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We have developed ultra-small gadolinium oxide (Gd2O3)
nanoparticles, which are surface-doped with manganese ox-
ide (MnO) (abbreviated as Gd2O3@MnO). The surface-doped
nanoparticles ranged from 1 to 2 nm in diameter. They were
further coated with hydrophilic biocompatible lactobionic
acid. In-vitro tests of the sample solution indicated clear

Introduction

The design of a new magnetic resonance imaging (MRI)
contrast agent is a great challenge. Nanoparticle MRI con-
trast agents can provide us with a very high contrasting
power through their enhanced relaxivities.[1,2] This capa-
bility of nanoparticles will allow us to acquire high-resolu-
tion MR images and detect diseases more easily.

So far, only the dextran-coated superparamagnetic iron
oxides (SPIOs) have been developed as nanoparticle con-
trast agents and are now clinically used as negative T2 con-
trast agents.[3–6] They possess a very high transverse relaxiv-
ity (r2) of water protons of 100–200 s–1 m–1. However, they
are only liver-specific due to their large particle diameters
(� 10 nm). Recently, paramagnetic manganese oxide[7] and
gadolinium oxide nanoparticles[8–15] have drawn attention
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dose-dependent contrast enhancements in both T1 and T2

map images, showing that the nanoparticles may be used as
both T1 and T2 MRI contrast agents. Their performance as a
T1 MRI contrast agent was proved in vivo through T1 MR
images of a mouse.

to themselves, because they may be used as highly sensitive
positive T1 MRI contrast agents through their high longitu-
dinal relaxivities (r1).

Among paramagnetic nanoparticle contrast agents,
gadolinium-based nanoparticles are important, because
they can have very high r1 values, showing a very high posi-
tive contrasting ability. To date, Gd2O3,[8–15] GdPO4,[16]

GdF3,[17] Gd(BDC)1.5·(H2O)2 (BDC = 1,4-benzenedicar-
boxylate),[18] Gd2O(CO3)2·H2O,[19] and Gd-doped CdSe
nanoparticles[20] have been studied. The primary reason for
their high r1 values is that GdIII possesses the largest spin
magnetic moment (S = 7/2) in the Periodic Table because
it consists of seven unpaired electrons (4f7). These S-state
electrons can efficiently induce longitudinal relaxation of
water protons. It is worth noting that S-state electrons have
a slow electron spin relaxation, which can easily interact
with the longitudinal relaxation of water protons, whereas
electrons with an orbital angular momentum have a rapid
electron spin relaxation which is not good for the longitudi-
nal relaxation of water protons.[21,22]

We have shown previously that the r1 value of ultra-small
Gd2O3 nanoparticles is at a maximum when the particle
diameter is around 1–2.5 nm,[15] which differs from SPIOs
with large particle diameters (the r2 value of SPIOs in-
creases with increasing particle diameter).[3–6] This ultra-
small particle diameter is an important benefit for bio-
logical applications because ultra-small nanoparticles can
be more easily excreted into the bladder than the conven-
tional large nanoparticles.[13] This capability of ultra-small
nanoparticles gives them the potential to be powerful MRI
contrast agents for both non-specific and target-specific ap-
plications.
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In this work we designed the Gd2O3@MnO nanopar-

ticles by first synthesizing ultra-small Gd2O3 nanoparticles
and then subsequently coating (or doping) them with MnO.
They were further coated with lactobionic acid for biocom-
patibility and water solubility. The doping is different from
the core-shell structure in terms of thickness (or concentra-
tion) of the shell. Both r1 and r2 will be largely determined
by the shell in the case of the core-shell structure, because
the shell will mostly contribute to the induction of water
proton relaxation. Both the core and doping materials will,
however, contribute to induction of water proton relax-
ations in the case of doping, because the core material is
either very near or exposed to the surface. Therefore, dop-
ing will allow us to obtain maximal r1 and r2 values, be-
cause they will be determined by the material with a higher
relaxivity. This doping can also reduce the toxicity of GdIII

somewhat, because MnII is nearly nontoxic.[23] Thus, ultra-
small Gd2O3 nanoparticles can be doubly protected by both
MnO and biocompatible lactobionic acid. We performed an
in-vitro test of the sample solution by obtaining T1 and T2

map images. We observed that the sample solution clearly
enhanced both T1 and T2 contrasts with an increasing dose.
We measured their performance as T1 MRI contrast agents
by taking in-vivo T1 MR images of a mouse.

