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1. INTRODUCTION

Surface coated magnetic nanoparticles have been intensively
investigated so far because of their potential applications to
a variety of biological and biomedical areas. These include
the immobilization1,2 and the bioseparation2�4 of biological
molecules such as proteins, peptides, enzymes, drug and gene
delivery,2,4,5 magnetic resonance imaging (MRI),2,4,5 and hyper-
thermia.2,4,5 Among these, application of nanoparticles as MRI
contrast agents have been actively pursued because they often
showed higher water proton relaxivities than molecular chelates.
Until now, the iron oxide nanoparticles,2,5,6 the ferrite nano-
particles,7 the manganese oxide nanoparticles,8�10 the gadoli-
nium oxide nanoparticles,10�20 the gadolinium compound nano-
particles,21�26 and the dysprosium oxide nanoparticles26�29 have
been investigated. It is interesting to note that some materials
such as FeCo nanoparticles30 as well as the most commonly used
iron oxide nanoparticles31 show very strong both T1 (or positive)
and T2 (or negative) contrast. This is because they have both
high longitudinal (r1) and transverse (r2) water proton relaxiv-
ities. Among the above nanoparticles, only the dextran-coated
iron oxide nanoparticles are now commercially available in the
market as a T2 MRI contrast agent.6 However, large particle
diameters of iron oxide nanoparticles have often limited their
clinical applications because they are mostly accumulated in a

liver.32 Therefore, ultrasmall nanoparticles with high water proton
relaxivities should be developed to overcome this.

The lanthanide oxide (Ln2O3 hereafter) nanoparticles are
promising candidates as T1 and T2 MRI contrast agents. Two
reasons for this include that they are paramagnetic33�39 and
magnetic moments of some Ln(III) are very high. While super-
paramagnetic nanoparticles such as iron oxide nanoparticles
exhibit poor r2s in the size regime where renal clearance is
expected to be efficient,2,5,7 r2s of the ultrasmall Ln2O3 nano-
particles are significant.27 The mostly studied Gd2O3 nanopar-
ticles have already shown high r1s at ultrasmall particle
diameters.10�15,17�20 Their capability as aT1MRI contrast agent
has been also proved in vivo.15,17 However, they are extremely
toxic and thus, should be well-coated with biocompatible ligand.
Furthermore, they should be completely cleared out from the
body through the bladder in a few hours after injection. The next
mostly studied Dy2O3 nanoparticles with somewhat large parti-
cle diameters have shown high r2s.

26�28 However, their water
proton relaxivities at ultrasmall particle diameters, in vitro
cytotoxicity, and in vivo capability as a T2 MRI contrast agent
have not been investigated yet. In this work, we explore, for the
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first time, their water proton relaxivities, in vitro cytotoxicity, and
in vivo capability as aT2MRI contrast agent, at ultrasmall particle
diameters.

Although a variety of synthetic methods to produce 3d-transi-
tion metal oxide nanoparticles have been reported so far,40�44

some of them may not be applied to the lanthanide series. For
instance, when lanthanide metal salts react with hydroxide ions in
aqueous solution, both Ln(OH)3 nanoparticles and nanorods are
produced at ambient temperatures instead of Ln2O3 nanoparti-
cles due to high dehydration activation energies from Ln(OH)3
into Ln2O3.

45 This is opposite to the 3d-transition metal salts
which readily form oxides because of low dehydration activation
energies of their hydroxides. Therefore, appropriate synthetic
methods for Ln2O3 nanoparticles should be devised. In this work,
we developed a facile synthesis of ultrasmall Ln2O3 (Ln = Eu, Gd,
Dy, Ho, and Er) nanoparticles. They were then further coated
with a biocompatible and water-soluble D-glucuronic acid for
both in vitro and in vivo MR experiments without separation.
Note that somewhat large lanthanide oxide nanocrystals had
been synthesized in organic solvents.46 However, the synthetic
method of the present work is different from the above work. The
final products are also different in both morphologies and sizes.
The above work provides nanoplates and nanodisks with dia-
meters of 9 to 20 nm, whereas our work provides nearly spherical
ultrasmall nanoparticles.

