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Study of MRI contrast Effect of Dispersible 

Ferrimagnetic Iron Oxide Nanocubes 

Abstract 

Youjin Lee 

Iron oxide nanoparticles have received lots of attention as magnetic resonance 

image (MRI) contrast agents. Iron oxide nanoparticles are used for various 

purposes because size of the nanoparticles changes their magnetic properties 

from paramagnetic to superpara, ferrimagnetic. Extremely small iron oxide 

nanoparticles (<4nm) were used as contrast agents for T1-weighted MR images 

since it has paramagnetic property. Clusters of superparamagnetic iron oxide 

nanoparticles(~10nm) were used as intravenously injectable T2 MRI contrast 

agents. Some of this kind has been used in clinics. Magnetosome-like 

ferrimagnetic iron oxide nanocubes (FIONs >40nm) labeled single cells and 

pancreatic islet grafts and detected in vivo by 9.4 T and 1.5T MR respectively.  

In this thesis, relatively small ferromagnetic iron oxide nanoparticles were used 

to fabricate intravenously injectable T2 MRI contrast agents. Around 20 nm 

sized iron oxide nanoparticles have high saturated magnetization, but small 



remanent magnetization. PEG-phospholipid encapsulation enables spacing to 

prevent the aggregation and induces aqueous-dispersible property. The 

dispersible ferromagnetic iron oxide nanocubes (DFIONs) showed high r2 

relaxivity and exhibited high colloidal stability in aqueous media. 

Dispersible ferrimagnetic iron oxide nanoparticles (DFIONs) were designed to 

maximize its saturated magnetization and to minimize its remanent 

magnetization. In the end, DFIONs entered static dephasing regime and 

achieved the optimum relaxivity for iron oxide nanoparticles. In addition, 

DFIONs are biocompatible and did not affect cell viability at concentrations up 

to 0.75 mg Fe/ml. As a result, DFIONs could be examined as in vivo MRI 

contrast agents. With the high r2 value, it was possible for DFIONs to perform 

in vivo MR imaging of tumors by intravenous injection, with a clinical 3T MRI. 

 

Keywords: Nanomedicine, Iron oxide nanoparticle, Magnetic resonance 

imaging, Colloidal stability, Contrast agent 
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PART 1. Introduction 

 

Iron oxide nanoparticles have attracted lots of attention due to their various 

applicaions in fields such as; magnetic resonance imaging (MRI) 
1
, magnetic 

hyperthermia
2
, target delivery

3
, and magnetic separation

4
. MRI is one of the 

key applications of iron oxide nanoparticles because the innately low 

sensitivity of MRI can be improved by contrast agents
5
. As MRI contrast 

agents, iron oxide nanoparticles can be used for several different purposes 

according to their magnetic property which depends on size mostly
6
. Also, 

iron oxide nanoparticles have been widely used as T2 MRI contrast agents 

because they are biologically well tolerated and benign
7
. However, the 

sensitivity of MRI achieved with current clinical contrast agents is not 

sufficient to image subtle changes of lesion
8
. At present, paramagnetic 

gadolinium complexes are used as T1 MRI contrast agents in clinics
9
. They 

have some limitations such as low ability to enhance contrast of MR images, 

toxicity of leached ions and short time of circulation
10

. Nanoparticles have 

significant advantages including long circulation time, superior sensitivity, 

and tunable functions
11

. Iron oxide nanoparticles (e.g., ferumoxide) prepared 

through co-precipitation have been approved for clinical usage to detect liver 

lesions and lymph node metastasis
12

. Although ferumoxide and this kind of 

iron oxide nanoparticle contrast agents are no longer used in clinical situations, 

recent development of iron oxide nanoparticle contrast agents is expected to 



 

2 

produce advanced MRI contrast agents with higher enhancing contrast ability, 

targeting specific lesion ability, and inducing multifunction to the agents
13

. In 

this part, the principles of MRI contrast agents will be mentioned to help 

understanding this thesis and the future of MRI contrast agents will be 

discussed briefly.  

 

1.1 Principles of MRI 

 

Magnetic resonance imaging (MRI) is based on a chemical analytical 

technique, nuclear magnetic resonance (NMR). To understand basic principles 

of MRI, understanding electromagnetic field is necessary. Electromagnetic 

waves, including X-rays, visible light, microwaves, and radio waves, are 

created by spinning charged particles. The space electromagnetic waves affect 

is called electromagnetic field. Thus spinning charged nuclei, like the 

hydrogen nucleus can create electromagnetic field. Spinning direction 

determines direction of magnetic field. The magnetic fields of paired opposite 

pointing protons would be zero because they cancel each other’s magnetic 

fields. When there is odd number of protons, a proton is unpaired and has net 

magnetic field, some examples are summarized in table 1.1
14

. 

All substances get magnetized to a degree when placed in a magnetic field. 

The magnetic susceptibility of a substance χ is the measure of magnetizability 

of a substance. Based on the value of χ, there are three types of substances, 
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diamagnetic, paramagnetic, and ferromagnetic. Diamagnetic substances (χ < 0) 

have no unpaired orbital electrons. When magnetic field is applied on them, 

induced magnetic field is in the opposite direction. Paramagnetic substances 

(χ > 0) have unpaired orbital electrons and become magnetized in the same 

direction as the applied magnetic field. Ferromagnetic substances (χ >> 0) are 

strongly attracted by the magnetic field and thus become permanently 

magnetized. After magnetization, ferromagnetic materials have their own 

magnetic field
14

.  

Based on the structure, there are ferromagnetic, antiferromagnetic, and 

ferrimagnetic substances. Ferromagnetic materials have all the magnetic 

dipoles aligned and oriented in the same direction. Antiferromagnetic 

materials have successive magnetic dipoles aligned in opposite directions. 

