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ABSTRACT: Herein, sub-10 nm core—shell nanocrystals (NCs), 2 \//
which select Sr,LuF,:Yb/Er as core, Sr,GdF, as middle shell, and SrF, ’”% % -
as an outermost shell, were synthesized by a seed-mediated growth % %
process. The NCs possess good crystallinity, morphology, and up-
conversion luminescent properties. After modification by polyethyle-
nimine branched (PEI), in vitro cell up-conversion imaging with low
autofluorescence was realized. Due to the presence of Gd** ions, in
vivo magnetic resonance (MR) imaging was also achieved with these
designed NCs. More significantly, these special core—shell NCs
exhibited high contrast in in vivo X-ray computed tomography (CT)
imaging because of their good X-ray absorption ability. These results
indicate that the core—shell up-conversion NCs can serve as
promising contrast agents for up-conversion luminescence—MR—
CT trimodal bioimaging.
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1. INTRODUCTION semiconductor quantum dots (QDs) and organic fluorescent
dyes, which limits its application in various fields.””*" To

In recent years, biological imaging technologies have aroused
e 5 &g & improve the quantum yield, materials researchers have reported

great interest for the detection and treatment of diseases due to ber of ) h | h

their visualization capabilities and noninvading nature to a nunzlz’;r ? zrategleasl, fsiulcd aZ_P asmonziezzonar(lice en ar}lfeli
organisms.'~> There are many bioimaging methods with ment, s crystal field a ]uétment, and core=she
specific uses in clinical medicine. Fluorescent imaging has structure.”””” Among these strategies, core—shell structure can

high sensitivity and high spatial and temporal resolution.®™ reduce surface-related quenching aln;l8 suppress cross-relaxation

Computed X-ray tomography (CT) imaging has high sensitivity to enhance luminescence efficiency.” Another merit of core—

for tissues such as bone, and magnetic resonance (MR) imaging shell structure is that it can introduce other optical, electrical,
)

is safe and confers certain advantages for soft tissues over and magnetic properties.””*’ The nanostructure with small size

CT.>*""" However, in many cases, single-mode bioimaging is conducive to bloappllcatlon, but the synthesis of sub-10 nm

cannot meet to diagnose those difficult miscellaneous diseases. core—shell up-conversion nanoparticles remains a considerable
Therefore, multimodal bioimaging sets off a frenzy in challenge because the increase of shell thickness will lead to the

biomedical areas.”'*'® Multimodal probes combining two or increase of size.”’ 7 At present, there are many reports about
. 33-37

more functions together can improve the sensitivity for AREF, (A = alkaline metal, RE = rare earth), but B,REF,
biomedical detection and treatment."”'*~'® Lanthanide-doped (B = alkaline earth) as an important kind of fluoride matrix has
up-conversion nanomaterial as a kind of bioimaging agent, rarely been reported. Some efforts have been made to study
without autofluorescence, has been widely used in biomedical
detection and treatment by many groups.'’~'” However, the Received: November 2, 2016
bottleneck of up-conversion nanomaterials is low quantum Accepted: January 19, 2017
yield compared with traditional luminescence materials, such as Published: February 7, 2017
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Scheme 1. Schematic Illustration of the Preparation of PEI-Capped SLF@SGF@SF and Its Bioapplication
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B,REF,. For example, Chen’s group reported the synthesis,
optical properties and application of Sr,YF, nanocrystals
(NCs)*® and the hydro(solvo)thermal synthesizes of Sr,LuF,
and Sr,GdF, has also been reported.”” However, to date,
systematic reports about the properties and application of
Sr,LnF; (Ln = Gd or Lu) are still lacking.

In this article, we carefully designed and synthesized sub-10
nm Sr,LuF,:Yb/Er@Sr,GdF,@SrF, (SLF@SGF@SF) core—
shell up-conversion NCs via a seed-mediated growth process.
Each part of this design has its own unique role and works
together to achieve trimodal imaging. Needless to say, two inert
shells reduced the surface defects and markedly increased the
up-conversion luminescence intensity. The SrF, shell can also
increase the biological compatlblhty of NCs because strontium
is required by all living systems."”~** The methyl thiazolyl
tetrazolium (MTT) assay demonstrated the as-prepared core—
shell NCs with low biotoxicity. The in vitro cell imaging was
realized with the designed core—shell NCs. Due to the
magnetism of Gd** ions in the middle shell, the core—shell
nanostructure can also act as contrast agent for in vivo MR
imaging. More significantly, this designed core—shell up-
conversion nanostructure exhibited high contrast in in vivo
CT imaging because of the good X-ray absorption ability of
Lu**, Gd*, and doped Yb** and Er’** ions. Preparation of SLF@
SGF@SF and their bioapplication is schematically illustrated in
Scheme 1.

