
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
EP

2 
67

3 
00

6
B

1

(Cont. next page)

*EP002673006B1*
(11) EP 2 673 006 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
30.12.2020 Bulletin 2020/53

(21) Application number: 12744201.0

(22) Date of filing: 06.02.2012

(51) Int Cl.:
A61K 49/18 (2006.01) A61K 49/04 (2006.01)

A61K 9/28 (2006.01) A61K 9/16 (2006.01)

A61K 47/30 (2006.01) B82Y 30/00 (2011.01)

C01G 49/02 (2006.01) C09C 1/24 (2006.01)

(86) International application number: 
PCT/KR2012/000845

(87) International publication number: 
WO 2012/108648 (16.08.2012 Gazette 2012/33)

(54) METHOD OF PREPARING IRON OXIDE NANOPARTICLES COATED WITH HYDROPHILIC 
MATERIAL, AND MAGNETIC RESONANCE IMAGING CONTRAST AGENT USING THE SAME

VERFAHREN ZUR HERSTELLUNG VON MIT EINEM HYDROPHILEN MATERIAL BESCHICHTETEN 
EISENOXIDNANOPARTIKELN UND KONTRASTMITTEL FÜR DIE 
MAGNETRESONANZTOMOGRAPHIE DAMIT

PROCÉDÉ DE PRÉPARATION DE NANOPARTICULES D’OXYDE DE FER ENROBÉES D’UNE 
MATIÈRE HYDROPHILE ET AGENT DE CONTRASTE D’IMAGERIE PAR RÉSONANCE 
MAGNÉTIQUE LES UTILISANT

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 09.02.2011 KR 20110011294

(43) Date of publication of application: 
18.12.2013 Bulletin 2013/51

(73) Proprietor: Hanwha Chemical Corporation
Seoul 100-220 (KR)

(72) Inventors:  
• HYEON, Taeghwan

Gangnam-gu
Seoul 135-537 (KR)

• PIAO, Yuanzhe
Suwon-si
Gyeonggi-do 443-270 (KR)

• PARK, Yong Il
Gwanak-gu
Seoul 151-828 (KR)

(74) Representative: Adam, Holger
Kraus & Weisert 
Patentanwälte PartGmbB 
Thomas-Wimmer-Ring 15
80539 München (DE)

(56) References cited:  
WO-A1-2010/134087 WO-A2-2007/095871

• YUANZHE PIAO ET AL: "Wrap-bake-peel process 
for nanostructural transformation from 
[beta]-FeOOH nanorods to biocompatible iron 
oxide nanocapsules", NATURE MATERIALS, vol. 
7, no. 3, 17 February 2008 (2008-02-17), pages 
242-247, XP055278653, GB ISSN: 1476-1122, DOI: 
10.1038/nmat2118

• ANASTASIA DELATTRE ET AL: "Stable Colloidal 
Solutions of High-Temperature-Annealed L1o 
FePt Nanoparticles", SMALL, vol. 6, no. 8, 23 April 
2010 (2010-04-23), pages 932-936, XP055278433, 
DE ISSN: 1613-6810, DOI: 
10.1002/smll.200901805



2

EP 2 673 006 B1

• YONG IL PARK ET AL: "Transformation of 
hydrophobic iron oxide nanoparticles to 
hydrophilic and biocompatible maghemite 
nanocrystals for use as highly efficient MRI 
contrast agent", JOURNAL OF MATERIALS 
CHEMISTRY, vol. 21, no. 31, 16 March 2011 
(2011-03-16), page 11472, XP055175293, ISSN: 
0959-9428, DOI: 10.1039/c1jm10432b

• JARRETT, B. R. ET AL.: ’Size-controlled 
synthesis of dextran sulfate coated iron oxide 
nanoparticles for magnetic resonance imaging’ 
NANOTECHNOLOGY vol. 18, no. 3, 24 January 
2007, page 035603, XP020119639

• CHEN, S: ’Polymer-Coated Iron Oxide 
Nanoparticles for Medical Imaging’ A 
DISSERTATION OF PH.D. IN MATERIALS 
SCIENCE AND ENGINEERING June 2010, 
MASSACHUSETTS INSTITUTE OF 
TECHNOLOGY, XP055120746



EP 2 673 006 B1

3

5

10

15

20

25

30

35

40

45

50

55

Description

Technical Field

[0001] The present invention relates to a method of preparing iron oxide nanoparticles coated with a hydrophilic
material, comprising: a) attaching magnetic iron oxide nanoparticles coated with a hydrophobic organic material onto
salt particles, annealing a powder mixture comprising the magnetic iron oxide nanoparticles coated with the hydrophobic
organic material and the salt particles under air conditions, removing the hydrophobic organic material from the surface
of the magnetic iron oxide nanoparticles by the annealing, and thus obtaining iron oxide nanoparticles having no organic
material; and b) coating a surface of the iron oxide nanoparticles having no organic material with a hydrophilic material.

