knives on an LKB Ultratom III. stained 
with uranyl acetate and lead citrate, and examined 
at 60 kV in a Philips 420 microscope. 

Statistics 
The two-tailed Student's Mest was used to 

analyse the data and a difference was considered 
significant if P < 0.05. All results are presented as 
mean values standard deviation (SD). 

Results 

Phagocytosis 
The phagocytic capacity of the J774 cells was 

evaluated by uptake of radiolabeled DSM. The 
experiment was performed at 4 and 37 °C for up 
to 4 h. The amount of cell-associated material was 
significantly higher at 37°C than at 4 ° C for all 
the corresponding time points. The calculated dif
ference between the microsphere quantities re 
corded at 37 " C and 4 ° C represented the internal
ized fraction (Fig. 1 A). After 3 h of incubation the 
uptake reached a plateau representing 9-10 ug 
microspheres per 10" cells. 

As both MSM and DSM are made of starch, 
the microspheres may be internalized into the 
macrophages via the same receptor-mediated, 
saturable phagocytosis mechanism. A fixed 
amount of radiolabeled DSM and variable con
centrations of unlabelled DSM and MSM were 

Incubation Tim* (hourt) 

t'ig. I Uptake nf 'V-labellcd dezradable cpichlorhydnn*cro!ulinkc 
up to 4 h and IB) atter uuniuhation with magnetic starch micros| 

coadministred to study the phagocytic process. 
Although MSM significantly inhibited the uptake 
of radiolabeled DSM in a dose-dependent 
manner, the unlabelled DSM was a more efficient 
competitor (Fig. IB). For instance, when equal 
concentrations of labelled and unlabelled micro
spheres were added, the unlabelled DSM and 
MSM resulted in 53 ± 12 and 80 ± 16% uptake of 
radiolabeled DSM. respectively. 

MTT assay 
The macrophage toxicity of the test compounds 

was investigated by exposing the macrophages to 
increasing doses of the various materials. Some 
results obtained with the MTT assay after 24 or 96 
h incubation are plotted in Figs. 2 and 3 and the 
IC 5 0 values are shown in Table 2. The cytotoxicity 
of MSM was compared with the toxic effects of 
equivalent concentrations of iron given as iron 
o\ide crystals, saccharaled iron oxide, and ferric 
chK^de. After 24 h incubation no statistically 
significant alterations in the MTT reduction of 
cells treated with MSM. iron oxide crystals, or 
saccharated iron oxide, were detected. However, 
ferric iron was highly toxic showing an 1C„, value 
of 0.4 mM Fe. After 96 h of continuo: .; drug 
exposure, a decrease in cell viability was observed 
for both MSM and iron oxide crystal treatment, 
but the applied concentrations were too low to 
detect 50^ reduction of formazan production. The 
apparent sensitivity of the cells to saccharated 
iron oxide increased with time, giving a IC\„ of 0.9 

starch microspheres DSM) by JT74celMA) al 4 and .17 °c" for 
«res I MSM) or unlahelled DSM. S - 4, mean ± SD are given 
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l-ig. 2 Iron related cvtotoMcilv against J774 macrophages in the M I T assay. Cellular sensiiivitv is shown after |A) 24 h incubation. 
(Bl after 24 h exposure followed hv rinsing to remove the test substances and additional cultivation ad % h. and ( O after s>6 h 

continous exposure. /V = 6 K. mean ± SD are given. 

m M Fc after % h of continuous exposure. The 
K \ „ value of ferric iron was 0.5 m M Fe al this 
lime point. When the cells were washed after 24 h 
to remove non-phagocitized material and then 
cultivated for an additional 72 h. the cells «ere 
insensitive to both M S M and the iron oxide 
crystals. Ionic iron was active in the same con
centration range as observed previously, while sac-
charated iron oxide showed lower cytotoxicity than 
after % h of continuous exposure (Table 2). 

