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N
anocarrier platforms, designed as
imaging agents, serve an important
role in biomedical research for the

study of biological processes and trans-
port mechanisms1�3 as well as in clinical
medicine for early and accurate disease
detection.4�6 A variety of imaging modali-
ties such as optical, magnetic, and nuclear
have been utilized in different applications
according to sensitivity and contrast, depth
of signal penetration, and spatial and tem-
poral resolution.7 Among them, imaging
with radiolabeled probes has attracted
much attention due to high sensitivity and
noninvasive detection of subpicomolar con-
centrations of radionuclides.8 Radiolabeled
probes offer information on pharmacoki-
netics, probe distribution and localization,
in vitro and in vivo transport mechanisms,

and medical diagnosis with support by
quantitative information calculated from
radioactivity levels. Nanocrystal-based inor-
ganic materials offer a great opportunity
for designing multimodal imaging probes,
implementing complementary detection
capabilities into a single material.9�11 Pro-
perties of highly uniform nanocrystals are
easily tailored by customizing elemental
composition among noble metals,12 mag-
netic materials,13 semiconductors,14 and
phosphors,15 with a choice of radioactive
dopants, such as 64Cu,16,17 59Fe,18 56Co,19
153Sm,20,21 198Au,22 125I,23 and 18F.24,25

Among the different radioisotopes, 90Y is
particularly interesting as a nanocrystal do-
pant due to its unique properties. 90Y is a pure
β-emitter that yields one very high energy
β-particle (Emax = 2.27MeV, Emean = 939 keV)
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ABSTRACT Isotopically labeled nanomaterials have recently

attracted much attention in biomedical research, environmental

health studies, and clinical medicine because radioactive probes

allow the elucidation of in vitro and in vivo cellular transport

mechanisms, as well as the unambiguous distribution and localiza-

tion of nanomaterials in vivo. In addition, nanocrystal-based

inorganic materials have a unique capability of customizing size,

shape, and composition; with the potential to be designed as

multimodal imaging probes. Size and shape of nanocrystals can

directly influence interactions with biological systems, hence it is important to develop synthetic methods to design radiolabeled nanocrystals with precise

control of size and shape. Here, we report size- and shape-controlled synthesis of rare earth fluoride nanocrystals doped with the β-emitting radioisotope

yttrium-90 (90Y). Size and shape of nanocrystals are tailored via tight control of reaction parameters and the type of rare earth hosts (e.g., Gd or Y)

employed. Radiolabeled nanocrystals are synthesized in high radiochemical yield and purity as well as excellent radiolabel stability in the face of surface

modification with different polymeric ligands. We demonstrate the Cerenkov radioluminescence imaging and magnetic resonance imaging capabilities of
90Y-doped GdF3 nanoplates, which offer unique opportunities as a promising platform for multimodal imaging and targeted therapy.
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with each decay.26 At high doses, 90Y-labeledmaterials
are most often utilized as therapeutic agents with high
energy emissions that travel a limited distance in vivo,
limiting off-target effects (maximum range in soft
tissue is about 11 mm).27 The half-life of 90Y is 2.67 days
and is sufficient for tracing biological processes over
several days while still having sufficiently rapid decay
to prevent protracted toxicity. Even as a pure β-emitter,
the low yield Bremsstrahlung photons and annihilation
photon pairs from 90Y decay are detectable by nuclear
imaging using SPECT and PET, respectively, albeit with
low sensitivity.28,29 However, another interesting prop-
erty of 90Y is its optical imaging capability; 90Y is one
of the most efficient radionuclides for stimulating
Cerenkov luminescence.30