Ferrimagnetic materials have opposite oriented magnetic dipoles, but one 

direction magnetic moment has larger value.   

In MRI, large magnetic field is applied and the magnetic dipole moments of 

protons of hydrogen nuclei are lined up, but not all of them are lined in the 

same direction. Low-frequency radio waves penetrate the tissue and flip down 

magnetized spins within the object. If spinning, unpaired protons are placed in 

an external magnetic field(B0), they will line up with specific population. The 

population is determined by energy differences between two states, 

proportional to the external magnetic field.  If the patient is irradiated with a 

radio-frequency (RF) wave of a very specific frequency, some spins will 

change their alignment. After the RF pulse, they generate a signal as they 
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return to their original alignment. This is the MR signal that we measure
14

.  

 

 

Figure 1.1 A simple model depicting the principle of MRI
14 

 

Table 1.1 Nuclei with an odd number of protons and their spin quantum 

number & gyromagnetic ratio
14

 

 

Spin Quantum Number (S) Gyromagnetic Ratio (MHz/T) 

1
H 1/2 42.6 

19
F 1/2 40.0 

23
Na 3/2 11.3 

13
C 1/2 10.7 

17
0 5/2 5.8 

 

 

1.2 Overview of MRI contrast agents 

 

There are two types of MRI contrast agents, T1 and T2 MRI contrast agents.  

T1 MRI contrast agents are used to decrease time constant T1, the longitudinal 
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relaxation time, meaning the time required for recovery of magnetization 

along the axis of the external magnetic field (z axis). Longitudinal 

magnetization increases slowly as the protons realign with the axis of the 

external magnetic field according to the equation, Mz(t) = M0(1-e
-t/T1). In 

addition, r1 relaxivity refers to the rate at which Mz recovers to M0, and it is 

given as r1 = 1/T1. T1 is also called the spin-lattice relaxation time because it 

refers to the time it takes for the spins to give the energy they obtained from 

the RF pulse back to the surrounding lattice in order to go back to their 

equilibrium state
14

.  

 

Figure 1.2 Relationship between Mz and T1
14 

and a sample of T1 -weighted 

MR image. 

 

T2 MRI contrast agents are used to decrease time constant T2, the transverse 

relaxation time, meaning decay rate of transverse magnetization. The x-y 

component of the magnetization decreases rapidly and T2 decay occurs 5 to 10 

times more rapidly than T1 recovery. Owing to spin–spin interaction and 

external magnetic field inhomogeneity, transverse magnetization decay is 

much faster than longitudinal magnetization recovery. The T2 relaxation 

process is given as Mxy(t) = M0e
-t/T2 and r2 relaxivity refers to the rate at which 
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Mxy decays (R2 = 1/T2). T2 of a tissue is fixed, because it depends only on spin-

spin interactions
14

. 

 

Figure 1.3 Relationship between Mxy and T2
14 

and a sample of T2 -weighted 

MR image. 

 

In addition, external magnetic inhomogeneity also affects the relaxation 

process. Thus, protons in different locations are exposed to a different 

magnetic field, resulting in spin dephasing. r2* relaxivity indicates the rate of 

transverse magnetization decay by spin–spin interaction and external 

magnetic inhomogeneity (R2* = R2 + γΔB). T2* depends on the homogeneity 

of the external magnetic field, so it is not fixed. It varies depending on how 

uniform the main magnet is. T2* decay is always faster than T2 decay. 

Even though T1 and T2 are explained separately above, it is two different 

viewpoints of the same magnetization relaxation. By controlling imaging 

system,  T1-weighted MR images or T2-weighted MR images can be obtained. 

For the contrast agents, T1 contrast agents and T2 contrast agents both enhance 

the r1 and r2 relaxation rate and have both r1 and r2 relaxivity
14

.  

High r1 relaxation rate causes signal enhancement which means making MR 

images brighter. On the other hand, high r2 relaxation rate causes signal 
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attenuation which means making MR images darker. Darkened MR signal or 

blurred MR images by blooming effect by T2 contrast agents is sometimes 

confused with the signals from other pathogenic conditions, such as bleeding 

and calcification.  

 

1.3 Iron oxide nanoparticles as contrast agents 

 

Clinically, paramagnetic gadolinium complexes are used as T1 MRI contrast 

agents. However, the enhancement by them is insufficient and cannot be used 

by patients with excretion problems. It is because leached gadolinium ions can 

cause serious problem, nephrogenic system fibrosis (NSF)
15

. Therefore MRI 

contrast agents with high sensitivity and nontoxicity are required. Although 

commercialized iron oxide nanoparticle based contrast agents are no longer 

used in clinics, designed iron oxide nanoparticles are expected to be advanced 

MRI contrast agents. Thus, MRI contrast agents based on various iron oxide 

nanoparticles are enthusiastically examined.  

Paramagnetic iron oxide nanoparticles were applied as T1 contrast agents. 

Uniform and extremely small-sized iron oxide nanoparticles (ESIONs) of < 4 

nm, synthesized via the thermal decomposition, exhibited a high r1 relaxivity 

of 4.78 mM
–1

 s
–1

 and low r2/r1 ratio of 6.12. These nanoparticles exhibited 

very low magnetization derived from the spin-canting effect. In the in vivo T1-

weighted MR images, ESIONs showed longer circulation times than the 
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clinically used gadolinium complex-based contrast agents, enabling high-

resolution imaging. High-resolution blood pool MR imaging using ESIONs 

enabled clear observation of various blood vessels with sizes down to 0.2 

mm
16

.  

