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ABSTRACT: In this work, the amine-functionalized NaYb-
F4:Er nanoparticles were developed as dual-modal nanoprobes
for synergistic upconversion (UC) luminescence and X-ray
imaging in a single system by a simple one-step method of
simultaneous synthesis and surface modification. The water-
soluble NaYbF4:Er nanoparticles present excellent green and
dominant red UC emissions. The in vitro cell imaging shows
that the high-contrast green and intense red UC emissions can
be observed from HeLa cells treated with these nanoparticles,
indicating the successful labeling of HeLa cells. Moreover, the
localized spectra measured from HeLa cells and background
presented significant green and dominant red UC emissions
with the absence of any autofluorescence, further verifying that
these nanoparticles can be successfully used as ideal probes for optical UC bioimaging with high contrast and non-
autofluorescence. In addition, the amine-functionalized NaYbF4:Er nanoparticles maintained low cell toxicity in HeLa cells
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. More importantly, these amine-
functionalized NaYbF4:Er nanoparticles can also be used as X-ray imaging, owing to the large X-ray absorption efficiency of the
Yb ion. The synergistic in vivo UC and X-ray imaging present significant UC luminescence and X-ray signals in the same region
of a nude mouse, and the two signals are matched very well, which provides direct evidence for simultaneous UC luminescence
and X-ray imaging in a single compound of lanthanide-doped material. Moreover, ex vivo UC imaging shows that these
nanoparticles are first accumulated in the lung and gradually translocated from the lung into the liver. These results demonstrate
that the amine-functionalized NaYbF4:Er nanoparticles presented here are very attractive nanoprobes for dual-modal UC
luminescence and X-ray imaging with low cytotoxicity, autofluorescence free, and synergistic combination of the advantages of
the two imaging modalities.
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1. INTRODUCTION

Optical bioimaging plays an important role in biomedical study,
visualization, and understanding of the function of specific
molecules and tissues.1−5 Upconversion nanoparticles
(UCNPs) have emerged as a new generation of nanoprobes
for optical bioimaging, owing to the ability of converting longer
wavelength excitation to shorter wavelength emissions.6−14 In
comparison to the previously developed traditional fluorescent
probes, such as organic dyes, fluorescent proteins, and quantum
dots (QDs),15−17 UCNPs possess many advantages, including
large anti-Stokes shifts, long lifetimes, high photostability,
reduced auto-fluorescence, no blinking, and deep tissue
penetration.18−42 It is noted that host material of UCNPs has
played a vital role in achieving efficient UC luminescence.
Among the previously developed UC host materials, fluorides

(NaLnF4, where Ln = rare earth elements) are considered as
ideal hosts for UC emissions, owing to their low phonon
energy.43 However, much efforts have focused on developing
the lanthanide-doped NaYF4 UCNPs for the UC luminescence
bioimaging of cells and tissues in vitro and in vivo.44−47

Unfortunately, sodium ytterbium fluoride (NaYbF4) as an
important fluoride has obtained limited research. A recent
report indicated that the intensity of the near-infrared (NIR)
UC emission of NaYbF4:Tm

3+ is 43 times higher than that of
NaYF4:Yb

3+/Tm3+ and the synthesized ultra-small NaYbF4:2%
Tm3+ nanocrystals with the size of 10 nm can significantly emit
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enhanced NIR emission compared to NaYF4:20% Yb3+/2%
Tm3+ nanocrystals with the size of 25−30 nm.48 Our previous
reports49,50 also revealed that NaYbF4:Er

3+ is capable of
emitting dominant red UC emission, owing to the large Yb3+

content, which is in contrast to the dominant green UC
emission usually observed in NaYF4:Yb

3+/Er3+. Such an UC
spectroscopy would be more beneficial for in vivo deeper tissue
optical bioimaging.51 Despite the promising UC property and
preliminary studies on lanthanide-doped NaYbF4 UCNPs
reported, optical bioimaging using the novel system of
UCNPs has not yet been demonstrated.
On the other hand, apart from the aforementioned excellent

UC property, the Yb-based host can also act as a potential
contrast agent for X-ray imaging, owing to the large X-ray
absorption coefficients of the Yb element (at 80 keV, Yb = 6.91
cm2 g−1)52 and K-edge values (YbK‑edge = 61 keV).53,54

