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Abstract

We present a simple method for preparing water dispersible NaGdF,: Yb*", Er**/silica/gold na-
noparticles. The emission intensity and color of the upconverting cores are modulated by the
plasmonic absorbance and field enhancement from the gold nanoparticles. The applicability of
hybrid NPs for multi-modal bioimaging probes is illustrated by in vitro confocal microscopy of living

cancer cells.
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1. Introduction

Hybrid nanoparticles are of great interest be-
cause of their potential to combine desirable proper-
ties of different nanostructures in a single con-
struct[1]. They have potential applications in mul-
ti-modal bioimaging|2, 3], diagnostics, and therapy[4,
5] as well as in photonics and optoelectronics. Lan-
thanide-doped upconversion (UC) nanophosphors
are promising optical contrast agents for biomedical
applications due to their photostability, sharp emis-
sion peaks, and long emission lifetime[6, 7]. Upon
near infrared (NIR) excitation, UC nanoparticles ex-
hibit intense visible emission via multiphoton pro-
cesses involving the lanthanide ions within
them[8-10]. For in vitro or in vivo imaging, the use of
NIR excitation minimizes absorbance, scattering, and
fluorescence from cells and tissues, allowing imaging
against a dark background[11]. In contrast, commer-
cially available labels, such as organic dyes and
quantum dots, typically must be imaged against a

background of Stokes-shifted tissue auto-fluorescence
induced by UV, blue, or green excitation[12]. In addi-
tion, because of the existence of real intermediate en-
ergy levels in lanthanide ions, this upconversion
process can be much more efficient than conventional
multiphoton-absorption-induced fluorescence of or-
ganic dyes or quantum dots, where the intermediate
levels are virtual. This high efficiency enables the use
of low-cost, CW, NIR diode lasers as excitation
sources, rather than the expensive and complex
femtosecond laser sources required for conventional
multiphoton fluorescence of organic dyes and quan-
tum dots[13].

Judiciously combining these UC nanoparticles
(NPs) with other nanostructures may enable even
greater control of their optical properties or genera-
tion of entirely new combinations of properties not
available in single-component nanoparticles[14]. Au
NPs have potential applications in thermal thera-
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pyl[15], bioimaging[16], photosensing[17], and other
imaging and therapeutic technologies based on their
strong surface plasmon resonance absorption[18] and
scattering. Integration of Au NPs with UC NPs could
provide enhancement of UC emission, due to local
field enhancement by the Au NPs, or could provide
attenuation of UC emission via energy transfer from
the UC NPs to the Au NPs[1, 19]. Understanding and
harnessing these interactions are of both scientific and
practical interest. NaGdF; provides one of the best
host lattices for creating lanthanide-doped UC
NPs[20, 21]. Moreover, NaGdFs NPs have been
demonstrated as magnetic resonance imaging con-
trast agents, using positive-contrast enhance-
ment[22-24] which opens the door to multimodal
imaging using Gd-containing UC NPs[25]. In this
communication, we report a simple method to pre-
pare water-dispersible hybrid nanoparticles of
NaGdFy: Er,Yb (UC NPs) and gold NPs. The hybrid
particles combine the magnetic and optical properties
of the Gd-based UC NPs and surface plasmon reso-
nance of gold NPs, and have potential applications in
the fields of bioimaging[26], MRI and thermal thera-
py-

Very recently, as we were drafting this manu-
script, Li et al.[27] published a similar method for
synthesizing hybrids of 20 nm diameter NaYF4:Yb/Er
nanophosphors and gold nanoparticles for use in bi-
osensors. However, we present here a hybrid
nanostructure of 10 nm diameter NaGdFsYb/Er
nanophosphors and gold nanoparticles for their ap-
plications in multi-modal bioimaging. Although MRI
is not an explicit focus of this paper, the known effec-
tiveness of these Gd-containing nanoparticles as MRI
contrast agents provides these particles with potential
for multimodal (MRI plus optical) imaging for which
the NaYF, based particles could not be used.

