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ABSTRACT: By thermal decomposition in the presence
only of oleylamine, sub-10 nm hexagonal NaLuF,-based
nanocrystals codoped with Gd**, Yb**, and Er** (or Tm>*)
have been successfully synthesized. Sub-10 nm [3-NaLuF:
24 mol % Gd**, 20 mol % Yb**, 1 mol % Tm>* nanocrystals
display bright upconversion luminescence (UCL) with a quan-
tum yield of 047 £ 0.06% under continuous-wave excita-
tion at 980 nm. Furthermore, through the use of 3-NaLuF,:
Gd**,Yb>", Tm>* nanocrystals as a luminescent label, the detec
tion limit of <50 nanocrystal-labeled cells was achieved for
whole-body photoluminescent imaging of a small animal
(mouse), and high-contrast UCL imaging of a whole-body
black mouse with a penetration depth of ~2 cm was achieved.

pconversion nanophosphors (UCNPs) have evoked con-
Usiderable interest for their biological applications because of
their unique upconversion luminescence (UCL), namely, the
emission of high-energy photons (visible wavelengths) upon excita-
tion by continuous-wave (CW) low-energy photons (near-IR s
Compared with conventional fluorescent materials, including or-
ganic dyes® and semiconductor quantum dots,” UCNPs can take
advantage of CW near-IR (NIR) excitation, thereby eliminating an
autofluorescence from biosamples,® minimizing photodamage,’
and increasing the penetration depth.***" These features make them
highly suitable as luminescent labels for bioimaging in vivo.'s*
For application to in vivo imaging in particular, there are some
rigorous requirements, such as bright luminescence and small
diameter (<10 nm).® To date, investigations of sub-10 nm UCNPs
have focused on fluoride-based host materials doped with suitable
lanthanide ions, because their electronic structures are suitable for
the production of strong UCL emission.” It is well-known that
NaYF, has been the most efficient host material for upconversion
phosphors until now.” NaYF, exists in two phases, the cubic () and
hexagonal (f3) phases [Figure S1 in the Supporting Information
(SD)], and the hexagonal phase provides enhanced UCL compared
with the cubic phase. For instance, the upconversion efficiency of
green emission from hexagonal NaYF,:Yb,Er is ~10 times that of
cubic NaYF,,:Yb,Er.**® The hexagonal form of NaYF, usually induces
larger nanoparticles.'” Moreover, most of the uniform hexagonal
NaYF,, nanoparticles are >10 nm in size,*'*® and reported NaYF,
nanocrystals with sizes of <10 nm have focused on the cubic phase
and exhibit relatively weak UCL emission compared with the
hexagonal phase.11 Therefore, it is a great challenge to combine small
size (especially sub-10 nm), bright UCL, and hexagonal phase into
one nanocrystal. Furthermore, no case of in vivo bioimaging of a small
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animal using sub-10 nm UCNDPs as the luminescent label has been
reported to date.* In particular, no detection limit for intramouse
UCNP-labeled cells has been reported.

In the present study, by a thermal decomposition reaction in
the presence only of oleylamine, we have successfully prepared
~8 nm hexagonal Gd-doped NaLuF,-based nanocrystals with
bright UCL emission. Importantly, the sub-10 nm (3-NaLuF,:
24 mol % Gd**,20 mol % Yb>*, 1 mol % Tm>" nanocrystals exhibit a
high UCL quantum yield of 0.47 4= 0.06% at 800 nm, making them
effective as a luminescent probe for monitoring of a whole-body
mouse with an excellent detection limit of S0 cells.

NaLuF, nanocrystals codoped with 20 mol % Yb**, 2 mol % Er*",
and/or Gd** were synthesized using a modified thermal decomposi-
tion of their corresponding CF3COO ™~ salts in oleylamine."” X-ray
diffraction (XRD) patterns, energy-dispersive X-ray analysis (EDXA)
patterns and transmission electron microscopy (TEM) images of
the obtained nanocrystals were studied to investigate the effects of
the reaction conditions. The physical and chemical properties of the
Ln**-doped NaLuF, nanocrystals under different conditions are
summarized in Table S1 in the SL It can be seen that the reaction
temperature, reaction time, and doping of Gd*" affect the crystal
phase and diameter of the NaLuF, nanocrystals significantly.

