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Lanthanide-doped core-shell upconversion nanocrystals (UCNCs) have tremendous potential for
applications in many fields, especially in bio-imaging and medical therapy. As core-shell UCNCs are
mostly synthesized in organic solvents, tedious organic-aqueous phase transfer processes are usually

needed for their use in bio-applications. Herein, we demonstrate the first example of one-step synthesis
of highly luminescent core—shell UCNCs in the “aqueous” phase under mild conditions using innocuous
reagents. A microwave-assisted approach allowed for layer-by-layer epitaxial growth of a hydrophilic
NaGdF, shell on NaYF4:Yb, Er cores. During this process, surface defects of the nanocrystals could be

gradually passivated by the homogeneous shell deposition, resulting in obvious enhancement in the

overall upconversion emission efficiency. In addition, the up-down conversion dual-mode luminescent
NaYF4:Yb, Er@NaGdF4:Ce, Ln (Eu, Tb, Sm, Dy) nanocrystals were also synthesized to further validate the
successful formation of the core—shell structure. More significantly, based on their superior solubility and
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stability in water solution, high upconversion efficiency and Gd-doped predominant X-ray absorption,

the as-prepared NaYF,:Yb, Er@NaGdF, core-shell UCNCs exhibited high contrast in in vitro cell imaging
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1 Introduction

A major challenge in diagnostic medicine and in vivo applica-
tions is to develop new imaging probes and technologies that
enable the monitoring of physiological procedures in living
cells, tissues, and organisms with high temporal and spatial
resolutions.’® Biological researchers are playing an important
role in designing and fabricating novel imaging probes for
application in diagnostic assays. Over the past decade, quantum
dots (QDs) have been studied extensively because of their high
extinction coefficient and quantum yield, easy tunability of
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and in vivo X-ray computed tomography (CT) imaging, demonstrating great potential as multiplexed
luminescent biolabels and CT contrast agents.

emission wavelength, and resistance to photobleaching.”*®
Fluorescent proteins have also been extensively used as bio-
imaging agents due to their unique advantage of being able to
be genetically expressed in specific cells."*** Even so, the major
obstacle in using them as imaging agents for long-term cellular
imaging is that the visible/UV excitation can give rise to back-
ground autofluorescence signals, photobleaching and photo-
toxicity. Intense research has been fueled by the need for
practical, robust and highly sensitive detection agents that can
address the deficiencies of conventional technologies.
Compared to conventional luminescent materials such as
organic fluorescent dyes and QDs, lanthanide (Ln**)-doped,
near-infrared (NIR)-excited, upconversion labels show superior
features, including sharp emission bandwidths (<10 nm), large
anti-Stokes shifts (up to 500 nm), long luminescence lifetime
(us-ms range), high chemical stability and low long-term
toxicity.’” These features coupled with the remarkable light
penetration depth and the absence of autofluorescence in bio-
logical specimens under infrared excitation make these
upconversion nanocrystals (UCNCs) ideal luminescent probes
for biological labeling and imaging.**~**

However, the low upconversion efficiency of UCNCs cannot
satisfy the inherent requirement of a low excitation density level
in biological systems.*** To improve the upconversion lumi-
nescent intensity, the growth of a crystalline shell of a suitable
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inorganic material around each nanocrystal (NC) to form the
core-shell structure has proved to be an effective strategy.**° In
recent years, the synthesis of core-shell structural materials
with luminescent lanthanide NCs as cores and inert host
compounds as shells has been reported by several groups.®
Lately, NaGdF,:Yb, Er@NaGdF,:Yb nanoparticles with a core-
active-shell structure were prepared by Capobianco's group.*®
The active shell seemed more effective in enhancing the
upconversion efficiency in comparison with inert shells. Van
Veggel and co-workers*® demonstrated a novel epitaxial layer-by-
layer growth on NaYF, NCs utilizing Ostwald ripening dynamics
to tune both shell thickness and composition. Zhao's group*’
has established a strong linear link between the NaGdF, shell
thickness and the optical response of the hexagonal NaYF,:Yb,
Er@NaGdF, core-shell NCs. To date, almost all of the core-shell
UCNCs were obtained in the “organic” phase, mainly based on
the decomposition of trifluoroacetate precursors in organic
reagents. This method has some drawbacks, such as rigorous
experimental conditions, hazardous precursors, and toxic
solvents. Particularly, complicated surface modification
processes are needed to make the as-synthesized nanocrystals
water soluble and bio-compatible.

Our group has recently successfully prepared monodisperse
hydrophilic Ln**-doped NaGdF, UCNCs as multifunctional
bioprobes via a microwave-assisted method.** Advancing a step,
we here report for the first time layer-by-layer epitaxial growth of
core-shell UCNCs in the aqueous phase under mild conditions
using innocuous reagents. In particular, we synthesized highly
water-soluble NaYF,:Yb, Er@NaGdF, multilayer core-shell
UCNCs by a microwave-assisted route with a polyol process.
NaYF,:Yb, Er nanocrystals with a mean size of 16.30 £ 0.80 nm
were used as seeds for the epitaxial growth, while precise
enhancement of the UC optical intensity was achieved by
varying the thickness of the NaGdF, shell. Polyethylenimine
(PEI) was used as a capping agent not only to enhance UC
fluorescence intensity but also to keep these NCs well dispersed
in various hydrophilic solvents.*” The near-infrared to visible
UC luminescence of the UCNCs can effectively avoid the in vitro
cell damage and weak penetration associated with the UV
excitation. More significantly, the Gd-based shell contains Gd
which well matches with the X-ray photon energy and thus the
Gd-based UCNCs can be used in clinical applications. We
demonstrate that these UCNCs can act as high-performance CT
contrast agents with long circulation time and low toxicity for in
vivo angiography and bimodal image-guided lymph node
mapping.