2. MATERIALS AND METHODS

2.1. Reagents. Polyethylenimine branched [PEI, M,, ~ 25000]
was achieved from Sigma-Aldrich, Ltd. High-purity (99.99%) Gd,0s,
Lu,0;, Yb,0;, Er, 0, trifluoroacetate acid (TFA; 99%), 1-octadecene
(ODE; 90%), and oleylamine (OAE; C18:90%) were obtained from
Energy Chemical, Co., Ltd. SrCO;, ethanol (AR), cyclohexane (AR),
diethylene glycol (DEG; CP), and chloroform (AR) were purchased
from Sinopharm Chemical Reagent Co. Ltd. Unless otherwise noted,
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all of the starting chemicals were used as received without further
purification.

2.2. Characterization. Powder X-ray diffraction (XRD) was
performed on a Rigaku D/Max 2500 diffractometer with Cug,
radiation operating at 200 mA and 40 kV. Transmission electron
microscopy (TEM) images were performed using a FEI Tecnai G2 S-
Twin with a field emission gun operating at 200 kV. Energy dispersive
X-ray (EDX) spectra were collected by means of a JEOL JSM-6300 at
S kV. The emission spectra of the samples were recorded on an
Edinburgh Instruments FLS920 spectrofluorimeter equipped with a
980 nm laser diode as the excitation source. The magnetic properties
of the samples were evaluated by an MPMS-XL superconducting
quantum interference device magnetometer. The relaxation times of
Gd* with different concentrations were performed on a MesoMR
analyzing instrument (Shanghai Niumag Corporation). Images were
acquired digitally using a Canon 600D camera with the EF-s 15—135
mm lens.

2.3. Synthesis of NCs. 2.3.1. Preparation of Ln(TFA); (Ln = Gd,
Lu, Yb and Er) and Sr(TFA), Precursors. Typical procedure: 4 mmol
Ln,0; was added into a mixture of 10 mL of TFA and 10 mL of
deionized (DI) water. Next, the reaction solution was heated to 100
°C and kept at this temperature for 10 h under continuous stirring
until an optically transparent solution formed. The product was
filtered to remove any unreacted insolubles and dried in an oven at
100 °C. The Sr(TFA), powder was obtained by a similar procedure
except that Ln,O; was replaced by SrCO;.

2.3.2. Synthesis of Sr,LuF;:Yb,Er (SLF) Core NCs. The SLF-core
NCs were prepared with a thermal decomposition method at a high
temperature. In a typical procedure, Lu(TFA), (0.4 mmol), Er(TFA),
(0.01 mmol), Yb(TFA), (0.09 mmol), and Sr(TFA), (1 mmol) were
added in a three-necked round-bottom flask (50 mL) containing 10
mL of ODE, 5 mL of OA, and 2 mL of OAE at room temperature. The
mixture was exposed to ultrasound until it formed an optically
transparent solution. Subsequently, the three-necked round-bottom
flask was connected to a Schlenk line and heated to 100 °C under
vacuum for 0.5 h. Next, the reaction solution was heated to 300 °C
under N, gas and the reaction kept at this temperature for 0.5 h. The
solution was cooled to room temperature (RT) naturally, and the
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products were precipitated with ethanol, centrifuged, and washed with
cyclohexane and ethanol in sequence. Finally, products were
redispersed in cyclohexane.

2.3.3. Synthesis of Sr,LuF,:Yb,Er@ Sr,GdF, (SLF@SGF) Core—Shell
NCs. The SLF core NCs as seeds for the synthesis of SLF@SGF core—
shell NCs were obtained as described earlier. First, to obtain shell
precursors, Gd(TFA); (0.5 mmol), Sr(TFA), (1 mmol) S mL of
ODE, 2.5 mL of OA, and 1 mL of OAE were mixed together in a
three-necked round-bottom flask (50 mL) and then heated to 100 °C
for 0.5 h. Seeds obtained were mixed with 5 mL of ODE, 2.5 mL of
OA, and 1 mL of OAE in a three-necked round-bottom flask (S0 mL)
and heated to 100 °C for 0.5 h. Subsequently, shell precursors were
added, and the solution was connected to a Schlenk line and heated to
100 °C under vacuum for another 0.5 h. Next, the reaction solution
was heated to 300 °C for 0.5 h under N, gas before cooling to RT
naturally. The products were precipitated with ethanol, centrifuged,
and washed with cyclohexane and ethanol in sequence. Finally,
products were redispersed in cyclohexane.