Therefore, in comparison to the well-developed NaYF4 host,
the NaYbF4 host possesses some intrinsic advantages, including
(1) the larger K-edge energy (61 keV), located in higher energy
regions for X-ray imaging and resulting in higher intrinsic
contrast and a lower radiation exposure to patients, and (2)
Yb3+ being a well-known sensitizer in UC luminescence and
significantly enhancing the red UC emission in the Er3+-doped
NaYbF4 host, which is beneficial for optical bioimaging.
Therefore, the excellent UC property in combination with
the large X-ray absorption property makes the lanthanide-
doped NaYbF4 host attractive for dual-modal UC luminescence
and X-ray imaging in biomedical application. However, there
has been little study on the development of the NaYbF4 dual-
modal nanoprobe for UC luminescence and X-ray imaging,
especially for synergistic UC luminescence and X-ray imaging
in a single system.
In this paper, the high-quality amine-functionalized NaYb-

F4:Er UCNPs were synthesized by a simple one-step
hydrothermal method using some low-toxicity solvent. These
UCNPs were used for in vitro optical bioimaging of HeLa cells.
The cytotoxicity in HeLa cells was also evaluated. More
importantly, the synergistic UC luminescence and X-ray
imaging in the same region of a nude mouse was demonstrated
using these UCNPs for the first time.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Materials. Ln(NO3)3·6H2O (Ln = Yb and

Er, at 99.99%) and polyethylenimine (PEI, 25 kDa) were purchased
from Sigma-Aldrich. Ethylene glycol (EG) and sodium fluoride were
obtained from Sinopharm Chemical Reagent Co., China. All of these
chemicals were used without further purification.
2.2. Synthesis of the Amine-Functionalized NaYbF4:Er

Nanoparticles. Through a modified one-step hydrothermal meth-
od,55 the water-soluble amine-functionalized NaYbF4:Er UCNPs were
synthesized. Typically, 1 mmol of Yb(NO3)3 (0.5 M) and Er(NO3)3
(0.1 M) with the designed molar ratio of 98:2 was added to 30 mL of
EG containing 1.0 g of PEI to obtain homogenous transparent solution
by vigorously stirring. Then, 4.5 mmol of NaF (1 M) was added to the
above mixture after stirring for another 30 min. Finally, the obtained
solution was transferred into a 50 mL stainless Teflon-lined autoclave
and maintained at 190 °C for 24 h. The system was cooled to room
temperature naturally after the reaction finished completely. The final
products were separated by centrifugation, washed several times with
ethanol and de-ionized water, and then dried at 60 °C for 24 h.
2.3. Characterization. The crystal phase of the amine-function-

alized NaYbF4:Er UCNPs was recorded by powder X-ray diffraction
(XRD) using a Bruker D8 advance X-ray diffractometer (40 kV and
200 mA) with Cu Ka radiation (λ = 1.5406 Å). Transmission electron
microscopy (TEM) (JEOL-2100F) equipped with the energy-

dispersive X-ray spectrum (EDS) was used to characterize the size
and shape of the as-prepared UCNPs. The surface ligands of the as-
prepared UCNPs were detected by Fourier transform infrared
spectrum (FTIR) using a Magna 760 spectrometer E.S.P. (Nicolet).
An UC luminescence spectrum was obtained by a FLS920P Edinburgh
Analytical Instrument apparatus equipped with a 980 nm laser diode at
room temperature. The digital photograph of the as-prepared UCNPs
water solution (1 wt %) was taken by a Canon digital camera under
the excitation of a 980 nm laser with a power density of 5 W/cm2.

2.4. Cell Culture. HeLa cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin and streptomycin at 37 °C, and 5% CO2.

2.5. In Vitro Optical UC Bioimaging. The in vitro UC
luminescence bioimaging of the amine-functionalized NaYbF4:Er
UCNPs in HeLa cells was carried out by a confocal laser scanning
microscope (Leica TCS SP5) under the excitation of a 980 nm
wavelength laser. HeLa cells were incubated with 200 μg mL−1

concentration of UCNPs at 37 °C and 5% CO2 for 24 h. Two typical
emission channels at green (500−600 nm) and red (600−700 nm)
spectral regions were detected.