2 Experimental
2.1 Chemicals

High purity (99.9%) GdCls, YCl;- 6H,0, ErClz - 6H,0, YbCl; - 6H,0,
TbCl;-6H,0, EuCl;-6H,0, DyCl-6H,0, SmCl;-6H,0, and poly-
ethylenimine branched [PEI, M,, = 25 000] were purchased from
Sigma-Aldrich, Ltd. Ce(NO,);-6H,0, NH,F (96%), NaCl (99%),
and ethylene glycol (99%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. Unless otherwise noted, all chemicals
were used as received without further purification.
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2.2 Animal imaging

Animal care and handling procedures were in agreement with
the guidelines of the Regional Ethics Committee for Animal
Experiments.

2.3 Synthesis of NaYF,:20%Yb, 2%Er core nanocrystals

A commercial microwave reactor (ETHOS ONE, ITALY) system
was used to synthesize NaYF,:Yb, Er nanocrystals. In a typical
procedure, a 0.468 mmol portion of YCl;-6H,0, YbCl;-6H,0
(0.12 mmol), ErCl;- 6H,0 (0.012 mmol), NaCl (0.6 mmol) and PEI
(0.15 g) were dissolved in ethylene glycol (9 mL) at room
temperature under stirring to form a homogeneous solution.
Then, NH,F (2.4 mmol) dissolved in ethylene glycol (6 mL) (also
at the same temperature) was injected into the reaction mixture
with stirring. The mixture solution was transferred to the reacting
vessel of a microwave reactor, heated to 200 °C for 10 min by
microwave irradiation with the power of 400 W and then cooled
to room temperature naturally. The product was isolated by
centrifugation at 11 000 rpm for 10 min, washed with deionized
water and ethanol in sequence, and redispersed in deionized (DI)
water (3 mL) to form a transparent colloidal solution.

2.4 Synthesis of NaYF,:20%Yb, 2%Er@NaGdF, core-shell
nanocrystals with a 1-layer NaGdF, shell by a one-step coating
procedure

The core upconversion NCs were synthesized as described
above and used as seeds for the core-shell reaction. A
commercial microwave reactor system was used to synthesize
NaYF,:20%Yb, 2%Er@NaGdF, 1-layer core-shell nanocrystals.
In a typical procedure, a 0.3 mmol portion of NaYF,:20%Yb, 2%
Er core nanocrystals in ethylene glycol (1.5 mL), GdCl,
(0.1 mmol), NaCl (0.1 mmol) and PEI (0.15 g) were dissolved in
ethylene glycol (9 mL) at room temperature under stirring to
form a homogeneous solution. Then, NH,F (0.4 mmol) dis-
solved in ethylene glycol (6 mL) (also at the same temperature)
was injected into the reaction mixture. The mixture solution
was transferred to the reacting vessel of a microwave reactor,
heated to 200 °C for 10 min by microwave irradiation and then
cooled to room temperature naturally. The 1-layer NaYF4:20%
Yb, 2%Er@NaGdF, core-shell NCs were precipitated and
washed as described above and dispersed in DI water (3 mL).

2.5 Synthesis of NaYF,:20%Yb, 2%Er@NaGdF, core-shell
nanocrystals with a 2-layer NaGdF, shell

The 1-layer NaYF,4:20%Yb, 2%Er@NaGdF, core-shell NCs were
synthesized as described above and used as seeds for the 2-layer
core-shell reaction. A commercial microwave reactor system
was used to synthesize the 2-layer NaYF,:20%Yb, 2%
Er@NaGdF, core-shell nanocrystals. In a typical procedure, a
0.3 mmol portion of 1-layer NaYF,:20%Yb, 2%Er@NaGdF,
core-shell NCs in ethylene glycol (1.5 mL), GdCl; (0.2 mmol),
NaCl (0.2 mmol) and PEI (0.15 g) were dissolved in ethylene
glycol (9 mL) at room temperature under stirring to form a
homogeneous solution. Then NH,F (0.8 mmol) dissolved in
ethylene glycol (6 mL) (also at the same temperature) was
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injected into the reaction mixture. The mixture solution was
transferred to the reacting vessel of a microwave reactor, heated
to 200 °C for 10 min by microwave irradiation and then cooled
to room temperature naturally. The 2-layer NaYF,:20%Yb, 2%
Er@NaGdF, core-shell NCs were precipitated and washed as
described above and dispersed in DI water (3 mL).

2.6 Synthesis of NaYF,:20%Yb, 2%Er@NaGdF, core-shell
nanocrystals with a 3-layer NaGdF, shell

The 2-layer NaYF,:20%Yb, 2%Er@NaGdF, core-shell NCs were
synthesized as described above and used as seeds for the 3-layer
core-shell reaction. In a typical procedure, a 0.3 mmol portion
of 2-layer NaYF,:20%Yb, 2%Er@NaGdF, core-shell NCs in
ethylene glycol (1.5 mL), GACl; (0.3 mmol), NaCl (0.3 mmol) and
PEI (0.15 g) were dissolved in ethylene glycol (9 mL) at room
temperature under stirring to form a homogeneous solution.
NH,F (1.2 mmol) dissolved in ethylene glycol (6 mL) (also at the
same temperature) was then injected into the reaction mixture.
The mixture solution was transferred to the reacting vessel of a
microwave reactor, heated to 200 °C for 10 min by microwave
irradiation and then cooled to room temperature naturally. The
3-layer NaYF,:20%Yb, 2%Er@NaGdF, core-shell NCs were
precipitated and washed as described above and dispersed in DI
water (3 mL).