In this work, a facile one-pot synthesis of D-glucuronic acid
coated ultrasmall Ln2O3 nanoparticles was introduced. Their
water proton relaxivities were studied to address their possibility
as a new potential MRI contrast agent. Some of colloidal suspen-
sions of these D-glucuronic acid coated nanoparticles in water
showed enhanced water proton relaxivities and significant dose-
dependent contrast enhancements in their map images. We then
focused on D-glucuronic acid-coated ultrasmall Dy2O3 nanopar-
ticle due to its high r2 relaxivity. It was found to be nontoxic in the
in vitro cytotoxicity test. Its usefulness as aT2MRI contrast agent
was for the first time proved in vivo through 3 TT2MR images of
a mouse.

2. EXPERIMENTAL PROCEDURES

Chemicals. All chemicals such as GdCl3.xH2O (99.9%), Dy-
(NO3)3.5H2O (99.99%), Er(NO3)3.5H2O (99.99%), Eu(NO3)3.5H2O
(99.9%), Ho(NO)3.5H2O (99.99%), NaOH (>99.9%), 50% H2O2

aqueous solution, triethylene glycol (99%), and D-glucuronic acid
(99.99%) were purchased from Sigma-Aldrich and used as received.
Triply distilled water was used for both washing samples and preparing
MRI sample solutions.
Synthesis of Ultrasmall Ln2O3 Nanoparticles. To synthesize

ultrasmall Ln2O3 nanoparticles, we added 5 mmol of Ln(III) precursor
to 30 mL of triethylene glycol in a round-bottom flask. The reaction
mixture was magnetically stirred at 50 �C until the precursor was
completely dissolved in triethylene glycol. The solution became trans-
parent (solution color, Eu, Gd, and Dy: no color, Ho and Er: pink).
Fifteen millimoles of NaOH pellet was then added to the reaction
mixture. The reaction temperature was then increased andmaintained at
80 �C. The reaction continued until NaOH was completely dissolved
over two hours. The solution became cloudy for a while just after the
addition of NaOH and then, transparent again (solution color, Eu, Gd,
and Dy: yellow, Ho and Er: dark pink). Then, 7.5 mL of H2O2 aqueous
solution was slowly dropped into the reaction mixture through a syringe.
The oxygen gas (confirmed from flame experiment) vigorously evolved
during the addition of H2O2 and the solution became cloudy again with
accompanying a color change, due to the formation of ultrasmall Ln2O3

nanoparticles (solution color, Eu, Gd, and Dy: white, Ho and Er: pale
pink). The reaction mixture was left to react for an additional 2 h. Note
that ultrasmall Ln2O3 nanoparticles can be also formed without H2O2 at
high temperatures.47 However, we found that ultrasmall Ln2O3 nano-
particles can be more efficiently formed by adding H2O2 even at lower
temperature conditions such as those employed here.
Surface Coating of Ultrasmall Ln2O3 Nanoparticles with D-

Glucuronic Acid. For surface coating of nanoparticles with D-glu-
curonic acid, 5 mmol of D-glucuronic acid was added to the above
solution. The surface coating reaction continued for another 6 h. After
completion of the reaction, the solution was cooled to room tempera-
ture. It was transferred into a 1 L beaker containing 500 mL of triply
distilled water and then, magnetically stirred for an hour. It was stored
for a week or so until the D-glucuronic acid coated Ln2O3 nanoparticles
precipitated. The top transparent solution was decanted and the
remaining sample solution was again washed with triply distilled water.
This procedure was repeated three times. The first half volume of the
sample solution was used to prepare a MRI sample solution in triply
distilled water (solution color, Gd and Dy: light yellow, Eu: yellow, and
Ho and Er: dark yellow). A typical concentration of the MRI solution
was 30 mM Ln. The remaining half volume was subjected to a powder
form by drying it in air for various characterizations as described below.
Characterization. A high voltage electron microscope (HVEM)

(JEOL JEM-ARM 1300S, 1.2 MeV acceleration voltage) was used to
measure particle diameters of D-glucuronic acid coated ultrasmall Ln2O3

nanoparticles. A copper grid (PELCO No.160, TED PELLA, INC.)