the cellular effects of M S M on macrophages 
were compared lo the cellular response obtained 
with DSM. PSM. PS1. glucan microspheres and 
pols st\ rene microspheres. A high degree of cellu

lar tolerance to the particles was detected after 14 
h incubation and only the polystyrene particles 
turned out to be toxic, with an IC\„ of 0.4 mg 
microspheres/ml. Particulate matter in general re
duced the surviving fraction of macrophages after 
% h of continuous exposure. A slight decrease in 
viability was observed after treatment with M S M . 
D S M . PSM and PS1. while the effects of glucan 
and polystyrene microspheres were more pro
nounced. The IC\„ dose of polystyrene was de
creased six-fold as compared to the result of the 
24 h experiment. After 24 h exposure of M S M and 
DSM followed by rinsing and further cultivation 
till 96 h. no effects on macrophage viability were 
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l-'ig. .V Particle related cytotoxicity against J774 macrophages in the MTT assay. Cellular sensitivity is shown after (A) 24 h 
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96 h continous exposure. rV = 6-8. mean + SD are given. 

observed. The polyslyrene cytotoxic concentration 
*as in the sume runge us detected after 24 h 
incubation. 

Relaxation lime measurements 
The relaxation parameters of MSM-trealed ceils 

and controls are given in Table 3. The 7", and 7", 
of the cell suspensions were dramatically shor
tened after 24 h incubation with MSM. indicating 
efficient uptake of magnetic material. Based on 
the standard curve relaxation measurements, the 
cell-associated MSM concentration corresponded 
to about 2.5% of the administered MSM amount. 
Aftr- 24 h of exposure followed by further cultiva
tion und relaxation analysis at 96 h, only changes 
in T, were significant. Although 7", was still de
creased compared to the control cells, the 7". effect 

at 96 h was not as strong as that recorded after 24 
h of incubation. 

Transmission electron microscopy 
Due to the electron density of iron oxide, the 

material could be seet. directly in the electron 
microscope. After 24 h exposure large amounts of 
both MSM and the iron oxide crystals were in
gested by the J774 cells. The material was accu
mulated in the lysosomal regions of the cytoplasm 
and enclosed by a limiting membrane. Many iron 
oxide crystals formed clusters, and aggregates were 
clearly detectable in the macrophages. The num
ber of lysosomes loaded with iron oxide decreased 
with further cultivation. The electron density of 
the affected regions was high, indicating accumu
lation of magnetic material. Compared to the ul-



Cytotoxicity of J774 macrophages based on IC)() " values of (A) 
iron containing test substances and of ;B) different microspheres 

|A) 1C\„ * (mM Fel 2 4 h h 24/96 h h 96 h h 

MSM 1 >5 >5 > 5 
Iron oxide crystals >2 > 2 > 2 
Saccharuted iron oxide > 7 6 0.9 
Ferric iron 0.4 0.3 0.5 

(B) K' s o <mg mierospheres/ml) 24 li 24/96 h 96 h 

MSM >1 >1 >1 
D S M J >2 >1 > 2 
PS1 ' > 2 n.m. ' > 2 
PSM * > 2 n.m. ' > 2 
Lichenan >1 n.m. f 1 
Latex 0.4 0.3 0.07 

ICW. concentration which produces 50% reduction in devel
opment of formazan compared lo control values. 

24 h = 24 h of continuous drug exposure. 24/96 h = 24 h of 
continuous drug exposure followed by washing of the cells to 
remove the test substance, and additional cultivation ad 96 h. 
96 h = 96 h of continuous drug exposure. 

MSM, magnetic starch microspheres. 
DSM. degradable epichlorhydnn-crosslinked starch micro

spheres. 
PSI. hydrolyzed potato starch. 