2.7 Synthesis of NaYF,:20%Yb, 2%Er@NaGdF, core-shell
nanocrystals with a 4-layer NaGdF, shell

The 3-layer NaYF,:20%Yb, 2%Er@NaGdF, core-shell NCs were
synthesized as described above and used as seeds for the 4-layer
core-shell reaction. In a typical procedure, a 0.3 mmol portion
of 3-layer NaYF,:20%Yb, 2%Er@NaGdF, core-shell NCs in
ethylene glycol (1.5 mL), GACl; (0.4 mmol), NaCl (0.4 mmol) and
PEI (0.15 g) were dissolved in ethylene glycol (9 mL) at room
temperature under stirring to form a homogeneous solution.
Then, NH,F (1.6 mmol) dissolved in ethylene glycol (6 mL) (also
at the same temperature) was injected into the reaction mixture.
The mixture solution was transferred to the reacting vessel of a
microwave reactor, heated to 200 °C for 10 min by microwave
irradiation and then cooled to room temperature naturally. The
4-layer NaYF,;:20%Yb, 2%Er@NaGdF, core-shell NCs were
precipitated and washed as described above and dispersed in DI
water (3 mL).

2.8 Synthesis of NaYF,:20%Yb, 2%Er@NaGdF,:Ce, Ln core-
shell nanocrystals with a 1-layer NaGdF,:Ce, Ln shell

The core upconversion NCs were synthesized as described
above and used as seeds for the NaYF,:20%Yb, 2%
Er@NaGdF,:Ce, Ln (Ln = Tb, Eu, Sm, Dy) core-shell reaction. A
commercial microwave reactor system was used. The doping
ratio of Ce: Th, Ce: Sm, Ce: Dy and Ce : Eu was 15% : 5%,
15% : 5%, 15% : 5% and 2.5% : 2.5%, respectively. In a typical
procedure, a (0.3 mmol) portion of NaYF,:20%Yb, 2%Er core
nanocrystals in ethylene glycol (1.5 mL), GdCl; (0.08 mmol),
NaCl (0.1 mmol), Ce(NO3);-6H,0 (0.015 mmol), TbCl;-6H,0
(0.005 mmol) and PEI (0.15 g) were dissolved in ethylene glycol
(9 mL) at room temperature under stirring to form a
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homogeneous solution. Then, NH,F (0.4 mmol) dissolved in
ethylene glycol (6 mL) (also at the same temperature) was
injected into the reaction mixture. The mixture solution was
transferred to the reacting vessel of a microwave reactor, heated
to 200 °C for 10 min by microwave irradiation and then cooled
to room temperature naturally. The 1-layer NaYF,:20%Yb, 2%
Er@NaGdF,:15% Ce, 5% Tb core-shell NCs were precipitated
and washed as described above and dispersed in DI water
(3 mL). Other NaYF,:20%Yb, 2%Er@NaGdF,:Ce, Ln (Ln = Eu,
Sm, Dy) core-shell NCs were prepared by a similar procedure,
except that Ce(NO3);-6H,0 and TbCl;-6H,0 were replaced by
the corresponding doping concentration.

2.9 Cell culture and in vivo cellular imaging

The viability and proliferation of cells were evaluated by the
well-known methyl thiazolyl tetrazolium (MTT) assay. HeLa cell
lines were provided by the Department of Immunology, Norman
Bethune College of Medicine, Jilin University. The HeLa cells
were maintained in modified Dulbecco’'s Modified Eagle Media
(DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma) 100 ug mL ' streptomycin and 100 IU mL "
penicillin (Invitrogen). The cells were maintained at 37 °C in a
5% CO, incubator. The cytotoxicity of the complexes was eval-
uated by MTT reduction assays. HeLa cells were seeded in 96-
well plates (Coster, MA, USA) at 1.2 x 104 per well in growth
medium (100 pL). The cells were incubated at 37 °C in a 5% CO,
atmosphere for 24 h. Then the cells were treated with various
concentrations of complexes in a mixture of growth medium.
Finally, the cells were incubated at 37 °C in a 5% CO, atmo-
sphere for 12 h and 24 h. At each time point, viable cells were
evaluated by using MTT assays. 20 uL MTT (final concentration
5 mg mL ") was added to each well, and then the plates were
further incubated for 4 h, after which MTT was removed and the
water-insoluble formazan was dissolved by adding 200 pL
DMSO to each well. The optical density (OD) was measured
using an absorbance microplate reader TQuant (BioTEK, USA)
at a wavelength of 490 nm. The error bar represents one stan-
dard deviation. The results shown are a cumulative analysis of
3 wells per group. Cellular imaging was performed using a
Motic AE31 microscope equipped with an Andor GNIR CCD
camera (iXon3 888-BV), which is capable of imaging in the
range of 500-850 nm. A fiber coupled laser diode (nlight, NL-
PPS50) emitting at 980 nm was used as the light source, and the
fiber was introduced through the entrance port of the micro-
scope. The emitted light was passed through a 900 nm short-
wave pass filter and recorded using a CCD camera.