Figure 1. HVEM images of D-glucuronic acid-coated ultrasmall Ln2O3

nanoparticles (Ln = (a) Eu, (b) Gd, (c) Dy, (d) Ho, and (e) Er).

Table 1. Average Particle Diameter (davg), r1, and r2 of
D-Glucuronic Acid-Coated Ultrasmall Ln2O3 Nanoparticles
and the M of Ln(III) in Ultrasmall Ln2O3 Nanoparticles

M at H = 5 T

(μB)

ultrasmall

Ln2O3

nanoparticle

davg

(nm)

ground state

electronic

configuration of

Ln(III) 5 K 300 K

r1

(s�1mM�1)

r2

(s�1mM�1)

Eu2O3 2.0 7F0 0.078 0.046 0.006 3.82

Gd2O3 2.4 8S7/2 6.42 0.24 4.25 27.11

Dy2O3 2.9 6H15/2 5.19 0.42 0.16 40.28

Ho2O3 2.4 5I8 4.66 0.39 0.13 31.24

Er2O3 2.9 4I15/2 4.52 0.34 0.06 14.74
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covered with an amorphous carbon membrane was placed onto a filter
paper and then, a sample solution diluted in triply distilled water was
dropped over the copper grid by using amicropipet (Eppendorf, 2 - 20μL).
An X-ray diffraction (XRD) spectrometer (Philips, X’PERT PRO
MRD) with an unfiltered CuKα (λ = 1.54184 Å) radiation was used
to measure crystal structures of D-glucuronic acid coated ultrasmall
Ln2O3 nanoparticles. The scanning step and the scan range in 2θ were
0.033� and 15 - 100�, respectively. The concentration of Ln in a MRI
sample solution was determined by using an inductively coupled plasma
atomic emission spectrometer (ICPAES) (Thermo Jarrell Ash Co.,
IRIS/AP). To determine this,∼ 1mL of the MRI solution was extracted
and pretreated with acids to completely dissolve nanoparticles in
solution. A Fourier transform-infrared (FT-IR) absorption spectrometer
(Mattson Instruments, Inc., Galaxy 7020A) was used to verify the
surface coating. To record a FT-IR absorption spectrum (400 - 4000
cm�1), a pellet of a powder sample in KBr was prepared. A thermo-
gravimetric analyzer (TGA) (TA Instruments, SDT-Q 600) was used to
estimate the amount of surface coating. A TGA curve of each powder
sample was recorded between room temperature and 700 �C while air was
flowed. The maximum amount of surface coating with D-glucuronic acid
was estimated from the mass drop in the TGA curve. A superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design, MPMS-7) was used to measure magnetic properties of ultra-
small Ln2O3 nanoparticles. Both magnetization (M) versus applied field

(H) (i.e.,M� H) curves (�5e He 5 T) at temperatures (T) = 5 and
300K and zero-field-cooled (ZFC)M versusT (i.e.M-T) curves (3eTe
330K) atH=100 oersted (Oe) were recorded. Tomeasure bothM-H and
M - T curves, each weighed powder sample was loaded into a nonmagnetic
gelatin capsule. A very small diamagnetic contribution of the capsule had a
negligible contribution to the overall M, which was dominated by the
sample. Mass corrected M of each ultrasmall Ln2O3 nanoparticle was
obtained by using its weight percent estimated from its TGA curve.
r1 and r2 Relaxivity and R1 and R2 Map Image Measure-

