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E
stablishing methods to synthesize nano-
crystals with well-defined size and shape
is crucial, as the size, shape, surface,

and crystal structure all strongly influence
the properties of nanocrystals.1�3 Synthesis
of nanocrystals with tailored morphology
allows for correlation of the optical, magnetic,
and electronic propertieswith thenanocrystal
size and shape. This insight guides the design
of nanocrystals optimized for various appli-
cations.4�7 Shape control of nanocrystals is
achieved using various methods, including
seed-mediated growth,8 control of reaction
kinetics,9,10 selective passivation by surfac-
tants,11,12 oriented attachment,13 and sequen-
tial cationexchangeprocesses.14,15Using these
strategies, themorphology of nanocrystals has
expanded to include nanorods,16 nanowires,17

nanoplates,18 nanocubes,19 multipods,20

and other faceted nanocrystals.21,22

Anisotropic nanocrystals with precisely
designed size and shape provide new types
of building blocks for anisotropic super-
structures.23�27 Building blocks with aniso-
tropic shapes or surface interactions enrich
the structural diversity of nanocrystal super-
lattices by allowing for shape-directed self-
assembly.28 These superstructures are par-
ticularly interesting because they resemble
a variety of biological structures which are
created by the directed self-assembly of
small molecules or a hierarchical coassem-
bly of ordered structures. For example, the
unidirectional self-assembly of anisotropic
nanocrystals is reminiscent of the formation
of fibrils, which are amajor structural building
block of biomaterials such as skin, tendon,
bone, and other connective tissues.29,30 Self-
assembled superlattices can mimic complex
biomaterials, acting as models to understand
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ABSTRACT Here, we report the shape-controlled synthesis of tripodal and

triangular gadolinium oxide (Gd2O3) nanoplates. In the presence of lithium ions, the

shape of the nanocrystals is readily controlled by tailoring reaction parameters such as

temperature and time. We observe that the morphology transforms from an initial

tripodal shape to a triangular shape with increasing reaction time or elevated

temperatures. Highly uniform Gd2O3 nanoplates are self-assembled into nanofibril-like

liquid-crystalline superlattices with long-range orientational and positional order. In

addition, shape-directed self-assemblies are investigated by tailoring the aspect ratio

of the arms of the Gd2O3 nanoplates. Due to a strong paramagnetic response, Gd2O3 nanocrystals are excellent candidates for MRI contrast agents and also

can be doped with rare-earth ions to form nanophosphors, pointing to their potential in multimodal imaging. In this work, we investigate the MR

relaxometry at high magnetic fields (9.4 and 14.1 T) and the optical properties including near-IR to visible upconversion luminescence and X-ray excited

optical luminescence of doped Gd2O3 nanoplates. The complex shape of Gd2O3 nanoplates, coupled with their magnetic properties and their ability to

phosphoresce under NIR or X-ray excitation which penetrate deep into tissue, makes these nanoplates a promising platform for multimodal imaging in

biomedical applications.
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the process by which biomaterials self-organize and
the structure�property relationships.31

In biomedical research and clinical medicine, nano-
crystals and their assembled structures play an increas-
ingly important role as imaging agents.32,33 Nanocrystal-
based imaging probes can offer enhanced sensitivity and
spatial resolution through incorporation of twoormore
imaging modalities into a single nanocrystal.34�37 The
properties of nanocrystals may be further manipulated
through controlled aggregation or self-assembly of
individual nanocrystals in vivo.38�40 Furthermore, the
high surface area of nanocrystals facilitates their sur-
face modification with targeting reagents, providing
enhanced detection sensitivity and selective targeting
of therapeutic agents.41,42 While early studies focused
on understanding how the physical properties of
nanocrystals are modified by particle size and shape,
evidence suggests that the size and shape of nano-
crystals can also directly influence the interaction of
nanocrystals with biological systems. The effect of
nanocrystal size on enhanced permeability and reten-
tion (EPR) and in vivo blood circulation time is well-
documented in the literature.43�45 More recently, the
nanocrystal shape was also shown to influence cellular
internalization and nanoparticle�cell interaction.46�51