Background Art

[0002] Magnetic nanoparticles have been widely used in such areas of the biomedical field as cell labeling, magnetic
resonance imaging (MRI), drug delivery, and hyperthermia. Among a variety of kinds of magnetic nanoparticles, super-
paramagnetic iron oxide based nanoparticles have been broadly studied as a T2 MRI contrast agent because they have
high magnetic susceptibility and superparamagnetic properties. T2 MRI contrast agents which are presently commercially
available, such as Feridex, Resovist, and Combidex, are manufactured using reduction of iron chloride and co-precipi-
tation in a hydrophilic polymer aqueous solution (C. W. Jung, et. al. Magn. Reson. Imaging 1995, 13, 661).
[0003] However, iron oxide nanoparticles thus manufactured have some defects. Because they are synthesized in an
aqueous solution, it is difficult to perform a high-temperature reaction of 100°C or more, and magnetism is lowered due
to low crystallinity. Recently, to overcome such defects as these, thorough research is ongoing into how to improve the
magnetism of materials and develop new T2 MRI contrast agents. Methods of synthesizing iron oxide nanoparticles
having uniformity and high crystallinity were developed over the past ten years and mass production thereof has become
possible (J. Park, et. al. Nat. Mater. 2004, 3, 891). For example, it is reported that manganese ferrite (MnFe2O4)
nanoparticles have very high magnetism and thus exhibit superior T2 contrast effects (J.-H. Lee, et al. Nat. Med. 2007,
13, 95).
[0004] Unlike commercially available T2 MRI contrast agents, however, magnetic nanoparticles synthesized at a high
temperature of 100°C or more are not dispersed in an aqueous solution because they are coated with a hydrophobic
surfactant. For biomedical applications, such hydrophobic magnetic nanoparticles should be coated with a biocompatible
and hydrophilic material such as dextran, starch, polyethyleneglycol (PEG) or silica. Currently, dextran-coated iron oxide
nanoparticles are medically approved as a T2 MRI contrast agent and are being used. However, because hydrophilic
dextran is dispersed only in an aqueous solution, it is difficult to directly coat hydrophobic surfactant-coated nanoparticles.
Thus, many attempts have been made to carry out additional modification so that hydrophilic dextran is dispersed in an
organic solvent, or to disperse the nanoparticles in an aqueous solution before coating with dextran, but such methods
are complicated and the yield is low.
[0005] In order to modify the structure of the material or improve the properties to solve the aforementioned problems,
annealing treatment has been utilized. However, in the case of nanoparticles, high-temperature annealing treatment
causes the particles to agglomerate thus losing the inherent properties of nanoparticles. To prevent such side-effects,
recently a wrap-bake-peel method has been devised (Y. Piao, et al. Nat. Mater. 2008, 7, 242), so that the nanoparticles
are coated with silica to prevent the nanoparticles from agglomerating during the annealing treatment.
[0006] Another method of preventing the particles from agglomerating during the annealing treatment, in which salt
particles are used, has been proposed. Platinum-iron (Pt-Fe) nanoparticles having a face centered tetragonal (FCT)
structure are mixed with an excess of sodium chloride (NaCl) followed by carrying out high-temperature annealing
treatment thus forming Pt-Fe nanoparticles having a face centered cubic (FCC) structure (D. Li, et al. J. Appl. Phys.
2006, 99, 08E911). High-temperature annealing treatment modifies the crystalline structure of particles and thereby
magnetism is enhanced.
[0007] In recent methods, NaCl is removed after which nanoparticles are dispersed in an aqueous solution and then
coated with cysteine thus obtaining a very stable aqueous solution of nanoparticles (A. Delattre, et al. Small 2010, 6, 932).
[0008] JARRETT, B. R. ET AL., "Size-controlled synthesis of dextran sulfate coated iron oxide nanoparticles for
magnetic resonance imaging", NANOTECHNOLOGY, vol. 18, no. 3, 24 January 2007, page 035603 discloses the
generation of nanoparticles for biological applications and that the control over synthetic parameters influencing the
particles’ physicochemical properties are of great interest due to the strong influence of particle size and surface properties
on cellular uptake and biodistribution.
[0009] CHEN, S., "Polymer-Coated Iron Oxide Nanoparticles for Medical Imaging", A DISSERTATION OF PH.D. IN
MATERIALS SCIENCE AND ENGINEERING, June 2010, MASSACHUSETTS INSTITUTE OF TECHNOLOGY disclos-
es that one of the most versatile and safe materials used in medicine are polymer-coated iron oxide nanoparticles.
[0010] WO 2007/095871 A2 discloses superparamagnetic nanoparticle probes based on iron, with modified surface,
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coated with mono-, di- or polysaccharides from the group including D-arabinose, D-glucose, D-galactose, D-mannose,
lactose, maltose, dextrans and dextrins, or with amino acids or poly(amino acid)s from the group including alanine,
glycine, glutamine, asparagine, histidine, arginine, L-lysine, aspartic and glutamic acid or with synthetic polymers based
on (meth)acrylic acid and their derivatives selected from the group containing poly(N,N-dimethylacrylamide), poly(N,N-
dimethylmethacrylamide), poly(N,N-diethylacrylamide), poly (N, iV-diethylmethacrylamide), poly(N-isopropylacryla-
mide), poly(N-isopropylmethacrylamide).
[0011] WO 2010/134087 A1 relates to an aqueous dispersible magnetic nanoparticle formulation with a high drug
loading capacity used for sustained drug delivery.
[0012] YUANZHE PIAO ET AL., "Wrap-bake-peel process for nanostructural transformation from β-FeOOH nanorods
to biocompatible iron oxide nanocapsules", NATURE MATERIALS, vol. 7, no. 3, 17 February 2008, pages 242 - 247
discloses that thermal treatment of nanostructured materials to improve their properties generally results in undesirable
aggregation and sintering. Therein, they report on a novel wrap-bake-peel process, which involves silica coating, heat
treatment and finally the removal of the silica layer, to transform the phases and structures of nanostructured materials
while preserving their nanostructural characteristics.
[0013] YONG IL PARK ET AL., "Transformation of hydrophobic iron oxide nanoparticles to hydrophilic and biocom-
patible maghemite nanocrystals for use as highly efficient MRI contrast agent", JOURNAL OF MATERIALS CHEMISTRY,
vol. 21, no. 31, 16 March 2011, page 11472 discloses a transformation of hydrophobic iron oxide nanoparticles to
hydrophilic and biocompatible maghemite nanocrystals by controlled thermal treatment followed by dextran coating.
[0014] ANASTASIA DELATTRE ET AL., "Stable Colloidal Solutions of High-Temperature-Annealed L10 FePt Nano-
particles", SMALL, vol. 6, no. 8, 23 April 2010, pages 932 - 936 discloses stable colloidal solutions of NaCl-annealed
FePt nanoparticles, showing room-temperature ferromagnetism, which are obtained by adding an aqueous solution of
cysteine molecules.

Disclosure of Invention

Technical Problem

[0015] The present invention is intended to provide a novel hydrophilic material coating method via annealing treatment
using salt particles in order to solve problematic conventional techniques related to directly coating the hydrophobic
surfactant-coated nanoparticles with a hydrophilic material.
[0016] Specifically, an object of the present invention is to provide a method of preparing iron oxide nanoparticles
having increased stability and biocompatibility wherein the magnetism of organic material-coated iron oxide nanoparticles
is improved via annealing treatment (FIG. 1) and the annealed iron oxide nanoparticles are coated with a hydrophilic
material.
[0017] An object of the present disclosure is to provide iron oxide nanoparticles coated with a hydrophilic material
having improved magnetism and biocompatibility.
[0018] A further object of the present disclosure is to provide a magnetic resonance imaging (MRI) contrast agent
comprising the nanoparticles having improved magnetism and biocompatibility.