The lanthanide-based nanocrystals have tremen-
dous potential for designing multimodal imaging
probes.31�34 Rare earth hosts are compatible with
various radiolanthanides20 and 18F,24,25 which enables
incorporation of radioisotopes in the nanocrystal hosts.
The f-block lanthanide elements exhibit unique optical
and magnetic properties, including upconversion lu-
minescence and paramagnetic behaviors, which can
be further manipulated by control of size,35,36 shape,37

and compositions.38,39 In addition, the size and shape
of lanthanide-based nanocrystals can be precisely
controllable.40�44 Numerous reports indicate that
the size and shape of nanocrystals also influence
physiological interactions such as effects on cellular
binding and internalization45�49 and toxicity in bio-
logical systems.50�53 Therefore, the development
of synthetic methods to tailor the morphology of
highly uniform radiolabeled nanocrystals will be im-
portant to aid the exploration of the transport and
localization of shape-engineered nanomaterials and
to evaluate their potential environmental and health
benefits.
Here, we report size- and shape-controlled synthesis

and characterization of radiolabeled rare earth fluoride
nanocrystals. Fluoride-typematerials are promising can-
didates due to their rich morphological diversity.54�56

Anisotropic rare earth fluoride nanocrystals are synthe-
sized via high-temperature thermal decomposition of
rare earth precursors in the presence of yttrium-90
radiolanthanides. Higher temperature reaction condi-
tions permit rapid nucleation and growth of uniform
nanocrystals within an hour, thus minimizing the loss
of radioactivity due to physical decay. By changing
the reaction times, temperatures, and type of rare
earth hosts (gadolinium or yttrium), highly uniform
90Y-doped rare earth fluoride nanocrystals are synthe-
sized with morphology tunable from nanoplates,
nanowires, to bipyramids. Radiolabeled nanocrystals
show excellent chemical stability of radioactivity to-
ward surface chemical modifications. We investigated
noninvasive nuclear and optical radioluminescence
and MR relaxometry properties of these samples to

support their potential as multimodal imaging appli-
cations.

RESULTS AND DISCUSSION

Shape-Controlled Synthesis of 90Y-Labeled Rare Earth Fluo-
ride Nanocrystals. Anisotropic rare earth fluoride nano-
crystals are synthesized via high-temperature thermal
decomposition of rare earth chloride precursors in the
presence of lithium fluoride (LiF) and dopants depend-
ing on the intended application. 90YCl3 is used as
radiolanthanide precursors. In our studies, gadolinium
chloride (GdCl3) and yttrium chloride (YCl3) are used as
reaction precursors for host materials to maintain
reactivity similar to that of 90YCl3 radiodopants in the
nucleation and growth process. 90Y incorporates inside
the host during the growth of nanocrystals, preventing
radioisotope leakage from nanocrystals during in vitro

and in vivo applications. These precursors are fluori-
nated using an excess of LiF, resulting in fluoride-based
nanocrystals (GdF3, YF3, and LiYF4). Under the reaction
conditions employed, nanocrystals do not form with-
out the addition of LiF, revealing that LiF participates
not only in fluorinating the nanocrystals but also in
facilitating the formation of nanocrystals.

Nanocrystal size and shape are readily controlled by
modification of reaction time and temperature as well
as the type of host materials. With GdCl3 precursors,
ellipsoidal GdF3:

90Y/Y nanoplates are formed at 290 �C
after a 20 min reaction (Figure 1a). Energy-dispersive
X-ray spectroscopy (EDS) measurement reveals that
nanocrystals are mainly composed of Gd and F ele-
ments (Figure 1d). At an increased reaction tempera-
ture (Figure 1b) or increased reaction time (Figure 1c),
rhombic GdF3:

90Y/Y nanoplates are obtained as final
products with increasing the size of nanoplates. This
trend is consistent with results previously reported
without the addition of radioisotopes, even though
GdCl3 is used as a precursor in this study instead of
standard gadolinium trifluoroacetate salts.57 Using
YCl3 precursors instead of GdCl3 and heating at
320 �C for 20 min results in a majority of YF3 product
having nanowire morphology with a small quantity of
YF3 rhombic nanoplates (Figure 1e,f), as confirmed by
the single-crystalline pattern in fast Fourier transforms
(FFT) of the high-resolution transmission electron mi-
croscopy (HRTEM) image and the wide-angle selected
area electron diffraction (SAED) of nanowire bundles
(Figure 2a,b). Nanowires reach several microns in
length, but the width of an individual nanowire is
approximately 4 nm on average. Increasing the reac-
tion time to 40 min at the same temperature results
in square bipyramidal-shaped LiYF4:

