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NaYF4Yb*" Er®*@SiO,@Au heterogeneous nanostructures, with the ability of integrating upconversion
luminescence (UCL) and photothermal therapy as well as real-time temperature monitoring, have been
successfully prepared. The UCL intensities of NaYF4:Yb®*,Er®™ nanocrystals showed an obvious reduction

after gold nanoparticle attachment and gold shell coating, but it was found that they were independent
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Introduction

Multifunctional nanostructures that are capable of combining
various intrinsic properties in a single construct have received
considerable attention due to their potential applications in
multimodality imaging, biosensing, disease diagnosis, and
therapy."® Lanthanide-doped upconversion nanoparticles
(UCNPs), which are able to emit high-energy photons under
excitation by near-infrared (NIR) light, have emerged as attrac-
tive materials to achieve these applications in vitro and in vivo.*™®
Compared with the traditionally used down conversion fluo-
rescent organic dyes and quantum dots, the use of NIR light as
the excitation source provides UCNPs with many unique
advantages such as low photobleaching, minimized auto-
fluorescence and photodamage, and high penetration depth in
biospecies, making them suitable for use as imaging, sensing
and theranostic tools in biomedical fields.***

Among various UCNPs, hexagonal phase (B-)NaYFYb*"Er**
nanoparticles have been demonstrated to be the most efficient
upconversion materials.’> However, their absolute quantum
yields remain still low and are usually less than 1%."* Most of
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diagnostic and therapeutic tools for use in biomedical fields.

absorption energy has dissipated to crystal lattice as heat. Based
on this reason, B-NaYF,:Yb®>"Er’* UCNPs are potential novel
photothermal therapy tools for clinical applications. Neverthe-
less, most previous efforts have been made to improve the UCL
efficiency, but little has been attempted to utilize the heat
energy generated from the photothermal conversion process.
The use of NaGdF,:Yb** Er’* nanocrystals alone is able to offer
some heat energy, but the finite temperature increase (<10 °C)
in most cases was insufficient for photothermal therapy appli-
cation.” The introduction of noble metal nanoparticles, espe-
cially gold and silver nanomaterials, is attractive to improve this
performance, due to their strong optical absorption in visible
and NIR range. Improved photothermal conversion properties
have been achieved by constructing UCNPs@Au (or Ag)
heterogeneous nanostructures.'>'® However, their photo-
thermal conversion efficiency is still unsatisfactory and only
limited temperature rise no higher than 25 °C was recorded
even at a high excitation power density.'® Further optimization
is highly desirable for realizing efficient photothermal conver-
sion process.

In this work, NaYF,:Yb*" Er**@SiO,@Au heterogeneous
nanostructures were designed, synthesized and efficient pho-
tothermal conversion was achieved by precisely controlling the
particle size of Au nanoparticles and the thickness of Au shell.
In order to clarify the controversial mechanism between noble
metals and UCNPs, the influences of gold nanostructures (Au
particles and Au shell) on the UCL properties were studied by
accurately regulating SiO, isolation layer thicknesses. In addi-
tion, the temperature sensing application for the resulting
heterogeneous nanostructures was also investigated. The
results reveal that the presence of gold nanostructures can
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significantly improve the photothermal conversion properties
of NaYF,:Yb*" Er** nanocrystals with the increased temperature
up to 39 °C, while retaining their temperature sensing
properties.

Experimental
Sample preparation

The chemical reagents were all purchased from Sigma-Aldrich,
and used without further purification. NaYF,:Yb*",Er*" UCNPs,
silica shell, gold nanoparticles, and gold shell were synthesized
using modified procedures as previously reported."”*°

In a typical synthesis of NaYF,:Yb** Er’* UCNPs, 1.0 mmol
rare-earth acetates (Y/Yb/Er = 78 : 20 : 2) with 6 mL of oleic acid
and 15 mL of 1-octadecene were added to a flask under vigorous
stirring. The solution was heated to 100 °C under vacuum
conditions to remove oxygen and residual water. After cooling to
50 °C, a methanol solution (10 mL) containing 4.0 mmol of
NH,F and 2.5 mmol of NaOH was added. The resulting solution
was kept at 50 °C for 30 min. After methanol was evaporated, the
solution was heated to 300 °C under an argon atmosphere for
90 min. The nanoparticles were precipitated by addition of
ethanol and isolated via centrifugation.