Results and Discussion

1. Particle Diameter

Figure 1a shows a high-voltage electron-microscope
(HVEM) image of the lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles. Particle diameters of the ul-
tra-small Gd2O3@MnO nanoparticles are nearly monodis-
perse and estimated to be 1–2 nm. Figure 1b shows a scan-
ning-tunneling electron-microscope (STEM) image, show-
ing particle diameters of 2–3 nm. The difference between
HVEM and STEM micrographs roughly corresponds to the
surface coating by lactobionic acid (thickness ca. 1 nm).
Figure 2 is a dynamic light scattering (DLS) pattern, which
shows that the average hydrodynamic diameter of lacto-
bionic acid coated ultra-small Gd2O3@MnO nanoparticles
is 4.6 nm, which is larger than the average particle diameter
observed in both HVEM and STEM images.

Figure 1. (a) HVEM and (b) STEM micrographs of lactobionic
acid coated ultra-small Gd2O3@MnO nanoparticles. Dotted circles
in both (a) and (b) indicate a single nanoparticle.
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Figure 2. A DLS pattern of the lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles.

2. Surface Coating

Surface coating by lactobionic acid was confirmed from
the FTIR absorption spectrum of a powder sample (Fig-
ure 3). Stretches of the functional groups of lactobionic
acid such as the C=O at 1600 cm–1, C–H at 2910 cm–1, and
C–O at approximately 1080 cm–1 in the FTIR absorption
spectrum confirmed the surface coating. It is known that
carboxylic acids chemically bind to surface metal
ions.[8,24–27] This can be inferred from the redshifted C=O
stretch. In this case, the C=O stretch is redshifted by ap-
proximately 110 cm–1 from about 1710 cm–1 for a free lacto-
bionic acid, which is consistent with Gd2O3 nanoparticles
coated by various carboxylic acids.[8] A strong peak at
1710 cm–1 indicates that free lactobionic acids are not com-
pletely washed from the sample. The mass percentage of

Figure 3. FTIR absorption spectrum of lactobionic acid coated
ultra-small Gd2O3@MnO nanoparticles.

Figure 4. TGA curve of lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles.
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Figure 5. (a) Mass-corrected M – H curves at 5 and 300 K and (b) mass-corrected ZFC M – T curve at H = 100 Oe of lactobionic acid
coated ultra-small Gd2O3@MnO nanoparticles.

ultra-small Gd2O3@MnO nanoparticles in lactobionic acid
coated ultra-small Gd2O3@MnO nanoparticles was esti-
mated to be approximately 11% by recording a thermograv-
imetric analysis (TGA) curve (Figure 4). This mass percen-
tage was used to estimate the net magnetization of the ultra-
small Gd2O3@MnO nanoparticles in lactobionic acid
coated ultra-small Gd2O3@MnO nanoparticles.

3. Magnetic Properties

The magnetic properties were characterized by recording
M – H curves at 5 and 300 K (Figure 5a) and a zero-field-
cooled (ZFC) M – T curve at an applied field of 100 Oe
(Figure 5b). Magnetizations in both M – H and M – T
curves were mass-corrected to obtain the net magnetiza-
tions by using the TGA result as mentioned above. The M –
H curves at 5 and 300 K show that both coercivity and
remanence are zero (i.e. no hysteresis). This lack of hystere-
sis as well as the lack of magnetic transition down to 3 K in
the ZFC M – T curve shows that ultra-small Gd2O3@MnO
nanoparticles are paramagnetic down to 3 K. Thus, it is
expected that ultra-small Gd2O3@MnO nanoparticles can
efficiently induce longitudinal relaxation of water protons.
In fact, a high r1 value was observed. From the M – H
curve at 5 K, the magnetic moment of the ultra-small
Gd2O3@MnO nanoparticles was measured to be
136 emu g–1 at an applied field of 5 T. This value is smaller
than that of 212 emug–1 for Gd2O3.[28] This is likely to be
due two factors, firstly the MnO surface doping and sec-
ondly because the M – H curve is not fully saturated at 5 T.