2. Experimental Section

2.1 Synthesis of B-NaGdF4:Yb20%Er2% Nano-
crystals

0.39 mmol gadolinium(Ill) chloride hexahydrate
(GdCls 6HO, Aldrich, 99.999%), 0.1 mmol ytterbium
(III) chloride hexahydrate (YbCl; 6HO, Aldrich), and
0.01 mmol erbium chloride hexahydride (ErCls 6H-O,
Aldrich, 99.9%) were added to a 100 mL three-neck
round-bottom flask. Then 4 mL oleic acid (Aldrich,
90%) and 16 mL 1-octadecene (Aldrich, 90%) were
added. The flask was heated to 160 °C under argon
gas flow with constant stirring for 2 hours, and then
cooled to room temperature. 1.8 mmol ammonium
fluoride (NH4F, sigma-Aldrich) and 1.25 mmol so-
dium hydroxide (NaOH, Sigma-Aldrich) dissolved in

methanol (Fisher) were added, and the mixture was
stirred at 50 °C for 30 min. After the methanol had
evaporated, the solution was heated to 300 °C as
quickly as possible under argon gas flow with vigor-
ous stirring, held at that temperature for 60 min, and
then cooled to room temperature. The obtained na-
noparticles were precipitated by the addition of 15 mL
acetone, collected by centrifugation at 11000 rpm for
10 min, washed with ethanol several times, and finally
dispersed in 10 mL cyclohexane (Sigma-Aldrich,
99%).

2.2 Synthesis of 5 nm PVP capped-gold nano-
particles

0.16 mL of gold chloride trihydrate (HAuCly,
Aldrich, 99%) aqueous solution (5 mM) was diluted
with 2 mL DI water and then 2 mL of 7 mg/mL poly-
vinylpyrrolidone (PVP, Aldrich, M.W. 40,000) in wa-
ter was added. After 30 min of stirring, 200 pL of 0.1
M NaBH;saqueous solution was added. After several
minutes, the color of the solution changed to red in-
dicating gold NP formation. The synthesized particles
were used in further experiments without washing

2.3 Coating upconverting particles with silica
shell

0.35 mL Igepal CO-520 (Aldrich) was mixed with
6 mL cyclohexane, and then 0.5 mL of a 100 mM
(concentration of Gd3*) dispersion of upconverting
particles was added. After 30 min stirring, 200 pL
ammonium hydroxide (Sigma-Aldrich, 28%-30%) was
added and the stirring was maintained for another 1
hour until the solution became clear. 40 pL tetraethy-
lorthosilicate (TEOS, Aldrich, 97%) was then added,
and the solution was stirred overnight. The synthe-
sized particles were precipitated with acetone and
then collected by centrifugation at 8000 rpm for 10
min. 6 mL DI water was used to redisperse particles
for further experiments.

2.4 APTES functionalized NaGdF4Yb, Er/silica

3 mL of 12 mM 3-aminopropyltriethoxysilane
(APTES, Aldrich, 99%) in ethanol was added to the
NaGdF4:Yb, Er/silica nanoparticles from the previous
step, and then the solution was refluxed at 80 °C for 1
hour. Functionalized particles were centrifuged out at
8000 rpm and were further washed with a mixture of
DI water and ethanol. Finally, the obtained particles
were dispersed in 2 mL ethanol.

2.5 Gold nanoparticle attachment to NaGdF:
Yb, Er/silica

2 mL ethanol solution of NaGdFs: Yb, Er/silica
nanoparticles was mixed with another 2 mL ethanol
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and then 1.5 mL water solution of synthesized gold
nanoparticles was added with stirring. After 1 hour,
particles were centrifuged out, and then redispersed
either in ethanol or water for further characterization.