For the formation of 10 nm silica shell, 0.5 mmol of
NaYF,:Yb*"Er** UCNPs in 20 mL of cyclohexane were mixed
with 1 mL of CO-520 and stirred for 10 min. Then, 4 mL of CO-
520 and 0.8 mL of concentrated ammonia were added and
sonicated for 20 min. After that, 0.2 mL of tetraethyl orthosili-
cate (TEOS) was slowly added, and the mixture was stirred for
48 h at room temperature. The nanoparticles were precipitated
with acetone and washed 3 times with 1 : 1 volume of ethanol/
water solution. The silica thicknesses were adjusted by varying
the contents of TEOS (0.02 mL of TEOS for 2 nm SiO, shell and
0.4 mL of TEOS for 18 nm SiO, shell).

For the amine functionalization of NaYF,:Yb*' Er*'@sio,
surface, 0.5 mmol of NaYF,:Yb*",Er**@Si0, nanoparticles were
dispersed in 20 mL of ethanol by sonication. Then, 1.3 mL of
concentrated ammonia was added and stirred for 10 min
under a sealed condition. After that, 1.0 mL of 3-amino-
propyltriethoxysilane was slowly added and stirred for 24 h under
a sealed condition. In order to improve the modification effect,
the solution was then stirred at 70 °C for 2 h in water bath. The
nanoparticles were centrifuged at 8000 rpm and washed 2 times
with ethanol. The final products were dispersed in 40 mL of de-
ionized (DI) water.

For the formation of gold seeds, 0.1 g of NaOH with 12 pL of
80% tetrakis (hydroxymethyl) phosphonium chloride were
added to 45 mL of DI water under vigorous stirring. Then, 2 mL
of 1% chloroauric acid (HAuCl,) was quickly added. The solu-
tion was stirred for 3 h in darkroom, and then centrifuged at
12 000 rpm. Gold seeds were washed 2 times with ethanol
before dispersed in 10 mL of DI water. The formation procedure
of gold nanoparticles was the same as that of gold seeds, except
that the content of HAuCl, was 4 mL. After the synthesis of gold
seeds (or gold nanoparticles)) 10 mL of amine-modified
NaYF,:Yb*" Er**@Si0, aqueous solution was slowly dropped
into 5 mL of gold seeds (or gold nanoparticles) solution. With
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6 h of curing, gold seeds (or gold nanoparticles) were attached
onto the surface of NaYF,:Yb**" Er**@SiO, nanoparticles. The
solution was centrifuged at 5500 rpm and washed 2 times with
ethanol. The as-prepared NaYF,Yb*' Er’*@SiO,@Au nano-
particles were then dispersed in 10 mL of DI water.

For gold shell growth, 0.025 g of potassium carbonate was
dissolved in 100 mL of DI water. After 10 min, 1.5 mL of 1%
HAuCl, was added. The solution was aged for 24 h in darkroom.
Then, 10 mL of above solution was mixed with 5 mL of gold
seeds attached NaYF,:Yb*",Er**@Si0O, nanoparticles, and stir-
red for 10 min. A reducing agent formaldehyde (35%, 36 pL) was
then introduced dropwise. Under vigorous stirring, a black
precipitate was observed few minutes later. The solution was
centrifuged at 5500 rpm and washed 2 times with ethanol. The
NaYF,:Yb*" Er**@SiO,@Au core-shell nanostructures were
dispersed in 10 mL DI water for further study.

Characterization

The nanoparticle morphology was recorded on a Tecnai G2
transmission electron microscopy (TEM). A temperature-
controlled heating system was used for temperature-
dependent UCL spectra measurement. Room-temperature and
temperature-dependent UCL spectra were measured by
a portable spectrometer (Maya 2000, Ocean Optics Co.) using
a continuous 975 nm diode laser as the excitation source. An
excitation power of about 120 mW was used, corresponding to
a power density of 3 W cm > For the measurement of
temperature-dependent UCL spectra of solution samples,
a heating platform was used for heating the solution and the
temperature was monitored by a thermocouple immersed into
the solution. Absorption spectra of solution samples were
measured by a Cary 5000 UV-Vis-NIR spectrophotometer. For
measurement of the photothermal conversion properties of
UCNPs in solution, the 975 nm laser was used as the radiation
source, and the temperature was monitored by a thermocouple
immersed into the solution.

