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Water-Soluble Ultra Small Paramagnetic or Superparamagnetic Metal Oxide
Nanoparticles for Molecular MR Imaging
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A simple and general one-pot synthesis for water-soluble li-
gand-coated ultra small paramagnetic or superparamagnetic
metal oxide nanoparticles with average particle diameters
(dav) that range from 1-3 nm has been developed and used in
molecular magnetic resonance (MR) imaging. The iron oxide,
manganese oxide, and gadolinium oxide nanoparticles are

coated with various hydrophilic and biocompatible ligands.
We found that the ligand-coated ultra small gadolinium ox-
ide nanoparticles are the superior candidates for use as T,
MRI contrast agents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

One of the final goals in clinical molecular magnetic res-
onance (MR) imaging is to achieve both highly sensitive
and target-specific detection of diseases by help of magnetic
resonance imaging (MRI) contrast agents. To accomplish
this, the MRI contrast agent should possess as high as pos-
sible relaxivity and as small as possible size. Nanotechnol-
ogy-based MRI contrast agents can possess high relaxivi-
ties, and thus paramagnetic or superparamagnetic nanopar-
ticles have been intensively investigated so far.!'"'*l How-
ever, large nanoparticles have a very poor target-specific
capability because they are mostly accumulated in the liver
as demonstrated with the iron oxide nanoparticles.*! There-
fore, the development of ultra small nanoparticles with high
relaxivities is necessary. In this work, we present a simple
and general one-pot (or one-step) synthesis for hydrophilic
and biocompatible ligand-coated ultra small paramagnetic
or superparamagnetic metal oxide nanoparticles with
average particle diameters (d,, ) that range from 1-3 nm. To
the best of our knowledge, these ligand-coated ultra small
metal oxide nanoparticles are the smallest synthesized so
far for use as MRI contrast agents.
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Ultra small metal oxide nanoparticles synthesized in this
work include iron oxide, manganese oxide, and gadolinium
oxide nanoparticles, which are coated with various hydro-
philic and biocompatible ligands. We tested them for use as
MRI contrast agents by measuring the relaxivities. For the
first time, these nanoparticles have been applied to molecu-
lar MR imaging in rats with a brain tumor.

A key part of the one-pot synthesis is the use of polar
organic solvents and air as the oxygen source for metal ox-
ide formation. Both the metal salt as a metal precursor and
the biocompatible ligand as a surface-coating ligand are all
soluble in polar organic solvents. Air enables the slow for-
mation of the metal oxide nanoparticles. The final products
are hydrophilic and biocompatible ligand-coated ultra small
metal oxide nanoparticles with nearly monodisperse par-
ticle diameters. An immediate water solubility of the prod-
ucts makes biomedical applications easy.

Results and Discussion

The HRTEM micrographs show that ligand-coated ultra
small metal oxide nanoparticles are nearly monodisperse in
diameter with average particle diameters that range from 1-
3 nm (Figure 1 and Table 1).

Crystal structures of the ligand-coated wultra small metal
oxide nanoparticles were estimated from lattice fringes (Fig-
ure 1 and Table 1). The observed lattice fringes are slightly
contracted relative to those of the bulk material because of
their ultra small size.'>! Lattice distances (L) were estimated
by using nanoparticles with good lattice fringes; not all
nanoparticles presented good lattice fringes because of their
ultra small size. For the iron oxide nanoparticles, the mea-
sured lattice distances indicate that they are most likely L3,
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(A) PEG coated ultra small metal oxide nanoparticles
(a) iron oxide (b) manganese oxide

. <

(B) D-glucuronic acid coated ultra small metal oxide nanoparticles
(a) iron oxide (b) manganese oxide

(C) Lactobionic acid coated uitra small metal oxide nanoparticles
(2) manganese oxide (b) gadolinium oxide

¢) gadolinium oxide
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Figure 1. HRTEM micrographs of (A) polyethylene glycol diacid (PEG) coated ultra small (a) iron oxide, (b) manganese oxide, and (c)
gadolinium oxide nanoparticles; (B) D-glucuronic acid coated wultra small (a) iron oxide, (b) manganese oxide, and (c) gadolinium oxide
nanoparticles; and (C) lactobionic acid coated ultra small (a) manganese oxide and (b) gadolinium oxide nanoparticles. In common from
(A) to (C), the square dotted areas in each HRTEM micrograph in the left-hand side figure are magnified and shown in the right-hand
side figure. The r; and r, relaxivities of the ultra small metal oxide nanoparticles vs. metal oxide type are plotted for comparison: (A)d
PEG coated, (B)d D-glucuronic acid coated, and (C)c lactobionic acid coated.