90Y nanocrystals
approximately 250 nm long and 90 nm wide on
average, as displayed in transmission electron micro-
scopy (TEM) and scanning electron microscopy (SEM)
images (Figures 1g,h and 2c).
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Radioactive thin layer chromatography (radioTLC)
confirms that 90Y is successfully incorporated into the
nanocrystals in near quantitative yield, with no “free”
or nonassociated 90Y-labeled species identified in the
crude reaction mixture (Figure 3 and Figure S1). To
prepare water-dispersible nanocrystals, the surface of
nanocrystals is modified with polyvinylpyrrolidone
(PVP) polymeric ligands, and PVP-modified GdF3:

90Y/Y
nanoplates are analyzed by radioTLC to confirm the
identity and purity of radioactive species after surface
modification. As shown in Figure 3, intense radioactive
signals are detected only at the TLC origin, whereas the
presence of free 90Y would have not been detected
at the TLC solvent front, indicating chemical stability
of the radioactivity toward surface chemical modifica-
tions. We can easily control the specific activity of
the 90Y-doped nanocrystals (i.e., radioactivity (μCi)/
nanocrystal mass (mg)) by varying the initial amount
of 90YCl3 added into the reaction system. Note that
the amount of 90Y added (1�4 mCi) translates to
0.003�0.01% of total host material added. Thus,

following full radioactive decay of 90Y, the nanocrystal
structure should remain intact because the majority
Y dopant is not radioactive. This confirms that the
90Y-doped GdF3 nanoplates can be isolated in high
radiochemical purity (>99%).

Figure 2. (a) HRTEM image and FFT pattern of a single YF3 nanowire. (b) TEM image andwide-angle SAEDpattern of nanowire
bundles. Inset shows a single-crystalline electron diffraction pattern. (c) HRTEM image and FFT pattern of a LiYF4 nanocrystal.

Figure 3. RadioTLC autoradiography images of (a) 90YCl3
compared to (b) oleate-capped and (c) PVP-modified
GdF3:

90Y/Y, where free (i.e., nonbound) 90Y is detected at
the solvent front and 90Y bound to nanocrystal formulations
remains at the TLC origin.

Figure 1. Characterization of Y-doped nanocrystals following full decay of 90Y. TEM images of GdF3:Y nanoplates formed
under different reaction conditions: (a) ellipsoidal nanoplates (290 �C, 20min) and rhombic nanoplates obtained at (b) 320 �C
for 40minor (c) 290 �C for 4 h. (d) EDS spectrumofGdF3:Y nanoplates. (e�h)WhenYCl3 is used as theprecursor, YF3 nanowires
are obtained at 320 �C after 20 min (e,f), or bypiramidal LiYF4 nanocrystals are synthesized at 320 �C for 40 min.
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In order to understand the shape evolution of the
nanocrystals, the identical reactions are conducted at a
320 �C reaction temperature without an addition of
radioisotopes. Aliquots are taken during the reaction
at 10 min intervals and analyzed by TEM and powder
X-ray diffraction (PXRD). Figure 4 shows TEM images
of GdF3 nanoplates taken at 10, 20, 30, and 40 min
reaction times (Figure 4a�d, respectively). TEM anal-
ysis reveals that ellipsoidal nanoplates are initially
formed after 10 min with tip-to-tip distances of ap-
proximately 8.1 ( 1.2 nm (Figure 4a,e). After being