2.6 Cellular imaging

For in vitro imaging, Hel a cells were cultured in
Dulbecco’s minimum essential medium (DMEM)
with 10% fetal bovine serum (FBS), 1% penicillin, and
1% amphotericin B. The day before nanoparticle
treatment, cells were seeded in 35 mm culture dishes.
On the treatment day, the cells, at a confluency of
50-60%, in serum-supplemented medium, were
treated with the nanoparticles at a specific concentra-
tion (100 pL per 1 mL of medium) and incubated
overnight at 37 °C. After incubation, the cells were
rinsed with the medium once.

Confocal microscopy images were obtained us-
ing a Leica TCS SP2 AOBS spectral confocal micro-
scope (Leica Microsystems Semiconductor GmbH,
Wetzler, Germany) with laser excitation at 514 nm
(reflection and transmission images) or 975 nm (UC
luminescence image).

2.7. Instruments

The size and morphology of gold and UC nano-
crystals were characterized by transmission electron
microscopy using a JEOL JEM-2010 microscope at an
acceleration voltage of 200 kV. Absorption spectra
were acquired using a Shimadzu 3600
UV-Visible-NIR scanning spectrophotometer. The UC
emission spectra were obtained using a Fluorolog-3.11
spectrofluorometer (Jobin Yvon) under excitation at
975 nm wusing a fiber-coupled laser diode
(Q-Photonics). The decay profiles were recorded by
an Infinium oscilloscope (Hewlett-Packard) coupled
to the output of the photomultiplier tube (PMT) of the
Fluorolog-3.11 spectrofluorimeter, using laser diode
excitation at 975 nm operating in the pulsed mode
(pulse width of 300 ps) at 400 Hz. Samples with and
without addition of Au NPs were measured under
identical conditions and at the same concentration. To
achieve this, two samples were taken from a given
batch of silica-coated NPs. Au NPs were added to one
sample, while the other was retained for comparison.
If some UC NPs were lost during centrifugation and
re-dispersion after Au NP addition, then the concen-
tration of the sample with Au NPs could be slightly
lower than that without Au NP addition.

3. Results and Discussion

Direct growth of gold NPs on UC NPs was not
successful, because homogeneous nucleation of Au
NPs is favored over heterogeneous nucleation of Au

on the UC NPs under all conditions we have explored.
Moreover, direct, intimate contact between the UC
NPs and Au NPs may not be desirable, as it could lead
to complete quenching of UC NP emission. Therefore,
a simple method was designed here for decorating
UC NPs with gold NPs and simultaneously transfer-
ing the hydrophobic UC NPs to an aqueous envi-
ronment. The overall approach is illustrated sche-
matically in figure 1, and described in greater detail in
the experimental section. Monodispersed UC
NaGdF4:2% Er, 20% Yb NPs capped by oleic acid were
first synthesized via a procedure adapted from our
recent work[24]. The hydrophobic UC NPs were then
capped with silica via a reverse-micelle method[28] to
make them hydrophilic. Amino-propyltriethoxysilane
(APTES) was then used to functionalize the sili-
ca-capped UC NPs with amine groups. Finally, 5 nm
gold NPs capped with PVP were mixed with the sili-
ca-coated UC NPs. Amine groups on the UC NPs
displaced the PVP from the AuNP surface, yielding
AuNP-decorated UC NPs that were dispersible in

water or ethanol.

TEOS

—

UCNPs

Modify with

APTES

Figure |. Schematic illustration of synthetic procedures.

The NaGdFs: Er, Yb particles have hexagonal
crystal structure, as demonstrated by selected area
electron diffraction (figure 2(a)), which typically leads
to higher quantum yield than the cubic phase[29].
TEM images (figure 3), show that the UC NPs have a
mean diameter of about 10 nm, and the thickness of
the silica shell is about 6 nm, yielding an overall di-
ameter near 22 nm for the coated particles. Figure 3(b)
shows the size of UC NPs/silica core-shell particles
and their mono-dispersity. Figure 3(c) and (d) show
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the hybrid particles following the attachment of 5 nm
Au NPs. After the UC NPs were decorated with Au
NPs, the dispersion turned red. Figure 2(b) shows the
extinction spectrum of the
NaGdF4:Er,Yb/silica/ AuNP dispersion in water, with
a peak near 530 nm, attributed to the plasmon reso-
nance absorbance and scattering by Au NPs.