2.3.4. Synthesis of Sr,LuF;:Yb,Er@ Sr,GdF,@SrF, (SLF@SGF@SF)
Core—Shell NCs. The SLE@SGF core—shell NCs as seeds for the
synthesis of SLF@SGF@SF core—shell NCs were obtained as
described by the step 2.3.3, except that Sr(TFA), (0.5 mmol) was
added instead of Gd(TFA); (0.5 mmol) and Sr(TFA), (1 mmol) .
The obtained NCs were redispersed in S mL of chloroform or dried at
70 °C.

2.3.5. Synthesis of Hydrophilic SLF@SGF@SF NCs. SLFE@SGF@SF
NCs (0.2 mL) were dropwised in DI water containing 0.3 g of PEL
The solution was heated to 40 °C for 24 h. The solution was cooled to
RT naturally, and products were precipitated with ethanol, centrifuged,
and washed with DI water and ethanol in sequence. Finally, the
products were redispersed in DI water.

2.4. Trimodal Bioimaging. 2.4.1. Cell Culture and Cytotoxicity
Assay. A549 cells were cultured in 96 well plates at 3 X 10° per well in
Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C and 5% CO,.
After 4 h, the hydrophilic UCNPs with different doses (S, 10, 25, S0,
100, 200, and 500 ug-mL™") were added into the cells. The cells were
incubated for another 24 h, and then 20 L of MTT solution (S mg:
mL™") was added to per cell well. After 4 h of incubation, media were
removed, and then 150 L of DMSO was added. The optical density
(OD) of the mixture was measured by microplate reader at 490 nm.
The cell viability (%) was calculated as (ODepea/ ODcontrol) X 100%
(ODyntrol and ODy,eq Tespectively, were obtained in the absence and
presence of hydrophilic UCNPs.).

2.4.2. Up-Conversion Luminescence Bioimaging. A549 cells were
cultured in 96 well plates at 3 X 10° per well in DMEM at 37 °C and
5% CO,. After 24 h, the hydrophilic SLF@SGF@SF NCs (200 pug:
mL™") were added to the cells. Overnight at 37 °C, all cells were
washed three times with phosphate buffer saline after the removal of
media. Next, the cells were fixed for 15 min with cell fixatives and
washed three times. The nuclei were counter-stained for 10 min with
0.1 ugmL™" DAPI staining solution and washed three times. Up-
conversion optical bioimaging was performed under a confocal laser
scanning microscope.

2.4.3. MR Imaging. SLE@SGF@SF NC aqueous solutions with
varying concentration of Gd** (4.0, 2.0, 1.0, 0.5, 0.25, and 0.125 mM)
were placed in a series of 1.5 mL tubes for in vitro T-weighted MRL
For in vivo MR imaging, 0.5 mL of SLF@SGF@SF NC aqueous
solutions with 8 mM of Gd** was intravenously administrated into the
mice. The T,-weighted MR images were obtained by a 1.5 T human
clinical scanner (Siemens Medical System).

2.4.4. CT Imaging. To evaluate the capability of CT imaging, the
SLF@SGF@SF NCs at different concentrations (30, 15, 7.5, 3.75,
1.875, and 0.938 mg:mL™") were dispersed in saline for in vitro CT
imaging. For in vivo CT imaging, 0.5 mL of SLF@SGF@SF NC
aqueous solutions (30 mg-mL™") was intravenously administrated into
the mice. CT images were acquired using JL M.U.A NO.2 HOSP
Philips, iCT 256 Scanner (Philips Medical System).

2.4.5. Animal Administration. Mice (19—22 g) were anesthetized
through intraperitoneal injection of 10 wt % chloral hydrate.
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Subsequently, the NCs were intravenously injected into the mice for
both MR and CT imaging.