aged at the same temperature (320 �C), Ostwald
ripening is observed in which small nanoplates dis-
appear and large plates continue to grow, yielding a
bimodal size distribution of nanoplates (Figure 4b,c,e).
With longer reaction times, the large nanoplates grow
to form a rhombic morphology and the small nano-
plates are consumed as reported in previous studies
(Figure 4d,e).58,59 After 40 min, small ellipsoidal nano-
plates are completely replaced with nearly monodis-
perse rhombic nanoplates with tip-to-tip distances of
15.5 ( 1.3 nm (Figure 4d,e). To further understand the
growth process, the small ellipsoidal nanoplates are
first synthesized and purified to remove any unreacted
monomers, and then the purified nanoplates are redis-
persed into the reactionmixtures containing oleic acid,
octadecene, and lithium fluoride for further aging at
320 �C without Gd precursors.60 Figure 5a shows the
TEM image and the size histogram of ellipsoidal GdF3
nanoplates added into the reaction mixtures. During
the aging process, in the absence of Gd precursors, size
defocusing is observed from uniform ellipsoidal nano-
plates to smaller and larger nanoplates forming the
bimodal size distribution, and finally, the nanoplates
refocus into the unimodal large rhombic nanoplates, as
displayed in Figure 5b�d. This trend reveals that the
Ostwald ripening process indeed contributes to the
growth from ellipsoidal nanoplates to rhombic nano-
plates. Figure 4f displays a PXRD pattern of rhombic
GdF3 nanoplates. The crystal structure of GdF3 nano-
plates matches the orthorhombic phase (JCPDS#
49-1804). Peak broadening analysis reveals that (101),
(301), and (002) reflections are sharper than other
reflections, indicating that nanoplates are growing
along the [101] direction and are confined by the
(020) plane. This is consistent with the synthesis
results conducted with a small addition of 90YCl3
(Figure 1a�d), indicating that the same processes to
yield specific morphologies are applicable in the iso-
topically labeled nanocrystals.

The growth mechanism with YCl3 precursors is also
investigated by taking the aliquots during the reaction
at 320 �Cwithout addition of 90YCl3 and analyzing with
TEM and PXRD. Figure 6a�f represents TEM images
of nanocrystals synthesized using YCl3 as precursors
taken at 10 min intervals. After 10 min at 320 �C, nearly
monodisperse spherical nanocrystals are observed.
The PXRD data show that the crystal structure at
this stage is orthorhombic YF3 (Figure 7a). Continued
growth at 320 �C results in shape transformation, as
indicated in TEM images, from spheres to rhombic
plates, rectangular plates, or wires. PXRD pattern in-
dicates that the crystal structures are all still orthor-
hombic YF3 (Figure 7b). As the reaction proceeds, the
fraction of nanoplates or nanowires decreases relative
to the amount of bypramidal-shaped nanocrystals, as
observed in Figure 6d�f. After 60min, only bipyramidal-
shaped nanocrystals are observed. The XRD pattern

Figure 4. Size and morphology evolution of GdF3 nano-
plates during the reaction. TEM images at (a) 10 min,
(b) 20 min, (c) 30 min, and (d) 40 min reaction times at
320 �C and (e) tip-to-tip size distribution histograms of GdF3
nanoplates at 10, 20, 30, and 40min reaction times. (f) PXRD
pattern of GdF3 nanoplates.
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indicates that the bipramidal-shaped nanocrystals are
purely tetragonal LiYF4 structures (Figure 7c). This
trend also correlates the shape control of yttrium-
based nanocrystals attained in the reaction processwith
radioisotope labeling, as displayed in Figure 1e�h.
The morphology of the nanocrystals is also tuned by
changing the ratios of LiF to YCl3 under the same
reaction conditions. Figure 8 shows TEM images after
the reaction of YCl3 and LiF at 320 �C for 20 min with
different LiF to YCl3 molar ratios. Rhombic nanoplates
are formed preferentially at higher LiF to YCl3 ratios, and
the relative population of nanowires or elongatednano-
plates increases as the LiF to YCl3 ratio decreases.