For example, disk-shaped nanocrystals preferentially
accumulate within tumor vasculature and increase the
sensitivity of tumor detection.52 This result indicates
the importance of nanocrystal shape on biological
interactions. Monodispersity is essential in this investi-
gation because it allows for accurate analysis of biodis-
tributions without the confounding effect of size-
dependent clearance. Therefore, it is a prerequisite to
develop methods to tune the morphology of highly
uniform nanocrystals that can be directly applied as
imaging agents.
Lanthanide-based nanocrystals are promising can-

didates for nanomedicine applications.53�58 A rich
morphological diversity of lanthanide-based nanopho-
phors exists which may be tailored by precisely con-
trolling reaction conditions.59�63 Lanthanide ions have
free f-electrons, which are responsible for their unique
magnetic and optical properties, and allow for the
design of customized nanocrystals by simply incorpor-
ating multiple lanthanide ions into the nanocrystals.
The optical transition between f-orbitals is a parity
forbidden transition, resulting in long excited state
lifetimes (>1 μs). This facilitates energy transfer be-
tween atomic levels in doped lanthanide ions, which
can result in nonlinear optical properties such as near-
IR to visible two-photon upconversion.64�67 In addi-
tion, lanthanide-based nanocrystals act as scintillating
materials due to their high atomic number, providing
an additional optical modality under high-energy ra-
diation such as X-ray.68�70 The paramagnetic behavior
of several lanthanide elements, including Gd, enables

the use of lanthanide-based materials as magnetic
resonance imaging (MRI) contrast agents.
Here, we report shape-controlled synthesis of gadoli-

nium oxide (Gd2O3) tripodal and triangular nanoplates.
Gd2O3 is well-known as an MRI contrast imaging agent
due its unique high spin paramagnetism.71,72 Through
simple addition of lithium hydroxide (LiOH), which is
used as a shape-directing agent, highly uniform Gd2O3

nanoplates are synthesized with morphology tunable
from a tripodal to a triangular shape. The complex
morphology of the tripodal nanoplate, which resem-
bles the 14.2 � 8.5 � 3.8 nm shape of an IgG anti-
body,73 could provide an additional degree of free-
dom to tailor shape-dependent physiological interac-
tions. In addition, we study near-IR to visible upconver-
sion luminescence by codoping erbium (Er3þ) and
ytterbium (Yb3þ) into the host and X-ray excited optical
luminescence (XEOL) with europium (Eu3þ) or terbium
(Tb3þ) dopants. Coupled with magnetic properties,
tripodal and triangular Gd2O3 nanoplates can offer
unique opportunities for multimodal imaging probes.

RESULTS AND DISCUSSION

Gadolinium oxide nanoplates are synthesized through
thermal decomposition of gadoliniumacetate precursors
in thepresenceof lithiumhydroxide. Lithiumhydroxide is
initially added to a nonpolar solvent mixture of oleic
acid and 1-octadecene, and upon heating to 110 �C,
lithium hydroxide reacts with oleic acid, likely form-
ing lithium oleate, and becomes soluble in nonpolar
media. After adding gadoliniumacetate precursors, the
reaction solution is heated to around 300 to 320 �C,
resulting in the formation of Gd2O3 nanoplates. A high
N2 flow rate during the heating was found to be critical
to synthesize uniformGd2O3 nanoplateswith the desired
morphology. We propose that, upon heating, acetic acid
formed from the acetate salts or decomposed compo-
nents and water which volatilize in the reaction mixture
can adversely affect the growing of nanocrystals.
Shape control of Gd2O3 nanoplates is achieved by