Solution to Problem

[0019] Iron oxide nanoparticles may be prepared by reacting an iron complex comprising iron as a center atom and
a C4∼C25 organic acid group (carboxylate) attached thereto as a ligand; a C4∼C25 fatty acid; and a C4∼C25 aliphatic
alcohol or C4∼C25 aliphatic amine at 150 - 350°C.
[0020] The iron precursor usable upon preparing the iron oxide nanoparticles is preferably provided in the form of a
C10∼C22 fatty acid ligand being attached to an iron atom, and more preferable precursor is iron oleate.
[0021] Also usable upon preparing the iron oxide nanoparticles, the fatty acid and the aliphatic alcohol (or aliphatic
amine) may preferably include a C10∼C22 fatty acid and aliphatic alcohol (or aliphatic amine). More preferably the fatty
acid and the aliphatic alcohol may include oleic acid and oleyl alcohol respectively, and in the case of the aliphatic amine,
oleyl amine is usable.
[0022] Preparing the iron oxide nanoparticles may be achieved by heating the reaction materials, for example, the
iron complex, the fatty acid and the aliphatic alcohol (or aliphatic amine) to 200 ∼ 310°C from room temperature at a
heating rate of at least 5°C/min so that they react at 200 ∼ 310°C for 5 ∼ 60 min. The size of the iron oxide nanoparticles
thus prepared may be controlled by adjusting the molar ratio of added reaction materials, namely, C4∼C25 fatty acid and
C4∼C25 aliphatic alcohol (or aliphatic amine).
[0023] In addition, preparing the iron oxide nanoparticles may include reacting an iron complex comprising an iron
center atom and a C4∼C25 organic acid group (carboxylate) ligand attached thereto with a C4∼C25 fatty acid at 290 -
320°C at a heating rate of 3 ∼ 3.5°C/min. Alternatively, an iron complex comprising ,an iron center atom and a C4∼C25
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organic acid group (carboxylate) ligand attached thereto and a C4∼C25 fatty acid may be primarily reacted at 265 ∼ 275°C
and then secondarily reacted at 315 ∼ 325°C thus preparing iron oxide nanoparticles. The iron oxide nanoparticles thus
prepared may have a diameter of 1 ∼ 100 nm, and preferably 2 ∼ 20 nm. The kind of hydrophobic organic material
attached to the surface of the prepared iron oxide nanoparticles is not limited but may preferably include at least one
selected from a C4∼C25 fatty acid, a C4 ∼C25 aliphatic alcohol and a C4∼C25 aliphatic amine, and the fatty acid which is
a hydrophobic organic material is preferably oleic acid.
[0024] The mixture of iron oxide nanoparticles thus prepared and salt particles is annealed under air conditions, and
an excess of the salt may be removed there from using distilled water. As such, the temperature may be decreased to
room temperature before removing the salt. The kind of the salt is not limited but may preferably include sodium sulfate
(Na2SO4), sodium chloride (NaCl), potassium chloride (KCl), calcium chloride (CaCl2), sodium bicarbonate (NaHCO3),
potassium bicarbonate (KHCO3) and calcium bicarbonate (Ca(HCO3)2). The salt particles have an average diameter of
1 ∼ 500 mm, and preferably 150 mm or less. The weight ratio of iron oxide nanoparticles to the salt may be adjusted
considering the diameter of iron oxide nanoparticles and the salt particles but may be preferably in the range of 1:10 ∼
1:1000. The annealing treatment of the mixture comprising iron oxide nanoparticles and the salt is possible even under
the flow of an inert gas such as nitrogen, argon or neon but is the most preferable in air. The annealing treatment in an
inert gas atmosphere is problematic because the original shape and size of the nanoparticles are not well maintained,
and the efficient removal of the hydrophobic organic material in the form of carbon dioxide from the surface of the
nanoparticles is possible under air. The annealing treatment temperature and the application time of air conditions may
be adjusted but are preferably set to 400 ∼ 600°C and 1 ∼ 10 hr. The process of removing the salt is not limited but
preferably includes centrifugation which may be conducted under various conditions, for example, at about 13,000 rpm
for about 30 min.
[0025] After annealing treatment and removal of the salt, the iron oxide nanoparticles are dispersed in an aqueous
solution which is possible because of the hydroxyl group on the surface thereof. As the pH of the aqueous solution
increases, changes in the zeta potential of the iron oxide nanoparticles may be observed.
[0026] Also in order to prepare more stable and biocompatible iron oxide nanoparticles in an aqueous solution, a
hydrophilic material is used as a surface coating material. Examples of the hydrophilic material may include a dextran
derivative, polyacrylic acid, starch, silica, polyethyleneglycol (PEG) and PEG-phosphate (PO-PEGs). In order to prevent
the particles from agglomerating during removal of the salt, coating with a hydrophilic material and removal of salt
particles are simultaneously carried out (FIG. 1). The powder mixture of annealed nanoparticles and the salt is added
to an aqueous solution of hydrophilic material. While the salt is dissolved in the aqueous solution of hydrophilic material,
the nanoparticles are coated with the hydrophilic material. The hydrophilic material-coated nanoparticles are collected
via centrifugation, and removal of the salt and coating with the hydrophilic material are repeated several times. In order
to ascertain the dextran derivative which is suitable for stabilizing the annealed nanoparticles among hydrophilic materials,
a variety of commercially available dextran derivatives may be used to coat the particles. The iron oxide nanoparticles
coated with hydrophilic material may be analyzed using transmission electron microscopy (TEM) and dynamic light
scattering (DLS).
[0027] The colloidal stability of the iron oxide nanoparticles coated with hydrophilic material may be measured based
on the pH, NaCl concentration, and heat resistance. For biomedical applications, the nanoparticles should be stable in
the presence of a predetermined amount of NaCl at a predetermined pH. The heat resistance is determined by measuring
the binding force between the surface of the nanoparticles and the coating material. The stability test may be observed
from changes in size with DLS.
[0028] Furthermore, a cell toxicity test of the iron oxide nanoparticles coated with hydrophilic material may be carried
out, and a MTT method using MDA-MB-231 as breast cancer cells may be applied.
[0029] Moreover, the applicability of the iron oxide nanoparticles coated with hydrophilic material as a magnetic res-
onance imaging (MRI) contrast agent may be confirmed via animal MRI testing.