Surface Modification of Radiolabeled GdF3:
90Y/Y Nanocrystals by

Ligand Exchange. As synthesized, radiolabelednanocrystals

are only soluble in nonpolar solvents such as hexane,
toluene, and chloroform due to the long alkyl chain li-
gands on the surface. For biological compatibility, water-
soluble 90Y-doped nanocrystals are prepared via a two-
step ligand exchange process using tetrafluoroborate
anions (BF4

�) as an intermediate ligand and water-
soluble polymers as the final stabilizer.40,61 Nitrosonium
tetrafluoroborate (NOBF4) is used toprepareBF4

�-capped
GdF3:

90Y/Y nanocrystals. Nitrosonium cations are known
as strong oxidants and vigorously react with the nano-
crystal surface, stripping the original oleate ligands from
thenanocrystal surface. Figure 9displays Fourier transform
infrared (FT-IR) spectra before and after ligand exchanges
with NOBF4. The complete removal of C�H stretching
vibrations at 2800�3000 cm�1 and an appearance of the

Figure 5. TEM images and tip-to-tip size distribution histograms of (a) purified ellipsoidal GdF3 nanoplates used for the aging
experiment and (b�d) after additional aging at 320 �C for 10, 20, and 30 min in the absence of Gd precursors.

Figure 6. Size andmorphology evolution during the reaction of YCl3 and LiF. TEM images at (a) 10min, (b) 20min, (c) 30min,
(d) 40 min, (e) 50 min, and (f) 60 min reaction times at 320 �C.
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BF4
� vibrational peak at 1085 cm�1 are observed after

NOBF4 treatment, indicating that BF4
� ligands exchange

the original oleic acid surfactants. We observed no loss of
radioactivity from sample preparations following expo-
sure to the highly chemically reactive environment of the
NOBF4 treatment, suggesting that 90Y is strongly bound
in the nanocrystal. Water-soluble polymers, polyethyleni-
mine (PEI) and poly(acrylic acid) (PAA), are used for the
secondary ligand exchange. After polymeric ligand treat-
ments, the C�H vibrations around 2925 cm�1, COO�

vibration around 1560 cm�1 (PAA ligands), and N�H
vibrations around 3345 and 1630 cm�1 (PEI ligands) are
observed due to the exchange from BF4

� to polymeric
ligands (Figure 9). Secondary ligand exchangewith acidic
and basic polymers did not result in loss of radioactivity,
again suggesting chemically stable 90Y-dopingwithin the
nanocrystal host.

Cellular Interaction of Radiolabeled Nanocrystals with Live
Cells in Vitro. Radioisotopic labeling of nanoprobes

allows quantitative tracing of these agents and enables
the study of cellular interactions with high sensitivity.
To demonstrate that our radiolabeled nanocrystals
have potential to be utilized as an imaging agent to
investigate the transport and localization of nano-
materials in biological system, we examine charge-
dependent cellular binding of 90Y-doped anisotropic
GdF3:

90Y/Y nanoplates, surface modified with differen-
tially charged polymeric ligands (PEI and PAA). The size
and size distribution of ligand-exchanged nanoplates
is determined by dynamic light scattering (DLS) mea-
surements. Although DLS defines the size of materials
based on the assumption that the object has spherical
morphology, DLS measurements provide a good in-
dication of relative size and the size dispersion of
anisotropic nanocrystals.62 DLS data show that PEI-
and PAA-modified GdF3:

90Y/Y nanoplates used for
in vitro studies are 32.4 and 33.9 nm in size, respec-
tively, forming a stable dispersion in aqueous media
without aggregation (Figure 10a). ζ-Potential measure-
ments of PEI- and PAA-modified nanocrystals show
positive and negative net charge in deionized water
solution, respectively, due to the cationic ammonium
and anionic carboxylate groups on the polymeric

Figure 7. Representative TEM images and PXRD patterns
of (a) spherical YF3, (b) rhombic YF3 nanoplates, and
(c) bipyramidal LiYF4.