2.6. Cytotoxicity Assay. The cell toxicity of these UCNPs in
HeLa cells was evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) proliferation method. HeLa
cells were seeded into a 96-well microplate (6000 cells/well) and pre-
incubated at 37 °C under 5% CO2 for 4 h. Then, the cell culture
medium in each well was replaced by DMEM solutions containing
various concentrations of the amine-functionalized NaYbF4:Er UCNPs
(200, 500, 1000, and 2000 μg/mL). Then, HeLa cells treated with
UCNPs were incubated at 37 °C under 5% CO2 for another 24 h. The
absorbance band centered at 570 nm was measured by Multiskan EX
(Thermo Electron Corporation).

2.7. In Vivo UC Bioimaging. For the purpose of testing the
feasibility of the in vivo UC bioimaging based on these UCNPs, a nude
mouse that was anesthetized by intraperitoneal injection of 10 wt %
chloral hydrate solution was subcutaneously injected 200 μL of the
amine-functionalized NaYbF4 UCNPs aqueous solution (2 mg/mL).
After injection, in vivo UC bioimaging was performed by an in vivo
imaging system (Bruker In-Vivo FX PRO) equipped with an external
fiber-coupled 980 nm laser. The UC bioimaging was captured using a
band pass filter (650/50 nm) with an exposure time of 5 s.

2.8. Simultaneous in Vivo X-ray and UC Bioimaging. To
demonstrate the dual-modal imaging functionality of these UCNPs,
the simultaneous in vivo X-ray and UC imaging was carried out in the
same nude mouse subcutaneously injected 200 μL of the amine-
functionalized NaYbF4 UCNPs aqueous solution (2 mg/mL). The
simultaneous X-ray and UC imaging was detected by the multi-modal
in vivo imaging system (Bruker In-Vivo FX PRO) equipped with an X-
ray imaging functionality with an operating voltage of 0−35 kVp. The
UC signal was detected at a red emission region by a band pass filter
(650/50 nm), and the X-ray imaging was recorded under the operating
voltage of 35 kVp (0.4 filter, with an exposure time of 1 min).

2.9. Ex Vivo UC Optical Imaging. To reveal the distribution and
translocation of these UCNPs in major organs, two nude mice were
first intravenously injected with these UCNPs (2 mg/mL, 200 μL).
After 0.5 and 24 h of injection, the two mice were dissected and the
UC signals of some major organs, such as the heart, lung, liver, spleen,
and kidney, were detected by the in vivo imaging system (Bruker In-
Vivo FX PRO) using similar experimental conditions with
aforementioned in vivo UC imaging.

3. RESULTS AND DISCUSSION
3.1. Structure Characterization. In this work, water-

soluble NaYbF4:Er UCNPs modified by an amine ligand were
synthesized using PEI as the capping agent. Figure 1 shows the
typical XRD pattern of the as-prepared UCNPs. As shown in
Figure 1, all of the characteristic diffraction peaks are matched
well with the standard cubic phase NaYbF4 [Joint Committee
on Powder Diffraction Standards (JCPDS) number 77-2043]
and no other impurity diffraction peaks are observed, indicating
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the formation of pure cubic phase NaYbF4. To further reveal
the shape and size of the as-prepared UCNPs, TEM
characterizations were performed. As demonstrated in Figure
2a, the as-prepared UCNPs present sphere-like shape. The inset
of Figure 2a shows the typical size-distribution of the as-
prepared UCNPs, demonstrating the average size of about 28 ±
2.4 nm. Figure 2b shows the corresponding selected area
electron diffraction (SAED) pattern, further verifying the face-
centered cubic (FCC) phase structure of the as-prepared
UCNPs, which is consistent with the aforementioned XRD
analysis. The high-resolution TEM of the individual nano-
particle (Figure 2c) shows that the as-prepared UCNPs possess
high crystallinity with a measured d spacing of 1.92 Å,
corresponding to the (220) lattice plane of the cubic phase
NaYbF4. The element composition of the as-prepared UCNPs
was detected by EDS (Figure 2d). As demonstrated, the as-
prepared UCNPs are mainly composed of Na, Yb, and F, which
further validates the formation of NaYbF4. It should be noted
that the Cu and C signals are attributed to the Cu grid of TEM
and no signal of the doped 2% Er is mainly ascribed to the
limited detection precision.
3.2. FTIR Analysis. Amine functionalization selected here

can not only improve the water-solubility of the nanoparticles
but also enhance the cellular uptake by endocytosis.56 To test
the surface ligand of the as-prepared UCNPs, FTIR analysis
was performed. Figure 3 shows the typical FTIR spectrum of
the amine-functionalized NaYbF4:Er UCNPs. As demonstrated,
two typical weak absorption peaks centered at 2924 and 2841
cm−1 are observed, corresponding to the asymmetric and
symmetric stretching vibrations of the C−H bond, respectively.
The strong absorption bands located at 1636 and 3449 cm−1

were attributed to the N−H bending mode of amino group
(−NH2)