Figure 4(a) shows the emission spectra of the
hybrid particles under 975 nm excitation. Two UC
bands with maxima at 520/540 nm and 650 nm are
seen, corresponding to the 2Hii/2/%Ss/2>—415/2 and
4Fg/»—4l15/2 transitions (of Er3*), respectively. The
up-conversion mechanisms are shown schematically
in figure 5. The 975 nm laser excites Yb3* ions from the
ground state to the 2Fs,> state. Then, two discrete en-
ergy transfers from the excited Yb3* ions bring the Er3+
ions from the ground state to the 2Hi1/2/453/2 states,
which produces UC emission at 520/540 nm by radi-
ative decay to the ground “li5/2 state. The red UC
emission at 650 nm arises from the *Fo,; state, which
can be populated by either nonradiative decay from
the 2Hi1/2/453/2 state or by exciting Er3* ions from the
413/2 state to the “Fy,, state through energy transfer
from Yb®* ions.

a)

2 1/nm

o
-
1

Absorption

T T T

380 480 580 680
wavelength(nm)

Figure 2. (a) Selected area electron diffraction image of NaGdFa:
Er3+,Yb3*  nanocrystals. (b) Absorption spectrum  of
NaGdF4:Er3+,Yb3+/silical/ AuNP water dispersion.

Figure 3. TEM images of (a) UC NPs; (b) UC/silica NPs; (c) UC/silica/Au NPs; (d) higher magnification of UC/silica/Au NPs.
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Figure 4. Photoluminescence spectra (a) and lifetime (b) of green
emission for UC NPs before and after decorating with Au NPs. (c)
Decay of red emission for UC NPs before and after decorating
with Au NPs. Spectra presented in part (a) were measured under
identical conditions and NP concentration.
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Figure 5. Energy level diagrams of Yb3* and Er3* ions and the
proposed upconversion mechanism in NaGdF4: Yb3+, Er3* nano-
crystals

Upon decoration with Au NPs, the relative UC
emission intensities of the hybrid NPs was modulated
dramatically, as shown in figure 4 (a). The intensity of
the green emission peak at 520/540 nm was reduced
by 72% after Au NP addition, while the red emission
near 650 nm was attenuated by only 35%. The differ-
ence in attenuation for the two bands demonstrates
the utility of plasmonic particles for tuning UC colors,
which is potentially useful in creating bio-sensors[27].
The surface plasmon resonance of gold can also affect
the emission intensities of luminescent particles by
shortening the luminescence lifetime[30]. To further
clarify this effect, we measured the decay of the green
emission at 540 nm. As illustrated in figure 4(b), the
lifetime of the green emission was decreased from
~300 ps to ~200 ps. The lifetime of the red emission at
650 nm appeared to be almost unchanged under these
conditions(figure 4(c)), but it noticeably decreased for
a sample with a higher concentration of gold nano-
particles. The different lifetime shortening for the
green and the red emissions is apparently induced by
Au NPs and associated with energy transfer to the
gold nanoparticles[31]. If the lifetime shortening was
due to increased radiative deacitivation rate, then we
would expect enhancement of UC emission intensi-
ty[30]. However, a decreased intensity was observed
for both emission bands. Energy transfer from the UC
NP to the Au NP at 520/540 nm could provide a par-
allel, nonradiative pathway that would compete with
the radiative one and decrease the emission intensity.
However, a parallel nonradiative path that decreased
the lifetime by only 30% would also only decrease the
total emission intensity by about 30%. Thus, the direct
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energy transfer may contribute to the intensity de-
crease, but does not appear to be the dominant effect.
Finally, the emission intensity can also be decreased
due to absorption of the emitted light by the Au NPs,
without affecting the emission lifetime. All of these
effects: enhancement of radiative recombination rate,
direct energy transfer (non-radiative rate), and Au
reabsorption are expected to be strongest for the green
emission band that overlaps with the plasmon reso-
nance of the gold nanoparticles. Therefore, the inten-
sity of this band decreased more than that of the band
peaked at 650 nm. Some researchers have observed an
increase in photoluminescence of upconverting NPs
upon encapsulation with a gold shell. However, oth-
ers have shown that a decrease in photoluminescence
is also possible. Multiple factors may affect the inter-
action between gold and upconverting NPs, including
the distance between gold and upconverting NPs, the
ratio of gold NPs to UC NPs, and the surfactants used.
These factors will affect both radiative and
non-radiative pathways, such that different combina-
tions may lead to either a net enhancement or net at-
tenuation of luminescence.