ments. Both R1 and R2 map images as well as both T1 and T2 relaxation
times were measured by using a 1.5 T MRI instrument (GE 1.5 T Signa
Advantage, GEmedical system) equipped with the knee coil (EXTREM).
A series of five aqueous solutions of different concentrations (1, 0.5,
0.25, 0.125, and 0.0625 mM Ln) were prepared by diluting each MRI
solution with triply distilled water. Then, both map images and
relaxation times were measured by using these solutions. The r1 and
r2 relaxivities were then estimated from the slopes in the plots of
1/T1 and 1/T2 versus Ln concentration, respectively. The measure-
ment parameters are as follows: the external MR field (H) = 1.5 T,
the temperature =22 �C, the number of acquisition (NEX) = 1, the
field of view (FOV) = 16 cm, the phase FOV = 1, the matrix size =
512� 512, the slice thickness =5mm, the spacing gap =0, and the pixel
bandwidth =61.0547, the repetition time (TR) = 2009ms, and the time
to echo (TE) = 9 ms.

Figure 2. XRD patterns of D-glucuronic acid coated ultrasmall Ln2O3 nanoparticles (labeled as “as-prepared”) and Ln2O3 nanoparticles obtained after
TGA analysis up to 700 �C (labeled as “after TGA”) (Ln = (a) Eu, (b) Gd, (c) Dy, (d) Ho, and (e) Er).
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In vitro Cytotoxicity Test. The cellular toxicity of a Dy2O3 MRI
solution was measured by using the CellTiter-Glo Luminescent Cell
Viability Assay (Promega, WI, USA). In this assay, the intracellular ATP
was quantified by using a luminometer (Victor 3, Perkin-Elmer). Both
human prostate cancer (DU 145) and normal mouse hepatocyte
(NCTC 1469) cell lines were used. Cells were seeded on a 24-well cell
culture plate and incubated for 24 h (5 � 104 cell density, 500 μL cells
per well, 5%CO2, 37 �C). Four test solutions (5, 10, 50, and 100μMDy)
were prepared by diluting the MRI sample solution with a sterile
phosphate-buffered saline (PBS) solution. ∼ 2 μL of each test solution
was treated into the cell culture media. The treated cell culture media
were then incubated for 48 h. Each cell viability was measured and
normalized with respect to the control cell line with 0.0 M Dy con-
centration. The measurement was repeated three times for each test
solution to obtain average cell viabilities.
In vivo T2 MR Image Measurement. T2 MR images were taken

by using a 3TMRI scanner (GE 3T, SignaHD). The in vivo animal study
was performed in accordance with the rules and regulations of the animal
research committee of Kyungpook National University. A 6.5 weekmale
ICR mouse with weight of 116 g was used. The mouse was anesthetized
by 1.5% isoflurane in oxygen. Measurements were made before and after
the injection of aMRI solution into a mouse tail vein. The injection dose
was 0.05mmolDy/kg. Duringmeasurements, themouse wasmaintained
at 37 �C by using a warm water blanket. After measurements, the mouse
was revived from anesthesia and placed in the cage with a free access to
both food and water. The measurement parameters are as follows: the
H = 3 T, the temperature =37 �C, the NEX = 4, the FOV = 6 - 9 cm, the

phase FOV = 0.7, the matrix size =256 � 256, the slice thickness =
1 - 2 mm, the spacing gap =0.5 � 1.0 mm, and the pixel bandwidth =
31.25, the TR = 3000 ms, the TE = 50 ms. Region of interest (ROI)
analysis of signal intensities (SI) on T2 MR images before and after
injection was performed by using a circular area of 8.63 mm2 ROI. The
normalized signal intensity was then estimated by dividing SI measured
at each time points after injection with SI measured before injection.

3. RESULTS AND DISCUSSION

Particle Diameter and Crystal Structure. HVEM images of
D-glucuronic acid coated ultrasmall Ln2O3 nanoparticles are
shown in Figure 1. The average particle diameters range from
2.0 to 3.0 nm as provided in Table 1. By using these HVEM
images, we measured particle diameters over 50 to 76 nanopar-
ticles. By using a log-normal distribution function, we fitted the
particle diameters (see Supporting Information) and estimated
average particle diameters as provided in Table 1. XRD patterns
of the as-prepared powder samples are shown in Figure 2. Among
the known three phases (i.e., Ln(OH)3, LnOOH, and Ln2O3),

45

each obtained XRD pattern is close to that of the Ln2O3. The
very broad XRD patterns indicate that most of the ultrasmall
Ln2O3 nanoparticles are not fully crystallized because of their
ultrasmall particle diameters, similar to that observed in ultra-
small Gd2O3 nanoparticles.