3. RESULTS AND DISCUSSION

3.1. Strcuture and Morphology of the NCs. The SLF
(core-only), SLF@SGF (one layer of core—shell) and SLF@
SGF@SF (two layers of core—shell) up-conversion NCs have
been obtained by high-temperature decomposition and
oriented epitaxial growth. Due to the XRD patterns of the
reported Sr,LuF, (tetragonal, JCPDS 82-0640), Sr,GdF,
(tetragonal, JCPDS 53-0775), and StF, (cubic, JCPDS 06-
0262) are very similar. The lattice between core and shell
matched so well that the core—shell NCs are easy to form. The
phase structures and crystallinities of the as-synthesized up-
conversion NCs were investigated by XRD. As Figure 1 shows,
the as-prepared NCs have good crystallinities, and their
diffraction peak positions and intensities coincide well with
the literature values.
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W
f \ " / \ M SLF@sGF
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Figure 1. XRD patterns of SLF, SLF@SGF, and SLF@SGF@SF NCs.

The size and morphology of the up-conversion NCs were
examined by TEM. Representative low-magnification trans-
mission electron microscopy (TEM) images are shown in
Figure 2a—c. As one can see, the average grain diameter of up-
conversion NCs increases with the introduction of shell. The
SLF and SLE@SGF samples are ball-like regular particles.
However, the SLEFE@SGF@SF nanoparticles gradually become
cubes as the particle size becomes larger. In Figure 2d—f, the
corresponding high-magnification TEM images clearly demon-
strate that the obtained monodisperse and homogeneous up-
conversion NCs possess very small particle sizes. As statistically
shown in Figure S1, the average grain diameters of SLF, SLF@
SGF, and SLF@SGF@SF up-conversion NCs are 6.36, 7.29,
and 8.27 nm, respectively. In the typical high-resolution TEM
(HRTEM) images of these NCs (Figure 2g—i), the lattice
fringes on the individual up-conversion NCs are very legible.
The spacings of the lattice fringes are estimated about 0.332,
0.335, and 0.334 nm, which correspond to the (213) plane of
Sr,LuF,, the (102) plane of Sr,GdF,, and the (111) plane of
StF,, respectively. The corresponding fast Fourier transform
(FFT) pattern of Figure 2i is shown in the inset of Figure 2f,
which reveals that the core—shell NCs have a single crystalline
feature. Meanwhile, the EDX spectral analysis (Figure S2) of
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Figure 2. TEM images of SLF, SLF@SGF, and SLFE@SGF@SF NCs. Representative TEM images (a—c), high-magnification TEM images (d—f),
HRTEM images (g—i), and the corresponding FFT patterns of panel i (panel f inset).

SLE@SGEF confirms the presence of Sr, F, Lu, Gd, Yb, and Er
elements. Moreover, we can adjust the thickness of the outer
shell by controlling the addition amount of shell precursor.
With the increase of the amount of precursor of the outer shell,
the particle size of the obtained core—shell up-conversion NCs
becomes larger, as shown in Figure S3. These results
demonstrate that we can control the synthesis of this kind of
core—shell up-conversion NCs.

3.2. Up-Conversion Luminescent Properties. For
lanthanide-doped nanomaterials, their luminescence properties
are very important. The low luminescence efficiency of up-
conversion nanomaterials has been troubling scientific
researchers. As is known, core—shell structure can effectively
reduce the surface defects and harmful nonradiative transition
to increase the up-conversion luminescence efficiency. We take
Sr,LuF, as the host matrix, Yb** as the sensitizer, and Er** as
the emitter to obtain the core-only up-conversion NCs. It is
important to note that the concentration of Yb** and Er** must
be controlled at a low concentration because the high
concentration of doping can cause the concentration
luminescence quenching. Therefore, we chose a common
doping ratio (Sr,LuF;:18%Yb/2%Er). In terms of the up-
conversion luminescence process, the sensitizer Yb** absorbed
the excitation of 980 nm, followed by energy transfer to the
emitter Er’* that emits visible light. As Figure 3 shows, the up-
conversion luminescence of Sr,LuF,:18%Yb/2%Er NCs is not
strong. To enhance the up-conversion luminescence intensity,
an inert homogeneous shell Sr,GdF, was coated on the surface
of SLF to obtain SLF@SGEF. It is easy to observe that the up-
conversion luminescence intensity has been significantly
improved, which is about 10 times of that of core-only. Due
to long-term toxicity of rare earth ions reported by some
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Figure 3. Up-conversion luminescence emission spectra of SLF, SLF@

SGF, and SLF@SGF@SF in cyclohexane. Insets are the corresponding
fluorescence photographs.

papers, we selected SrF, as the outer shell coating on the
surface of SLF@SGF. On the one hand, the outer shell SrF, can
increase the biocompatibility; on the other hand, the up-
conversion luminescence efficiency of the whole core—shell
NCs can also be improved. The up-conversion luminescence
emission spectra and corresponding luminescence photographs
(Figure 3 and insets) clearly demonstrate the change of up-
conversion luminescence intensity from SLF and SLF@SGF to
SLE@SGF@SF NCs. A total of three characteristic peaks at
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Figure 4. (a) Cell viability of AS49 cells incubated with SLF@SGF@SF NCs for 24 h, (b—d) confocal microscopy images of AS49 cells. Blue and
green colors respectively represented up-conversion luminescence emissions and DAPI-stained cell nucleus.