At a low temperature (330 °C) using oleylamine as the sole
ligand, nanospheres with a size of 18.9 nm were prepared, as
determined by TEM (Figure la). Their XRD patterns show
representative reflections for a cubic phase (Lul in Figure 2),
indicating that the nanospheres are cubic a-NaLuF,, which was
also confirmed by high-resolution TEM (HRTEM) and selected-
area electron diffraction (SAED) analysis (Figure 1b). When the
reaction temperature was increased to 340 °C without doping
with Gd** ions, nanoparticles with a size of 20.1 nm were formed
(Figure 1c). The XRD pattern (Lu2 in Figure 2) can be indexed
as a mixture of the cubic and hexagonal phases of NaLuF,. That is,
increasing the temperature to 340 °C caused a transition from
o to f phase in which the small nanocrystals redissolved and
larger ones grew, leading to a broadening of the size distribution."

Although increasing the reaction temperature caused the
transition from a-NaLuF, to -NaLuF,, the simultaneous en-
largement of the size of the NaLuF, nanocrystals was not as we
expected. Recently, Liu and co-workers'® reported a Gd*"-doping-
induced phase transition of NaYF, nanocrystals from the a to
/3 phase. Inspired by this result, we introduced Gd** doping into the
synthetic procedure for the NaLuF, nanocrystals. Doping with
12 mol % Gd*" caused all of the diffraction peaks belonging to
the cubic phase to disappear, and the pure hexagonal-phase NaLuF,

Received:  July 28, 2011
Published: September 29, 2011

17122 dx.doi.org/10.1021/ja207078s |JA Am. Chem. Soc. 2011, 133, 1712217125



Journal of the American Chemical Society

COMMUNICATION

Figure 1. TEM images of (a) Lul, (c) Lu2, (d) LuS and (e, f) Lué. (b)
HRTEM image and (inset) SAED pattern of Lul. (g, h) SAED pattern and
HRTEM image of Lu6. (i) Histogram of the particle size distribution of (e).

