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Research on NaYFYb,Er and NaYE:Yb,Tm!* espe-
cially preparation and upconversion fluorescence of their
nanocrystal§; *° has been active due to potential applications
as sensitive bio-probég 13 NaYF,:Yb,Er(Tm) is one of
the most efficient 980 nm near-infrared (NIR) to visible
(green and blue) upconversion phospHéfs As bio-probes

341

be water soluble with high fluorescent efficient®y?° Very
recently, three groups reported the preparation of NaYF
Yb,Er(Tm) nanoparticles, adopting a similar strategy by co-
thermolysis of rare earth trifluoroacetate (RE(CPO)) and
sodium trifluoroacetate (NaGEOOQ) in high temperature
organic solution$§:1° In Capobianco et al.’s repol{,cubic
NaYF,:Yb,Er(Tm) particles with a broader size distribution
of 10—50 nm were prepared. The efficiency of the cubic
phase is 1 order of magnitude lower than the desirable
hexagonal phase. In Yan et al.’'s metifdiexagonal phase
NaYF;:Yb,Er(Tm) particles were prepared. However, the
hexagonal plates of NaYFrb,Er (187 nmx 71 nm) and
NaYF;:Yb,Tm (100 nmx 51 nm) were too large as bio-
probes. In our parallel effoft,hexagonal phase Na¥F
Yb,Er(Tm) nanoparticles with smaller size and narrow size
distribution (10.5+ 0.7 nm) were synthesized. However,
all of the above-reported nanoparticles were hydrophobic

for imaging and detection, conceivable advantages includewith lower fluorescence compared to the bulk counterparts.

improved signal-to-noise ratio due to absence of autofluo-
rescence and reduction of light scatterifigy easy in vivo
imaging by noninvasive and deep penetration of NIR
radiation!® low photobleaching? and feasibility of multiple
labeling with different emissions under the same excitation.
A compact, power-rich, and inexpensive 980 nm NIR laser
may be used as the excitation soufgmtentially replacing
the currently expensive ultrafast pulse laser in the multipho-
ton fluorescent microscopy.

Commercial bulk NaYEYb,Er(Tm) is usually prepared
by solid-staté!4*5or hydrothermal reactiohA universal bio-
probe, small £ 10 nm) with narrow size distribution, should
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In this communication, hexagonal phase nanoparticles of
NaYF;:Yb,Er(Tm) core and NaYEYb,Er(Tm)/NaYF, core/
shell (C/S) were prepared. Remarkable upconversion fluo-
rescence enhancements-of and~29 times were observed
for NaYF.:Yb,Er and NaYRYb,Tm, respectively, after
coating with an undoped NaYFhell. These hydrophobic
C/S nanoparticles were further rendered hydrophilic by a
layer of amphiphilic polymer. These attractive features of
the nanoparticles make them suitable bio-probes for bio-
applications.

The core and C/S of the nanopatrticles were prepared using
our recently reported method with modificatidnThe
polymer coated C/S nanoparticles were synthesized by

mseygs@ coating the C/S nanoparticles with an amphiphilic layer, 25%

octylamine and 40% isopropylamine modified poly(acrylic
acid) (PAA)2L22 Details for the preparation of core, C/S,
and PAA coated C/S of the nanoparticles are in Supporting
Information.

Figure la shows the structure of Nay¥b,Er(Tm) core,
C/S, and PAA coated C/S nanoparticles. The coating of PAA
arose from the hydrophobic interactions of the octyl and
isopropyl groups of PAA with the octadecyl group of
oleylamine on the nanoparticles surface. After coating, the
hydrophilic carboxyl group of PAA extended outward,
rendering nanoparticles water soluble and allowing attach-
ment of biomolecules. Figure 1b shows the fluorescence
images of NaYEYb,Er and NaYE:Yb,Tm cores, C/S, and
PAA coated C/S nanoparticles of the same particle concen-
trations dispersed in chloroform, chloroform, and water
solutions, respectively. Excited with a 980 nm NIR laser,
significant fluorescence enhancement was observed for C/S
nanoparticles, as compared with their respective cores. PAA
coated C/S nanoparticles showed a decreased fluorescence.
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Communications

we obtained upconversion fluorescence enhancements of 7.4
and 29.6 times for NaY£Yb,Er and NaYE:Yb,Tm, respec-
tively, after coating with an undoped Nay$hell. Compared
with their bulk counterpartsthe integrated intensity of the
emission peaks of the upconversion fluorescence output of
NaYF;:Yb,Er/NaYF, core/shell nanoparticles was30% that

of their bulk counterparts in our experiments. For the PAA
coated C/S particles, fluorescence intensities-677% for
NaYF,:Yb,Er and~66.9% for NaYR:Yb,Tm were observed,
compared to those of the C/S counterparts.