Advantageous Effects of Invention

[0030] According to the present invention, high-temperature annealing treatment can increase the crystallinity of na-
noparticles to enhance the magnetism of iron oxide nanoparticles. Also, the iron oxide nanoparticles are coated with a
hydrophilic material so as to ensure high stability and biocompatibility, and among a variety of hydrophilic materials,
negatively charged carboxymethyl dextran (CM-dextran) is very effective at coating the nanoparticles to stabilize them.
Because of their improved magnetism and coating of one or more nanoparticles with a dextran shell in the coating
process, the contrast effects of the CM-dextran-coated iron oxide nanoparticles are superior.

Brief Description of Drawings

[0031] The above and other objects, features and advantages of the present invention will become apparent from the



EP 2 673 006 B1

6

5

10

15

20

25

30

35

40

45

50

55

following description of preferred embodiments given in conjunction with the accompanying drawings, in which:

FIG. 1 shows a process comprising annealing iron oxide nanoparticles using salt particles and additionally coating
them with a hydrophilic material;
FIG. 2 shows a TEM image of 10 nm sized iron oxide nanoparticles;
FIG. 3 shows TEM images of the iron oxide nanoparticles before and after annealing treatment wherein the left
image shows the nanoparticles before annealing treatment and the right image shows the nanoparticles after an-
nealing treatment;
FIG. 4 shows X-ray diffraction (XRD) data of the iron oxide nanoparticles before and after annealing treatment;
FIG. 5 shows the color of the iron oxide nanoparticles before and after annealing treatment;
FIG. 6 is a graph showing the magnetic data of the iron oxide nanoparticles before and after annealing treatment;
FIG. 7 shows a TEM image of dextran sulfate (DS)-coated iron oxide nanoparticles and a graph showing the
hydrodynamic diameter thereof;
FIG. 8 shows a TEM image of CM-dextran-coated iron oxide nanoparticles and a graph showing the hydrodynamic
diameter thereof;
FIG. 9 is of graphs showing the stability test results of the DS-coated iron oxide nanoparticles;
FIG. 10 is of graphs showing the stability test results of the CM-dextran-coated iron oxide nanoparticles;
FIG. 11 shows photographs of samples of the CM-dextran-coated iron oxide nanoparticles with respect to changes
in pH and a graph showing a zeta potential thereof;
FIG. 12 shows photographs of samples of the CM-dextran-coated iron oxide nanoparticles with respect to changes
in NaCl concentration;
FIG. 13 shows a TEM image of polyacrylic acid-coated iron oxide nanoparticles;
FIG. 14 shows a TEM image of PEG-phosphate (PO-PEGs)-coated iron oxide nanoparticles and a graph showing
the hydrodynamic diameter thereof;
FIG. 15 is of graphs showing the cell toxicity test results of the DS-coated iron oxide nanoparticles and the CM-
dextran-coated iron oxide nanoparticles;
FIG. 16 shows MRI results using the CM-dextran-coated iron oxide nanoparticles;
FIG. 17 is a graph showing the magnetic data of the CM-dextran-coated iron oxide nanoparticles; and
FIG. 18 shows MRI results of animal testing using the CM-dextran-coated iron oxide nanoparticles.

Mode for the Invention

[0032] Hereinafter, a detailed description will be given of preferred embodiments of the present invention with reference
to the appended drawings.
[0033] Transmission electron microscopy (TEM) was conducted using Jeol EM-2010 microscope, and X-ray diffraction
(XRD) was carried out using Rigaku D/Max-3C diffractometer. The hydrodynamic diameter and zeta potential were
measured using a particle size analyzer (ELS-Z2, Otsuka), and the M-H curve was determined using a vibrating sample
magnetometer (VSM, Quantum Design PPMS).

(Preparation Example)

Synthesis of iron oxide nanoparticles

[0034] Iron oxide nanoparticles were synthesized from an iron oleate complex prepared in a 100 L pilot plant according
to the method disclosed in J. Park et al. Nat. Mater. 2004, 4, 891. This iron oleate complex was obtained by reacting
sodium oleate with ferric chloride hexahydrate (FeCl36H2O). Specifically, 1.08 kg of ferric chloride hexahydrate and 3.65
kg of sodium oleate were mixed with a solvent mixture comprising 6 L of water, 8 L of ethanol and 14 L of hexane and
reacted at about 60°C for 1 hr with vigorous stirring. The transparent lower layer was removed from the separated two
layers and the remaining brownish organic layer was mixed with water after which the water layer was removed again
to remove the remaining aqueous salt. This water-washing process was repeated three times. The hexane solvent was
evaporated from the purified complex solution, thus obtaining an iron oleate complex.
[0035] 3.6 kg (4 mol) of the iron oleate complex thus obtained and 0.57 kg (2 mol) of oleic acid were mixed with 20
kg of 1-octadecene, after which the resulting mixture was heated to 310°C at a heating rate of 10°C/min so that it was
allowed to react at 310°C for 60 min, cooled to room temperature so that it was precipitated with a solution mixture
having a 1:4 ratio of hexane to acetone, and then centrifuged, yielding iron oxide nanoparticles. Analysis using TEM of
the synthesized iron oxide nanoparticles revealed a diameter of 10 nm (FIG. 2).
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(Example 1)

Preparation of iron oxide nanoparticles having no organic material via annealing treatment of mixture comprising iron 
oxide nanoparticles and salt particles, and measurement of magnetism and hydrodynamic diameter of the iron oxide 
nanoparticles having no organic material