controlling the reaction time and temperature. Figure 1
displays transmission electron microscope (TEM) images
of Gd2O3 nanoplates synthesized at different tempera-
tures. Gd2O3 nanoplates with tripodal plate morphology
are formed after 1 h at 300 �C (Figure 1a). At a reaction
temperature of 320 �C, with the same reaction time,
triangular-shaped nanoplates are obtained as the final
product (Figure 1b). Tripodal nanoplates show remark-
able uniformitywith narrowdistributions even in the arm
length and width (Figure 2). In addition, pure tripods are
obtained exclusively without any other shape impurities,
such as rods, bipods, or spheres. In some regions, tripodal
nanoplates are observed to form liquid-crystalline super-
structures with long-range order due to size and shape
uniformity. Lithium ions play an important role in the
formation of tripod morphology. When sodium ions
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are used instead of lithium salts, disk-shaped ultrathin
nanoplates are formed exclusively without any tripod
or multipod morphologies (Figure 1c,d).
The crystal structure of Gd2O3 is characterized by

powder X-ray diffraction (PXRD) and electron micro-
scopy. Figure 3a displays the PXRD of tripodal and
triangular Gd2O3 nanoplates. The crystal structure of
plate-shaped Gd2O3 nanoplates most closely resem-
bles the cubic phase bixbyite structure (JCPDS No.
43-1014). Similarity of peak broadening and intensity
in diffraction patterns of two different shapes indicates
that the crystallographic structure of the tripodal and
triangular nanoplates is maintained during the mor-
phological transformation. Both nanoplates show a
sharp (440) reflection in PXRD patterns and broad
peaks for the other planes, suggesting that the (440)
plane lies in the plane of the nanoplates. Figure 3b,c
shows high-resolution transmission electron microscopy
(HRTEM) images of tripodal and triangular Gd2O3 nano-
plates. Fast Fourier transforms of HRTEM images of these
structures show single-crystalline patterns with six-fold
symmetry. For a cubic crystal structure, this symmetry
would only be shown from the [111] zone axis, indicat-
ing that our nanoplates are confined by the (111) plane
and that growth occurs along the [110] direction. This
description is consistent with the tripod morphology
where three arms of a nanoplate form three-fold sym-
metry and correspond to the three equivalent {110}
vectors in the [111] plane. In a previous report on
Gd2O3 by Cao et al.74 and an extended study of rare-
earth oxide nanoplates,60 it is reported that Gd2O3

nanoplates form a structure where the top and bottom
planes of Gd2O3 nanoplates are enclosed by (001)
planes with the c-axis as the direction of thickness.
Compared to our experimental data, it is expected that
addition of lithiummay stabilize the (111) plane of Gd2O3

relative to the (100) plane, resulting in formation of
nanoplate morphology truncated by the (111) plane.
Reflections of Gd2O3 nanoplates in PXRD patterns

show deviations from the bulk peak positions. Mea-
surement patterns show that expansion of interplanar
distance along (222) and (400) planes is more distorted
than in the (440) reflection peak. Size-dependent
lattice expansion of metal oxide structure at the nano-
scale is often observed with decreasing crystalline do-
main size smaller than 10 nm.75 Our nanoplates are
confined by the (222) plane, which means that a large
portion of atoms in the (222) plane are located on the
surface. Different atomic coordination of the surface
atoms may induce a change in atomic bond length,
which modifies the interplanar distance. In addition,
due to the small size of the lithium ion, we anticipate
that lithium may be doped into the Gd2O3 lattice, indu-
cing lattice expansion, as similar results with sodium
doping in rare-earth oxysulfide nanocrystals have been
reported.62

A series of reactions conducted at a fixed reaction
time but systematically varied reaction temperatures
provide insight on the growth mechanism for tripodal
and triangular nanoplates. At 280 �C and a 30 min
reaction time, a mixture of nanorods and small round-
shaped disks is observed, with a small portion of tri-
podal nanoplates (Figure 4a). After 1 h at 280 �C, a large
portion of disks and rods are transformed into the
tripod shape (Figure 4b). Careful inspection of nano-
plates in the reaction at 280 �C reveals the formation of
rod-shaped nanoplates with arrow-headed tips, which
suggests that coalescence between small crystals may
contribute to the growth in this early reaction. This is
further supported by the observation of branched
nanoplates in which additional branches grow from
the center of the arms (Supporting Information Figure S1).
Tripod nanoplates of high uniformity are the exclusive
product when the reaction temperature is increased to
290 and 300 �C after a 1 h reaction time (Figure 4c,d).
When the reaction temperature is increased to 310 �C,
the aspect ratio of each arm decreases, forming amore
triangular shape (Figure 4e). Triangular plates are exclu-
sively observed after a 1 h reaction at 320 �C (Figure 4f).
To investigate the shape evolution of nanoplates,