Results and discussion

Structure and morphology

Fig. 1(a~d) shows typical TEM images of NaYF,:Yb*",Er** UCNPs
before and after SiO, shell growth. It can be seen that the
uncoated NaYF,:Yb** Er** UCNPs are monodispersed and can
self-assemble onto the surface of copper film (Fig. 1a). After SiO,
shell growth, the nanoparticles could be re-dispersed in
aqueous solution with a high monodispersity, which is favor-
able for their further biomedical applications. The average
diameter of the NaYF,:Yb*",Er**@SiO, nanoparticles increased
by 4, 20, and 36 nm compared to the uncoated NaYF4:Yb*" Er**
core (Fig. 1b-d), indicating the successful coating of 2, 10, and
18 nm SiO, shells around the NaYF,:Yb**,Er*" core. Fig. 1(e)
shows a clear NaYF,:Yb*" Er** @SiO, core-shell nanostructures.
The corresponding energy-dispersive X-ray analysis (EDX)
proves the existence of Si and O elements (Fig. 1(f)), indicating
the formation of SiO, shell around NaYF:Yb*",Er** core.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 TEM images of (a) NaYF,:Yb® Er** UCNPs, and NaYF,:-
Yb3* Er¥*@SiO, core—shell nanostructures with different SiO, shell
thicknesses: (b) 2 nm, (c) 10 nm, (d) 18 nm. (e) The magnified TEM
image of single NaYF,:Yb>" Er¥*@SiO, core—shell nanostructures. (f)
The corresponding EDX spectrum of (e).

After amine modification, gold nanoparticles with average
diameter of ~9.3 nm were attached onto the surface of
NaYF,:Yb*" Er** @SiO, nanopatrticles. As shown in Fig. 2(a—c),
NaYF,:Yb*" ,Er** @SiO,@Au nanostructures with different SiO,
spacer layer thicknesses were constructed after the gold nano-
particles  adsorption. Taking advantage of NaYF,:-
Yb** Er** @Si0, nanoparticles attached with gold seeds as the
precursors, gold shells were then successfully obtained by
introducing additional HAuCl, and reductant into the solution.
It can be seen from Fig. 2(d-f) that continuous gold shells with
the average thickness of 15 nm have grown on the surface of
NaYF,:Yb*" Er¥**@Si0, nanoparticles. The coated gold shell
reduced the monodispersity of NaYF,:Yb*' Er*'@siO,@Au
nanostructures in aqueous solution, and even presented a black
precipitate in final products, indicating the strong absorption of
visible light.

2 TEM images of adsorbed NaYF4:-

gold particles
Yb3* Er¥*@SiO,@Au nanostructures with different SiO, shell thick-
nesses: (@) 2 nm, (b) 10 nm, (c) 18 nm, and gold shell coated
NaYF,:Yb** Er¥*@SiO,@Au nanostructures with different SiO, shell
thicknesses: (d) 2 nm, (e) 10 nm, (f) 18 nm.

Fig.
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Upconversion luminescence properties