[0036] 50 mg of the iron oxide nanoparticles thus synthesized and 25 g of sodium sulfate (Na2SO4) (average particle
size of 150 mm) were stirred in hexane at a weight ratio of 1:500. While the temperature was increased, hexane was
slowly evaporated. Thereafter, the powder mixture of nanoparticles and the salt was heated at 500°C for 5 hr under air
conditions. After annealing treatment, an excess of the salt was dissolved in distilled water and removed via centrifugation
at 13,000 rpm for 30 min. In order to sufficiently remove the salt, washing using distilled water and centrifugation were
repeated several times.
[0037] Changes in physical properties of the iron oxide nanoparticles from which the organic material had been removed
by annealing treatment using salt particles were analyzed. An increase in particle size due to the agglomeration of the
particles during annealing treatment was not observed (FIG. 3). The crystalline structure of the annealed nanoparticles
was analyzed via XRD (FIG. 4). The XRD pattern of the assynthesized iron oxide nanoparticles was congruous with the
XRD pattern of magnetite (Fe3O4, JCPDS 19-0629). As such, JCPDS (Joint Committee on Powder Diffraction Standards)
is a file of diffraction data of materials collected and sorted from 1969 in which each of the diffraction patterns is recorded
per card, and is thus used as a reference for determining the crystalline structure of a material from the measured XRD
pattern. The XRD pattern of the nanoparticles after annealing treatment was similar to the XRD pattern of the nanoparticles
before annealing treatment. Because small nanoparticles have a tendency to increase the width of the XRD peak,
magnetite and maghemite (γ-Fe2O3, JCPDS 25-1402) having similar XRD patterns are difficult to clearly distinguish
from each other via XRD analysis. Typically when magnetite is annealed under air conditions, it may become maghemite
or hematite (α-Fe2O3) via additional oxidation. However, the XRD pattern of hematite (JCPDS 24-0072) is apparently
different from that of magnetite or maghemite. The iron oxide nanoparticles after annealing treatment are brownish,
whereas the iron oxide nanoparticles before annealing treatment are black in color (FIG. 5). The annealed iron oxide
nanoparticles appear to be maghemite via additional oxidation. In order to analyze changes in magnetism before and
after annealing treatment, magnetism of the samples was measured using VSM. The saturation magnetization was 78
emu/g [Fe] before annealing treatment, and was 103 emu/g [Fe] after annealing treatment (FIG. 6). This is considered
to be because crystallinity of the particles is increased via the high-temperature annealing treatment thus affecting the
increase in magnetism.
[0038] The annealed iron oxide nanoparticles were dispersed in an aqueous solution to thus increase the pH of the
aqueous solution, so that the zeta potential of the iron oxide nanoparticles was observed to change from a positive
charge to a negative charge, and accordingly the hydrodynamic diameter was also changed (Table 1). At pH 7, the zeta
potential of the annealed nanoparticles is small and the particles have a tendency to agglomerate and sink because of
the absence of a surfactant for stabilizing the surface thereof. The hydrodynamic diameter of the nanoparticles measured
at pH 7 was observed to exceed 1 mm, unlike under acidic or basic conditions (Table 1).

Table 1

[0039]

(Example 2)

Preparation of iron oxide nanoparticles coated with hydrophilic material via annealing treatment of mixture comprising 
iron oxide nanoparticles and salt particles. and measurement of hydrodynamic diameter and stability of the iron oxide 
nanoparticles coated with hydrophilic material

[0040] A mixture comprising iron oxide nanoparticles and salt particles was annealed in the same manner as in Example

[Table 1]

pH Hydrodynamic Diameter (nm) Zeta Potential (mV)

3 39.2 38.6

7 1555.9 -10.73

10 76.5 -34.99
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1 with the exception that the iron oxide nanoparticles were coated with a hydrophilic material. Specifically, 1 g of a
hydrophilic material (Table 2) was dissolved in 250 ml of distilled water. While the aqueous solution of hydrophilic material
was stirred, 12.5 g of annealed iron oxide nanoparticles and the salt powder were slowly added at a weight ratio of
1:12.5. The iron oxide nanoparticles coated with hydrophilic material was separated via centrifugation at 13,000 rpm for
30 min. Additional washing using the aqueous solution of hydrophilic material and centrifugation were repeated two
times more.

Table 2

[0041]

[0042] In order to measure the shape and diameter of the iron oxide nanoparticles coated with hydrophilic material,
TEM and DLS analysis were conducted. The iron oxide nanoparticles coated with positively charged DEAE-dextran
were efficiently dispersed in the aqueous solution, and the hydrodynamic diameter thereof was 84.3 nm (Table 3).
However, the coating efficiency of commercially available DEAE-dextran was low because of the large molecular weight.
Among the negatively charged dextran derivatives, DS and CM-dextran were used for coating of the nanoparticles, and
the coated iron oxide nanoparticles were stable in an aqueous solution for more than one month. The TEM images show
no agglomeration of the particles in the course of coating with DS and CM-dextran (FIGS. 7 and 8). The hydrodynamic
diameter of the DS-coated iron oxide nanoparticles was 36.8 nm (Table 3), which was similar to the value (28.7 nm) of
the PEG-phospholipid-coated iron oxide nanoparticles (Table 3). However, the hydrodynamic diameter of the CM-
dextran-coated iron oxide nanoparticles was 66.4 nm, which was much larger than that of the DS-coated or the PEG-
phospholipid-coated iron oxide nanoparticles (Table 3). Hence, in the case of CM-dextran, one or more nanoparticles
are considered to be coated together. For comparison, dextran having no charge was used for coating the nanoparticles.
The hydrodynamic diameter of the coated particles exceeded 100 nm (Table 3), and such particles were observed to
easily sink over time. From this, the electrostatic action between the nanoparticles and the coating material is regarded
as affecting the coating efficiency of particles and the stability. Among a variety of kinds of dextran derivatives, negatively
charged dextran was efficient at coating, and particularly the DS-coated nanoparticles represented the smallest hydro-
dynamic diameter.
[0043] In order to validate the colloidal stability of the iron oxide nanoparticles coated with hydrophilic material, changes
in diameter of the iron oxide nanoparticles upon changes in pH and upon heating were observed. The DS-coated iron
oxide nanoparticles were stable in the pH range of 4 to 11 (FIG. 9). Also, the DS-coated iron oxide nanoparticles had
no size change at 100°C for 4 hr. However, the DS-coated iron oxide nanoparticles were unstable in the NaCl solution
and thus observed to sink. The CM-dextran-coated iron oxide nanoparticles were stable in the pH range of 4 to 13, but
the nanoparticles became unstable at pH 3 and were observed to rapidly sink (FIGS. 10 and 11). Measuring the zeta
potential showed that the nanoparticles which had been stable had a value of -23.74 ∼ -36.88 mV but the potential value
was 1.81 mV at pH 3 (FIG. 11). These results show that about pH 3 is regarded as an isoelectric point and the zeta
potential is lowered whereby the nanoparticles become unstable. Thus, the electrostatic action (repulsive force) is seen
to contribute to the stability of the nanoparticles. The CM-dextran-coated iron oxide nanoparticles also had no size
change at 100°C for 4 hr. Such nanoparticles were stable up to the NaCl concentration of 0.15 M (FIGS. 10 and 12).
Thereby, the stability of the CM-dextran-coated nanoparticles can be seen to be suitable for medical applications. The
DS-coated nanoparticles are unstable in the NaCl solution and thus are not suitable for medical applications.
[0044] Because a polyacrylic acid (Mw 1,800) solution is acidic, the iron oxide nanoparticles coated with polyacrylic
acid have low dispersibility in an aqueous solution immediately after removal of the salt. As the pH is increased by the
addition of sodium hydroxide (NaOH), dispersibility is improved and the hydrodynamic diameter is decreased (Table 4).