 

Figure 1.4 Synthesized ESIONs and a high-resolution MR image.
16 

 

Superparamagnetic nanoparticles such as maghemite (γ-Fe2O3) and 

magnetite (Fe3O4) nanocrystals can produce predominantly spin–spin 

relaxation effects due to the induced local field inhomogeneities, consequently 

resulting in shorter T1 and T2 relaxation times. Up to now, magnetic iron oxide 

nanoparticles are predominately used as T2 contrast agents, producing 

negative enhancement effects on T2- and T2*-weighted images. Table 1.2 - 

presents iron oxide contrast agents which are commercialized or at different 

clinical stages
17

. As the size of iron oxide nanoparticles increases, magnetic 

property changes from para, superpara to ferrimagnetic, like following figure 

1.6. 
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Table 1.2 List of iron oxide contrast agents which are commercialized or at 

different clinical stages
17 

 

Compound 

Classifi

cation Size Coating agent 
T1/2 

Indication 

Develop

ment Tradename 

Ferristene (OMP) SPIO 3500 nm 

(composed of 

crystals below 50 

nm) 

Sulfonated styrene-

divinylbenzenecop

olymer 

Oral Gastrointestinal Sale Abdoscan®  (GE-

Healthcare) 

Ferumoxsil 

(AMI-121) 

SPIO 300 nm 

(composed of 10 

nm crystals) 

Siloxane  Oral Gastrointestinal Sale GastroMARK®  (Advanced 

Magnetics); Lumirem®  

(Guerbet) 

Ferrixan 

(Ferucarbotran, 

SHU 555A) 

SPIO 60 nm Dextran 2.4–3.6 h Liver Sale Resovist®  (Schering); 

Cliavist™ (Medicadoc) 

Ferumoxide 

(AMI-25, SHU 

555A) 

SPIO 120–180 nm; 80–

150 nm 

Dextran 6 min Liver Sale Feridex®  (Advanced 

Magnetics); Endorem™ 

(Guerbet) 

(SHU 555 C) USPIO ≤20 nm Dextran 6 h Angiography Phase 1 Supravist™ (Schering) 

Ferumoxtran-10 

(AMI-227, BMS-

180549) 

USPIO 20–40 nm Dextran 24–36 h Lymph node, liver, 

angiography 

Phase 3 Combidex®  (Advanced 

Magnetics); Sinerem®  

(Guerbet) 

Feruglose (PEG-

feron, NC100150) 

USPIO Core size 5–7 nm; 

total size 20 nm 

Carbohydrate -

polyethylene glycol 

coating 

(PEGylated starch ) 

6 h Lymph node, liver, 

perfusion, 

angiography 

Preclinic Clariscan™ (GE-

Healthcare) 

(VSOP-C184) USPIO 7 nm Citrate 0.6–1.3 h Angiography Preclinic  

 

T1/2: blood half-time   SPIO : small particle of iron oxide   USPIO : ultra-small particle of iron oxide  

 

For the superparamagnetic region, The size effect on the r2 relaxivity of 

nanoparticles was investigated. The r2 relaxivity of the nanoparticles increases 

javascript:popupOBO('CHEBI:50816','b902394a')
http://www.chemspider.com/7220
http://www.chemspider.com/60033
http://www.chemspider.com/60033
javascript:popupOBO('CHEBI:53310','b902394a')
http://www.chemspider.com/10650315
javascript:popupOBO('CHEBI:52071','b902394a')
javascript:popupOBO('CHEBI:52071','b902394a')
javascript:popupOBO('CHEBI:52071','b902394a')
javascript:popupOBO('CHEBI:52071','b902394a')
javascript:popupcomp('20','Phase','b902394a')
javascript:popupOBO('CHEBI:23008','b902394a')
javascript:popupOBO('CHEBI:28017','b902394a')
http://www.chemspider.com/29081
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with their size as the magnetic moment increases. As expected with the 

equation, the r2 relaxation rate of a solution containing nanoparticles is given 

by  

where γ is the proton gyromagnetic ratio, NA is Avogadro’s number, M is the 

particle molarity (moles/L), µC is the magnetic moment of the nanoparticle, r 

is the effective radius of the nanoparticles, and D is the diffusion coefficient of 

water molecules. Since the magnetic moment is also proportional to the 

volume of the nanoparticles, the r2 relaxivities increases
18

. 

Although the T2 contrast effect increases with the size of the nanoparticles, 

most nanoparticles that have been used as T2 contrast agents are smaller than 

20 nm. Because larger nanoparticles are not superparamagnetic, they maintain 

remanent magnetization even in the absence of external magnetic field, 

resulting in agglomeration. Recently, ferromagnetic iron oxide nanocubes 

(FIONs) whose shape and size are similar to those of magnetosomes were 

successfully used as biocompatible T2 contrast agents for cell labeling and 

tracking. Owing to their excellent magnetic properties, the r2 relaxivity of 

FIONs at 1.5 T was 324 mM
-1

s
-1

, which is much higher than that of 

superparamagnetic iron oxide nanoparticles. Although the low colloidal 

stability of FIONs prevents their use in in vivo applications that require 

intravenous injection, they are ideal agents for MRI tracking of transplanted 

cells. In fact, FIONs are able to label various kinds of cells easily without any 

R2 =
64p

135000

æ

è
ç

ö

ø
÷g

2NAMmC
2 / rD
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treatment to facilitate cellular uptake. Using high Tesla MRI, single cells 

labeled with FIONs were readily detected
19

. 

 

Figure 1.5 Synthesized FIONs and a cell-tracking MR image.
6b 

 

The coating of magnetic nanoparticles also affects the relaxivity, because 

surface ligands exclude water molecules from the magnetic core, reducing r2 

relaxivity, or increases the residence time by forming hydrogen bonds, 

increasing r2 relaxivity. 