aliquots were taken during a single reaction and ana-
lyzed by TEM. Figure 5a�e represents TEM images of
nanoplates taken at increasing time intervals for a
300 �C reaction temperature. Tripodal nanoplates are
first formed after 1 h with tip-to-tip distance of 34 nm
and a 2 nm thickness (Figures 5a and 3d). After aging at
the same temperature, ripening occurs and induces a
shape transformation in which the arm length decreases
and the armwidth increases. After 4 h, themorphology
is completely transformed to a triangular shape with a
26 nm edge length and a 2 nm thickness (Figures 5b
and 3e). The edge length of triangular plate is always
smaller than the arm-to-arm length of tripodal plate,

Figure 1. TEM images of Gd2O3 synthesized in the presence
of LiOH: (a) Tripodal nanoplates and (b) triangular nano-
plates. (c,d) Self-assembled Gd2O3 nanodisks synthesized in
the presence of NaOH.
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suggesting that this structural transformation is induced
by atomic rearrangement of surface atoms to reduce
the surface energy in the nanoplates, as illustrated in
Figure 5f. All of the data indicate that branched
nanoplates form at an early stage in the reaction, and
the thermodynamically stable triangular shape results
when sufficient energy is supplied to the reaction by
increasing the reaction temperature or extending the
reaction time. It is notable that the size and shape

uniformity is maintained throughout the whole shape
transformation.
Due to the uniformity of the Gd2O3 nanoplates, self-

assembly occurs to form 1-D nanofibril-like structures
with long-range order (Figure 6a). All of the tripodal
nanoplates that assemble into 1-D superlattices sit with
two arms toward the substrate and one arm directed
away from the substrate. The arms of the tripods align
in perfect registry, which maximizes the interaction
between nanoplates and forms a one-dimensional
superlattice with an eclipsed conformation (Figure 6a).
This structure is clearly visible in the scanning electron
microscopy (SEM) images (Figure 6b).
One-dimensional nanofibril structures canbe further

aligned (bundled) together to form an extended or-
dered superstructure, which is commonly observed in
the process of biomaterial formation. The size and
shape uniformity of nanoplates allows us to demon-
strate shape-directed self-assembly by tailoring the
aspect ratio of arms of Gd2O3 nanoplates. In the case
of tripodal nanoplates, nanofibril superlattices are
organized into hierarchical superstructures. Each one-
dimensional string (or nanofibril) is formed from the
alignment of the constituent nanoplates, and these
strings are bundled alternately into a superstructure by
forming one string with two arms laying on the sub-
strate and the inverted string with one arm contacting
the substrate (Figure 6e, inset). For the shape inter-
mediate between the tripodal and triangular platewith
decreasing the aspect ratio of arms, twoone-dimensional
nanofibril structures tend to self-assemble through tip-to-
tip contact of two arms (Figure 6f). Pure triangular nano-
plates are ordered into columnar (Figure 6g) and lamellar
(Figure 6h) liquid-crystalline superlattices by tiling of
the nanoplate building blocks. Assembled superlat-
tices of tripodal nanoplates contain free space be-
tween the two inverted nanofibril structures, forming

Figure 2. Low-magnification TEM image of Gd2O3 tripodal nanoplates.

Figure 3. (a) Powder X-ray patterns of tripodal and trian-
gular Gd2O3 nanoplates. High-resolution transmission elec-
tron microscopy (HRTEM) images of (b,d) tripodal and (c,e)
triangular nanoplates. Insets are fast Fourier transforms of
HRTEM images.