[Table 2]

Kind Molecular Weight

Carboxymethyl dextran sodium salt (CM-dextran) ∼  12,000

Dextran ∼  1,500

Diethyl aminoethyl-dextran hydrochloride (DEAE-dextran) ∼  500,000

Dextran sulfate sodium salt (DS) ∼  4,000

Polyacrylic acid 1,800

PEG 2,805

PO-PEGs 2,000 (mPEG)
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This is because the carboxylic acid that forms the polyacrylic acid is negatively charged under basic conditions. The
hydrodynamic diameter was 91.9 nm under acidic conditions, 59.4 nm under neutral conditions and 39.9 nm under basic
conditions. As shown in the TEM image, the particles did not agglomerate while being coated with polyacrylic acid (FIG.
13).
[0045] The PEG-phosphate (PO-PEGs)-coated iron oxide nanoparticles were well dispersed in an aqueous solution.
As shown in the TEM image, the particles did not agglomerate while being coated with PO-PEGs and had a hydrodynamic
diameter of 69.2 nm (FIG. 14).

(Example 3)

Preparation of DS-coated iron oxide nanoparticles via annealing treatment using small salt particles

[0046] DS-coated iron oxide nanoparticles were prepared in the same manner as in Example 2 with the exception
that the size of salt particles was 13 mm. The hydrodynamic diameter of the DS-coated iron oxide nanoparticles was
31.03 nm (Table 3).

Table 3

[0047]

Table 4

[0048]

(Example 4)

Cell toxicity test of iron oxide nanoparticles coated with dextran derivative

[0049] The DS-coated and the CM-dextran-coated iron oxide nanoparticles were measured using MTT method. The
iron oxide nanoparticles at different concentrations were cultured in cells for 48 hr, after which the survival rate of cells
was measured. Consequently, almost all of the cells were alive up to the concentration of 200 mg [Fe]/ml (FIG. 15).

(Example 5)

Applicability test of iron oxide nanoparticles coated with dextran derivative as MRI contrast agent

[0050] The iron oxide nanoparticles were coated using CM-dextran instead of DS because of superior stability. The

[Table 3]

Hydrophilic Material Hydrodynamic Diameter(nm)

Ex. 2 DEAE-dextran 84.3

Ex. 2 DS 36.8

Ex. 2 Dextran 157.0

Ex. 2 CM-dextran 66.4

Ex. 2 PEG-phospholipid 28.7

Ex. 3 DS (salt particle size: 13 mm) 31.03

[Table 4]

pH Hydrodynamic Diameter (nm)

2 91.9

8 59.4

12 39.9
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T2 MRI image of the nanoparticles dispersed in the aqueous solution shows a decrease in signal in proportion to an
increase in the concentration of iron ions (FIG. 16). To evaluate the contrast effects, r2 relaxivity was calculated, which
is a gradient of a reciprocal of T2 relaxation time relative to a concentration of the contrast agent. This is an indicator
that shows how much the T2 relaxation time sensitively varies depending on changes in concentration of the contrast
agent. he r2 relaxivity was calculated from 1/T2 = 1/T20 + r2∗C wherein T2 is the T2 relaxation time, T20 is the initial T2
relaxation time, and C is the concentration of the contrast agent, n the graph plot wherein the concentration of the contrast
agent including the iron oxide nanoparticles coated with hydrophilic material is set to the x-axis and the 1/T2 measured
at the above concentration is set to the γ-axis, r2 is derived from the gradient, wherein r2 designates the r2 relaxivity.
The relaxivity of the iron oxide nanoparticles coated with PEG-phospholipid without annealing treatment was 124.46
mM-1s-1 and that of the iron oxide nanoparticles coated with CM-dextran after annealing treatment was 358.9 mM-1s-1

which is an increase of 2.9 times. Such a high relaxivity is based on increased crystallinity during annealing treatment
and coating of a plurality of particles with a single dextran shell in the course of coating with CM-dextran. As described
in Example 1, the saturation magnetization after annealing treatment was increased because of additional crystallization.
Even after coating with CM-dextran, the saturation magnetization (106 emu/g [Fe]) was similar to that after annealing
treatment (FIG. 17). When the dispersed superparamagnetic nanoparticles agglomerated, the increase in r2 relaxivity
was reported to be based on the magnetic relaxation switch (J. M. Perez, et. al. Chem. Bio. Chem. 2004, 5, 261). When
a material having high contrast effect is used in this way, the amount of introduced nanoparticles in vivo may be decreased,
thus lowering the toxic effects. Hence, the CM-dextran-coated iron oxide nanoparticles are determined to be useful as
a biocompatible MRI contrast agent having high contrast effects.
[0051] The CM-dextran-coated iron oxide nanoparticles were applied to animal MRI testing. The nanoparticles (2.5
mg [Fe] per kg of mouse body weight) were injected via the tail vein of the mouse. The MRI results before and after the
injection of the nanoparticles show that the nanoparticles accumulate in the liver and the spleen thus achieving effective
contrast (FIG. 18). These nanoparticles were confirmed to be suitable for application in vivo.

Claims

1. A method of preparing iron oxide nanoparticles coated with a hydrophilic material, comprising:

a) attaching magnetic iron oxide nanoparticles coated with a hydrophobic organic material onto salt particles,
annealing a powder mixture comprising the magnetic iron oxide nanoparticles coated with the hydrophobic
organic material and the salt particles under air conditions, removing the hydrophobic organic material from the
surface of the magnetic iron oxide nanoparticles by the annealing, and thus obtaining iron oxide nanoparticles
having no organic material; and
b) coating a surface of the iron oxide nanoparticles having no organic material with a hydrophilic material.

2. The method of claim 1, wherein the hydrophobic organic material attached to the iron oxide nanoparticles in a) is
at least one selected from the group consisting of a C4∼C25 fatty acid, a C4∼C25 aliphatic alcohol, and a C4∼C25
aliphatic amine.

3. The method of claim 2, wherein the fatty acid attached to the iron oxide nanoparticles in a) is oleic acid.

4. The method of claim 1, wherein the salt particles in a) is at least one selected from sodium sulfate (Na2SO4), sodium
bicarbonate (NaHCO3), potassium bicarbonate (KHCO3), calcium bicarbonate (Ca(HCO3)2), sodium chloride (NaCl),
potassium chloride (KC1) and calcium chloride (CaCl2).