There are three regimes based on the size of contrast agent nanoparticles and 

the relationship between MR signal and protons affected by them. For 

magnetic nanoparticles smaller than 30 nm, fast diffusion averages the 

magnetic field due to iron oxide nanoparticles (motional averaging regime, 

MAR)
20

. In this MAR, the relaxivity of nanoparticles is dependent on their 

size. For large-sized nanoparticles, the diffusion effect becomes small, and 

nanoparticles can be regarded as randomly distributed stationary objects 
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Figure 1.6 (a) Size dependent magnetic properties of nanoparticles from 

superparamagnetism to ferromagnetism. (b) M-H curve of extremely small 

magnetic nanoparticles showing almost linear relationship without magnetic 

saturation. (c) M-H curve of superparamagnetic magnetic nanoparticles. 

Superparamagnetic nanoparticles do not show remanent magnetization in the 

absence of an external magnetic field. If an external magnetic field is applied, 

they show magnetic saturation. (d) M-H curve of ferromagnetic nanoparticles. 

Ferromagnetic nanoparticles shows remnant magnetization and coercivity.
13

  

 

 (static dephasing regime, SDR). In the SDR, nanoparticles are predicted to 

exhibit the highest r2 relaxivity, which is independent of their size
21

. However, 

iron oxide nanoparticles in the SDR are ferrimagnetic, and their magnetic 
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dipole interaction results in poor colloidal stability
19

. The severe 

agglomeration of ferrimagntic iron oxide nanoparticles precludes in vivo 

applications because their circulation time is very short, and they can 

sometimes cause organ damage because of capillary occlusion, especially for 

lung
22

. An alternative method to avoid ferrimagnetic dipole interaction is 

controlled clustering of multiple superparamagnetic iron oxide nanoparticles 

using larger templates such as silica and polymers because the T2 contrast 

effect also increases with an increasing number of nanoparticles in the 

aggregates
21,23

. However, to date, maximum r2 relaxivity could not be realized 

because the fraction of magnetic nanoparticles in the clusters is relatively 

small. For large particles (>60nm for single core and > 150 for multicore), the 

r2 values decrease as they enter the Luz-Meiboom regime. Water protons that 

are close to the particles would not contribute to the MR signal since their 

motion is completely dephased by the stong magnetic field from the particles. 

The motion is not restored by the spin echo sequences. Only the water protons 

far from the particles contribute to the signal, resulting in diminishing contrast 

effect by agents.  

 

1.4 Further design of iron oxide nanoparticles for MRI contrast 

agents 

 

Iron oxide nanoparticles have the potential as ultra-sensitive molecular 
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imaging contrast agents for the detection of subtle change of a lesion. To 

enhance the performance, iron oxide nanoparticles for MRI contrast agents 

have been designed in various ways. Cheon’s group examined various metal-

doped magnetism-engineered iron oxide nanoparticles as MRI contrast agents. 

By systematically elucidating the magnetic characteristics and the MR signal 

enhancement effect, which are based on the magnetic spin, size and type of 

nanoparticles, the group discovered the effect of doping
24

.  

Also, there are other efforts to combine iron oxide nanoparticles with other 

contrast agent for other modalities, such as, PET or optical imaging system
25

. 

Other way to modify iron oxide nanoparticle for better MRI contrast agents is 

shape control which is related to nanoparticles’ magnetic properties
26

.   
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Figure 1.7 Mass magnetization values of MFe2O4 (M=Mn, Fe, Co, Ni). 

Schematics of spin alignments of magnetic ions in spinel structures under 

external magnetic field and magnetic spin moment of MFe2O4 nanoparticles. 

In face-centered cubic lattices of oxygen, the magnetic spins at Oh sites 

aligned in parallel with the direction of the external magnetic field whereas 

those at Td sites aligned antiparallel. MnFe2O4 had the highest mass 

magnetization value, with a magnetic spin magnitude of 5 mB. T2-weighted 

spin echo MR images of M Fe2O4 nanoparticles at 1.5 T.
24 
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PART 2. Experiment 

 

2.1  Synthesis of ferrimagnetic iron oxide nanoparticles and water 

transfer process  

 

Iron (III) acetylacetonate (2 mmol, Acros, 99%) was used as iron source with 

mixture of oleic acid (4 mmol, Aldrich, 90%), 4-biphenylcarboxylic acid (0.4 

g, Acros, 95%), and benzyl ether (10.40 g, 10 ml, Aldrich, 99%,). The solution 

was degassed at room temperature for 1 hour,  then heated up to 290 
o
C at 20 

o
C/min rate with vigorous stirring. The reaction was occurred at this 

temperature for 30 minutes. After cooling, ethanol was added, then 

centrifuged at 1700 rpm for 10 minutes to precipitate the nanoparticles. The 

separated precipitate was dispersed in solvent such as chloroform and n-

hexane.
27 

The water transfer of FIONs was processed by encapsulating with PEG-

phospholipid to introduce biocompatibility and water-dispersibility to the 

FIONs
28

. Typically, 10 mg of FIONs was mixed with 20 mg of 1, 2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(PEG-phospholipid, Avanti Polar Lipids, Inc.) in chloroform. After 

evaporating the solvent, the resulting mixture was incubated at 80 ºC in 

vacuum for 1 hr. At high temperature, sterilized water was added and 

sonication or shaking solution was performed to disperse the nanoparticles. 
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Excess PEG-phospholipid was removed by ultracentrifugation at 20,000 RPM 

for 1 hr. After ultracentrifugation, the nanoparticles dispersion was filtered 

through a cellulose acetate syringe filter (Advantec, Japan) to remove any 

aggregates or contaminants. 