' Not measured. 
* PSM. polyacryl starch microspheres. 

trastructure of the control cells, cells treated with 
MSM. as well as those treated with iron oxide 
crystals, showed increased autophagic activity 

Relaxation time measurements of J7?4 celts incubated with max* 
nrln '•tun h nut roxpherei 

f, ' I ms> T: 'ims) 
MSA-medium .1.1.10 » 70 1802 ± 5 6 
1 ncxposcd cells 1411 > 1* 1664 ±53 
< ells. 24 h " 14.19» 114 99± 1 
tells. 24 96 h* 3.19.1 t 32 KM 163 

/ , / , relaxation lime. 7*. - T3 relaxation lime. JV - 2. Kith 
relaxation lime value is hated on 5 measurement* performed at 
1147 t and " ° ( 
h (ells. 24 h - 24 h of continuous exposure Cel l* 96 h - 24 h 
of sonlinuous exposure followed hv rinsing and additional 
vulitvalion ad 96 h 

Discussion 

The iron oxide loaded starch microspheres 
(MSM) were developed as a targeting device for 
the delivery of iron oxide to the liver and spleen 
for the purpose of contrast enhancement. In
travascular administration of iron oxides is a new 
medical application and the biological handling of 
iron oxide is a question of concern. The organ and 
cellular distribution systems for particulate iron 
oxide introduce the compound to the RES, which 
is an important participant in internal iron ex
change. The macrophages of RES have proved to 
have sufficient capacity to solubilize iron oxide 
and to distribute the iron to the circulation pool of 
iron (Weissleder et al., 1989, Fahlvik et al., 1990b). 

The aim of this report is to focus on macro
phage interactions of MSM. The macrophage 
properties of the J774 cell line used in these stud
ies were confirmed during the phagocytosis experi
ment. The uptake of DSM and PSM have been 
studied previously in macrophages at 37°C 
(Artursson el al.. 1987, 1989). The plateau levels 
o( phagocytosis were 3 and 14 jug microspheres/ 
10 6 for resident and inflammatory macrophages, 
respectively. The maximum uptake of DSM in 
J774 cells was in the same range as in inflamma
tory macrophages, probably due to the tumour 
line properties of the J774 cells. 

According to the inhibition experiment. DSM 
were taken up to a larger extent than were MSM. 
The explanation for this could be that DSM and 
MSM are taken up by the macrophages by differ
ent receptor mechanisms. However, this is not 
convincing because of the similarity in matrix 
material and surface characteristics of MSM and 
DSM. A more plausible explanation is related lo 
the differences in microsphere size. 

The effect of MSM and the control compounds 
in the MTT test varied with the incubation times. 
After % h of continuous exposure, all the samples, 
independent of physio-chemical properties, de
creased the survival fraction of the macrophages. 
Besides the above described non-specific effects 
after 96 h of continous exposure, no toxic effects 
of MSM on the J774 macrophages were observed. 
Iron oxide crystals and hydroly/cd potato starch, 
ax isolated components of MSM. also appeared lo 
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be i io i i - iu \ ie . -\n effect i\e MR imaging dose of 
M S M in the rat is I nig I e kti or about } mg 
M S M kg. and X5' ( of the M S M is localized to the 
macrophages o\' liver t I'ahlvik et al.. 1440a. 1440b). 
In the liver ot rats about 12 - 10' macrophages 
(Kupf fc r cells) per g of tissue are present (Knook 
and Sle\ster. 14X0; limiwetis ct al.. 19X6)). Accord-
mg tu the in u \ o results, the M S M concentration 
in the h\er is about 0.05 tng per g o( tissue or 
n.004 mi: per Hi'" Kupffer cells. In the M I T 

experiments, the .1774 cells were exposed to M S M 
doses ahout thousand times the amounts of M S M 
accumulated by macrophages in vivo. According 
to the uptake study and the relaxation experiment, 
it is reasonable to assume that the fraction of 
M S M phagociti/ed at the higher doses is in the 
range of l r< of the total dose. Based on these 
calculations, the .1774 macrophages showed no 
toxic reactions after uptake o\' M S M in doses 
ahoul HI-fold the imaging dose, for up to % h 
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l i t : 4H 