47 After TGA analysis of the powder
samples up to 700 �C, however, the sharp peaks (222), (400),

Figure 3. FT-IR absorption spectra of D-glucuronic acid coated ultrasmall Ln2O3 nanoparticles (Ln = (a) Eu, (b) Gd, (c) Dy, (d) Ho, and (e) Er).
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(440), and (622), corresponding to a highly crystallized form of
Ln2O3with a cubic structure, were observed as shown in Figure 2.
The particle diameters after TGA analysis also increased, ranging
from5 to 15nm(seeHVEM images in the Supporting Information).
The estimated cell constants of these samples are consistent
with the values given by JCPDS-International Center for
Diffraction Data, PCPDFWIN, Version 1.30 (Table S1 in Sup-
porting Information).48

Surface Coating. FT-IR absorption spectra are shown in
Figure 3. The characteristic stretching frequencies at 2920�
2950, 1600�1620, and 1070�1080 cm�1, corresponding to the
C�H, the CdO, and the C�O stretches, respectively, confirm

that ultrasmall Ln2O3 nanoparticles are coated with D-glucuronic
acid. The red shift in the CdO stretch by ∼100 cm�1 from
∼1710 cm�1 of a free D-glucuronic acid confirms that the
carboxylic acid group chemically binds to surface Ln(III). This
red shift had been already observed in various metal oxide
nanoparticles coated by various ligands with carboxylic acid
groups.47,49,50 The peak at 1380�1410 cm�1 results from the
stretching absorption of CO3

2�, which was formed from
the reaction between absorbed water and CO2 from air.51,52

The TGA curves in Figure 4 show that the ultrasmall nanopar-
ticles are sufficiently coated with D-glucuronic acid, which is
prerequisite for biomedical applications. The maximum surface
coatings by D-glucuronic acid were estimated to be 55.21, 56.64,
52.11, 54.20, and 60.38% in weight percent for ultrasmall Ln2O3

nanoparticles (Ln = Eu, Gd, Dy, Ho, and Er, respectively). From
these, net masses of ultrasmall Ln2O3 nanoparticles in D-glu-
curonic acid coated ultrasmall Ln2O3 nanoparticles were esti-
mated to be 44.79, 43.36, 47.89, 45.80, and 39.62% for Ln = Eu,
Gd, Dy, Ho, and Er, respectively, and used for estimating net (or
mass corrected) Ms of the ultrasmall Ln2O3 nanoparticles in
D-glucuronic acid-coated ultrasmall Ln2O3 nanoparticles.
To estimate the number of D-glucuronic acids on unit area of a

nanoparticle surface, we calculated grafting densities53 by using a
molecular mass of D-glucuronic acid of 194.14 g/mol, average
particle diameters estimated from HVEM images (Table 1), and
bulk densities of 7.42 (Eu2O3), 7.407 (Gd2O3), 7.42 (Dy2O3),

Figure 4. TGA curves of of D-glucuronic acid coated ultrasmall Ln2O3 nanoparticles (Ln = (a) Eu, (b) Gd, (c) Dy, (d) Ho, and (e) Er).