 

2.2  Characterization of DFIONs 

 

Transmission electron microscopy (TEM) images were taken on a JEOL JEM-

2010 electron microscope at 200 kV. Samples were prepared by dropping 

small volume of nanoparticles chloroform solution onto a carbon-coated 

copper grid. The hydrodynamic diameters of nanoparticles were measured 

with a particle size analyzer (ELS-Z2, Otsuka). M–H curves were obtained by 

the vibrating sample magnetometer (VSM, Quantum Design PPMS) with 

dried nanoparticles. The iron concentrations of nanoparticles were measured 

with inductively coupled plasma atomic emission spectroscopy (ICP-AES) 

using ICPS-7500 spectrometer (Shimadzu). Samples were prepared by 

dissolving nanoparticles with hydrochloric acid and dilution. 

 

2.3  Measurement of DFIONs’ MRI relaxivity  

 

To measure MRI relaxivity, water transfered FIONs of 22, 28, 32, 42, and 49 

nm were dispersed in 1% agarose solution (analytical grade agarose; Promega) 
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to prevent sedimentation. T2 values of nanoparticles were measured using the 

Carr-Purcell-Meiboom-Gill (CPMG) sequence with a head coil on a 3-T MR 

scanner (TrioTrim, Siemens): TR = 5000 ms, TE = 16, 32, 48, 64, 20, 40, 60, 

80, 50, 100, 150, 200 ms. Fast spin echo T2-weighted MR images of the 

phantom were acquired using the following parameters: flip angle = 120, ETL 

= 18, TR = 6000 ms, TE = 90 ms, field of view FOV = 119 × 170 mm
2
, matrix 

= 448 × 640, slice thickness / gap = 1.4 mm / 1.8 mm, NEX = 1. 

  

2.4  Cell experiments of DFIONs 

 

B16F10 melanoma cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM, Welgene) supplemented with 10% (v/v) fetal bovine serum 

(FBS, Gibco) and penicillin/streptomycin (100 U/mL and 100 g/mL, 

respectively, Gibco) at 37 
o
C in humidified 5% CO2 atmosphere.  

The viability of the cells in the presence of DFIONs was evaluated using 3-

[4,5-dimethylthialzol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) 

assay. The assay was performed in triplicate in the following manner. For 

MTT assay, the cells were seeded into 96-well plates at a density of 1 × 10
4
 

per well in 200 L of media and grown overnight. The cells were then 

incubated at various concentrations of FION (0, 0.012, 0.023, 0.047, 0.094, 

0.19, 0.38, 0.75 mg Fe/ml) for 24 h. Following this incubation, the cells were 

incubated in media with 0.1 mg/ml of MTT for 1 h. Then the MTT solution 
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was removed and the precipitated violet crystals were dissolved in 100 μL of 

DMSO. The absorbance was measured at 560 nm with Sunrise™ microplate 

reader (Tecan Trading AG). 

To examine cellular uptake of nanoparticles, the cells were cultured in a 4-

well chamber slide (Nalgen Nunc, Naperville, IL) and incubated with 

DFIONs. After 24 h, the cells were washed with phosphate buffered saline 

(PBS), fixed with 4% paraformaldehyde, and stained with 4′,6-diamidino-2-

phenylindole (DAPI, 1 μg/mL in PBS, Roche). The fluorescence images 

were acquired with confocal laser scanning microscopy (LSM 510, Carl Zeiss, 

Germany). 

To label the cells with iron oxide nanoparticles, the cells were seeded onto 

culture dishes in 10 mL of media and grown overnight. Subsequently, 

DFIONs of 0, 3.13, 6.25, 12.5, 25, and 50 μg/mL were added. After 24 h, the 

cells were washed twice with PBS and detached by adding 1 mL of 

trypsin/EDTA (Gibco). After centrifugation, cells were suspended in 1% 

agarose. T2-weighted MR images were acquired with a head coil on a 3-T MR 

scanner. 

 

2.5  In vivo MR imaging 

 

All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the Clinical Research Institute of Seoul National 
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University Hospital, and all experimental procedures were performed 

according to IACUC guidelines. B16F10 cells (5 × 105) in 50 μl of serum-

free media were mixed with an equivalent volume of matrigel (BD 

Biosciences) at 4 °C, followed by subcutaneous injection into the flank of 

nude mouse. After 3 weeks, in vivo gradient T2*-MR images of the nude 

mouse were acquired using a home-made small animal coil with 6 channel on 

a 3-T MRI scanner before and after the injection of DFION (10 mg Fe/kg) 

into the tail vein. The measurement parameters are as follows: flip angle = 12, 

ETL = 1, TR = 40 ms, TE = 22 ms, field of view FOV = 70 × 49 mm, matrix 

= 256 × 180, slice thickness / gap = 0.6 mm / 0 mm. 

 

2.6  Haematoxylin and eosin staining 

 

After MRI scans, DFION injected mice were sacrificed under anesthetic 

conditions and tissues of interest (tumor, kidney, liver, spleen, lung, and heart) 

were excised and fixed in 10% neutral buffered formalin (10% NBF). For 

haematoxylin and eosin (H&E) staining, formalin fixed tissues from each 

organ were embedded into paraffin and paraffin-embedded tissues were 

sectioned into 4 μm thickness. Tissue samples were dewaxed and hydrated, 

and then, standard H&E staining was performed to evaluate morphological 

features of each organ. Stained images were acquired with optical microscope 

(BX53P, Olympus, Japan). For fluorescence staining, formalin fixed tissues 
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were frozen with liquid nitrogen and cryosectioned into 10 μm thickness. 