A
RTIC

LE



PAIK ET AL. VOL. 7 ’ NO. 3 ’ 2850–2859 ’ 2013

www.acsnano.org

2854

an open framework that is analogous to mesoporous
structures. On the other hand, triangular nanoplates
tend to be packed more efficiently, leaving minimal
space except for the surface ligands (Figure 6f�h).
Through proper choice of optically active dopants,

tripodal Gd2O3 nanoplates with minimal change in
particle morphology can fluoresce under excitation
by a variety of external energy sources, offering an
optical imaging modality. Upconverting Gd2O3 tripo-
dal nanoplates are synthesized through an addition of
erbium (Er3þ) and ytterbium (Yb3þ) co-dopants. This
tripodal upconverter shows near-IR to visible upcon-
version luminescence. Figure 7a shows upconversion
luminescence spectra of 2% Er3þ, 20% Yb3þ co-doped
Gd2O3 nanoplates under 980 nm irradiation. Charac-
teristic green and red emission peaks are observed
under near-IR excitation, located at 522, 542, and
656 nm, corresponding to 2H11/2 f

4I15/2,
4S3/2 f

4I15/2,
and 4F9 f

4I15/2 transitions of Er
3þ, respectively. Upon

introduction of europium (Eu3þ) or terbium (Tb3þ)
dopants, Gd2O3 tripodal nanoplates can also exhibit
an XEOL signature. Lanthanide-based scintillators are
widely used for X-ray detectors due to their intrinsic
high conversion efficiency from X-ray to visible light.
Commercial terbium-doped gadolinium oxysulfide nano-
phosphors produce 6000 photons on average per each
100 keV X-ray photon absorbed.76,77 To characterize
the emission properties under high-energy excitation,

emission spectra were collected in an X-ray diffract-
ometer using an optical fiber optically coupled to CCD
froma sample under Cu KRX-ray excitation (λ= 1.5416Å).
Figure 7b displays the emission spectrum of Tb3þ- and
Eu3þ-doped Gd2O3 nanoplates under X-ray excitation.
Depending on the dopant type, green and red emis-
sion peaks corresponding f�f transition of Tb3þ and
Eu3þ, respectively, are observed, confirming that Tb3þ-
or Eu3þ-doped Gd2O3 tripodal nanoplates can convert
X-ray energy into visible light. Near-IR and X-ray photons
show superb penetration into biological media, sug-
gesting the possibility of utilizing these nanocrystals as
efficient energy converters for in vivo applications.
To demonstrate the capability of Gd2O3 nanoplates

to provide MR contrast in aqueous media, we per-
formed a ligand exchange reaction because the as-
synthesized hydrophobic nanoplates are stabilized by
long alkyl chain surfactants. Water-soluble polyethyle-
neimine (PEI)-coated Gd2O3 nanoplates are prepared
using a two-step ligand exchange process in which the
tetrafluoroborate anion (BF4

�) acts as an intermediate
capping group. Figure 8 presents Fourier transform
infrared (FT-IR) spectra of untreated, BF4

�-treated, and
PEI-treated Gd2O3 nanoplates. After the first ligand ex-
change process with NOBF4, the C�H stretching vibra-
tions at 2800�3000 cm�1 are completely removed,
indicating that the original surfactants are efficiently
exchanged with the BF4

� ligand. The weak binding

Figure 4. Temperature-dependent shape transformation. TEM images of nanoplates synthesized at (a) 280 �C for 30 min,
(b) 280 �C, (c) 290 �C, (d) 300 �C, (e) 310 �C, (f) 320 �C for 1 h.
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Figure 5. Reaction time-dependent shape transformation. TEM images of nanoplates synthesized at 300 �C for (a) 30 min,
(b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h. (f) Schematic of the nanoplate shape transformation.