2.10 CT imaging

To assess CT contrast efficacy, NaYF,;:20%Yb, 2%Er UCNCs,
NaYF,:20%Yb, 2%Er@NaGdF, core-shell UCNCs or Iobitridol
were dispersed in water, respectively. For in vivo CT imaging, the
rat was first anesthetized by intraperitoneal injection of chloral
hydrate solution (10 wt%), and then 1 mL of NaYF,:20%Yb, 2%
Er@NaGdF, core-shell UCNC solution (420 Gd mg mL™") or
0.3 mL of Iobitridol (the most widely used in clinical applica-
tions, 350 Iobitridol mg mL~") were injected intravenously into
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two rats, respectively. CT images were collected using a JL U.A
NO.2 HOSP Philips iCT 256 slice scanner. Imaging parameters
were as follows: thickness, 0.9 mm; pitch, 0.99; 120 kvp,
300 maA; field of view, 350 mm; gantry rotation time, 0.5 s; table

speed, 158.9 mm s~ .

2.11 Characterization

TEM and HRTEM were performed on a FEI Tecnai G2 S-Twin with
a field emission gun operating at 200 kV. The FEI Tecnai G2 S-
Twin was equipped with an EDS detector, which was used for
elemental analysis of the nanocrystal composition. High-resolu-
tion STEM was performed on an FEI aberration-corrected Titan
Cubed S-Twin transmission electron microscope operating at
200 kV. A probe Cs corrector was applied to get better spatial
resolution. In a typical experiment, high-resolution STEM
imaging was conducted at a 2 ps per pixel scanning rate with a
70 um C2 aperture, spot size 9, a high-angle annular dark-field
(HAADF) detector, and 146 mm camera length. Under such
conditions a spatial resolution of ~1.0 A was obtained. Images
were acquired digitally on a Gantan multiple CCD camera. XRD
analysis was performed on a Rigaku D/max-2500 diffractometer
with a graphite monochromator by using Cu Ka radiation oper-
ating at 200 mA and 40 kV. XRD data were collected over the range
of 20-70° (26) with a step interval of 0.02° and a preset time of
1.6 s per step at room temperature. The IR spectra were acquired
on a Bruker IFS 66v/S FTIR spectrometer. The surface of nano-
crystals was characterized by X-ray photoelectron spectroscopy
(XPS), the spectra were collected on an ESCALAB 250 X-ray
photoelectron spectroscope using Mg Ko X-ray as the excitation
source. The photoluminescence (PL) spectra were recorded on an
Edinburgh Instruments FLS920 spectrofluorimeter using an
external 0-600 mW adjustable continuous wave 980 nm laser as
the excitation source. The luminescence kinetics was recorded
with a 500 MHz Tektronix digital oscilloscope and the excitation
was realized by a nanosecond pulse train at 980 nm from an
optical parametric oscillator. The magnetic properties of the
samples were evaluated by means of an MPMS-XL super-
conducting quantum interference device (SQUID) magnetometer.

3 Results and discussion
3.1 Synthesis and characterization of layer-by-layer UCNCs

NaYF,:20%Yb, 2%Er core and NaYF,:20%Yb, 2%Er core over-
coated with layer-by-layer NaGdF, shell UCNCs were synthe-
sized via an efficient and environmentally friendly microwave-
accelerated procedure. PEI molecules were used as a surfactant
to stabilize Ln*" ions and subsequently control the growth of
NCs upon addition of fluoride ions. Moreover, the PEI-coated
UCNCs provide a platform for the UCNCs to be well-dispersed in
various hydrophilic solvents including water, ethanol, dime-
thylformamide, dimethylsulphoxide, ethylene glycol and so on.
PEI was a thermally stable and hydrophilic polymer with
primary, secondary and tertiary amino groups, which rendered
the nanoparticles water-soluble. The amino groups could not
only help to improve the UC fluorescence intensity but also be
used for conjugation of biomolecules to the nanoparticles.>>**

This journal is © The Royal Society of Chemistry 2013
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From the FT-IR spectra (Fig. S1 in the ESIT), an intense amino
absorption band in the region of 1380-1630 cm ' can be
observed, indicative of positively charged PEI on the surface of
NaYF,:Yb, Er@NaGdF, core-shell UCNCs. We began with an
ethanol solution of pre-synthesized NaYF,:20%Yb, 2%Er core
UCNCs and successively deposited the second shell of NaGdF,,
then the next NaGdF, shell through an epitaxial growth process.
Notably, the layer-by-layer growth process has also been exten-
sively investigated by the groups of Liu, Yan, Zhang, Wang, and
Chow et al.**

Herein, we describe the first example of water-soluble one-
step synthesis of multishell spherical UCNCs. Fig. 1a-d show
the transmission electron microscopy (TEM) images of the
resulting UCNCs before and after the shell growth. As one can
see in Fig. 1a and b, the NaYF,:Yb, Er (20/2%) core UCNCs were
nearly spherical in shape, which were confirmed to be single
crystals by high-resolution TEM (Fig. 1b, inset). Histograms of
the size distribution of the core UCNCs are shown in the inset of
Fig. 1a, with an average diameter of about 16.3 nm. Fig. 1c and d
show representative TEM images of synthesized NaYF,:Yb,
Er@NaGdF, core-shell UCNCs. It is obvious that the diameter
of the core-shell UCNCs increased to about 23.8 nm after
growth of the NaGdF, layer and the uniformity of size and shape
remained almost unchanged. The size increase of the core-shell
NCs along with highly uniform morphology suggests that the
NaGdF, shell was grown on the surface of NaYF,:Yb, Er core
UCNCs. Lattice fringes corresponding to the (111) planes of
cubic-phase NaYF, can be observed in the high-resolution
transmission electron microscopic (HRTEM) image (Fig. 1d,
inset), suggesting the highly crystalline nature of the core-shell
UCNGCs. The highly crystalline core and core-shell UCNCs can
be further confirmed by the X-ray powder diffraction (XRD)
analysis. The selected area electron diffraction (SAED) patterns
shown as insets of Fig. 1a and c demonstrate that the NaYF,:Yb,
Er core UCNCs and the NaYF,:Yb, Er@NaGdF, core-shell
UCNCs are both of cubic phases and can be indexed to the
JCPDS 06-0342 cubic NaYF, structure.