nanocrystals were formed (Lu3 in Figure 2), suggesting that the
gadolinium helps to mediate the phase transition of NaLuF, from
the cubic to the hexagonal phase. Moreover, the diffraction peaks
broadened, indicating a reduction in the average crystallite size. As
determined by TEM, the size of the formed spherical nanopar-
ticles decreased to 16.9 nm, in comparison with 20.1 nm for the
NaLuF, nanoparticles without Gd** doping (Figure S2a,b).
With a further increase of the Gd>* ion concentration to 24 mol %,
no extra diffraction peaks were observed (Lu4 in Figure 2),
implying the formation of a homogeneous Lu—Gd solid solution,
which is consistent with previous observations by Liu and co-
workers.'® Moreover, reducing the reaction time from 2.5 h (Lu4)
to 1 h (LuS) or 0.25 h (Lu6) with this fixed doping concentration of
24 mol % Gd** ion afforded only hexagonal-phase NaLuF,
nanocrystals (Figure 2). Meanwhile, the broadening of the diffrac-
tion peaks at shorter reaction times implied the formation of smaller
nanocrystals. As shown by TEM (Figure 1 and Figures S2 and S3),
the diameter of the as-prepared nanocrystals decreased from
12.9 nm for Lu4 to 8.7 nm for LuS and 7.8 nm for Lu6. The SAED
pattern and HRTEM image of Lu6 (Figure 1gh) revealed the small
nanospheres to be pure hexagonal phase. EDXA revealed the
presence of the elements Na, Lu, Yb, F, and Gd in Lu6 (Figure
S4). To verify the size distribution of the nanoparticles, dynamic
light scattering (DLS) was used. The hydrodynamic diameters of
LuS and Lu6 in cyclohexane were 9.5 and 8.6 nm, respectively
(Figure SS), confirming that sub-10 nm nanocrystals were formed.
The UCL properties of the nanocrystals were then investi-
gated. Herein, for use of UCL emission at 800 nm in bioimaging
in vivo, Lu6 nanocrystals doped with 1 mol % Tm>" instead of
2 mol % Er’* (denoted as Lu6-Tm) were prepared. The UCL
spectra of Lu6 and Lu6-Tm in cyclohexane under CW excitation
from a 980 nm laser (Figure 3a,b) feature the distinct UCL
emission bands of Er’* and Tm™*, respectively. For the Lu6 sample,
the green emissions at 514—534 and 534—560 nm are the result
of transitions from “Hy; /, and *S; 5, respectively, to *I;s/, of Er’".
The red emission at 635—680 nm is attributed to the *Fy Yol ‘L 52
transition. For the Lu6-Tm sample, the UCL bands at 475, 695, and
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Figure 2. XRD patterns of standard 3-NaGdF,, 3-NaLuF,, and Lul —
Lué. Diffraction peaks corresponding to cubic NaLuF, and NaF are
marked with * and #, respectively.
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Figure 3. (a, b) UCL spectra of (a) Lu6 (red) and Y1 (black) and (b)
Lu6-Tm (red) and Y1-Tm (black) at identical concentrations (3.1 mM)
in cyclohexane under CW excitation at 980 nm (power ~ 200 mW). (¢, b
inset) UCL emission photos of (c) Lu6 (left) and Y1 (right) and (b inset)
Lu6-Tm (left) and Y1-Tm (right) in cyclohexane solution (3.1 mM). (d)
Bright-field imaging and (e) UCL emission photos of (left) Y1 and
(right) Lu6 powders. A 950 nm short-pass filter was used in (e).

800 nm originate from the 'G, — *Hy, °F; — *Hy, and *H, — *Hg
transitions of Tm>", respectively. Although the band at 475 nm is
relatively weak, a blue UCL emission visible to the naked eye was still
observed. The energy level diagrams of G&*, Yb*!, and Er**/Tm>"
ion as well as that for the UCL mechanism are presented in Figure S6.
The UCL spectra of Lul —Lu$ are similar to that of Lu6 (Figure S7).

Compared with hexagonal-phase NaYF,-based nanocrystals
(Y1) with a size of 20 nm (Figure S8), the 7.8 nm Lu6 nanocrystals
show a more intense UCL emission at the same concentration of
3.1 mM in cyclohexane (Figure 3c; the CW excitation first
illuminated the solution of Y1 and then the solution of Lu6).
Although CW 980 nm light excitation was first absorbed by the
solution of Y1, Lu6 displays a more intense green UCL emission
than Y1 does. Significantly, Lu6 is dominant with green UCL
visible to the naked eye. Further investigation by luminescence
spectroscopy showed a 9.7-fold enhancement of the UCL
intensity at 541 nm for Lu6 relative to Y1 (Figure 3a). Similarly,
relative to 20 nm Y1-Tm at the same concentration of 3.1 mM,
7.8 nm Lu6-Tm nanocrystals showed an 11.4-fold-enhanced
UCL emission at 800 nm under excitation at the same power
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Figure 4. In vivo imaging of a black mouse by subcutaneous injection of
cit-Lu6-Tm and cit-Y1-Tm with detection from (a) the chest side and
(b) from the back side (Ao, = 980 nm, A, = 800 &= 10 nm).

density (Figure 3b). This was also confirmed by photographs of
their UCL emission (Figure 3b inset).