Figure 8. TEM images after the reaction of YCl3 and LiF at 320 �C for 30 min under different molar ratios of LiF/YCl3 ratio,
(a) 9:1, (b) 12:1, and (c) 18:1.

Figure 9. FT-IR spectra of GdF3 nanoplates before and after
ligand exchange with BF4

�, PAA, and PEI.
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ligands (Figure 10b). To assess the interaction of the
differentially charged nanoplates with biologicalmem-
branes, a confluentmonolayer of human umbilical vein
endothelial cells (HUVECs) is used to model the sys-
temic vasculature. 90Y-doped GdF3 nanoplates are
formulated in serum-containingmedium, andnanocrys-
tal binding to cells is measured over time by γ counting.
Unbound nanocrystals are removed by washing,
and cell-bound radioactivity is normalized to the total
radioactivity added (binding efficiency), as shown in
Figure 9c. The amount of nanocrystal bound to cells is
higher with positively charged PEI-modified nanocryst-
als thannegatively chargedPAA-coatedones. This result
is likely due to the electrostatic attraction of positively
charged PEI-modified particles to the negatively charged
cell membrane, which is consistent with previously re-
ported results.52,63 In addition, the cellular binding and
internalization of negatively charged particles on our cell
model (HUVECs) may be inhibited by serum opsoniza-
tion,64 which might influence the particle�cellular inter-
actions in serum-containing medium.

Imaging Cerenkov Optical Radioluminescense Emitted from
GdF3:

90Y/Y Nanoplates. We investigated the potential of
GdF3:

90Y/Y nanocrystals as optical imaging agents. The
charged particle emitted from a radionuclide induces
local polarization along its path, resulting in optical
emission from near-ultraviolet to visible and near-
infrared, known as Cerenkov radiation.65 A variety of

radionuclides, including βþ, β�, and γ emitters, have
been demonstrated as in vivo real-time optical imaging
agents.30 Even though the amount of light emitted
from the radionuclides is lower than that of biolumi-
nescence and fluorescence, lack of excitation reduces
autofluororescence from background fluorophores,
resulting in significant increase in signal to background
ratios.66 Aqueous dilutions of 90Y-doped nanocrystals
with radioactivity ranging from 0.55 to 17.5 μCi per well
are placed in a black-walled 96-well plate, and 90Y
radioluminescence was investigated using an IVIS
Lumina II optical imaging system. Y-doped GdF3 plates
emit Cerenkov radiation from β decays. Figure 11
depicts the linear relationship between total radiance
and radioactivity. This relationship suggests that our
90Y-doped nanocrystals are applicable for quantitative
optical imaging studies, as reported for other radiola-
beled nanocrystal probes, such as 198Au-doped Au
nanocages.22

MRI Performance of GdF3:
90Y/Y Nanoplates. Although nu-

clear and optical imaging techniques provide high
sensitivity and means for quantification, these meth-
ods suffer from poor in vivo resolution. Magnetic
resonance imaging (MRI) provides anatomical and

Figure 11. (a) Optical images of aqueous suspensions of
GdF3:

90Y/Y nanoplates with varying amounts of radioactiv-
ity per well (0.55 to 17.5 μCi). (b) Dose-dependent quanti-
fication of radioluminescence of GdF3:

90Y/Y nanoplates
dispersed in water.

Figure 10. (a) DLS and (b) ζ-potential measurements of
PEI- and PAA-modified 90Y-doped GdF3 nanoplates.
(c) In vitro tracing of time-dependent binding of GdF3:

90Y/Y
nanoplates to HUVEC cells, with each time point run in
quadruplicate. Black squares and red circles indicate binding
efficiency of PEI- and PAA-modified GdF3 nanoplates,
respectively.
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functional information with high resolution of probe
distribution.11 This complementary imaging technique
could be co-registered with nuclear and optical images
to provide more reliable and comprehensive informa-
tion on biological systems, albeit with lower sensitivity
than nuclear and optical techniques. The synthesis
of nanocrystals with the paramagnetic lanthanide
elements such as Gd,35,67 Eu,68 and Dy69,70 allows
these lanthanide-based materials to be applicable
for MRI contrast agents. MR relaxivity measurements
of PEI-coated GdF3:

90Y/Y nanoplates were performed

using 9.4 and 14.1 T magnets. Ionic relaxivity plots of
PEI-capped nanoplates are shown in Figure 12.
The calculated longitudinal relaxivities (r1) are
0.99 mM�1 s�1 at 9.4 T and 1.0 mM�1 s�1 at 14.1 T.
The transverse relaxivities (r2) are 20.3 mM�1 s�1 at
9.4 T and 71.8mM�1 s�1 at 14.1 T. Calculated r2/r1 ratios
are enhanced from 20.5 to 71.8 with an increase
of field strength. For the next generation of MRI,
higher magnetic fields (>7 T) are desirable to achieve
improved signal-to-noise ratio, resulting in enhance-
ment of spatial resolution, shortened scan times, and
reduced concentrations of contrast dose.69,71 High r2
relaxivity and an enhanced r2/r1 ratio in increasing field
strength make GdF3 nanoplates promising T2 contrast
agents for high-field MRI, currently utilized for pre-
clinical and biomedical research.

CONCLUSION

In summary, we demonstrate the size- and shape-
controlled synthesis of 90Y-doped rare earth fluo-
ride nanocrystals. We observed that the shape of
GdF3:

90Y/Y nanoplates changes from ellipsoidal nano-
plates to faceted rhombic shape during the reaction.
When yttrium precursors are used, changes of shape
and composition are observed. The morphology
of nanocrystals evolves from YF3:

90Y nanowires to
LiYF4:

90Y bipyramidal when enough energy is supplied
during the longer reaction time. 90Y-labeled nano-
crystals show excellent radiolabel stability toward
surface modification with different types of ligands.
This provides the potential to further modify the
surface with targeting or therapeutic moieties for
biomedical imaging research. In addition, 90Y-labeled
GdF3 nanoplates show radioluminescence attributed
to Cerenkov radiation, which provides optical imag-
ing capability. When combined with a paramagnetic
gadolinium host, this nanocrystal can also be poten-
tially utilized as an MRI contrast agent. Taken together,
shape-controlled 90Y-labeled nanocrystals are a promis-
ing platform for multimodal imaging applications.

METHODS

Materials. All chemicals are used as purchased without any
further purification. Gadolinium chloride hexahydrate (99.999%),
yttrium chloride hexahydrate (99.99%), lithium fluoride (99.99%),
oleic acid (technical grade, 90%), and 1-octadecene (technical
grade, 90%) are purchased from Sigma-Aldrich. 90YCl3 solution
(0.05 M HCl, ∼500 Ci/mg) is purchased from PerkinElmer.

Synthesis of 90Y/Y-Doped Rare Earth Fluoride Nanocrystals. 90Y/Y-
doped nanoplates (GdF3:

90Y/Y, YF3:
90Y/Y, LiYF4:

90Y) are synthe-
sized according to the procedure previously reported with
slight modification.57 Briefly, LiF (7.7 mmol) and GdCl3
(0.7 mmol) or LiF (6.1 mmol) and YCl3 (0.66 mmol) are added
to a 125 mL three-neck flask containing an oleic acid and
1-octadecene mixture (50/50 vol %, 20 mL for GdCl3 and
10 mL for YCl3). This solution is degassed at 125 �C for 1 h.
Then, a solution of 90YCl3 (1�4 mCi, 22�89 nmol 90Y in 0.05 M
HCl)mixedwith YCl3 (0.2625 μL, 1.4 μmol in 0.05MHCl) is added

into the reaction mixture and degassed for an extra 30 min.
Next, the solution is heated to 290�320 �C under an Ar
environment at a rate of 10 �C/min and maintained at this
temperature for 20 min to 1 h. Purification is conducted by
precipitating nanocrystals in excess ethanol and centrifugation
at 4000 rpm for 2min. 90Y-doped nanocrystals are redissolved in
hexane. Residual lithium fluoride, which is insoluble in nonpolar
solvents, is removed by centrifugation at 3000 rpm for 2 min.
Radiochemical purity is assessed via digital autoradiography
(FLA-7000, GE) of silica (SiO2) TLC plates run in awater/methanol
mixture (50/50 vol %with 5% ethylenediamine tetraacetic acid).
Radiolabeled nanocrystals remain at the origin, while unbound
90Y travels to the solvent front.