Table 2. Grafting Densities and Mass Weight Percents of
D-Glucuronic Acids in D-Glucuronic Acid Coated Ultrasmall
Ln2O3 Nanoparticles

mass weight percents

ultrasmall Ln2O3

nanoparticle

grafting densities

(nm�2)

as-

prepared

after two

months

Eu2O3 9.43 55.21 55.46

Gd2O3 11.46 56.64 53.45

Dy2O3 12.74 52.11 54.87

Ho2O3 12.35 54.20 56.91

Er2O3 19.74 60.38 59.89
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8.41 (Ho2O3), and 8.64 g/mL (Er2O3).
54 As provided in Table 2,

grafting densities are all large, implying that nanoparticles are
sufficiently coated with D-glucuronic acids. Furthermore, for surface
coating stabilities to be measured, the nanoparticle solutions sit 2
months until nanoparticles precipitate. The top clear solutions were
decanted. If surface coatingwas unstable, ligandswill be liberated into

solution phase. The remaining precipitated nanoparticles were
collected and dried in air and then, subject to TGA analysis (see
the Supporting Information for TGA curves). Themass percentages
of ligands were compared to the previous values of as-prepared
samples. As given in Table 2, the differences are negligible within an
experimental error limit, implying that ligand coatings are stable.

Figure 5. Both (i)mass correctedM�H, and (ii)M�T curves of D-glucuronic acid-coated ultrasmall Ln2O3 nanoparticles (Ln = (a) Eu, (b) Gd, (c) Dy,
(d) Ho, and (e) Er).
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Magnetic Properties. Both mass corrected ZFCM�T curves
atH = 100 Oe andM�H curves at T = 5 and 300 K are shown in
Figure 5. The mass corrected Ms are due to ultrasmall Ln2O3

nanoparticles. The M�H curves at both T = 5 and 300 K show
that both coercivity and remanance are zero (i.e., no hysteresis).
This lack of hysteresis as well as no magnetic transition down to
T = 3 K in the ZFC M�T curves shows that all samples are
paramagnetic down to T = 3 K. These are consistent with
experiments.33�39 From the M�H curves, the Ms at H = 5 T
were estimated and then, multiplied by m(Ln2O3)/2m(Ln) to
get net Ms of Ln(III) in ultrasmall Ln2O3 nanoparticles
(Table 1). These values at T = 5 K except for that of ultrasmall
Eu2O3 nanoparticles are somewhat lower than those of expected

values55 because of some errors in sample masses as well as
because the M � H curves are not fully saturated at H = 5 T.
Here, ultrasmall Eu2O3 nanoparticle shows a negligible M
because the total electron angular momentum (J) of Eu(III) = 0.
The magnitude of M at room temperature is very important for
determining both r1 and r2.

28,56 Furthermore, the r1 is very high
when the M solely arises from S-state electrons of Ln(III) as
discussed below.56

r1 and r2 Relaxivities and R1 and R2 Map Images. Both
inverse longitudinal (1/T1) and transverse (1/T2) relaxation
times are plotted as a function of Ln concentration as shown in
Figure 6 and then, both r1 and r2 are obtained from the slopes,
respectively, as provided in Table 1. It is known that only
the electron spin magnetic moment can efficiently induce the

Figure 6. Plots of 1/T1 and 1/T2 inverse relaxation times of sample solutions of D-glucuronic acid coated ultrasmall Ln2O3 nanoparticles (Ln = (a) Eu,
(b) Gd, (c) Dy, (d) Ho, and (e) Er). The slopes correspond to r1 and r2 relaxivities, respectively.

Figure 7. Both (a) R1 and (b) R2 map images as a function of Dy
concentration, and (c) a Dy2O3 MRI sample solution.

Figure 8. In vitro cytotoxicity tests of a Dy2O3 MRI sample solution by
using DU 145 and NCTC 1469 cell lines.
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longitudinal water proton relaxation because a slow electron spin
motion is closely in match with a slow water proton relaxation.56