57 and the stretching vibration of amine groups,
respectively. It indicates the successful grafting of the amine
ligand on the surface of UCNPs.
3.3. UC Photoluminescence Properties. The UC

spectrum of the amine-functionalized NaYbF4:Er UCNPs was
detected under the excitation of a 980 nm laser diode at room
temperature. As demonstrated in Figure 4a, the amine-
functionalized NaYbF4:Er UCNPs present weak green UC
emissions centered at 521/540 nm and dominant red UC
emission centered at 651 nm. As shown in the energy level
diagram (Figure 4b), under 980 nm excitation, the electrons in

the Yb3+:2F7/2 level are excited to the excited state of the 2F5/2
level. When the electrons in the Yb3+:2F7/2 level return to the
ground state, the efficient energy transfers occurred from Yb3+

Figure 1. XRD patterns of the amine-functionalized NaYbF4:Er
UCNPs. The red line is experimental diffraction data, and the blue line
indicates the standard cubic phase NaYbF4 (JCPDS number 77-2043).

Figure 2. TEM and EDS results of the amine-functionalized
NaYbF4:Er UCNPs: (a) typical TEM image, (b) corresponding
SAED pattern, indicating the FCC phase structure, (c) high-resolution
(HR)-TEM image of an individual particle, and (d) EDS. The inset in
panel a presents the size distribution of the nanoparticles.

Figure 3. Typical FTIR spectrum of the amine-functionalized
NaYbF4:Er UCNPs.
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to adjacent Er3+, resulting in 4I15/2 →
4I11/2 and

4I11/2 →
4F7/2

transitions of Er3+. Subsequently, the excited electrons in the
Er3+:4F7/2 level non-radiatively relax to the 4H11/2,

4S3/2, and
4F9/2 levels and generate the corresponding green and red
emissions by radiative relaxation at 521, 540, and 651 nm,
respectively. The inset of Figure 4a shows the digital
photograph of the 1 wt % water solution of the amine-
functionalized NaYbF4:Er UCNPs under the excitation of the
980 nm laser with a power density of 5 W/cm2. The intense
eye-visible red luminescence can be observed. The dominant
red UC emissions in NaYbF4:Er UCNPs are mainly attributed
to the cross-relaxation (CR) process (4F7/2 →

4F9/2 and
4F9/2

← 4I11/2) of Er
3+. The higher Yb3+ concentration makes a more

efficient CR process58 occur and subsequently enhances the
electron numbers in the Er3+:4F9/2 level, resulting in the
enhancement of red UC emission at 651 nm. The dominant
red emission is more beneficial to achieve high-contrast imaging
and deeper penetration depth for optical bioimaging in the
biomedical area.
3.4. In Vitro UC Luminescence Bioimaging of HeLa

Cells. To reveal the feasibility of the amine-functionalized
NaYbF4:Er UCNPs for optical bioimaging, the cell uptake and
internalization of these UCNPs in HeLa cells were evaluated.
HeLa cells were treated with the amine-functionalized
NaYbF4:Er UCNPs (200 μg/mL) at 37 °C and 5% CO2 for
24 h and imaged by confocal fluorescent microscopy upon 980

nm excitation. Two typical imaging channels, including green
(500−600 nm) and red (600−700 nm), were selected for
optical bioimaging. Figure 5 shows the bright-field and UC
luminescence images of the HeLa cells treated with UCNPs. As
shown in panels a and d of Figure 5, HeLa cells can be readily
distinguished by the bright-field image. Under 980 nm
excitation, HeLa cells present a significant green UC signal
(panels b and e of Figure 5) and intense red UC signal (panels
c and f of Figure 5), indicating the successful cell uptake of
these UCNPs in HeLa cells. The insets in panels b and c of
Figure 5 are the corresponding localized emission spectra taken
from HeLa cells and background. As demonstrated in the
localized emission spectra, the characteristic green and intense
red UC luminescence peaks at 540 and 651 nm were observed,
which is in agreement with the aforementioned UC spectrum
(Figure 4a), further confirming that the amine-functionalized
UCNPs successfully internalized into HeLa cells. More
importantly, a complete absence of autofluorescence was
detected in the imaging spectral range from 500 to 700 nm.
These results suggest that the amine-functionalized NaYbF4:Er
UCNPs are ideal probes for high-contrast in vitro UC
luminescence imaging of cells with the absence of any
autofluorescence.