Samples were immersed with 4'-6-diamidino-2-phenylindole (DAPI) for 5 

minutes at room temperature to visualize the nucleus of cells and images were 

acquired with fluorescence microscope (Leica DM2500, Leica, Germany). 

  



 

22 

PART 3. Results and Discussion 

 

In this work, dispersible ferrimagnetic iron oxide nanocubes (DFIONs) were 

prepared, and highly sensitive in vivo MR imaging of tumors was 

demonstrated. 

To achieve static dephasing regime MRI contrast agents, two strategic ways 

were tried. One was minimizing remanence of ferrimagnetic iron oxide 

nanoparticles and another was inducing dispersibility to ferrimagnetic iron 

oxide by proper water transfer process. Ferrimagnetic iron oxide nanocubes 

(FIONs) were synthesized using a previously reported method. The 

transmission electron microscopy (TEM) image shows that cube-shaped 

nanoparticles were obtained with an average size of 22±2.6 nm (Figure 3.1a). 

Several sizes of FIONs were synthesized and 22-nm FIONs were the smallest. 

As shown in Figure 3.1 g, the saturation magnetization of 22-nm DFIONs was 

very similar to that of the larger-sized nanocubes because the portion of 

canted spins on the surface of nanoparticles is very small in this size range. 

However, coercivity and remnant magnetization of single-domain magnetic 

nanoparticles decrease with decreasing size. The remnant magnetization and 

coercivity of 22-nm DFIONs are ca. 5 emu/g Fe and ca. 14 Oe, respectively, 

at room temperature. Recently, colloidally stable ferromagnetic Fe/Fe3O4 

nanoparticles with relatively small coercivity and remnant magnetization were 

reported, demonstrating that the magnetic dipole interaction between 
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nanoparticles can be overcome using suitable surfactants
31

. Compared to these 

core/shell Fe/Fe3O4 nanoparticles, the coercivity and remnant magnetization 

of DFIONs are smaller, whereas the core size is larger. Because as-

synthesized FIONs are very hydrophobic and easily possible to aggregate by 

an external magnetic field, proper water-transfer process is required to 

disperse in aqueous media. Encapsulation with polyethylene glycol-

phospholipid (PEG-phospholipid) was done because the stabilization by long 

PEG chain would enable for FIONs to disperse. The encapsulated 

nanoparticles showed excellent colloidal stability in water, and they did not 

aggregate even in an external magnetic field (Figure 3.1b). The hydrodynamic 

diameter in deionized water, measured with dynamic light scattering (DLS), 

was 43±10 nm(Figure 3.1c). Also, the hydrodynamic diameter remained for 

48 hours(Figure 3.1d). In addition, the hydrodynamic diameters of DFIONs 

were 51±6.5 nm and 52±10.9 nm in phosphate buffered saline (PBS) and 

culture media containing 10% fetal bovine serum (FBS), respectively, 

demonstrating that they are colloidally stable in biological media (Figure 

3.1e,f). The high colloidal stability of DFIONs could be attributed to both the 

reduced remnant magnetization and the stabilization by long PEGs. The 

measured hydrodynamic diameter of the as-synthesized ferrimagnetic iron 

oxide nanoparticles in chloroform was 99±24 nm (Figure 3.1h), and these 

nanoparticles were aggregated in the presence of an external magnetic field. 

When the nanoparticles were dispersed in water using charge repulsion by 

encapsulation with cetyltrimethylammonium bromide (CTAB), the 
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hydrodynamic diameter was 96±24 nm (Figure 3.1i), which is still larger than 

that of DFIONs encapsulated with PEG-phospholipids. In addition to the 

small remnant magnetization, the stabilization by long PEG chains is critical 

for achieving colloidal stability in aqueous media. 

Subsequently, the r2 relaxivities of DFIONs and larger ferrimagnetic iron 

oxide nanoparticles were measured using a 3-T clinical MR scanner. As the 

ferrimagnetic iron oxide nanoparticles larger than 30 nm are not colloidally 

stable, these nanoparticles were dispersed in 1% agarose to prevent 

sedimentation during the measurement. Dispersion in agarose did not affect 

the T2 relaxation process, and the r2 values of DFIONs dispersed in water and 

agarose were nearly identical (Figure 3.2)
30

. The T2-weighted MR images 

show that 22 nm-sized DFIONs produced stronger T2 contrast effect than the 

larger nanocubes (Figures 3.3a, b). The r2 values of iron oxide nanoparticles 

with sizes of 22, 28, 32, 42, and 49 nm were 761, 740, 532, 343, and 296 s
-

1
mM

-1
 respectively (Figures 3.3c, d). In general, the r2 values of magnetic 

nanoparticles increase with increasing size. However, as shown in Figure 3.3d, 

the r2 values of 22-nm- and 28-nm-sized DFIONs are very similar, and the r2 

values decreased for the nanoparticles larger than 30 nm. According to 

theoretical studies, the highest r2 relaxivity is expected to be achieved for 

spherical single-core iron oxide nanoparticles with diameters ranging from 30 

nm to 300 nm, and multicore iron-oxide-nanoparticle clusters ranging in size 

from 30 nm to 120 nm
21

(Figure 3.4a). The core volume of cube-shaped 

DFIONs with an edge dimension of 22 nm is similar to that of spherical 



 

25 

nanoparticles with a diameter of 30 nm. The hydrodynamic diameters of 22-

nm- and 28-nm-sized ferrimagnetic nanoparticles are 44 nm and 56 nm, 

respectively, demonstrating that the DFIONs are in the static dephasing 

regime (SDR) where the highest r2 value is expected to appear. The 

nanoparticles lager than 30nm have large hydrodynamic diameters, which 

means aggregation of nanoparticles due to remanence(Figure 3.4b). In the 

SDR, the r2 value of the nanoparticle is given by 

r2 =
8p 2 3

81

A3N0

106Z
gMs       (1) 

, where A is the lattice parameter, N0 is the Avogadro constant, Z is the number 

of formula units per unit cell, γ is the gyromagnetic ratio, and Ms is the 

saturation magnetization. As shown in equation (1), the r2 value in the SDR is 

dependent solely on the saturation magnetization. The r2 value of the 22-nm-

sized DFIONs with a saturation magnetization of 106 emu/g Fe is calculated 

to be approximately 800 s
-1

mM
-1

, which is very similar to the measured r2 

value of 22-nm DFIONs (761 s
-1

mM
-1

). To the best of our knowledge, the 

article (Ref. 35) we published in Nano Letters is the first report on the 

preparation of dispersible single-core iron oxide nanoparticles in the SDR. 