Table 1. The reaction conditions, the average particle diameters (d,, ), the r; and the r, relaxivities, the crystal structures, the magnetic
states with blocking temperatures (7) in the case of superparamagnetic nanoparticles, and the magnetizations (M) at H = 5T.

Metal  Surface Reaction conditions dy,, [nm)] Relaxivity [s 'mm ] Crystal structure Magnetic properties
oxide coating
type  ligand
Solvent ~ Reaction Reaction r Iy ralry Magnetic state M [emu/g]
volume  time [h] tempera- (T [K))
[mL] ture [°C]
Fe PEG 30 24 250 1.9 4.89 14.04 287 fec Fe;0y or fee Superparamag- 5.25
v-Fe,05 netic (25)
Mn PEG 30 48 250 14 775 63.61 8.21 fcc MnO Paramagnetic 149
Gd PEG 80 72 250 0.9 14.18  19.15 1.35 Amorphous or Paramagnetic ~ 4.52
bee Gd203
Fe D-glucuronic 40 12 260 1.5 297  4.03 1.36 foc FesO4 or fcc© Superparamag-  3.85
acid v-Fe,03 netic (= 5)
Mn D-glucuronic 40 24 260 1.5 6.95 63.04  9.07 fcc MnO Paramagnetic ~ 8.13
acid
Gd D-glucuronic 40 24 260 1.0 1256 1295 1.03 Amorphous or Paramagnetic ~ 6.15
acid bee Gd,0;
Mn lactobionic 40 24 260 1.9 690  67.66  9.80 fcc MnO Paramagnetic ~ 9.20
acid
Gd lactobionic 40 24 260 0.9 11.57  13.38 1.16 Amorphous or Paramagnetic ~ 5.06
acid bee Gd,0;

of either Fe3O, or y-Fe,Oj3. It is impossible to distinguish
between Fe;0,4 and y-Fe,Os5 in the case of ultra small nano-
particles because they possess the same face-centered cubic
(fce) structure with a similar packing.!'®! For the manganese
oxide nanoparticles, the measured lattice distances indicate
that they are most likely L,qq of fcc MnO. For the gadolin-
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ium oxide nanoparticles, only Gd,Oj5 exists because of the
electronic configuration (4f75d6s?) of the Gd atom.['” Their
particle diameters are, however, so small (approximately
1.0 nm) that the lattice distances are hardly measurable for
the majority because their lattice fringes are generally poor.
We therefore assigned them as amorphous Gd,Os;. Only a

Eur. J. Inorg. Chem. 2009, 2477-2481
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few, such as that seen in Figure 1 [right-hand side of sample
(B)c], however, show a lattice distance of 3.02*+0.10 A,
which is most likely L,», of body-centered cubic (bcc)
Gd,0;.

The ligand coatings of the metal oxide nanoparticles
were characterized by FTIR spectroscopy. In the FTIR
spectra, the observed absorption frequencies characteristic
of the ligands include the C-H stretch at =2990 cm™!, the
C=0 stretch at =1640cm!, and the C-O stretch at
=~ 1110 cm™!. Bonding structures between either amino acid
or dicarboxylic acid groups and metal oxide nanoparticles
has been spectroscopically well characterized by other
groups.'®211 According to their results, the oxygen atoms
of the carboxylic group chemically bind to the surface metal
ions, which can be confirmed by the redshifted C=0O
stretches. Note that the C=0 stretches of the surface coat-
ing ligands used in this work, i.e. PEG, D-glucuronic acid,
and lactobionic acid, occur at =1745, =1710, and
=1740 cm™!, respectively (see Supporting Information).