(0.32 nm)

(111)

Fig.1 TEMimages of NaYF4:Yb, Er core (a—b) and 3-layer NaYF4:Yb, Er@NaGdF,
UCNCGs (c—d) at different magnifications. Insets in (a) and (c) display histograms of
the size distribution and SAED patterns of NaYF4:Yb, Er core and 3-layer NaY-
F4:Yb, Er@NaGdF, UCNGs, respectively. Insets in (b) and (d) are their corre-
sponding HRTEM images.
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To determine precisely the effects of shell thickness on the
optical properties of the resulting UCNCs, monolayer control of
shell thickness must be achieved. In order to realize these goals,
we first synthesized NaYF,:Yb, Er cores with the mean size of
16.30 % 0.80 nm. Epitaxial growth of the first layer (1°": NaGdF,),
denoted as 1-layer, then the second layer (2": NaGdF,, 2-layer),
the third layer (3"%: NaGdF,, 3-layer) and the fourth layer (4™:
NaGdF,, 4-layer) was achieved by a seeded re-growth process.
The seeded re-growth cycle can be repeated multiple times to
generate layer-by-layer shell growth. Fig. 2a-e and Fig. 2f-j show
the low and high magnification TEM images of monodispersed
core and core-shell models. The images demonstrate the easy
control offered by this method in tuning shell thickness, which
was achieved by four successive increases in the amount of
shell's injection and ripening cycles. In more detail, the amount
of the NaGdF, was 0.1 mmol, 0.2 mmol, 0.3 mmol, 0.4 mmol in
the preparation of core-shell UCNCs from the first layer to the
fourth layer, respectively. Therefore, the NaGdF, shell-thick-
nesses in a newly designed model (NaYF,:20%Yb, 2%
Er@NaGdF,---@NaGdF,) were carefully tuned from 2.2 nm to
14.3 nm by changing the amount of shell precursors. With the
increase of the NaGdF, shell, core-shell UCNCs' size growth was
evidenced from the TEM images of the same magnification
(Fig. 2a—e). It was revealed that in all cases the standard devia-
tions of the UCNC size distributions were all about 0.8 nm. In
addition, as we can see from Fig. 2a-j, the shape of the core-
shell UCNCs changed from spherical to cubic with the increase
of the shell layers.

X-ray photoelectron spectroscopy (XPS) further provides the
surface information of core-shell UCNCs (Fig. S2 in the ESIT).
The XRD pattern of NaYF,:Yb, Er core UCNCs can be indexed to
a cubic phase of the bulk NaYF, crystal (Fig. 2k), which corre-
sponds to the SAED patterns. Both the XRD and SAED data
demonstrate that the shells grew in an epitaxial manner. Upon

View Article Online

layer by layer growth of the NaGdF, shell, the diffraction peaks
became broader and shifted toward lower angles to approach
the values of a bulk NaGdF, crystal, consistent with the major
change of UCNCs from the NaYF, core to NaGdF, shell.** More
importantly, we also observed that the cubic-to-hexagonal phase
transformation was further confirmed by the increase in shell
thickness. This phase conversion was very beneficial for the
enhancement of UC fluorescence intensity. Fig. 2 shows the
HRTEM image of a single 4-layer nanocrystal with a square
shape. Obviously, the 4-layer core-shell UCNC grew up on the
basis of the 3-layer core-shell UCNC. In combination with
scanning transmission electron microscopy (STEM) (Fig. 2m),
energy dispersive X-ray spectroscopy (EDS) (Fig. 2n) studies have
proven to be advantageous in the research of core-shell nano-
structures. EDS revealed the presence of the main elemental Y,
Gd, Yb and Er in 4-layer NaYF,:Yb, Er@NaGdF, core-shell
UCNGCs, further confirming that our method can control the
shell-thickness of water-soluble layer-by-layer NaYF,:Yb,
Er@NaGdF, core-shell UCNCs.