4. In-Vitro Map Images and Relaxivities

In order to test the MRI contrasting capability of an
aqueous solution of the lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles in vitro, dose-dependent T1

and T2 map images were measured (Figure 6a and b,
respectively). They show clear dose-dependent contrast en-
hancements, which are due to the increased relaxation of
water protons with increased dose. This shows the potential
of lactobionic acid coated ultra-small Gd2O3@MnO nano-
particles as both T1 and T2 MRI contrast agents. The longi-
tudinal (T1) and transverse (T2) relaxation times were also
measured at various GdIII ion concentrations. The r1 and r2
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values were then estimated to be 12.8 and 26.6 s–1 m–1

from the slopes of the 1/T1 (= r1) and 1/T2 (= r2) plots vs.
the GdIII ion concentration, respectively (Figure 7). Com-
pared to ultra-small Gd2O3 nanoparticles,[8–15] the r1 value
is similar but the r2 value is nearly double due to the MnO
surface-doping as discussed below.

Figure 6. (a) In vitro T1 and (b) T2 map images of the sample solu-
tion, clearly showing contrast enhancements in both T1 and T2 map
images with increasing dose.

Figure 7. Plots of inverse relaxation times vs. GdIII ion concentra-
tion of the sample solution (the slopes correspond to relaxivities).

The Mn/Gd molar ratio of the sample was estimated to
be approximately 0.11:1 with an inductively coupled plasma
atomic emission spectrometer (ICPAES), showing that the
nanoparticles are the MnO surface-doped Gd2O3 nanopar-
ticles rather than the core-shell nanoparticles, because the
Mn concentration is low. The measured r1 and r2 values
confirmed this. That is, the measured r1 value is similar to
that of ultra-small Gd2O3 nanoparticles, but the measured
r2 value is nearly double that of the ultra-small Gd2O3

nanoparticles, as mentioned before. This is likely to be, be-
cause r1 and r2 are determined by the material with a higher
relaxivity. GdIII ions close to the nanoparticle surface
mainly contribute to r1, whereas the surface-doped MnO
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mainly contributes to r2, because r1(Gd2O3) � r1(MnO)[29]

and r2(Gd2O3) � r2(MnO). This shows that r2 can be im-
proved by doping with a metal oxide with a high r2 value
at the same time as keeping the r1 value of the ultra-small
Gd2O3 nanoparticles. The values measured for r1 and r2 as
well as those of other chemicals are provided in Table 1.
The r1 value of the ultra-small Gd2O3@MnO nanoparticles
is not the same as that of the ultra-small Gd2O3 nanopar-
ticles, which is likely to be due to the particle-size effect.[15]

Table 1 shows that the nanoparticles have higher r1 and r2

values than molecular GdIII chelates, clearly showing that
nanoparticles can be a more sensitive MRI contrast agent.

Table 1. Relaxivities (r1, r2) and particle diameters (d) of various
chemicals including lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles.

Chemical Ligand d r1 r2 r2/r1 Ref.

GdIIIH2O DTPA[a] – 4.1 4.5 1.1 [30]

Gd2O3 -glucuronic acid 1.0 9.9 10.9 1.1 [15]

Gd2O3@MnO lactobionic acid 1.5 12.8 26.6 2.1 this work
MnO lactobionic acid 1.9 6.9 67.7 9.8 [29]

[a] Diethylenetriaminepentaacetic acid.

5. In-Vivo Test

To further investigate the T1 MRI contrasting capability,
we tested the sample solution in vivo by taking 3 T T1 MR
images of a mouse. Before we carried out this measurement,
we performed an in-vitro cytotoxicity test of the sample
solution by using two different cell lines up to 5 µ of GdIII

ion concentration (Figure 8). This test shows that lacto-
bionic acid coated ultra-small Gd2O3@MnO nanoparticles
are not toxic in the concentration range studied. The MR
images obtained are shown in Figure 9. A slight contrast

Figure 8. Cytotoxicity tests of the sample solution by using (a) DU
145 and (b) NCTC 1469 cell lines.
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enhancement in all parts can be seen 90 min after injection
of the sample solution. These in-vivo T1 MR images show
a high contrast enhancement in kidneys, likely due to ex-
cretion of nanoparticles from the organs through the kid-
neys, which is an important requirement for MRI contrast
agents, because the nanoparticles should eventually be ex-
creted by the kidneys.