Iron oxide nanoparticles larger than 30 nm aggregate because of their strong 

magnetic dipole moments, and the overall size becomes larger than 200 nm. 

The hydrodynamic diameters of 32-, 42-, and 49-nm-sized ferrimagnetic iron 

oxide nanoparticles are 261, 378, and 534 nm, respectively, which are beyond 
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the SDR (Figure 3.4b). Because these large aggregates of magnetic 

nanoparticles generate a very strong magnetic field, the nearby water protons 

are completely dephased and they are unable to contribute to the MR signal. 

Consequently, for these large aggregates, the r2 relaxivity decreases with 

increasing nanoparticle size (Referred to as the “Luz-Meiboom” regime, 

Figure 3.4d).
20

  

The cytotoxicity of DFIONs was evaluated with a 3-[4,5-dimethylthialzol-2-

yl]-2,5-diphenyltetrazolium bromide (MTT) assay using the B16F10 

melanoma cell line. No appreciable toxicity was observed up to a very high 

concentration of 0.75 mg Fe/ml, demonstrating the high biocompatibility of 

DFIONs (Figure 3.5a). Although bare iron oxide nanoparticles are toxic 

owing to free radicals generated by the Fenton reaction, nanoparticles coated 

with appropriate surfactants are known to be much less toxic.
29

 The cellular 

uptake of DFIONs was confirmed using a confocal laser scanning microscope 

(CLSM) after the incubation of the cells with rhodamine-B-isothiocyanate 

(RITC)-labeled DFIONs for 24 h. The DFIONs were readily internalized by 

the cells without any treatment to enhance cellular uptake
32

 and they were 

observed in the cytoplasm as red fluorescence due to labeled RITC (Figure 

3.6). The T2-weighted MR images of B16F10 cells incubated with various 

concentrations of nanoparticles were acquired with a 3-T clinical MR scanner. 

The MR signal intensities of the cells were clearly attenuated as the 

concentration of DFIONs increased (Figure 3.5b).  
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Nanoparticles are able to accumulate at the tumor sites due to their leaky 

vascular structure and poor lymphatic drainage, which is referred to as the 

enhanced permeation and retention (EPR) effect 
33

. However, colloidal 

stability is critical for the successful delivery of nanoparticles because large 

aggregates of nanoparticles are rapidly cleared by the reticuloendothelial 

system (RES), preventing the particles from accumulating at the tumor sites. 

To demonstrate the in vivo MR imaging of tumors, DFIONs were injected 

intravenously into a nude mouse with melanoma, and T2-weighted MR 

imaging was performed using a clinical 3-T MR scanner. In the MR images, 

signal attenuation at the tumor site was clearly observed 1 h after the injection, 

demonstrating the passive targeting of DFIONs (Figure 3.7). To confirm the 

accumulation of DFIONs at the tumor site, the mouse was sacrificed after the 

MR imaging, and sections of the tumor were observed with a fluorescence 

microscope (Figure 3.8). The fluorescence image shows the accumulation of 

RITC-labeled DFIONs throughout the tumor site. In addition to the tumor, 

signal attenuation can be observed in the liver, spleen, bone marrow, and 

lymph nodes owing to the clearance of the nanoparticles by macrophages 

(Figure 3.9). The signal decrease in the lymph nodes demonstrates that 

DFIONs can also be used for the detection of lymph node metastases.
34

 When 

the tissue sections were examined using fluorescence microscope, a very 

small amount of DFIONs was observed in the lung, indicating that large 

agglomerates did not form during the circulation (Figure 3.8). In addition, 

hematoxylin and eosin (H&E) stains of major organs showed no evidence of 
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any adverse effect due to DFIONs (Figure 3.10). 

 

Figure 3.1 (a) TEM image of 22-nm DFIONs dispersed in water. The average 

size of DFIONs is 22±2.6, and their shape is cubic. (b) Picture showing high 

colloidal stability of DFIONs in water. The nanoparticles are not aggregated 

even in the external magnetic field. (c) DLS data for DFIONs in water. 

Hydrodynamic diameter : 43 ± 10 nm. (d) Hydrodynamic diameter of DFIONs 

has been remained for 2days. (e) DLS data for DFIONs in PBS. (f) DLS data 

for DFIONs in culture media containing 10%FBS. (g) M-H curves of various 

sized FIONs. (h) DLS data for as-synthesized 22-nm FIONs in chloroform. (i) 

DLS data for CTAB capsulated 22-nm FIONs.
35, 36
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Figure 3.2 Comparison relaxivity of DFIONs in water and in agarose.
35

 
 

 

Figure 3.3 MRI contrast effect of ferrimagnetic iron oxide nanoparticles. (a) 