However, a fast electron orbital motion is quite far from the water
proton relaxation. Therefore, r1 will be high if J of Ln(III)
consists only of the electron spin angular momentum (S) and
is also high. But it will be small if J has a contribution from an

electron orbital angular momentum (L). This explains why only
the D-glucuronic acid coated ultrasmall Gd2O3 nanoparticle has
a high r1, whereas others have negligible r1s (see Table 1). As
a consequence, only the D-glucuronic acid coated ultrasmall
Gd2O3 nanoparticle shows a clear dose-dependent contrast
enhancement in its R1 map image (see Figure 7a for D-glucuronic
acid coated ultrasmall Dy2O3 nanoparticle and Supporting Informa-
tion for others). On the other hand, r2 is roughly proportional to
the M2 of nanoparticle at room temperature.28 Therefore, as
expected, the D-glucuronic acid coated ultrasmall Dy2O3 nano-
particle shows the highest r2 (see Table 1) and as a result, the
most clear dose-dependent contrast enhancement in its R2 map
image among the studied nanoparticles (see Figure 7b for the D-
glucuronic acid coated ultrasmall Dy2O3 nanoparticle and the
Supporting Information for others).
Based on the above estimated r1 and r2, D-glucuronic

acid-coated ultrasmall Gd2O3 and Dy2O3 nanoparticles are the
best candidates for T1 and T2 MRI contrast agents among
the studied nanoparticles, respectively. As mentioned before,
Gd2O3 nanoparticles have been intensively studied in vitro and
in vivo,10�15,17�20 whereas only a few studies on Dy2O3 nano-
particle exist.26�29 Therefore, we will concentrate on the role of
the D-glucuronic acid coated ultrasmall Dy2O3 nanoparticle as T2

Figure 9. Series of axial (top) and coronal (bottom) 3 T T2 MR images
of (a) liver and (b) kidneys (indicated with arrows) of a mouse with
time after the injection of a Dy2O3 MRI sample solution into a mouse
tail vein.

Figure 11. Percentage change of the normalized SI in liver, kidney,
brain, and heart at 90 min after injection of the Dy2O3 MRI sample
solution into a mouse tail vein. This roughly shows biodistribution of
nanoparticles at this time.

Figure 10. Normalized SI as a function of time in liver, kidney, brain, and heart after injection of the Dy2O3MRI sample solution into a mouse tail vein.
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MRI contrast agents. Here, water proton relaxivities, in vitro cyto-
toxicity, and in vivoMR imaging properties associated with the D-
glucuronic acid-coated ultrasmall Dy2O3 nanoparticles are
exploited for the first time. A well-dispersed Dy2O3 MRI sample
solution is shown in Figure 7c.
To evaluate the coating effectiveness, wemeasured both r1 and

r2 relaxivities on ultrasmall Dy2O3 nanoparticles without D-
glucuronic acid coating. They are estimated to be 0.05 and
54.26 s�1 mM�1, respectively (see the Supporting Information).
The measured r2 is somewhat larger than that of D-glucuronic
acid-coated ultrasmall Dy2O3 nanoparticles. This is likely due to
the different coating states between them.56,57 That is, the water
can more closely approach less coated or uncoated nanoparticles
than coated nanoparticles. Thus, the water proton can feel
stronger local magnetic fields from the former than the latter.
As a result, the former can more efficiently induce water proton
relaxations than the latter, making r2 of the former larger than
that of the latter. Here, note that solvent coating can not be
totally avoided because nanoparticles were synthesized in triethy-
lene glycol. Thus, some solvent coating is expected for ultrasmall
Dy2O3 nanoparticles without D-glucuronic acid coating.
In vitro Cytotoxicity. Prior to the in vivo animal experiments,

a cytotoxicity test of a Dy2O3 MRI sample solution was per-
formed. As shown in Figure 8, the nanoparticles are nontoxic for
the tested concentration range up to 100 μM Dy and thus, safe
for in vivo experiments. We also measured the cell viability on
ultrasmall Dy2O3 nanoparticles without D-glucuronic acid coating.
It is found that these nanoparticles are nearly nontoxic for the
tested concentration range up to 100 μMDy (see the Supporting
Information), similar to that observed in D-glucuronic acid
coated ultrasmall Dy2O3 nanoparticles. This is likely because
Dy(III) is not much toxic within the tested concentration
range.58,59 In addition to this, some solvent coating as mentioned
above will further reduce any toxicity of nanoparticles.
In vivo T2MR Images of aMouse.To find out whether or not

the D-glucuronic acid coated ultrasmall Dy2O3 nanoparticle can
be a potential T2 MRI contrast agent, an in vivo animal experi-
ment was performed at 3 T MR field. The MRI sample solution
was injected into a mouse tail vein and a series of 3 T in vivo T2