Figure 9. 3 T in-vivo T1 MR images of a mouse before (left) and
90 min after (right) injection of the sample solution into the tail
vein of the mouse, showing a clear contrast enhancement in the
kidneys (shown by arrows).

Conclusions

We synthesized ultra-small Gd2O3 nanoparticles, which
were surface-doped by MnO by first synthesizing the ultra-
small Gd2O3 nanoparticles and then subsequently coating
(or doping) them with MnO. The Mn/Gd mmol ratio in the
ultra-small Gd2O3@MnO nanoparticles was approximately
0.11:1. They were further coated with hydrophilic biocom-
patible lactobionic acid. The surface-doped nanoparticles
ranged from 1 to 2 nm in diameter. The r1 and r2 values
were estimated to be 12.8 and 26.6 s–1 m–1, respectively.
Compared to the ultra-small Gd2O3 nanoparticles, r1 was
nearly the same, whereas r2 was nearly double due to the
MnO surface doping. This shows that r2 can be improved
by doping with metal oxides with high r2 values on ultra-
small Gd2O3 nanoparticles while retaining the r1 relaxivity
of the ultra-small Gd2O3 nanoparticles. In-vitro tests of the
sample solution showed clear dose-dependent contrast en-
hancements in both T1 and T2 map images. The perform-
ance of the sample solution as a T1 MRI contrast agent
was proved in vivo with T1 MR images of a mouse. The
sample solution certainly provides better T2 MR images
than the undoped ultra-small Gd2O3 nanoparticles al-
though their capability as a T2 MRI contrast agent will be
less than that of SPIO.

Experimental Section
In order to synthesize lactobionic acid coated ultra-small
Gd2O3@MnO nanoparticles, ultra-small Gd2O3 nanoparticles were