T2-weighted MR images of FIONs at various concentrations of iron at 3 T and 

(b) their color-coded images. (c) Plots of R2 values of FIONs and (d) 

comparison of their r2 values. 
35 
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Figure 3.4 (a) Expected r2 relaxivity dependence on size of sphere iron oxide 

nanoparticles. (b) Hydrodynamic diameter of various core sized, water tranfered 

ferrimagnetic iron oxide nanoparticles. (c) Theoretical estimation of Mn-doped 

ferrite magnetic nanoparticles. (d) plot, following (c), based on r2 values of 22, 

28, 32, 42, 49 nm FIONs.
36
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Figure 3.5 (a) In vitro cytotoxicity test of DFIONs. The viability of the 

B16F10 cells was determined by MTT assay after incubation with various 

concentrations of DFIONs for 24 h (n = 3). (b) T2-weighted MR image of 

dispersed cells in agarose. The cells were incubated with various 

concentrations of DFIONs for 24 h. 
35 
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Figure 3.6 Confocal laser scanning microscopic images of B16F10 cells 

incubated with DFIONs for 24 h.
35 

 

Figure 3.7 In vivo MR Images of the tumor site before (a) and 1 h after (b) 

intravenous injection of DFIONs (arrows indicate the tumor sites). After 

administration of DFIONs, the MR signal of the tumor is significantly 

attenuated.
35 
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Figure 3.8 In vivo MR images of tumor sites before and 1 h after intravenous 

injection of Feridex and iron oxide nanoparticles (15nm) 

 

Figure 3.9 Fluorescence images of sectioned tissues stained with 4'-6-

diamidino-2-phenylindole (DAPI). DFIONs (red for RITC) were detected at 

spleen, liver, and tumor.
35
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Figure 3.10 In vivo MR images of lymph nodes (arrows) in nude mouse 

before and 1 h after intravenous administration of DFIONs. 
35

 

 

Figure 3.11 H&E stained sections of mouse organs after intravenous 

administration of DFIONs. 
35 
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PART 4. Conclusion 

As a result of this research, the maximum of r2 relaxivity of iron oxide 

nanoparticles was theoretically predicted to be in static dephasing regime 

where the single core of iron oxide nanoparticles is ferrimagnetic. By 

optimizing the core size of ferrimagnetic iron oxide nanoparticles and 

encapsulating them with PEG-phospholipids, the ferrimagnetic iron oxide 

nanocubes exhibited high colloidal stability in various media. Addedly, in 

vitro toxicity of the dispersible ferrimagnetic iron oxide nanocubes was tested 

at concentrations up to 0.75 mg Fe/ml and evident change of cell viability was 

not observed. On account of the enhanced colloidal stability and the high r2 

relaxivity, tumors and lymph nodes were clearly imaged with clinical 3T MRI 

by intravenously injecting DFIONs on tumor bearing mouse. Compared to 

commercialized T2 MRI contrast agents such as Feridex and 15nm single core 

iron oxide nanoparticles, DFIONs provide much darker T2 weighted MR 

images. DFIONs will be able to be used in the early diagnosis and detection 

of tumor metastasis and they can be modified easily with various disease 

targeting probes. 
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< 초 록 > 

산화철 나노입자는 자기공명영상 조영제로의 많이 응용되고 있다. 

산화철 나노입자는 크기에 따라 자기적 성질이 변화하기 때문에 이

를 이용하여 다양한 목적의 조영제로써 시도되고 있다. 일례로, 극소 

산화철 나노입자(< 4nm)는 상자성과 낮은 포화자화도를 사용하여 

T1 조영제로 연구되었다. 작은 집단을 이루는 10nm 정도의 초상자

성 산화철 나노입자는 정맥주사를 통한 T2조영제로 임상에서 사용

되었다. 또한 보다 큰 크기로 페리자성을 가지는 산화철 나노입자

(>40nm)는 높은 포화자화도와 높은 r2값을 이용하여 단세포나 췌도

를 표지하는데 시도되었다.  

이 학위 논문에서는 20nm정도의 산화철 나노입자를 이용하여 정맥

주사가능한 T2 조영제를 제조하고 실험동물에서 자기공명영상을 얻

어보았다. 페리자성을 가져 외부자기장을 제거하여도 자화도를 갖는 
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나노입자를 정맥주사 가능하게 한 것은 이 입자를 성공적으로 물에 

분산시켰기 때문이다. 22nm의 크기와 정육면체 모양은 벌크 산화철

과 유사한 포화 자화도를 갖으면서도 잔류 자화도를 작게 했다. 나

노입자는 친수성을 나타낼수 있도록 PEG-phospholipid로 표면처리

했고 긴 PEG 체인은 입체장해를 유발해 뭉침을 방지한다.  

분산되는 페리자성의 산화철 나노입자는 높은 포화 자화도와 낮은 

잔류 자화도를 갖고 적절한 표면처리를 통해 물에 분산되도록 디자

인되었다. 그 결과, 이론적으로 최대의 r2값을 갖는 영역의 조영제를 

만들 수 있었고 이론값과 유사한 r2값을 갖게되었다. 이 물에 분산되

는 페리자성의 산화철 나노입자를 정맥주사하여 종양을 영상화 할 

수 있었다.  

주요어: 나노의학, 산화철 나노입자, 자기공명영상, 분산 안정성,   

조영제. 

학번: 2011-21063 
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 This thesis is wind-up of my research carried out during my master 

course (2010-September~2012-December). The results in this thesis 

were used to compose the paper called “Water-Dispersible 

Ferrimagnetic Iron Oxide Nanocubes with Extremely High r2 Relaxivity 

for Highly Sensitive in Vivo MRI of Tumores” (Ref. 35) and the 

presentation titled “Size control of ferrimagnetic iron oxide nanocubes 

to achieve optimum static dephasing regime r2 relaxivity for in vivo 

MRI”(Ref. 36). 
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