525, 545, and 650 nm were recorded, which can be ascribed to
the transitions of *Hiy;, *S;, and *Fo;, to *Ij5, of Er,
respectively.

3.3. Trimodal Bioimaging. For bioapplication, it is
required that the NCs must be dispersed in water. The as-
prepared core—shell SLF@SGF@SF up-conversion NCs
obtained from oil-phase medium cannot be directly used for
bioimaging. Therefore, we transferred the SLE@SGF@SF NCs
from hydrophobic to hydrophilic using a ligand-exchange
method reported before.*’ Figure S4 is the representative TEM
image of hydrophilic core—shell SLE@SGF@SF up-conversion
NCs coated by PEI, which demonstrates that the size and shape
of NCs were substantially unchanged and the monodispersity
had a little change but did not affect further bioapplication.
Meanwhile, the up-conversion luminescence emission spectra
of hydrophobic and hydrophilic core—shell SLF@SGF@SF
NCs were recorded, as shown in Figure SS. The up-conversion
luminescence emission of hydrophilic NCs is weaker than that
of hydrophobic ones due to the interaction between water
molecules and NCs, but it can still meet the needs of up-
conversion luminescence bioimaging.

Although the excellent optical properties and water solubility
demonstrated that the as-prepared NCs have great potential in
bioapplications, cytotoxicity is still a key consideration. To
further illustrate the low cytotoxicity of the as-prepared
hydrophilic core—shell SLF@SGF@SF up-conversion NCs,
MTT assay was performed. Figure 4a shows the viability of
HeLa cells after culturing with varying concentrations of
hydrophilic core—shell SLE@SGF@SF up-conversion NCs for

5752

24 h. The viability of cells that were not treated was assumed to
be 100%. Upon culturing with S pg:mL™' after 24 h of
exposure, less than 5% of the cells were dead. When the
culturing concentration of hydrophilic core—shell up-con-
version NCs was increased to S00 ug-mL~', the viability of
cells was still nearly 90%. All of these data indicate that the as-
prepared hydrophilic core—shell SLF@SGF@SF up-conversion
NCs have negligible cytotoxicity and good biocompatibility.

As stated earlier, the as-prepared core—shell up-conversion
NCs have excellent optical property and great potential for up-
conversion luminescent bioimaging. In this paper, we employed
the core—shell NCs as up-conversion luminescence probes for
cell bioimaging. Figure 4b—d shows the in vitro bioimaging of
AS549 cells incubated with these core—shell NCs for 12 h at 37
°C and 5% CO, recorded by a confocal laser scanning
microscope. The blue emission in Figure 4b came from cell
nucleus stained by DAPL. The green image of cells (Figure 4c)
was the up-conversion luminescence signal at 540 nm. Figure
4d shows the overlap of panels b and ¢ in Figure 4, which
illustrates that the as-prepared core—shell upcoversion NCs are
mainly located in the cells. Therefore, these core—shell up-
conversion NCs without background interference have great
potential in cell bioimaging.

Apart from the excellent up-conversion luminescence, the
core—shell up-conversion NCs are of magnetism because of the
presence of Gd** ions in the middle shell. The magnetization
curves of the SLF@SGF@SF NCs are shown in Figure Sa. As
one can see, these NCs possess typical paramagnetism at room
temperature, which is mainly ascribed to the unpaired electrons
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Figure 5. (a) Magnetization curves of SLF@SGF@SF NCs. (b) MR images of aqueous solutions of SLF@SGF@SF NCs with different Gd**
concentration. In vivo MR coronal view images of a mouse before and after intravenous administration of 0.5 mL of SLF@SGF@SF NC aqueous
solutions with 8.0 mM of Gd**: (c) preinjection and (d) after 24 h of injection.