The water-dispersible hybrid nanoparticles
possess both plasmonic and UC photoluminescence
properties, which can be exploited for bioimaging.

Figure 6 illustrates the bimodal imaging capability of
the NaGdF4Er,Yb/silica/Au NPs. HelLa cells were
incubated with these nanoparticles overnight at 37 °C,
rinsed, and imaged with a confocal microscope.
Plasmonic properties of the nanoparticles taken up by
cells produce strong contrast in confocal reflection
imaging using the 514 nm laser excitation (figure 6b)
because of the strong scattering from gold particles.
On the other hand, due to the photoluminescence of
UC nanoparticle cores, the luminescence cellular im-
aging can also be obtained when excited at 975 nm
(figure 6c). As bioimaging probes, upconversion na-
noparticles would be more valuable if their emission
efficiency were higher, comparable to that of quantum
dots. The doping of gold nanoparticles has been
shown in this paper to tune the emission intensity of
UC nanoparticles. In the future, the distance between
gold and UC nanoparticles and the ratio between
them can be controlled to optimize the surface plas-
mon enhancement effect of gold nanoparticles to in-
crease the emission intensity of UC nanoparticles and
further increase the photoluminescence efficiency.
Moreover, the Gd-containing host material makes
these materials relevant to MRI contrast enhancement

as well. This possibility should be investigated further
in the future.

Figure 6. Confocal microscopy images of Hela cells treated with NaGdFa4: Er,Yb/silica/Au nanoparticles: (a) transmission; (b) reflection
(514 nm laser line); (c) UC photoluminescence (975 nm excitation, detection in the range of 500-700 nm).

4. Conclusion

In summary, water dispersible NaGdF4:Er3+,
Yb3+/silica/ Au NPs with overall diameters around 20
nm have been prepared. The color and the intensity of
UC emission under NIR excitation at 975 nm were
changed by the gold NPs. This can be attributed pri-
marily to the surface plasmon resonance absorption
by gold nanoparticles. The lifetime of the UC emission

was found to decrease slightly as a result of interac-
tion with the gold nanoparticles, suggesting the pos-
sibility of non-radiative energy transfer from the UC
NPs to Au NPs and/ or increase in the rate of radiative
deactivation. UC photoluminescence and confocal
reflection imaging demonstrated uptake of hybrid
nanoparticles by cancer cells in vitro and the possibil-
ity of dual modality imaging exploiting both the
plasmonic and the UC photoluminescent properties of
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the NaGdF4Er,Yb/silica/Au NPs. Though not
demonstrated here, MRI contrast enhancement by Gd
is expected to enable a third imaging modality. Plas-
monic effects on UC NPs depend strongly on the size
of gold NPs and the distance between UC NPs and the
gold NPs. Future fine tuning of these parameters
might result in other interesting phenomena, such as
emission enhancement, emission color change, and
emission lifetime modulation.
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