To date, only down-conversion fluorescence enhancements
such as CdSe and CePTbh have been reported, after coating
with a second layer of ZrfSand LaPQ.?* Here we report a
significant enhancement of upconversion fluorescence of
nanoparticles after coating with an undoped Na¥Fkell. It
has been suggested that the organic surfactant with high
vibrational energy on the nanoparticle surface quenched
fluorescencé A shell of hexagonal NaYFwith low phonon
energy greatly reduced the quenching. The effects of PAA
on fluorescence intensity were probed using-tks spec-
troscopy. The results showed that PAA did not exhibit
absorption in the NIR or the visible wavelengths (Supporting
Information, Figure S1). The observed decrease of fluores-
cence intensity (Figure 1) by PAA coating would
therefore likely arise from interactions of PAA with the
upconversion nanoparticles, leading to fluorescence quench-
ing. A decrease in the fluorescence quantum yield80%
was also observed for PAA coated CdSe/ZnS C/S quantum
dots (QDs)! Measurement of the lifetime of excited states
would yield a better understanding of the mechanisms which
warrant further work. The noticeable difference of enhance-
ment from C/S of NaYEYDb,Er (7.4 times) and NaYfYb,-

Tm (29.6 times) suggested different upconversion mecha-
nisms. For NaYEYDb,Er, two 980 nm NIR photons were
needed to generated a visible photon by absorption at excited
states, whereas for Na¥:F¥b,Tm, three photons were needed
to generate a visible photdn.

Figure 2a,b shows the transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images of NaYEYb,Er core and NaYEYb,Er/
NaYF, C/S nanopatrticles, respectively. These nanoparticles
were equiaxed with average diameters (from dynamic light
scattering, DLS) of 8.5t 0.8 nm for core and 11.% 1.5
nm for C/S, consistent with TEM results (countirg?00
particles). HRTEM images confirmed the single crystallinity
of these particles. The atomic compositions from energy-
dispersive X-ray (EDX) analysis were Y/Yb/Er76.2:21.6:

2.2 for NaYR:Yb,Er core and Y/Yb/Tm= 77.3:20.6:2.1 for

Figure 1. Structure scheme (a), upconversion fluorescence image (b, greenNaYF4:Yb, Tm core. The X-ray diffraction (XRD) results of

from NaYF:Yb,Er and blue from NaYEYb,Tm), and upconversion
fluorescence spectra (c and d) of the NaX,Er(Tm) core, NaYEYb,-
Er(Tm)/NaYF, core/shell, and PAA coated NaY.Kb,Er(Tm)/NaYF, core/
shell nanopatrticles. The excitation sva 1 W 980 nm NIRaser. Note that
the NIR emission of NaYEYb,Tm at~800 nm is invisible to both human

eyes and camera.

the core and C/S (Figure 2c) showed the hexagonal phase
of these nanoparticles. The average particle size, obtained
by the Debye-Scherrer equation, was 7.7 nm for core and
10.5 nm for C/S, which was consistent with the results from
DLS. Peak sharpening was also observed for the C/S in

Figure 1c,d shows the fluorescence spectra of core, C/S, and-igure 2c, as compared with the core nanoparticles, showing

PAA coated C/S of NaYEYb,Er and NaYk:Yb,Tm nano-
particles, respectivelydA 1 W external 980 nm NIR fiber
laser with an average power density-e®.15 W/mn1? was

(23) Hines, M. A.; Guyot-Sionnest, B. Phys. Cheml996 100(2), 468—
471.
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used as excitation. Using the same particle concentrations,  Haase, MAngew. Chem., Int. EQ003 42 (44), 5513-5516.
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of the particle solution in water and PBS, whereas for
nanopatrticles in TBE buffer, no aggregate was observed. This
suggested that, in pH 9.3 borate buffer, the PAA polymer
was fully ionized and strong charge repulsion existed to
prevent aggregatiott. These PAA coated C/S nanoparticles
were characterized with DLS argdpotential measurements.
The hydrodynamic diameter of the PAA coated C/S was 30.2
+ 5.24 nm (Supporting Information, Figure S2), with a
calculated polymer thickness of-80 nm, consistent with
the literature of polymer coated QBsThe ¢-potential of
the C/S nanoparticles without PAA coating was33.8,
whereas after coating it wasl14.4. This further confirmed
the negatively charged PAA on the particle surface.

In summary, hexagonal phase Nay¥b,Er and NaYE:
Yb,Tm core, core/shell, and PAA coated core/shell were
prepared. Significant upconversion fluorescence enhance-
ments of 7.4 times from NaY,Frb,Er C/S and 29.6 times
from NaYF;:Yb,Tm C/S were observed. These hydrophobic
core/shell nanoparticles were rendered hydrophilic by am-
phiphilic PAA coating. The high fluorescence efficiency

2.Theta (~30% of that for bulk) and hydrophilicity with desirable

Figure 2. TEM results of NaYE:Yb,Er core (a) and NaYEYb,Er/NaYFR Carb_oxyllc .functlonal groups of these umform’ small nano-
core/shell (b). XRD results of these nanocrystals (c). Bottom part of Figure particles give them great potential as bio-probes.
2c is the line pattern of the hexagonal phase Na{ADF 28-1192).
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