Nanoparticles for MRI Contrast Agent

first synthesized and then surface-doped with MnO. Finally, lacto-
bionic acid was coated on the ultra-small Gd2O3@MnO nanopar-
ticles. GdCl3·xH2O (5 mmol) was added to triethylene glycol
(40 mL) and the mixture heated to reflux at 250 °C for 24 h with
magnetic stirring and air bubbling. After it had cooled to 100 °C,
MnCl2·4H2O (5 mmol) was added to the reaction solution. The
reaction solution was heated to reflux at 250 °C for a further 24 h
with magnetic stirring and air bubbling. After cooling to 150 °C,
lactobionic acid (5 mmol) was added to the reaction solution,
which was magnetically stirred at that temperature for another
24 h. After cooling to room temperature, unreacted GdIII, Cl– ions,
and solvent were removed from the reaction solution by repeating
the following procedure three times: firstly, the reaction solution
was diluted with distilled water (500 mL) and then allowed to stand
for a week until most of the nanoparticles had settled to the bot-
tom. Secondly, the top part of the solution was decanted. After
washing, the remaining solution was centrifuged (4000 rpm, 1 h).
The precipitated nanoparticles were then collected. Half of the
yielded nanoparticles were redispersed in distilled water for relaxiv-
ity and MR image measurements, and the remainder was dried in
air to obtain a powder sample for the other characterizations. All
chemicals were purchased from Aldrich and used as received.
HVEM (JEOL JEM-ARM 1300S, 1.2 MeV acceleration voltage)
and STEM (JEOL, JEM 2100F, 200 kV acceleration voltage) were
used to measure particle diameters of the lactobionic acid coated
ultra-small Gd2O3@MnO nanoparticles. The difference was used
to estimate the thickness of the surface coating by lactobionic acid.
The nanoparticles were dispersed in methanol (99.999%) and
loaded onto a copper grid covered with an amorphous carbon
membrane. A DLS particle-size analyzer (UPA-150, Microtrac)
was used to measure the hydrodynamic diameter of the lactobionic
acid coated ultra-small Gd2O3@MnO nanoparticles. The doping
amount of MnO was determined in terms of Mn/Gd molar ratio
by using ICPAES (Thermo Jarrell Ash Co., IRIS/AP). Nanopar-
ticles in a 1.0 g sample solution were completely dissolved by treat-
ing the sample solution with 4 mL of HCl (or 3 mL HCl and 1 mL
HClO4) and heated at 50–60 °C until the nanoparticles were com-
pletely dissolved in the solution. 2–3% HNO3 solution was added
to dilute the sample solution. The total weight of the final solution
was measured and the solution was then used for the ICPAES mea-
surement. A superconducting quantum interference device magne-
tometer (Quantum Design, MPMS-7) was used to characterize the
magnetic properties of the ultra-small Gd2O3@MnO nanoparticles
by recording both M – H curves at 5 and 300 K and a ZFC M –
T curve at an applied field of 100 Oe. In order to measure these
curves, an exact mass (10–20 mg) of the powder sample was loaded
into a nonmagnetic capsule. In order to obtain a net magnetization
measurement of the ultra-small Gd2O3@MnO nanoparticles, cor-
rection of the sample mass was made by recording a TGA (TA
Instruments, SDT Q 600) curve because the ultra-small
Gd2O3@MnO nanoparticles were coated with lactobionic acid.
The TGA curve was scanned between room temperature and
700 °C under a flow of air. An FTIR absorption spectrometer
(Mattson Instruments, Inc., Galaxy 7020A) was used to character-
ize the surface coating by lactobionic acid. To record an FTIR
absorption spectrum (400–4000 cm–1), a pellet was prepared by
pressing a mixture of the powder sample with KBr. Both T1 and
T2 map images as well as both T1 and T2 relaxation times were
measured with an MRI instrument (GE 1.5 T, Excite) equipped
with the Knee coil (EXTREM). A GdIII ion concentration of an
original sample solution was measured with ICPAES. Then, five
aqueous solutions of different GdIII ion concentrations (1, 0.5,
0.25, 0.125, 0.0625 m) were prepared by diluting the original sam-
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ple solution with distilled water and used for both relaxivity and
map image measurements. The experimental conditions for these
measurements have been described in detail previously.[31] The in-
vitro cytotoxicity test of the sample solution was performed by
using both human prostate cancer (DU145) and normal mouse he-
patocyte cell lines (NCTC1469) for GdIII ion concentrations up to
5 µ. Each cell viability test was normalized with respect to the
corresponding control cell lines with 0.0  GdIII ion concentration.
The cellular toxicity was quantified by measuring the intracellular
ATP by using the CellTiter-Glo Luminescant Cell Viability Assay
(Promega) and a luminometer (Victor 3, Perkin–Elmer). Cells were
seeded on a 24-well cell-culture plate at the density of 5�104 with
500 µL volume per well, and they were incubated for 24 h (5%
CO2, 37 °C). Approximately 2 µL of various concentrations (0–
5 µ Gd) of the contrast agent prepared in a sterile phosphate-
buffered saline (PBS) solution, were introduced into the cell culture
media and incubated for 48 h before the cell viability test. The in-
vivo T1 MR-image study was performed in accordance with the
rules of the animal research committee of the Kyungpook National
University. Six-week male ICR mice with weights of 29–31 g were
used for the in-vivo study. The mice (n = 6) were anesthetized by
1.5 % isoflurane in oxygen. Measurements were made before and
after injection of the sample solution (0.07 mmol Gd/kg) through
the tail vein. After each measurement, the mouse was revived from
anesthesia, and placed in the cage with free access to food and
water. During the measurements, the mice were maintained at ap-
proximately 37 °C by using a warm water blanket. MR images were
taken with a 3.0 T MR unit (GE Healthcare) equipped with a
home-made small animal RF coil. The coil was of the receiver type
with an inner diameter of 50 mm. The imaging parameters for T1

3D fast SPGR (spoiled GRASS images) are as follows: repetition
time = 9.2 ms; echo time = 2.1 ms; 12 mm field of view; 256�192
matrix size; 0.8 mm slice thickness; number of acquisitions = 8.
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