In addition, we investigated the UCL properties of the
nanocrystals in powder form. Two 0.7 cm diameter circles were
filled with Lu6 (7.8 nm) and Y1 (20 nm) powders (Figure 3d)
and illuminated with CW laser excitation at 980 nm (6 cm beam
diameter, 100 mW cm > power density). The UCL emission was
then photographed with a camera (Nikon Coolpix 4500, with a
950 nm short-pass filter). As shown in Figure 3e, bright green UCL
emission was captured for Lu6, whereas Y1 displayed significantly
weaker emission. Furthermore, the UCL imaging system designed
by our group (Figure $9)*" was used to perform a quantitative
comparison of the UCL emission from the two nanocrystals
powders. The UCL emission intensity of Lu6 (7.8 nm) was
~10 times stronger than that of Y1 (Figure S9c). In terms of
upconversion materials, the lifetimes showed a positive correla-
tion with the UCL quantum yield (QY). The decay times of Lus,
Y1, Lu6-Tm, and Y1-Tm were also investigated. As shown in
Figure S10, the UCL lifetimes of the *H,, 2 and *F /2 levels of
Er’* ions in Lu6 are longer than those of Y1. Similarly, the UCL
lifetimes of H, and G4 of Tm>* in Lu6-Tm are longer than those of
Y1-Tm. In particular, the UCL lifetime at 800 nm, which is favorable
for in vivo imaging, was measured to be >1 ms."* Therefore, the
enhanced UCL emission is ascribed to the suppression of non-
radiative processes in Lu6."* Finally, according to the report by
Boyer and van Veggle,' the absolute UCL quantum yield of 0.47 +
0.06% at 800 nm for the *H, — *H transition of powder Lu6-Tm
(7.8 nm) at an excitation power density of 17.5 W cm 2. To the best
of our knowledge, this is the first report of small (sub-10 nm)
UCNPs producing such a high UCL efficiency.

The monodispersed nanocrystals were then employed as
luminescent probes for biological applications. First, the hydro-
phobic Lu6-Tm and Y1-Tm nanoparticles were converted into
hydroﬁphilic ones by replacing the surface oleylamine with citric
acid.'® In this work, the citric acid-coated Lu6-Tm and Y1-Tm
are denoted as cit-Lu6-Tm and cit-Y1-Tm, respectively. It can be
seen from the TEM image (Figure S11a) that this ligand exchange
had no obvious influence on the size and shape of the UCNPs. As
determined by DLS, the hydrodynamic diameter of cit-Lu6-Tm in
water was 10.8 nm (Figure S5¢). Under CW excitation at 980 nm,
cit-Lu6-Tm in water displayed intense characteristic UCL emis-
sion from Tm>" that peaked at 475 and 800 nm (Figure S11b).

To confirm further the penetration depth of cit-Lu6-Tm for UCL
imaging in vivo, a black mouse was selected as a model animal. As far
as we know, a black mouse has never been used to investigate the
penetration depth of conventional fluorescent materials because of
the strong absorption of excitation and emission. As shown in

Figure 5. (a) Confocal UCL image and (b) its overlay with a bright-
field image of cells stained with 200 g mL ™" cit-Lu6-Tm for 2 hat 37 °C
(Aex= 980 nm, A.y= 450—490 nm). (¢, d) In vivo UCL imaging of
athymic nude mice after (a) subcutaneous injection of S0 KB cells
and (d) vein injection of 1000 cells. The KB cells were incubated with
200 ug mL ™" cit-Lu6-Tm for 2 h. SNR = [(mean luminescence intensity
of 1) — (mean luminescence intensity of 3)]/[(mean luminescence
intensity of 2) — (mean luminescence intensity of 3)].

Figure 4a and Table S2, the signal-to-noise ratio (SNR) of a black
mouse injected subcutaneously with cit-Lu6-Tm is 12-fold larger
than that with cit-Y1-Tm. The UCL signal from cit-Lu6-Tm also can
be detected even from the back side (Figure 4b), suggesting that
high-contrast UCL imaging of a whole-body black mouse with a
penetration depth of ~2 cm was achieved. This shows that Lu6 has
great penetration capability.