The upconversion emission spectra of NaYF,:Yb** Er**@si0,@-
Au nanostructures were collected in aqueous solution under
975 nm laser excitation. It can be seen from Fig. 3(a—c) that green
and red upconversion emissions centered at around 525, 545,
and 660 nm are observed for all samples, corresponding to the
*Hiipe = "Lisp, "Sap = "Lisp, and *Fo, — L5, transitions of
Er’" ions, respectively. With gold nanoparticles attachment, an
obvious reduction in UCL intensity can be found when 2 nm
thickness of SiO, was used as the spacer layer (Fig. 3a). The UCL
intensity will further attenuate with the formation of gold shell,
e.g., the integral UCL intensities decreased over 85% and 98%
after the gold nanoparticles adsorption and gold shell coating,
respectively (Fig. 3d). It is well known that there exits an inter-
action between noble metals and UCNPs, depending on the
distance of UCNPs from the metal surface.?® Therefore, we
attempt to further regulate the dominant effect of the gold
nanostructures on UCL properties by increasing the SiO, spacer
layer thicknesses. Fig. 3(b) and (c) show the UCL intensities of
NaYF,:Yb*",Er** @SiO,@Au nanostructures with increasing the
SiO, spacer layer thicknesses to 10 and 18 nm, respectively. It can
be found that significant UCL quenching effect still exists as the
presence of gold nanoparticles and gold shell (Fig. 3d). It means
that the existence of gold nanostructures (including gold parti-
cles and gold shell) led to an obvious quenching in UCL inten-
sities, and the spacer layer thickness was not the dominant factor
that governed the UCL intensities of NaYF,:Yb*",Er** @SiO,@Au
nanostructures.

Three interactions between metal nanostructures and
UCNPs can influence the UCL intensities of UCNPs: (a) an
increase of the excitation rate by local field enhancement (LFE);
(b) an increase of the emission rate by surface-plasmon-coupled
emission (SPCE); (c) energy transfer from UCNPs to metal
nanostructures (ET).>* LFE and SPCE factors account for the
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Fig. 3 Room-temperature UCL spectra of NaYF,Yb*" Er®*@SiO,,
NaYF.:Yb** Er¥*t@SiO,@Au nanoparticles and NaYF4:-
Yb3* Er¥*@SiO,@Au shell with different SiO, shell thicknesses: (a)
2 nm, (b) 10 nm, (c) 18 nm, and (d) the corresponding UCL intensities
comparison.
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metal-induced UCL enhancement.”> However, the energy
transfer from UCNPs to metal nanostructures would result in an
obvious quenching in UCL intensities.”* In order to understand
the interaction between gold nanostructures and UCNPs, we
further characterized the UV-Vis-NIR absorption spectra of gold
nanoparticles and gold shell. As shown in Fig. 4(a), a surface
plasmon resonance (SPR) peak centered at around 550 nm can
be observed for gold nanoparticles, which overlays well with the
upconversion emission peaks at around 525 and 545 nm, and
partially overlays with the emission peak at around 660 nm.
Given that UCL was suppressed rather than enhanced by gold
nanoparticles, it is reasonable to believe that ET instead of SPCE
plays the dominant role in regulating the UCL intensities of
NaYF,:Yb*" Er** UCNPs. Compared with the sharp absorption
peak of gold nanoparticles, a wide absorption band from visible
to NIR region can be observed for gold shell (Fig. 4b). Due to the
strong absorption of all upconversion emissions as well as the
975 nm excitation light, the UCL was quenched after the gold
shell growth. The obvious enhancement in photothermal
conversion properties in the presence of gold nanostructures
(will be discussed later) also proved the huge energy extraction
from upconversion emission, and consequently led to a signifi-
cant reduction in UCL intensities. Previous study on enhancing
the UCL by gold shell tuned the SPR peak to the NIR region (900
nm) by reducing the shell thickness to 3 nm.> We thus believe
that a thin gold shell is necessary for the enhancement of UCL.

Temperature sensing and photothermal properties

Due to the narrow energy gap between *H,,,, and *S;/, energy
levels of Er** ions, a thermal equilibrium exists between them.?
Therefore, the intensity ratio (Rys) of >Hy1, — “Iys;, and *Ss),
— %5, transitions of Er’" ions is sensitive to temperature.
According to Boltzmann's distribution, the intensity ratio Ryg as
a function of temperature can be expressed as:**

RHS = RHS(O)exp(—AE/kT) (1)

where AE is the energy gap between *H,q,, and *S3, energy
levels, k is the Boltzmann constant, T is the absolute tempera-
ture and Rys(0) is a constant. This relation provides a simple
non-contact method for real-time temperature measurements.