Preparation of Water-Soluble GdF3:
90Y/Y Nanoplates. Water-soluble

GdF3:
90Y/Y nanoplates are prepared through a two-step se-

quential ligand exchange process using BF4
� as an intermediate

ligand. First, ligand exchange with NOBF4 is performed, as
described previously.40,61 The resulting nanocrystals are

Figure 12. MR relaxivitymeasurements of PEI-modified 90Y-
doped GdF3 nanoplates. (a) Longitudinal (r1 = 0.99mM�1 s�1

at 9.4 T and 1.0 mM�1 s�1 at 14.1 T) and (b) transverse
relaxivity (r2 = 20.3 mM�1 s�1 at 9.4 T and 71.8 mM�1 s�1 at
14.1 T) curves of PEI-modified GdF3:

90Y/Y nanoplates.
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redissolved in dimethylformamide (DMF). Secondary ligand
exchange is conducted with PEI, PVP, and PAA as water-soluble
ligands. Two milliliters of nanocrystal solution in DMF is slowly
added to 2 mL of polymer solution over 5 min and stirred for
30 min. Polymer concentrations are 0.3 mg/mL PEI in dimethyl
sulfoxide, 0.3 mg/mL PAA in DMF, and 0.25 mg/mL PVP in DMF.
Purification is conducted by adding nonsolvent in the nano-
crystal solution, specifically toluene for PEI, acetonitrile and
toluene mixture (9:1) for PAA, and hexanes for PVP, to induce
flocculation. The particles are collected by centrifugation at
3000 rpm for 1 min. Nonsolvent is added until the solution
becomes slightly opaque. Too much addition of nonsolvent
results in the precipitation of polymers and is difficult
to remove from the pure particles. Diluted HCl solution for
PEI-capped and diluted NaOH for PAA-capped nanocrystals is
added into the nanocrystal solution to increase colloidal
stability. Confirmation of radiolabel stability is performed as
described above.

Characterization. TEM images and electron diffraction pat-
terns are recorded using a JEM-1400microscope equippedwith
a SC1000 ORIUS CCD camera operating at 120 kV. HRTEM
images are taken using a JEOL 2100 microscope operating at
200 kV. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy spectra are collected on a JEOL 7500F
HRSEM equipped with an Oxford X-stream EDS detector.
Dynamic light scattering is performed on a Zetasizer NanoS
(Malvern). The ζ-potential data are collected on a Beckman
Coulter Delsa Nano-C system. 90Y radioluminescence is investi-
gated using an IVIS Lumina II optical imaging system. Aqu-
eous dilutions of PAA-modified GdF3:

90Y/Y nanocrystals with
radioactivity ranging from 0.55 to 17.5 μCi are placed in a
black-walled 96-well plate and used for optical imaging. MR
measurements are conducted by the method previously
reported.40,72,73

Cellular Binding. Cellular binding assesments of GdF3:
90Y/Y

nanoplates are performed with PEI- or PAA-coated nanoplates
prepared in assay buffer (cell media with 10% FBS diluted 1:1
with PBS). HUVEC cells are grown to confluence in a 1% gelatin-
coated 96-well plate. Triplicate samples of 90Y-doped nano-
plates are incubated with cells at 37 �C for up to 1 h. Cells
are washed three times with 3% BSA/PBS, and the radioacti-
vity bound to cells is determined by a γ counter (Wizard2

2470, PerkinElmer) in an open window using a standard for
calibration.
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