5. The method of claim 1, wherein the salt particles in a) have a diameter of 1 ∼ 500 mm.

6. The method of claim 1, wherein the iron oxide nanoparticles in a) are obtained by reacting an iron complex comprising
iron as a center atom and a C4∼C25 organic acid group (carboxylate) attached thereto as a ligand with a C4∼C25
fatty acid.

7. The method of claim 6, wherein the iron complex is iron oleate.

8. The method of claim 6, wherein the fatty acid is oleic acid.

9. The method of claim 1, wherein the iron oxide nanoparticles in a) have a diameter of 1 ∼ 100 nm.
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10. The method of claim 1, wherein the iron oxide nanoparticles and the salt particles in a) have a weight ratio ranging
from 1:10 to 1:1000.

11. The method of claim 1, wherein the annealing in a) is performed by carrying out heating at 400 ∼ 600°C for 1 ∼ 10
hr in an air atmosphere.

12. The method of claim 1, wherein, after annealing in a), removing the salt particles is additionally performed.

13. The method of claim 12, wherein the removing the salt in a) is performed using centrifugation.

14. The method of claim 12, wherein the temperature is decreased to room temperature before removing the salt after
annealing in a).

15. The method of claim 1, wherein the hydrophilic material in b) is a dextran derivative, polyacrylic acid, starch, silica,
polyethyleneglycol (PEG) or PEG-phosphate (PO-PEGs).

16. The method of claim 15, wherein the dextran derivative which is the hydrophilic material in b) is diethylaminoethyl-
dextran (DEAE-dextran), dextran sulfate (DS) or carboxymethyl dextran (CM-doxträn).

17. The method of claim 1, wherein in b) coating with the hydrophilic material and removing the salt are simultaneously
performed.

Patentansprüche

1. Verfahren zur Herstellung von Eisenoxid-Nanopartikeln, die mit einem hydrophilen Material beschichtet sind, um-
fassend:

a) Zusammenbringen bzw. Verbinden von magnetischen Eisenoxid-Nanopartikeln, die mit einem hydrophoben
organischen Material beschichtet sind, und Salzpartikeln, Glühen einer Pulvermischung, die die magnetischen
Eisenoxid-Nanopartikel, die mit dem hydrophoben organischen Material beschichtet sind, und die Salzpartikel
umfasst, unter Luftbedingungen, Entfernen des hydrophoben organischen Materials von der Oberfläche der
magnetischen Eisenoxid-Nanopartikel durch das Glühen und somit Erhalten von Eisenoxid-Nanopartikeln, die
kein organisches Material aufweisen; und
b) Beschichten einer Oberfläche der Eisenoxid-Nanopartikel, die kein organisches Material aufweisen, mit einem
hydrophilen Material.

2. Verfahren nach Anspruch 1, wobei das hydrophobe organische Material, das an die Eisenoxid-Nanopartikel in a)
gebunden wird, mindestens eines ist, das aus der Gruppe ausgewählt ist, die aus einer C4-C25-Fettsäure, einem
aliphatischen C4-C25-Alkohol und einem aliphatischen C4-C25-Amin besteht.

3. Verfahren nach Anspruch 2, wobei die Fettsäure, die an die Eisenoxid-Nanopartikel in a) gebunden wird, Ölsäure ist.

4. Verfahren nach Anspruch 1, wobei die Salzpartikel in a) mindestens eines sind, ausgewählt aus Natriumsulfat
(Na2SO4), Natriumbicarbonat (NaHCO3), Kaliumbicarbonat (KHCO3), Calciumbicarbonat (Ca(HCO3)2), Natrium-
chlorid (NaCl), Kaliumchlorid (KCl) und Calciumchlorid (CaCl2).

5. Verfahren nach Anspruch 1, wobei die Salzpartikel in a) einen Durchmesser von 1 - 500 mm aufweisen.

6. Verfahren nach Anspruch 1, wobei die Eisenoxid-Nanopartikel in a) durch Umsetzen eines Eisenkomplexes, der
Eisen als ein Zentralatom und eine daran als Ligand gebundene organische C4-C25-Säuregruppe (Carboxylat)
umfasst, mit einer C4-C25-Fettsäure erhalten werden.

7. Verfahren nach Anspruch 6, wobei der Eisenkomplex Eisenoleat ist.

8. Verfahren nach Anspruch 6, wobei die Fettsäure Ölsäure ist.

9. Verfahren nach Anspruch 1, wobei die Eisenoxid-Nanopartikel in a) einen Durchmesser von 1 - 100 nm aufweisen.
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10. Verfahren nach Anspruch 1, wobei die Eisenoxid-Nanopartikel und die Salzpartikel in a) ein Gewichtsverhältnis im
Bereich von 1:10 bis 1:1000 aufweisen.

11. Verfahren nach Anspruch 1, wobei das Glühen in a) durch Erhitzen bei 400 - 600°C für 1 - 10 Stunden in einer
Luftatmosphäre durchgeführt wird.

12. Verfahren nach Anspruch 1, wobei nach dem Glühen in a) zusätzlich das Entfernen der Salzpartikel durchgeführt wird.

13. Verfahren nach Anspruch 12, wobei das Entfernen des Salzes in a) durch Zentrifugation durchgeführt wird.

14. Verfahren nach Anspruch 12, wobei die Temperatur auf Raumtemperatur verringert wird, bevor das Salz nach dem
Glühen in a) entfernt wird.

15. Verfahren nach Anspruch 1, wobei das hydrophile Material in b) ein Dextranderivat, Polyacrylsäure, Stärke, Silici-
umdioxid, Polyethylenglykol (PEG) oder PEG-Phosphat (PO-PEGs) ist.

16. Verfahren nach Anspruch 15, wobei das Dextranderivat, welches das hydrophile Material in b) ist, Diethylaminoe-
thyldextran (DEAE-Dextran), Dextransulfat (DS) oder Carboxymethyldextran (CM-Dextran) ist.

17. Verfahren nach Anspruch 1, wobei in b) das Beschichten mit dem hydrophilen Material und das Entfernen des
Salzes gleichzeitig durchgeführt werden.