3.5. Cell Toxicity Test. Low cell toxicity of these UCNPs is
required for successful biomedical application. Therefore, to
evaluate the cytotoxicity and biocompatible of these UCNPs,
cell viability of these UCNPs in HeLa cells was measured using
the standard MTT method (Figure 6). As demonstrated, cell
viability was about 94% when treated with 200 μg/mL UCNPs.
When the concentration of NaYbF4:Er UCNPs was increased
up to 500 μg/mL, cellular viability is 96%. With further
increasing the concentration of UCNPs to 1000 μg/mL, the
cellular viability is estimated to be 91%, indicating the
remarkable low cytotoxicity of these UCNPs. Therefore,
these UCNPs can be potentially used for high-contrast in
vitro cell imaging with very low cytotoxicity.

3.6. In Vivo UC Bioimaging of a Mouse. To examine the
feasibility of the amine-functionalized NaYbF4:Er UCNPs for in
vivo imaging, a nude mouse was subcutaneously injected with
the amine-functionalized NaYbF4:Er UCNPs (2 mg/mL, 200
μL). After injection, the mouse was imaged for in vivo UC
bioimaging by the Bruker In-Vivo FX PRO in vivo imaging
system under excitation of a fiber-coupled 980 nm laser. Figure
7 presents the in vivo whole-body images of a nude mouse with
and without subcutaneous injection of the amine-functionalized
NaYbF4:Er UCNPs. Under excitation of the 980 nm laser, the
in vivo imaging of the mouse without administration of UCNPs
(Figure 7a) presents no optical signal, while high-contrast
imaging of the mouse injected with UCNPs (Figure 7b) was
observed, indicating that the as-prepared UCNPs can be
applied to in vivo whole-body bioimaging.

3.7. Synergistic in Vivo X-ray and UC Bioimaging.
Apart from the excellent UC, in vitro, and in vivo optical
bioimaging properties, the amine-functionalized NaYbF4:Er
UCNPs can also be used as X-ray imaging contrast agents,
owing to the large K-edge values and X-ray absorption
coefficient of Yb3+. As recent reported, Cui and co-workers
have successfully developed Ln-doped NaGdF4 for in vivo dual-
modality imaging.42 However, a synergistic combination of X-
ray and UC bioimaging in a single system, as a new trend of
bioimaging, can not only combine the advantages of both but
also avoid the disadvantages of them. However, the synergistic
in vivo X-ray and UC bioimaging based on NaYbF4 UCNPs still

Figure 4. (a) UC spectrum of the amine-functionalized NaYbF4:Er
UCNPs and (b) schematic energy levels of Yb3+ and Er3+ ions (CR =
cross-relaxation). The inset in panel a shows the digital photograph of
the 1 wt % water solution of NaYbF4:Er UCNPs under 980 nm
excitation.
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remained unexploited. To demonstrate the synergistic bioimag-
ing of these UCNPs, a nude mouse was subcutaneously
injected with physiological saline solution containing these
UCNPs. After injection, a synergistic X-ray and UC bioimaging
was performed using a multi-modal in vivo imaging system
equipped with an external 980 nm fiber-coupled laser and X-ray
imaging accessory. Figure 8 shows the synergistic dual-modality
X-ray and UC imaging in a nude mouse. As demonstrated in
Figure 8a, there are no X-ray and UC luminescence signals
observed in the nude mouse without injecting UCNPs. After
injection of UCNPs, the significant X-ray absorption contrast
indicated by the red-dotted circle (the left panel of Figure 8b)
was observed. Moreover, the UC luminescence signal with high
contrast was also observed at the same region (the middle panel
of Figure 8b). The overlay image (the right panel of Figure 8b)
shows that the X-ray and UC signals were matched very well in
the same region, indicating that the as-prepared UCNPs can be

successfully used as synergistic dual-modality X-ray and UC
luminescence bioimaging.