Fig. 5(a) shows the dependence of In(Rys) on the inverse
temperature for NaYF,:Yb** Er*" UCNPs with and without gold
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Fig.4 (a) UCL spectra of NaYF,:Yb®* Er®*@SiO, nanostructures (black
line) and absorption spectra of gold nanoparticles (red line), (b) UCL
spectra of NaYF4;:Yb** Er**@SiO, nanostructures (black line) and
absorption spectra of gold shell (red line).
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Fig. 5 (a) Plots of In(Rys) vs. 1/T and (b) photothermal conversion

properties of NaYF4Yb®* Er®*@SiO, NaYF4Yb>* Er¥*@SiO,@Au
nanoparticles and NaYF,:Yb*" Er**@SiO,@Au shell.

nanoparticles and gold shell. In accordance with eqn (1), all the
samples show a good linear relation of In(Rys) versus 1/T. It
means that the temperature can be accurately measured from
the intensity ratio of 525 and 545 nm emissions. In addition,
almost the same relations of Ryg vs. 1/T are obtained for three
samples, indicating that the existence of gold nanostructures
has little effects on the temperature sensing properties of
NaYF,:Yb*' ,Er** UCNPs. Therefore, NaYF,:Yb*" ,Er*' @SiO,@Au
nanostructures can be used as the temperature sensing probes
for real-time temperature monitoring, without altering the
temperature sensing properties of UCNPs.

To assess the photothermal conversion properties for
possible biomedical applications, the change of the tempera-
ture of NaYF,:Yb*" Er**@SiO,@Au nanostructures in aqueous
solution were measured under the exposure to 975 nm laser
with the pump power of 1.73 W. As depicted in Fig. 5(b), the
temperature of NaYF,:Yb*",Er’* UCNPs increased ~9 °C within
10 min. This temperature rises can be attributed to the low
quantum yields of UCNPs, which lead to most of the energy
consumed in the form of heat. Therefore, the temperature of
NaYF,:Yb*",Er** UCNPs can rise rapidly using 975 nm NIR light
as the radiation source. As the presence of gold nanostructures,
the photothermal conversion properties of NaYF,:Yb*' Er**
UCNPs are dramatically improved. For instance, the tempera-
ture increased by ~24 and ~39 °C with gold nanoparticles
attachment and gold shell coating, respectively. This photo-
thermal conversion results outperform the previous records
reported in literature,'® suggesting great promise for further
clinical applications. The improved photothermal conversion
properties can be attributed to the precise position and high
intensity of the SPR peak (Fig. 4) regulated by the appropriate
dimension of metal nanostructures, including the size of metal
nanoparticles and the thickness of metal shells. The gold
nanostructures can absorb energy from UCNPs, and then
converts it into heat.

The above results suggest that NaYF,:Yb*",Er** @SiO,@Au
nanostructures would be ideal diagnostic and therapeutic tool to
be used in vitro and in vivo, due to their ability of integrating UCL,
temperature sensing, and photothermal therapy simultaneously.
Considering the big particle size and the low dispersion in
aqueous solution of gold shell coated NaYF,:Yb*",Er** @SiO,@Au
nanostructures, we believe that gold nanoparticles coated
NaYF.:Yb*" Er*'@SiO,@Au  nanostructures with excellent

This journal is © The Royal Society of Chemistry 2017
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photothermal conversion properties and high dispersion in
aqueous solution are preferable as multifunctional nano-
materials in biomedical fields.

Conclusions

In summaty, NaYF,:Yb*" Er** @SiO,@Au heterogeneous nano-
structures have been successfully synthesized, and their multi-
functional properties including UCL, temperature sensing and
photothermal conversion were systemically studied. The results
show that the NaYF,:Yb*' Er**@SiO,@Au nanostructures are
capable of simultaneously providing UCL, photothermal therapy,
and real-time temperature monitoring. The presence of gold
nanostructures has dramatically improved the photothermal
conversion properties of NaYF:Yb*",Er** UCNPs without altering
their temperature sensing properties. The temperature increased
by ~39 °C with gold shell coating, representing the best photo-
thermal conversion result among UCNPs. In addition, the UCL
intensities of NaYF,:Yb*" Er** UCNPs exhibit an obvious attenu-
ation with gold nanoparticles attachment and gold shell coating,
and it was found that they were independent of the SiO, spacer
layer thicknesses, due to the efficient energy transfer from UCNPs
to the gold nanostructures.
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