Revendications

1. Procédé de préparation de nanoparticules d’oxyde de fer revêtues d’un matériau hydrophile, comprenant :

a) une fixation de nanoparticules d’oxyde de fer magnétiques revêtues d’un matériau organique hydrophobe
sur des particules de sel, un recuit d’un mélange pulvérulent comprenant les nanoparticules d’oxyde de fer
magnétiques revêtues du matériau organique hydrophobe et les particules de sel dans des conditions atmos-
phériques, une élimination du matériau organique hydrophobe à partir de la surface des nanoparticules d’oxyde
de fer magnétiques par l’intermédiaire du recuit, et ainsi une obtention de nanoparticules d’oxyde de fer ne
présentant pas de matériau organique ; et
b) un revêtement d’une surface des nanoparticules d’oxyde de fer ne présentant pas de matériau organique
avec un matériau hydrophile.

2. Procédé selon la revendication 1, dans lequel le matériau organique hydrophobe fixé aux nanoparticules d’oxyde
de fer en a) est au moins un choisi dans le groupe constitué par un acide gras en C4∼C25, un alcool aliphatique en
C4∼C25, et une amine aliphatique en C4∼C25.

3. Procédé selon la revendication 2, dans lequel l’acide gras fixé aux nanoparticules d’oxyde de fer en a) est de l’acide
oléique.

4. Procédé selon la revendication 1, dans lequel les particules de sel en a) est au moins un choisi parmi le sulfate de
sodium (Na2SO4), le bicarbonate de sodium (NaHCO3), le bicarbonate de potassium (KHCO3), le bicarbonate de
calcium (Ca(HCO3)2), le chlorure de sodium (NaCl), le chlorure de potassium (KCl) et le chlorure de calcium (CaCl2).

5. Procédé selon la revendication 1, dans lequel les particules de sel en a) présentent un diamètre de 1 ∼ 500 mm.

6. Procédé selon la revendication 1, dans lequel les nanoparticules d’oxyde de fer en a) sont obtenues en faisant
réagir un complexe de fer comprenant du fer comme atome central et un groupe acide organique en C4∼C25
(carboxylate) fixé à celui-ci comme ligand avec un acide gras en C4∼C25.

7. Procédé selon la revendication 6, dans lequel le complexe de fer est de l’oléate de fer.

8. Procédé selon la revendication 6, dans lequel l’acide gras est de l’acide oléique.

9. Procédé selon la revendication 1, dans lequel les nanoparticules d’oxyde de fer en a) présentent un diamètre de 1
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∼ 100 nm.

10. Procédé selon la revendication 1, dans lequel les nanoparticules d’oxyde de fer et les particules de sel en a)
présentent un rapport pondéral allant de 1:10 à 1:1 000.

11. Procédé selon la revendication 1, dans lequel le recuit en a) est effectué en effectuant un chauffage à 400 ∼ 600
°C pendant 1 ∼ 10 heures dans une atmosphère d’air.

12. Procédé selon la revendication 1, dans lequel, après le recuit en a), l’élimination des particules de sel est en outre
effectuée.

13. Procédé selon la revendication 12, dans lequel l’élimination du sel en a) est effectuée par centrifugation.

14. Procédé selon la revendication 12, dans lequel la température est abaissée à la température ambiante avant d’éli-
miner le sel après le recuit en a).

15. Procédé selon la revendication 1, dans lequel le matériau hydrophile en b) est un dérivé de dextrane, de l’acide
polyacrylique, de l’amidon, de la silice, du polyéthylèneglycol (PEG) ou du PEG-phosphate (PO-PEG).

16. Procédé selon la revendication 15, dans lequel le dérivé de dextrane qui est le matériau hydrophile en b) est le
diéthylaminoéthyl-dextrane (DEAE-dextrane), le sulfate de dextrane (DS) ou le carboxyméthyl-dextrane (CM-dex-
trane).

17. Procédé selon la revendication 1, dans lequel en b) le revêtement avec le matériau hydrophile et l’élimination du
sel sont réalisés simultanément.



EP 2 673 006 B1

14



EP 2 673 006 B1

15



EP 2 673 006 B1

16



EP 2 673 006 B1

17



EP 2 673 006 B1

18



EP 2 673 006 B1

19



EP 2 673 006 B1

20



EP 2 673 006 B1

21



EP 2 673 006 B1

22



EP 2 673 006 B1

23



EP 2 673 006 B1

24

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• WO 2007095871 A2 [0010] • WO 2010134087 A1 [0011]

Non-patent literature cited in the description

• C. W. JUNG. Magn. Reson. Imaging, 1995, vol. 13,
661 [0002]

• J. PARK. Nat. Mater., 2004, vol. 3, 891 [0003]
• J.-H. LEE et al. Nat. Med., 2007, vol. 13, 95 [0003]
• Y. PIAO et al. Nat. Mater., 2008, vol. 7, 242 [0005]
• D. LI et al. J. Appl. Phys., 2006, vol. 99, 08E911

[0006]
• A. DELATTRE et al. Small, 2010, vol. 6, 932 [0007]
• JARRETT, B. R. et al. Size-controlled synthesis of

dextran sulfate coated iron oxide nanoparticles for
magnetic resonance imaging. NANOTECHNOLO-
GY, 24 January 2007, vol. 18 (3), 035603 [0008]

• Polymer-Coated Iron Oxide Nanoparticles for Medi-
cal Imaging. CHEN, S. A DISSERTATION OF PH.D.
IN MATERIALS SCIENCE AND ENGINEERING.
MASSACHUSETTS INSTITUTE OF TECHNOLO-
GY, June 2010 [0009]

• YUANZHE PIAO et al. Wrap-bake-peel process for
nanostructural transformation from β-FeOOH nano-
rods to biocompatible iron oxide nanocapsules. NA-
TURE MATERIALS, 17 February 2008, vol. 7 (3),
242-247 [0012]

• YONG IL PARK et al. Transformation of hydrophobic
iron oxide nanoparticles to hydrophilic and biocom-
patible maghemite nanocrystals for use as highly ef-
ficient MRI contrast agent. JOURNAL OF MATERI-
ALS CHEMISTRY, 16 March 2011, vol. 21 (31),
11472 [0013]

• ANASTASIA DELATTRE et al. Stable Colloidal So-
lutions of High-Temperature-Annealed L10 FePt Na-
noparticles. SMALL, 23 April 2010, vol. 6 (8), 932-936
[0014]

• J. PARK et al. Nat. Mater, 2004, vol. 4, 891 [0034]
• J. M. PEREZ. Chem. Bio. Chem., 2004, vol. 5, 261

[0050]


	bibliography
	description
	claims
	drawings
	cited references