of Gd**. The magnetization and mass susceptibility of the
SLF@SGF@SF NCs were determined to be 0.48 emu-g™' and
1.6 X 107° emu-Oe'"-g™'. MR imaging is a visual and
noninvasive diagnostic method that is widely used in clinical
medicine. The as-prepared NCs possess paramagnetism and the
thickness of SrF, shell can be controlled. Therefore, to evaluate
the potential of these core—shell SLFE@SGF@SF NCs as T,
MR imaging contrast agents, a proof-of-concept application was
performed. Figure Sb shows the MR images of aqueous
solutions of SLE@SGF@SF NCs with different Gd**
concentration. It is obvious that the T-weighted MR imaging
signal intensity was enhanced by increasing the concentration
of SLEFE@SGF@SF NCs. In addition, the relaxation times of
Gd*" with different concentrations were measured. The slope of
Figure S6 is the specific relaxivity, which is calculated to be
0.1515 mM™! s7!. For further MR bioimaging, the core—shell
SLF@SGF@SF up-conversion NCs was intravenously admin-
istrated into a mouse. The in vivo MR view images of a liver of
the mouse before and after intravenous administration for 24 h
are shown in Figure 5c,d. The MR imaging signal in the liver of
the mouse was significantly enhanced after administration of
SLE@SGF@SF NCs by observing the contrasts of the figures.
The results suggest that the core—shell SLFE@SGF@SF NCs
are promising as contrast agents for MR imaging.

Due to the high X-ray absorption coefficient of Lu, Gd, and
doped Yb and Er ions, the core—shell SLF@SGF@SFE up-
conversion NCs should have great potential as promising
nanoparticle-based CT contrast agents. To evaluate the CT
contrast efficacy, X-ray CT images were acquired using SLF@
SGF@SF up-conversion NCs in aqueous solution with different
concentrations. As shown in the inset of Figure S6, the signal
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was enhanced as the concentration of the as-prepared NCs was
increased. There was a linear relationship between the
measured CT numbers, called Hounsfield units (HU), and
concentrations of the as-prepared core—shell NCs (Figure S6).
These results revealed that the as-prepared SLF@SGF@SF
core—shell up-conversion NCs had great potential as CT
imaging probes and prompted us to assess their feasibility as in
vivo CT imaging probes. A solution of the as-prepared SLF@
SGF@SF core—shell up-conversion NCs was intravenously
administered to a mouse, and the distribution of the NCs was
tracked by X-ray CT imaging. As shown in panel a of Figure 6,
the density of heart and liver tissue was not enhanced
(determined based on the images of preinjection samples).
However, after intravenous administration of NCs for 24 h, the
liver was obviously enhanced compared to images of
preinjection samples. The enhanced density of liver and spleen
was observed after intravenous administration of NCs for 24 h
(Figure 6b). However, images of the kidney and heart showed
no obvious difference between preinjection and postinjection,
which indicated that the NCs could be mainly accumulated in
liver and spleen after injection for 24 h. Panels ¢ and d show the
corresponding 3D imagings of in vivo CT images, which are
more intuitive to reflect the enhancement of NCs. Moreover,
the CT value of each organ in axial section was measured,
which was shown in Figure S6. All of the results demonstrate
that the as-prepared SLEF@SGF@SF core—shell up-conversion
NCs could be good contrast agents for in vivo CT imaging.

4. CONCLUSIONS

In summary, we designed and synthesized sub-10 nm
St,LuF.:Yb/Er@Sr,GdE,@SrF, core—shell up-conversion
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Figure 6. In vivo CT view images of a mouse before and after intravenous administration of 0.5 mL of SLFE@SGF@SF NC aqueous solutions (30
mg-mL™"): (a) heart (arrow) and liver (curved arrow), (b) spleen (arrowhead) and kidney (star), and (c and d) the corresponding 3D renderings of

in vivo CT images.

NCs by a seed-mediated growth process for the first time. A
great enhancement in up-conversion luminescence intensity
was achieved because of the core—shell nanostructure. The
MTT assay and up-conversion luminescence bioimaging
demonstrate that these NCs have low biotoxcity and can act
as promising up-conversion luminescence probes. In addition,
the paramagnetic property of NCs and in vivo MR imaging
reveal that the NCs have potential in MR imaging. Moreover,
the NCs as promising CT contrast agents were investigated in
detail in mice. All of these results indicate that the core—shell
up-conversion NCs we designed can serve as promising
contrast agent for up-conversion luminescence—MR—CT
trimodal bioimaging.
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