Figure 6. Microscopic images of shape-directed self-assembly of Gd2O3 nanoplates. (a) TEM and (b) SEM of one-dimensional
self-assembly of tripodal nanoplateswith eclipsed conformation. Scale bar is 100 nm. (c) Hierarchical self-assembled structure
composed of three nanofibril structures. (d) Two-dimensional self-assembly and (e) high-magnification TEM of two-
dimensional self-assembly of tripodal nanoplate. Inset is a schematic model of the ordered structure. (f) Liquid-crystalline
self-assembly of tripodal nanoplates of smaller aspect ratio. Inset is a schematic model of the ordered structure. Self-
assemblies of triangular nanoplates into (g) columnar and (h) lamellar liquid-crystalline superlattices.
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affinity of BF4
� ligands to the nanocrystal surface al-

lows for efficient secondary surface modification using
the PEI ligand. The occurrence of C�H vibrations after
the second ligand exchange process with PEI, due to
the C�H moiety in PEI molecules, indicates that the
surfaces of the nanoplates are overcoated by PEI
ligands. PEI-capped Gd2O3 is highly transparent and
shows long-term colloidal stability without any notice-
able precipitation in water.
The ionic relaxivity plots of PEI-capped Gd2O3 tripo-

dal nanoplates at 9.4 and 14.1 T magnet are shown in
Figure 9. The calculated longitudinal relaxivity (r1)
decreases from 1.41 to 0.89 mM�1 s�1, and the trans-
verse relaxivity (r2) increases from 140 to 193mM�1 s�1

with an increase in magnetic field strength (Table 1),
which is consistent with a previous report.78 Reduced
spectral density at higher magnetic field strengths
results in less efficient dipole�dipole relaxation and a
corresponding decrease in r1. The transverse relaxivity,
r2, increases as the magnetic field strength goes from
9.4 to 14.1 T due to more effective dephasing of the
transverse magnetization as a result of larger local
magnetic fields, which are proportional to the mag-
netic moment of the paramagnetic nanoparticles. As a
result, the r2/r1 value increases from 99.3 at 9.4 T to 217
at 14.1 T, which makes Gd2O3 tripodal nanoplates
promising candidates for increasing the detection sensi-
tivity of various pathologies in T2- and T2*-weighted
images collected at higher magnetic fields now avail-
able for preclinical and clinical MRI.

CONCLUSION

In summary, shape-controlled synthesis of tripodal
and triangular gadolinium oxide (Gd2O3) nanoplates
has been demonstrated. Through addition of lithium
ions to the reaction, tripodal- and triangular-shaped
Gd2O3 nanoplates are synthesized with high size
and shape uniformity. We observe that tripodal nano-
plates form at an early reaction stage and transform
into a triangular shape when the reaction temperature
is increased or the reaction time is extended. Highly
uniform Gd2O3 nanoplates self-assembled into 1-D
nanofibril-like superlattices. In addition, the nano-
fibril structures can be further assembled into liquid-
crystalline superstructures. We demonstrate that our

Figure 7. (a) Upconversion luminescence spectra of Er3þ,
Yb3þ co-doped Gd2O3 nanoplates under 980 nm excitation.
(b) X-ray excited optical luminescence spectra of Eu3þ-
and Tb3þ-doped Gd2O3 nanoplates excited by Cu KR X-ray
irradiation.

Figure 8. FT-IR spectra of Gd2O3 tripodal nanoplates before
and after ligand exchange with BF4

� and PEI.

Figure 9. Longitudinal (top) and transverse (bottom) relax-
ivity curves of tripodal nanoplates.

TABLE 1. Relaxivites r1 and r2 of Gd2O3 Tripodal

Nanoplate at 9.4 and 14.1 T Magnetic Field

r1 (mM
�1 s�1) r2 (mM

�1 s�1) r2/r1

9.4 T 1.41 140 99.3
14.1 T 0.89 193 217
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tripodal nanoplates exhibit two-photon upconversion
luminescence when doped with Er3þ and Yb3þ. In
addition, when dopedwith Eu3þ or Tb3þ, characteristic
visible emission is observed under X-ray excitation,
allowing this material to also function as a down-
converter (scintillator) which converts high-energy

radiation into visible light. We also investigate the
MR relaxometry of Gd2O3 tripodal nanoplates at
high magnetic fields, 9.4 and 14.1 T. At the higher
magnetic field, the transverse relaxation rate of
tripodal nanoplates increases, enhancing the r2/r1
ratio.