after MSM adn nvsiration. 
However, the cellular scnsitivitv lo the other 

letted iron compounds was different. I erne iron 
was included in this lest to serve as a model of the 
dissolved iron degradation product of MSM. The 
cvtotoxieitv in response to ionic iron was MnctK 
dosc-rclaletl and the K ,,, value was about the 
same at all the measuring time points The effect 
of ferric iron \m the -aimta) rate of peritoneal 
macrophages has been studied previouslv and 
morphologic evaluations showed a concentration-

dependent lvsosoin.il accumulation of iron (Abok 
et .il.. 14X3). Saccharated iron oxide is a commer-
ciallv available parenteral iron preparation. It i> 
an iron-sucro.se complex with ferric or ferrous iron 
suspended colloidalK as iron hvdroxidc and con
tains no magnetic iron oxide crystals. This iron 
complex showed lower toxicilv than ferric iron but 
was sigmficanllv more toxic then MSM and pure 
iron oxide crvstats after % h of conlmeous ex
posure. 

I he detected differences in mucrophu,..' toxic-

http://lvsosoin.il
http://iron-sucro.se
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ity of MSM and pure iron crystals versus ferric 
iron and saccharated iron oxide may be related to 
the physio-chemical properties of the substances. 
The iron oxide crystals are slowly solubilizcd and 
intracellular^ presented as a sustained release pre
paration of ionic iron. Thus, the ferric iron protein 
complexes and the iron-sucrose complex will 
probably rapidly liberate ionic iron and, because 
of the consequent concentrations, saturate the cel
lular mechanisms of iron handling. 

The ultraslructural study showed accumulation 
of both MSM and pure iron oxide crystals within 
lysosomal organelles of the macrophages. The ap
pearance of iron oxide was more diffuse after 
MSM-incubation compared to that of pure 
crystals. Starch is metabolized by lysosomal en
zymes and the matrix of MSM is probably rapidly 
eliminated (Artursson et al., 1984). However, the 
carrier may increase the dispersion and decrease 
the aggregation of iron oxide crystals within the 
lysosomal compartment. Consequently, the 
turnover of iron oxide could be higher when starch 
is used as a drug delivery system of magnetic 
material compared to administration of pure iron 
oxide. The concentration of iron oxide in affected 
areas seemed to rise during 96 h of incubation, 
while the number of organelles containing the 
material was decreased. Due to this process, it was 
impossible to prove any cellular elimination of the 
iron oxide during the test period from the trans
mission electron micrographes. 

The only observed morphologic effect of the 
treated macrophages was enhanced autophago-
cytosis. Autophagy is part of the normal regenera
tion and turnover of cellular components and may 
be greatly increased in certain conditions. Induced 
autophagocytosis has previously been reported in 
macrophages after exposure to large doses of 
slowly degradable microspheres (Hamberg and 
Edman, 1983, Edman et al., 1984). High lysosomal 
concentrations of exogenous material in general 
may affect the fragility of the organelle mem
brane. Together with the ability of ionic iron to 
destabilize lysosomal membranes and enhance 
leakage of hydrolytic enzymes, the induced auto
phagy after accumulation of iron oxide can be 
explained. The observed dose-correlated cytotoxic
ity in response to accumulation of non-degradable 

polystyrene microspheres, is probably also related 
to increased lysosomal fragility followed by a 
broad variety of cell damaging processes. 

In summary, it is evident from this study that 
starch microspheres containing iron oxide (MSM) 
are non-toxic to macrophages in vitro. Relaxation 
time measurements indicate that iron oxide can be 
metabolized when presented to macrophages in 
the MSM form. This means that MSM is an 
attractive delivery system for MR contrast agents 
aimed at the reticuloendothelial system. 
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