Magnetic properties were investigated and both the M
vs. T and the M vs. H curves show that the ligand-coated
ultra small iron oxide nanoparticles are superparamagnetic
at room temperature, whereas both the manganese oxide
and gadolinium oxide nanoparticles are paramagnetic at
room temperature (Table 1). In the case of the iron oxide
nanoparticles, the observed magnetizations at H = 5T are
much smaller than the bulk saturation magnetizations of
Fe;0, (84 emu/g) and y-Fe,O5 (74 emu/g).??! We attribute
this to the ultra small size of the iron oxide nanoparticles
in which the surface Fe ion spins are deteriorated by the
ligands, as also observed by Yaacob et al.**]

To test the possibility of using the ligand-coated ultra
small metal oxide nanoparticles as MRI contrast agents, the
longitudinal r; and the transverse r, relaxivities and the lon-
gitudinal 7'; and the transverse 7> map images were mea-
sured. The obtained r; and r, relaxivities are plotted in Fig-
ure 1 to highlight the difference in magnitude between the
ligand-coated wultra small iron oxide, manganese oxide, and

axial view
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gadolinium oxide nanoparticles and are also provided in
Table 1. Both the 7 and the 7, map images clearly show
dose-dependent contrast changes, respectively (see Support-
ing Information). Reasonable or high values in the r; and
the r, relaxivities and the clear dose-dependent contrast
changes in the 7'} and the 7, map images suggest that the
ligand-coated ultra small metal oxide nanoparticles may be
used for both/either 7} and/or T, MRI contrast agents.
From the measured relaxivities, the order of the ability as
T} MRI contrast agents is gadolinium oxide > manganese
oxide > iron oxide, whereas that as 7, MRI contrast agents
is manganese oxide > gadolinium oxide > iron oxide for
the series studied here.

Above all, the r; value of the ligand-coated ultra small
gadolinium oxide nanoparticles is the highest among the
metal oxide nanoparticles. This value is consistent with that
of gadolinium oxide nanoparticles with larger diameters
measured by others."! In addition to this, their r,/r; ratio
is very close to 1.0 (Figure 1 and Table 1), which indicates
that their 77 MR signal will be maximal because the r,/r;
ratio is, in principle, always greater than 1.0.°* This indi-
cates that the ligand-coated wultra small gadolinium oxide
nanoparticles will be ideal for 77 MRI contrast agents.
Furthermore, their r; value is about three times as high as
that (3-5s 'mm ') of the clinically used Gd**-complex T}
MRI contrast agent.[>>2¢] This indicates that if they are de-
veloped as clinically usable 77 MRI contrast agents, they
will be the most powerful 77 MRI contrast agents ever
known so far. For the moment, they are found to be some-
what toxic?” (see also Supporting Information for in vitro
cytotoxicity test), and thus surface coating needs to be im-
proved.

To confirm the superiority of the ligand-coated wultra
small gadolinium oxide nanoparticles as 77 MRI contrast
agents, we took 3 T MR images of a rat with a brain tumor.
We compared their MR images with those of the manga-
nese oxide nanoparticles. We simply chose the p-glucuronic
acid coated ultra small gadolintum oxide nanoparticles

coronal view

Figure 2. Both axial and coronal 3 T MR images of two different rats with brain tumors (marked by an arrow) before and after injection
of (a) sample (B)b (7.31 mm) and (b) sample (B)c (13.47 mm) in Figure 1; 0.957 mL of sample (B)b and 0.2 mL of sample (B)c were

injected into the rats.
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[sample (B)c in Figure 1] and the D-glucuronic acid coated
ultra small manganese oxide nanoparticles [sample (B)b in
Figure 1] for this purpose. Here, the ligand-coated ultra
small iron oxide nanoparticles were not considered for com-
parison because their contrasting ability in MR images will
be the poorest because they possess the smallest 7| relaxiv-
ity (Figure 1 and Table 1). To record the MR images,
0.957 mL of the sample (B)b (7.31 mm) and 0.2 mL of the
sample (B)c (13.47 mm) were injected into two different rats
with brain tumors. Both axial and coronal 3 T MR images
taken before and after the injection of the two samples are
shown in Figure 2. The T contrast enhancement of the
brain tumors (marked by arrows) after injection can clearly
be observed in both samples. However, the sample (B)c
shows a greater contrast enhancement of the brain tumor
than that in sample (B)b, even though the injected amount
of sample (B)b (7.0 mmol Mn) is about 2.6 times larger
than that of sample (B)c (2.7 mmol Gd). This result proves
the superiority of the ligand-coated ultra small gadolinium
oxide nanoparticles.