MR images were taken with time. The results are provided in
Figure 9. A strong negative (i.e., darker) contrast enhancement in
liver can be clearly seen inT2MR images after 30min of injection
of the Dy2O3MRI sample solution (Figure 9a). Although weaker
than liver, the kidneys also show a negative contrast enhance-
ment after 30 min (Figure 9b). The strong signal intensity (SI)
change in the liver suggests that the nanoparticles were taken up
by the reticuloendothelial system of liver. Furthermore, the
negative contrast enhancement in the kidneys demonstrates that
the nanoparticles were in part cleared out by the kidneys, which is
important for a clinical application. Figure 10 shows the normal-
ized SI as a function of time in liver, kidney, brain, and heart after
injection of the Dy2O3 MRI sample solution. Liver shows the
negative contrast enhancement up to 180 min after injection
while the kidneys do not keep the negative contrast enhancement
at 180 min. These results were expected in that the clearance of
nanoparticles by the reticuloendothelial system of liver is known
to take up to a month but the clearance by glomerular filtration
through kidneys is much faster.60 Compared to in vivo work by
using silanized Dy2O3:Tb

3+ nanocrystals,29 our T2 MR images
show definite negative contrast enhancements because the r2 of
D-glucuronic acid coated ultrasmall Dy2O3 nanoparticles of this

work is much higher than that of silanized Dy2O3:Tb
3+ nano-

crystals.
Biodistribution of injected nanoparticles was investigated by

using the change of the normalized SI in various organs at 90 min
after injection (Figure 11). Note that the change in the normal-
ized SI is proportional to the amount of accumulated nanopar-
ticles. As can be seen in Figure 11, the nanoparticles are highly
accumulated in the liver but less accumulated in the kidneys.
However, the nanoparticles were negligibly accumulated in brain
and heart at this time.
Considering that r2 is roughly proportional to the M2 of

nanoparticle as mentioned before, this negative contrast
enhancement will become even stronger at higher MR fields
because the M increases as the MR field strength increases.
Therefore, T2 MR images should be more exploited at high
MR fields.

4. CONCLUSION

We developed a new and facile one-pot synthesis of D-
glucuronic acid coated ultrasmall Ln2O3 (Ln = Eu, Gd, Dy,
Ho, and Er) nanoparticles. We investigated their application as
new MRI contrast agents by measuring their water proton
relaxivities. The D-glucuronic acid coated ultrasmall Gd2O3

nanoparticle showed a high r1 (= 4.25 s�1 mM�1), whereas
others showed negligible r1s (<0.2 s

�1 mM�1). Therefore, only
the D-glucuronic acid-coated ultrasmall Gd2O3 nanoparticle is a
potential candidate for a T1 MRI contrast agent. The D-glucuro-
nic acid-coated ultrasmall Dy2O3 nanoparticle showed the high-
est r2 (= 40.28 s�1 mM�1) among the studied nanoparticles. It
was found to be nontoxic up to 100 μMDy in cytotoxicity test. It
showed a clear but weak negative contrast enhancement in its T2

MR images of a mouse at 3 T MR field, as expected from the
moderate r2. This suggests that it can be further exploited for the
rational design of a new T2 MRI contrast agent at high MR fields
because r2 rapidly increases with increasing MR field strengths.
Also, biodistribution of nanoparticles after sacrificing a rat should
be performed. Because r2 is somewhat affected by both coating
agents and particle diameters, different coating agents as well as
different synthesis to get different particle diameters may be also
tried. If developed, it may be used either target-specifically or
non-target-specifically because of its ultrasmall size like molecu-
lar MRI contrast agents.
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