3.2 Shell thickness dependence of UC optical and dual-mode
PL properties

The consistent increase in upconversion emission intensity of
both green and red emissions with increasing layer thickness
with the optically active ion concentration (Yb**, Er’") remain-
ing constant further confirmed the epitaxial shell growth. The
effect of shell thickness on the UC optical properties of the
NaYF,:Yb, Er@NaGdF, core-shell UCNCs is plotted in Fig. 3.
Upon deposition of the 1-layer NaYF,:Yb, Er@NaGdF, core-
shell UCNCs, an increase in the intensity and lifetime was
observed (Fig. 3a-e), indicative of epitaxial surface passivation
and increased electronic isolation of the core from its envi-
ronment. Ideally, a uniform shell should be formed over UCNCs
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Fig.2 (a—e) TEM images of the NaYF4:Yb, Er core and those overcoated with 1-4 layers of the NaGdF, shell, respectively. (f-j) HRTEM images and their corresponding
3D schematic diagram of the NaYF4:Yb, Er core and those overcoated with 1-4 layers of the NaGdF, shell, respectively. (k) XRD patterns of NaYF4:Yb, Er core and the
corresponding core-shell UCNGs. (I-m) HRTEM and HADDF-STEM images of a single 4-layer NaYF4:Yb, Er@NaGdF, UCNC. (n) EDS of the 4-layer NaYF4:Yb, Er@NaGdF,4

UCNGs.
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Fig. 3 Room-temperature UC luminescence spectra (a), evolution statistics (b),
and photographs of colloidal solutions (c) of ethanol solutions comprising NaY-
F4:Yb, Er core UCNCs and the corresponding core-shell UCNCs with 1-4 layers of
the NaGdF, shell under excitation with a 980 nm laser. (d-e) UC luminescence
decay curves of NaYF,4:Yb, Er core UCNCs and the corresponding core-shell UCNCs
with 1-4 layers of the NaGdF, shell.

after the deposition of every layer. Any voids on the surface can
affect the photostability and also induce the leakage of the core
material. During the epitaxial and layer-by-layer growth of the
NaGdF, shell, surface defects of the UCNCs can be gradually
passivated, resulting in the obvious enhancement in overall UC
luminescence emission (Fig. 3a and c). Under the excitation of
an NIR laser (A = 980 nm) with identical laser power 200 mWw,
the probe showed obviously increased green emission by
gradually increasing the shell thickness (Fig. 3c). Upon
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Fig. 4 (a) Room-temperature PL emission spectra of NaYF4:Yb, Er and NaYF4:Yb, Er@NaGdF,4:Ce, Ln core-shell NCs. (b) Corresponding Commission Internationale de
I'Eclairage (CIE) chromaticity coordinates of the multicolour emissions from the samples shown in (a). (c) Photograph showing physical dimension and transparency of a
PDMS sample composed of NaYF4:Yb, Er@NaGdF,:Ce, Ln core—shell NCs. (d—e) Their corresponding bright colour emission under 254 nm UV irradiation and 3D
schematic diagram. (f) PL photos showing corresponding colloidal solutions of (a). (g) Energy level diagram and the excitation/emission pathways of the Ln*
investigated. Only the predominantly observed emission pathways are highlighted. All of the samples' concentrations were 0.2 M. UC emission spectra were excited
using a 600 mW 980 nm diode laser.
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continuous shell growth, a linear increase in intensity (Fig. 3b)
was observed. The improvement of the luminescent intensity
was further verified by the temporal behaviour of upconversion
luminescence of core and core-shell UCNCs with different shell
thickness recorded at 540 and 650 nm (Fig. 3d and e). With the
increase of the layers of NaGdF,, it was observed that the
upconversion luminescence decay time in Fig. 3d and e signif-
icantly increased, besides the luminescence enhancement
shown in Fig. 3a.

To further prove the feasibility of the layer-by-layer NaYF,:Yb,
Er@NaGdF, core-shell structure in the aqueous phase, we also
carried out a series of up-down conversion dual-mode lumi-
nescence of NaYF,:Yb, Er@NaGdF,:Ce, Ln (Ln = Eu, Tb, Sm, Dy)
core-shell coating experiments. It should be mentioned that
relatively high activator concentrations (Ce : Ln concentration
ratio was 15% : 15% for Ln = Tb, Sm, or Dy; 2.5% : 2.5% for Ln
= Eu) were optimal doping ratios to give rise to strong fluo-
rescence emissions.*>*® Fig. 4a shows the emission spectra of
the NaYF,:Yb, Er core UCNCs and NaYF,:Yb, Er@NaGdF,:Ce,
Ln (Ln = Eu, Tb, Sm, Dy) core-shell NCs in aqueous solutions.
As shown in Fig. S3 in the ESI,T the excitation spectra of all the
samples consisted of a broad band at around 264 nm, which
was ascribed to the Ce®* 4f-5d transition. The other sharp lines
in each emission spectrum (Fig. 4a) were attributed to the
characteristic optical transitions of the corresponding lumi-
nescent ions. The black squares indicate Commission Inter-
nationale de I'Eclairage (CIE) chromaticity coordinate positions.
As illustrated in Fig. 4b, the black squares indicate that the CIE
chromaticity coordinates for these samples fell in the green-
yellow, red, green, pink and blue regions, respectively, which
were consistent with the corresponding emission spectra and
the photographs of these NCs (Fig. 4f). And the digital DC-UC
dual-mode luminescence photos of the samples were achieved

30_| SG4SL

N
=
|
;
g

Energy(10° cm™)
[

-
e
|

v

0 — = Al

"Fg sy Ssp "Fo ‘hsa PP

Tb** Ce* Gd* Eu* Er** Yb*

Nanoscale, 2013, 5, 6950-6959 | 6955


http://dx.doi.org/10.1039/c3nr01530k

Published on 21 May 2013. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 17/03/2014 01:13:53.