EXPERIMENTAL SECTION
Materials. All chemicals are used as purchased without any

further purification. Gadolinium(III) oxide (99.99%), erbium(III)
oxide (99.9%), terbium(III) oxide (99.9%), europium(III) oxide
(99.9%), ytterbium(III) oxide (99.99%), oleic acid (technical
grade, 90%), oleylamine (technical grade, 70%), 1-octadecene
(technical grade, 90%), and lithium hydroxide monohydrate
(99.95%) are purchased from Sigma Aldrich. Lanthanide acetate
precursors are prepared by refluxing lanthanide oxide in acetic
acid/water mixture (50 vol %).

Synthesis of Gd2O3 Nanoplates. Lithium hydroxide (6 mmol) is
added into amixture of 12mL of oleic acid, 18mL of oleylamine,
and 30 mL of 1-octadecene solvent and is heated to 110 �C.
After evacuation at 110 �C for 1 h to remove water, 3 mmol of
gadolinium acetate is added and the solution is evacuated for
an extra hour at the same temperature. Then, the reaction
solution is heated between 300 and 320 �C for 1 h under highN2

blowing, resulting in the formation of the nanoplates. The
reaction solution is cooled to room temperature through addi-
tion of toluene. Purification is conducted through addition of
excess methanol and centrifuging at 3000 rpm for 2 min.

Preparation of Water-Soluble Gd2O3 Nanoplates. Water-soluble
Gd2O3 nanoplates are prepared through sequential ligand ex-
change process using BF4

� as an intermediate ligand. First,
ligand exchange with NOBF4 is performed, as described
previously.79 The resulting nanocrystals are soluble in polar
solvent such as dimethyl formamide (DMF) or dimethyl sulf-
oxide (DMSO). Secondary ligand exchange process is con-
ducted with polyethyleneimine as a water-soluble ligand.
Other water-soluble polymers such as polyvinylpyrrolidone
(PVP) and poly(acrylic acid) (PAA) can be used instead. Two
milliliters of nanocrystal solution inDMSO (0.1mgnanocrystals/mL)
is slowly added over 5 min into 2 mL of polyethyleneimine
solution in DMSO (0.5 mg/mL concentration) and is stirred for
1 h. One milliliter of toluene is added to induce flocculation,
and the particles are collected by centrifugation at 3000 rpm for
1 min. Diluted HCl solution is added into the nanocrystal
solution to increase the colloidal stability.

Structure Characterization. TEM images and electron diffraction
patterns are collected using a JEM-1400 microscope equipped
with a SC1000 ORIUS CCD camera operating at 120 kV. Powder
X-ray diffraction is measured using a Rigaku Smartlab high-
resolution diffractometer with Cu KR radiation (λ = 1.5416 Å).
X-ray excited optical luminescence is recorded using a fiber-
optically coupled CCD (Ocean Optics USB-2000) using Cu KR
radiation (8.04 keV) generated from a 2.2 kW sealed tube gen-
erator. Upconversion luminescence is collected with Jovin Yvon
Fluorolog-3 spectrofluorometerusinga980nmdiode laser (1.06W
power and a 0.05 W/mm2 power density) as an excitation source.

Magnetic Resonance Measurements. Samples at different gado-
linium concentrations were prepared in phosphate buffered
saline containing 10% deuterium oxide. Gadolinium ion con-
centration is measured by inductively coupled plasma optical
emission spectrometry (ICP-OES) on a SPECTRO GENESIS ICP
spectrometer. An inversion recovery pulse sequence modified
to account for radiation damping80 and a Carr�Purcell�
Meiboom�Gill pulse sequence are used to determine the T1
and T2 relaxation times at 9.4 and 14.1 T using a monoexpo-
nential fit of the signal intensities. The r1 and r2 relaxivites were
calculated from a linear fit of the relaxation rate constant as a
function of gadolinium concentration.81
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