Conclusions

In summary, we developed the synthesis for nanotechnol-
ogy-based high-performance MRI contrast agents, which
are aimed for both highly sensitive and target-specific mo-
lecular MR imaging. The nanoparticles include hydrophilic
and biocompatible ligand-coated ultra small iron oxide,
manganese oxide, and gadolinium oxide nanoparticles with
average particle diameters (d,, ) that range from 1-3 nm and
with reasonable or high r; and r, relaxivities. Above all, we
found that the ligand-coated wultra small gadolinium oxide
nanoparticles are suitable as 77 MRI contrast agents: the
very high r; relaxivity, which is about three times as high as
that of the clinically used Gd**-complex T; MRI contrast
agent (the result of nanotechnology), and the value for the
ro/ry ratio that is very close to 1.0. Their superior perform-
ance as 71 MRI contrast agents was proved through in vivo
T1 MR images of a rat with a brain tumor.

Experimental Section

Chemicals used in the synthesis include triethylene glycol as a sol-
vent, FeCl;*6H,0 (or MnCl,-4H,0 or GdCl;-6H,0) as a metal pre-
cursor, polyethylene glycol diacid (PEG) (M,, = 600) (or p-glucur-
onic acid or lactobionic acid) as a surface coating ligand, and air
(a mixture of 21% O, and 79% N,) as an oxygen source. The chem-
icals were all purchased from Aldrich and used as received. The air
was purchased from a local distributor and used after the moisture
was removed. For all reactions, 5 mmol of a metal salt and 5 mmol
of a ligand were used, which were then added to 30-80 mL of tri-
ethylene glycol. The mixture was heated to 100 °C while magneti-
cally stirred and was maintained at that temperature until both the
metal salt and the ligand were completely dissolved in the triethyl-
ene glycol solvent. The mixture was then heated at reflux at 250—
260 °C for 12-72 h, while air was bubbled through. The exact reac-
tion conditions (i.e. solvent volume, reaction temperature, and reac-
tion time) used for the synthesis of each of the ligand-coated ultra

2480

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small metal oxide nanoparticles are provided in Table 1. It was no-
ticed that the reaction conditions differ slightly depending on li-
gand species used. After the reaction, the mixture was cooled to
room temperature and diluted with deionized water for the MRI
experiment. To obtain a powder sample, acetone was added to the
reaction mixture. The top solution was decanted and the remaining
precipitate was dried in air.

Particle diameters were measured with a high resolution trans-
mission electron microscope (HRTEM) at acceleration voltages of
200 kV (JEOL, JEM 2100F). Ligand coatings of ultra small metal
oxide nanoparticles were characterized with a Fourier transform
infrared (FTIR) absorption spectrometer (Mattson Instruments,
Inc., Galaxy 7020A) (see Supporting Information). To record the
FTIR absorption spectra, pellets were made by pressing mixtures
of each of the powder samples and KBr. The magnetic properties
were measured with a superconducting quantum interference de-
vice (SQUID) magnetometer (Quantum Design, MPMS-7). Net
masses of the metal oxide nanoparticles in ligand-coated metal ox-
ide nanoparticles were estimated with a thermogravimetric analyzer
(TGA) (TA Instruments, SDT Q 600) (see Supporting Information)
and used to correct magnetizations. Both hysteresis loops (M vs. H
curves) (-5 = H = 5T) at a temperature of 300 K and zero-field-
cooled (ZFC) magnetization vs. temperature curves (M vs. T
curves) (3 = 7 = 330 K) at an applied field of 100 Oe were re-
corded (see Supporting Information). The longitudinal r; and the
transverse r, relaxivities and the longitudinal 7' and the transverse
T, map images were measured with an MRI instrument (GE 1.5 T,
Excite) equipped with the Knee coil (EXTREM). Both the sample
preparation and the data acquisition followed the same experimen-
tal procedure described previously.['3) MR images (3 T) of a rat
with a brain tumor were taken with an MRI instrument (GE 3
tesla, Signa HD).

Supporting Information (see footnote on the first page of this arti-
cle): FTIR spectra, TGA curves, M vs. H curves, zero-field-cooled
(ZFC) M vs. T curves, T map images, 7> map images, and the in
vitro cytotoxicity test are presented.
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