Furthermore, the interaction of cit-Lu6-Tm with living cells
was investigated. The effect of cit-Lu6-Tm on cell proliferation of
KB cells was determined using an in vitro toxicology assay kit
(Figure S12). The viability of untreated cells was assumed to be
100%. Upon incubation with cit-Lu6-Tm (100 ug mL ") for 5
and 24 h, fewer than 10% of the KB cells died. When the
concentration of cit-Lu6-Tm was increased to 800 ug mL ™, the
cell viability still remained above 80%. These results show that
the cit-Lu6-Tm has low toxicity toward cell proliferation.

A laser-scanning UCL microscope (LSUCLM)® was used to
investigate the luminescent imaging of living cells. After incubation
with 200 g mL ™" cit-Lu6-Tm in phosphate-buffered saline (pH 7)
for 2 h at 37 °C, the unbound nanocrystals were washed away, and
the living cells were imaged using 980 nm excitation (Figure Sa).
Intense intracellular UCL emission was observed with a high signal-
to-background ratio (background counts of ~0) (Figure S13).
Overlays of confocal luminescence imaging and bright-field images
(Figure Sb) demonstrated that the luminescence was evident in the
intracellular region, which was confirmed by Z-scan confocal UCL
imaging (Figure S14). This result indicated that the cit-Lu6-Tm
could be used as a luminescence probe for cell imaging.

In the previous literature, it is often mentioned that UCL-based
probes show high penetration depth and low autofluorescence from
biosamples. Liu and co-workers® reported that the penetration
depth in tissue reached 0.8 cm using 30 nm 3-NaYF,:Yb,Er UCNPs
as luminescent probes. Until now, no data concerning the penetra-
tion depth and sensitivity of UCL bioimaging in vivo have been
reported. The detection limit of UCNP-labeled cells is very
important for evaluation of the sensitivity of bioimaging in vivo.
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By subcutaneous injection of cit-Lu6-Tm-labeled KB cells into a
nude mouse, the detection threshold of cit-Lu6-Tm-labeled cells
was measured. As shown in Figure Sc, a UCL signal can be detected
with SNR > 3 for a nude mouse injected subcutaneously with S0 cit-
Lu6-Tm-labeled KB cells under 980 nm excitation at 120
mW cm 2, indicating that the detection limit of UCNP-labeled
cells injected subcutaneously is <S0.

In addition, the intramouse detection limit for UCNP-labeled cells
was also examined. As shown in Figure 5d, after intravenous injection of
1000 cit-Lu6-Tm-labeled KB cells into a 30 g naked mouse, high-
contrast in vivo UCL imaging of the whole-body mouse was achieved
with SNR > 10, meaning that the intramouse detection limit of UCNP-
labeled cells is <1000. To the best of our knowledge, this is the first
report describing an intramouse detection limit of <1000 nanocrystal-
labeled cells for whole-body UCL imaging of a small animal.

To summarize, sub-10 nm Gd**-doped 3-NaLuF, nanocryst-
als material with bright upconversion luminescence have been
synthesized by thermal decomposition in the presence of oley-
lamine. Such sub-10 nm 3-NaLuF,:Gd,Yb,Tm nanocrystals dis-
play bright UCL emission with a quantum yield of 0.47 &£ 0.06%,
indicating that sub-10 nm hexagonal NaLuF,:Gd>*,Yb>", Tm**
(7.8 nm) is an excellent nanomaterial for upconversion emission.
With such sub-10 nm (-NaLuF,:Gd,Yb,Tm nanocrystals as a
UCL probe, excellent detection limits of 50 and 1000 nanocrys-
tal-labeled cells were achieved for subcutaneous and intravenous
injection, respectively. In particular, high-contrast UCL imaging
of a whole-body black mouse with a penetration depth of ~2 cm
was achieved. The use of NaLuF, as a host material provides a
new strategy for the fabrication of bright upconversion nano-
crystals for further applications in biological science and medicine.
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