View Article Online

Table 1 The summary of composition, emission, emission colour and chromaticity coordinates (x, y) of the as-prepared NaYF4:Yb, Er@NaGdF,:Ce, Ln (Eu, Tb, Sm, Dy)

core-shell NCs

Ln** Emissions (nm) Transitions Colour CIE (x,y)

ce*', sm** 560, 593-614, 642 *Gs;, = ®Hsp o Pink (0.438, 0.361)
ce*, ny** 480, 571 ng,Z — ®Hisp,13 Blue (0.336, 0.383)
ce*', Eu** 591, 615-625 Dy — "Fy, Red (0.557, 0.392)
ce*t, Tb* 490, 544, 584, 619 °Dy — "Fesas Green (0.307, 0.577)
Yb*', Er** 523, 542, 659 *Hy1/2y *S32 = “iszy *Hopp — *Lispa Green-yellow (0.352, 0.622)

under both the 254 nm UV light and 980 nm laser excitation.
This indicates that the construction of a dual-mode core-shell
structure in the aqueous phase can be achieved. As a compar-
ison, the assignments of these emissions, emission colour and
chromaticity coordinates (x, y) are summarized in Table 1. In
addition, multicolour emissions could be realized, which
endowed this kind of material with potential applications in
multiplexing detection and imaging.

Owing to their small feature size and ease of dispersion, these
nanoparticles could readily be incorporated into polydimethyl-
siloxane (PDMS) monoliths to construct volumetric three-
dimensional (3D) displays (Fig. 4c and d), presenting unique
interface applications for 3D image visualization. In our previous
report,®* the introduction of nanoparticles into a polymer matrix
has proved to be an effective method to improve the stability of
the nanoparticles and the performance of the polymers. In this
work, a stable and functionalized solid composite product was
obtained by embedding the aqueous solution of NaYF,:Yb,
Er@NaGdF,:Ce, Ln (Ln = Eu, Tb, Sm, Dy) core-shell NCs in a
PDMS matrix. We could write four letters with the above four
types of doping, which showed strong visible emission under UV
irradiation. Fig. 4e shows 3D schematic models corresponding to
the four types of core-shell letters. After curing, the composite
film was very stable and flexible. It could be stretched lightly
while still retaining photoluminescent character. Furthermore,
we showed the schematic of the energy transfer mechanism of
NaYF,:Yb, Er@NaGdF,:Ce, Ln (Ln = Eu, Tb, Sm, Dy) core-shell
NCs (Fig. 4g).”>*

3.3 Invitro cell labeling and in vivo X-ray CT imaging

Apart from the aforementioned luminescence properties, the
NaYF,:Yb, Er@NaGdF, layer-by-layer core-shell UCNCs showed
typical paramagnetism at room temperature because of the Gd
in the samples (Fig. 5a). We compared the magnetic properties
of one-layer core-shell UCNCs with those of four-layer core-
shell UCNCs. The mass magnetic susceptibility of core-shell
UCNCs increased from 9.50 + 0.01 x 10 > emu Oe ' g~ ' for
1-layer t0 9.62 £ 0.01 x 10> emu Oe ™' g~ for 4-layer according
to the magnetization slope, which can be used for magnetic
bioseparation. Prior to using NaYF,:Yb, Er@NaGdF, layer-by-
layer core-shell UCNCs for in vivo imaging, we first tested their
cytotoxicity using the MTT assay. This crucial factor must be
established in determining the suitability of this agent for
specific applications in experimental small-animals and ulti-
mately in clinical studies. To further prove the superiority of the
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Fig. 5 (a) Magnetization curves of 1-layer and 4-layer NaYF,:Yb, Er@NaGdF,
core—shell UCNGs. (b) Cell viability of Hela cells after incubation with increased
concentration of 4-layer NaYF,:Yb, Er@NaGdF, core-shell UCNCs for 24 h. (c) CT
value (HU) of NaYF4:Yb, Er core, 1-layer and 4-layer NaYF,:Yb, Er@NaGdF, core-
shell UCNGs as a function of the concentration of core (black trace) 1-layer (red
trace) and 4-layer (blue trace), respectively. (d) CT images of solutions of NaY-
F4:Yb, Er core, 1-layer and 4-layer NaYF,:Yb, Er@NaGdF, core-shell UCNGs,
respectively.

direct biological application of our water-soluble nanoparticles,
the sample concentration was increased to a limit.>**
Encouragingly, cell viability was not hindered by core-shell
UCNCs up to a concentration of 40 mg mL™"' for Y, which
revealed the remarkably low cytotoxicity of the core-shell
UCNCs. Furthermore, we also investigated the behaviour of
NaYF,:Yb, Er core and NaYF,:Yb, Er@NaGdF, layer-by-layer
core-shell UCNCs in living cells. We cultured human cervical
carcinoma HeLa cells in aqueous suspension containing a
desired amount of the as-prepared UCNCs for 24 h and then
investigated the in vitro imaging excited by 980 nm wavelength
laser radiation. Interestingly, the as-prepared UCNCs without
any surface-modification could enter the HeLa cells. Fig. 6
shows the multiphoton fluorescence microscopy image, the
corresponding bright field image, the confocal fluorescence
image and an overlay of the fluorescence microscopy image of
HelLa cells after 24 h exposure to the UCNCs. It can be seen that
UCNCs are localized in the cytoplasm of a number of HeLa cells
with low toxicity for in vitro imaging. With 980 nm wavelength
laser excitation, strong visible green emission can be observed
in the cytoplasm of HeLa cells. As we know, the UCNCs have
great advantages in biological imaging, because the use of NIR
for excitation allows a greater penetration depth in biological

This journal is © The Royal Society of Chemistry 2013
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Confocal Overla

Fig. 6 Images of Hela cells after growing with (a) NaYF4:Yb, Er UCNGs, (b) 4-layer
NaYF4:Yb, Er@NaGdF, core-shell UCNCs for 24 h. Bright field images, confocal
fluorescence images and superimposed images are shown, respectively.

tissues and results in lower phototoxicity and reduced back-
ground. To prove this, an aliquot (100 pL) of 4-layer core-shell
UCNCs dispersed in water was subcutaneously injected into a
Kunming mouse, and then a bright emission was clearly visible
at the injection site. Fig. S4 in the ESIT demonstrates the
potential value of core-shell UCNCs as luminescent probes for
in vivo imaging.