3.8. Tracking of These UCNPs in Nude Mice. It is
significantly important to track the translocation of these
UCNPs in vivo, which may provide valuable information for
disease diagnosing and therapy. To reveal the biodistribution

Figure 5. In vitro UC luminescence bioimaging of HeLa cells incubated with the NaYbF4:Er UCNPs under excitation of a 980 nm laser: (a) bright-
field image of HeLa cells, (b) green UC luminescence image (500−600 nm), (c) red UC fluorescent image (600−700 nm), (d, e, and f) high-
magnification bright-field, green, and red UC images, respectively. The insets in panels b and c show the corresponding localized photoluminescence
spectra taken from HeLa cells (red line) and background (white line), indicating the absence of any autofluorescence under the detected spectral
regions from 500 to 700 nm.

Figure 6. MTT assay for cell toxicity of the amine-functionalized
NaYbF4:Er UC nanoparticles in HeLa cells treated with different
concentrations of these nanoparticles at 37 °C for 24 h under 5% CO2.
Error bars were based on triplicate samples.

Figure 7. In vivo UC luminescence bioimaging of a nude mouse under
the excitation of a 980 nm fiber-coupled laser: (a) without
subcutaneous injection of the nanoparticles and (b) with subcutaneous
injection of the nanoparticles. The left panel indicates the bright-field
image; the middle panel denotes the UC luminescence image; and the
right panel denotes the overlay image.
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and translocation of these UCNPs, ex vivo UC imaging of major
organs (heart, lung, liver, spleen, and kidney) at different
intravenous injection times was performed. As shown in Figure
9a, predominant and very weak UC signals were observed in

the lung and liver, respectively, indicating that these UCNPs
mainly accumulated in the lung after 0.5 h of systemic delivery.
The firstly observed lung retention can be attributed to the
amine-functional UCNPs interacting with the negative charges
of capillary endothelial cells, which are displayed by plasmatic
membranes59 and the small size of the nanoparticle.60 After 24
h of injection (Figure 9b), the UC signals of the lung were
decreased and strong UC signals were observed in the liver,
demonstrating the obvious translocation of these UCNPs from
the lung to the liver. The average UC luminescence intensity
shown in Figure 9c further evidenced the translocation of these
UCNPs from the lung into the liver. Our findings, for the first
time, suggest that the amine-functionalized NaYbF4 UCNPs
after systemic delivery would gradually migrate from the lung,
where they initially accumulate, into the liver, which is
consistent with the previous study.60

4. CONCLUSION

In conclusion, the amine-functionalized NaYbF4:Er UCNPs
with monodispersity and size of 28 nm were synthesized by a
simple one-step hydrothermal method. The as-prepared
NaYbF4:Er UCNPs present dominant red and weaker green
UC emissions, which is beneficial for optical bioimaging. The in
vitro bioimaging and localized emission spectra taken from
HeLa cells and background show that the amine-functionalized
NaYbF4:Er UCNPs can be successfully used as probes for UC
luminescence bioimaging with high contrast and the absence of
autofluorescence. In addition, the cytotoxicity of these UCNPs
is remarkably low, even at a high concentration of 1000 μg/mL
of UCNPs. Furthermore, these UCNPs were successfully
applied in in vivo UC luminescence bioimaging of a mouse. As
an added benefit, the amine-functionalized NaYbF4:Er UCNPs
can also be used as a new X-ray imaging agent, owing to the
large X-ray absorption coefficient of the Yb element. After
subcutaneous injection, a synergistic X-ray and UC lumines-
cence bioimaging was firstly realized using a single compound
of UCNPs. Obvious translocation of these UCNPs from the
lung into the liver was observed. Therefore, the realized
synergistic X-ray and UC luminescence imaging of our
developed amine-functionalized NaYbF4:Er UCNPs will
provide promise for their wide applications in biomedical
imaging by the combination of multi-modality imaging
functionality.
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combined two imaging modalities in one system.

Figure 9. Ex vivo UC bioimaging of major organs from two mice
intravenously injected with the nanoparticles after different times: (a)
0.5 h and (b) 24 h and (c) average UC luminescence intensity of
organs. The significant translocation of nanoparticles from the lung
into the liver after 24 h of injection was observed. Error bars were
based on three mice per group.
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