Moreover, to assess CT contrast efficacy, we next compared
the X-ray absorption between the 1-layer and the 4-layer NaY-
F,:Yb, Er@NaGdF, core-shell UCNCs in solution. Both agents
exhibited signal enhancement when the concentration of the
agents was increased (Fig. 5c¢ and d). A good linear correlation
between the Hounsfield unit (HU) value and the concentration
of Gd was observed. Nevertheless, at equivalent concentrations,
the X-ray absorption of the 4-layer NaYF,:Yb, Er@NaGdF, core-
shell UCNCs was much higher than that of the 1-layer UCNCs
(Fig. 5c). These results revealed that the as-prepared 4-layer
NaYF,:Yb, Er@NaGdF, core-shell UCNCs were greatly superior
to other layers of NaYF,:Yb, Er@NaGdF, core-shell UCNC in
vivo CT contrast agents. These encouraging results prompted us
to evaluate the feasibility of NaYF,:Yb, Er@NaGdF, layer-by-
layer core-shell UCNCs as in vivo CT imaging probes. A solution
of 4-layer NaYF,:Yb, Er@NaGdF, core-shell UCNCs was intra-
venously administered to a 220 g rat and the distribution of the
UCNCs was tracked by X-ray CT imaging at timed intervals
(Fig. 7). In general, dose requirement was highly dependent on
the contrast efficiency of imaging elements. Compared with the
previous metal-based nanoparticle contrast agents, the dose of
our contrast agent in single injection (denoted as 1 mL of 448
mg Gd per mL per rat weighed 220 g) was applied in terms of the
high Gd content in a single 4-layer NaYF,:Yb, Er@NaGdF,
nanoparticle. An enhancement of the signal of the heart could
be observed at least within 15 minutes without an appreciable
loss of contrast. After 15 minutes, the enhancement of the
signal of the heart and vascular tissue decreased rapidly
(Fig. 7b, Table S1 in the ESIT). Long-lasting circulation in vessels
is a key factor in many biomedical applications, including
vascular imaging and diagnosis of diseases. However, the
gradual enhancement (Fig. 7a and b) of the signals of the liver
and spleen continued for over one and a half hours. A more
careful view at the 3D-renderings of CT images (Fig. 7c and d)
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Fig. 7 Invivo CT coronal view images of a rat after intravenous injection of 1 mL
of 4-layer NaYF4:Yb, Er@NaGdF, core—shell UCNC (448 Gd mg mL~") solution at
timed intervals. (a) Spleen and kidney. (b) Liver. (c) The corresponding liver's 3D
renderings of in vivo CT images. (d) Spleen and kidney's renderings of in vivo CT
images.

shows evident enhancement of the signals of great vessels
within the same period of time as well. This long-lasting liver-
signal enhancement may improve the detection of the hepatic
metastases.>”®

For comparison, we also imaged a different rat after intra-
venous administration of Iobitridol using the same CT protocol
(Fig. S5 and Table S2 in the ESIT). Quick imaging five minutes
after injection confirmed that most of the Iobitridol had accu-
mulated in the urinary organs (kidney and bladder), and no
contrast was detected in other organs, thereby indicating the
short circulation time and rapid vascular permeation of Iobi-
tridol. These inherent limitations of Iobitridol also made it
unsuitable for lymph node delivery to improve cancer staging,
which would be helpful in avoiding unnecessary surgery. This
result demonstrates that NaYF,:Yb, Er@NaGdF, layer-by-layer
core-shell UCNCs could be good agents as CT imaging probes
for in vivo cancer treatment.

4 Conclusions

In summary, we have, for the first time, synthesized highly
water-soluble NaYF,:Yb, Er@NaGdF, multilayer core-shell
UCNCs by a microwave-assisted route. In contrast to previous
observations, we proposed a strategy to enhance the intensity of
NIR-to-visible upconversion in Ln*'-doped nanocrystals by
employing a layer-by-layer core-shell architecture. The phase
transition from cubic to cubic-hexagonal by fine-tuning NaGdF,
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shells coated on NaYF,:Yb, Er cores led to a significant increase
in particle size, from 16.3 nm to about 30.6 nm. Moreover, the
up-down conversion dual-mode luminescent NaYF,:Yb,
Er@NaGdF,:Ce, Ln (Eu, Tb, Sm, Dy) nanocrystals were also
established to further validate the successful formation of a
core-shell structure. The feasibility of prepared NaYF,:Yb,
Er@NaGdF, core-shell UCNCs as in vivo CT contrast agents was
intensively investigated, and the results revealed that core-shell
UCNCs showed low cytotoxicity and long circulation time in
vivo. More significantly, multilayer core-shell UCNCs provided
a much higher efficacy compared to the monolayer core-shell
agent. This multimodal imaging property would allow these
nanocrystals to provide a better reliability of the collected data
and have great potential in biological and medical applications.
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