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Abstract
We describe the development of novel and biocompatible core/shell (α-NaYbF4:Tm3+)/CaF2
nanoparticles which exhibit highly efficient NIRin-NIRout upconversion (UC) for high contrast
and deep bioimaging. When excited at ~980 nm, these nanoparticles emit photoluminescence (PL)
peaked at ~800 nm. The quantum yield of this UC PL under low power density excitation (~0.3
W/cm2) is 0.6±0.1%. This high UC PL efficiency is realized by suppressing surface quenching
effects via hetero-epitaxial growth of a biocompatible CaF2 shell which results in a 35-fold
increase in the intensity of UC PL from the core. Small animal whole-body UC PL imaging with
exceptional contrast (signal-to-background ratio of 310) is shown using BALB/c mice
intravenously injected with aqueously dispersed nanoparticles (700 pmol/kg). High-contrast UC
PL imaging of deep tissues is also demonstrated, using a nanoparticle-loaded synthetic fibrous
mesh wrapped around rat femoral bone, and a cuvette with nanoparticle aqueous dispersion -
covered with a 3.2-cm thick animal tissue (pork).
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Optical imaging plays an important role in biomedical research, being extremely useful for
early detection, screening, and image-guided therapy of life-threatening diseases.
Photoluminescence (PL) optical imaging excels in bioimaging applications due to fast and
robust imaging, high resolution and sensitivity, and low biological toxicity.1,2 However, PL
imaging of deep tissue has been significantly hindered because of insufficient tissue light
transmission and high scattering. PL probes for deep tissue in vivo imaging should have the
following properties: (1) Non-toxicity; (2) both the excitation light and PL emission are in
spectral range favorable for penetration of light through thick tissues due to minimal light
scattering and tissue autofluorescence, and (3) efficient and stable PL signal. PL imaging
commonly employs Stokes-shifted probes, such as organic fluorophores, semiconductor
quantum dots and quantum rods, which absorbs and produces emission in the visible
range.3–5 In spite of their overall high PL efficiency, the in vivo PL imaging quality and
depth, obtained with these contrast agents, are limited due to low tissue penetration in the
visible range and often a strong background from autofluorescence and light scattering.
Although the signal-to-background ratio (SBR) can be enhanced by the application of
complex spectral unmixing algorithms, which separate the PL and the background signals,
the imaging depth cannot be improved in this process.6 Since endogenous fluorophores in
tissue generally manifest Stokes fluorescence in conventional optical imaging, nanoprobes
with anti-Stokes PL are preferable, as there is zero autofluorescence in the detection
channel. Other factor impeding the biomedical application of current PL imaging probes is
the poor photostability of organic dyes3 and potential toxicity of quantum dots and quantum
rods which contain toxic elements (e.g., cadmium, selenium and lead).7 Although nontoxic,
one-photon excitable Stokes PL nanoprobes with excitation and emission in near-infrared
(NIR) range are being investigated to allow high penetration in tissues, their success remains
limited due to a lack of highly bright, stable and biocompatible Stokes emitters.8–10 To
eliminate strong autofluorescence and the light-scattering background resulting from
excitation with ultraviolet or visible light and to improve SBR and imaging depth,
nanomaterials converting light from NIR to visible (e.g., two-photon-excited quantum
rods,11 gold nanorods12 and second harmonic-generation active nanoparticles13) have been
proposed. Although a high SBR was achieved with these nanoprobes for cellular imaging in
vitro, it remains problematic for high-contrast in vivo bioimaging because of low efficiency
of light upconversion and the need for an expensive laser to provide the required excitation
power density of ~106–109 W/cm2.2,14,15 Another challenge of using nonlinear nanoprobes
for deep tissue optical imaging is the high scattering of biological tissue in the visible
range.1 An utilization of the “optical transmission window” for biological tissues in the NIR
range (~700–1000 nm)2 both for excitation and emission allows not only a deep light
penetration and reduced photodamage, but also produces low autofluorescence and light
scattering. Hence, development of efficient and biocompatible anti-Stokes nanoprobes with
excitation and PL within the NIR window of tissue optical transmission is of great interest
for high-contrast optical imaging of deep tissues.

An attractive alternative to two-photon excitable nanomaterials for bioimaging applications
is lanthanide-doped upconverting nanoparticles (UCNPs).16–20 Upconversion (UC) in
lanthanide ions is a process that converts the excitation light with a longer-wavelength (NIR)
into emission at a shorter wavelength in ultraviolet, visible, or NIR, using a ladder-like
system of energy levels of lanthanide ions.21–23 This process involves stepwise photon
mechanism, and is orders of magnitude more efficient than the conventional, simultaneous
multi-photon absorption process,23 allowing excitation with low-cost continuous-wave laser
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diodes at a relatively low-energy excitation density of 10−1–102 W/cm2. Lanthanide-doped
UCNPs have demonstrated high photostability and low toxicity, making them suitable
candidates for in vitro and in vivo optical imaging applications.24–26 Despite recent
successes in UC PL bioimaging,19 in vivo imaging with high SBR and deep-tissue
penetration capability has not been conclusively established due to the low efficiency of
existing UCNPs. The highest quantum yields (QY) reported to date for upconverting PL are
~1.2% for 85-nm tetragonal LiYF4:Er3+ nanocrystals27 under 1490 nm excitation with a
power density of 10–150 W/cm2, ~3.5% for 45 nm hexagonal (NaYF4:Yb3+/Tm3+)/NaYF4
core/shell nanocrystals excited at 980 nm with a power density of ~78 W/cm2.28 As the
generation of UC PL involves multiphoton processes, the QY of UC PL will be dependent
on the excitation power density (e.g., the linear dependence for two-photon induced UC PL).
Therefore, when the excitation density is decreased to the level of ~10−1 W/cm2, which is
used for optical imaging in vivo, the QY of UC PL becomes hundreds of times lower than
those reported.27–29 For example, the QY of UC PL from 45 nm hexagonal (NaYF4:Yb3+/
Tm3+)/NaYF4 core/shell NPs is 0.038%, when excited at lower energy of 0.22 W/cm2; this
quantum yield is 92 times lower than that measured at ~78 W/cm2.28 Although weak UC PL
(even a single photon) was reported to be detected by an expensive but highly sensitive
electron-multiplied charge-coupled devices (EMCCD),30 it is highly desirable to construct
UC PL nanoprobes, both excited and emitting in the NIR range (NIRin-NIRout), which
would be efficient enough under low power of excitation to be detected and imaged by
commercial imaging CCDs for high-contrast bioimaging of deep tissues.

We first reported high-contrast in vitro and in vivo bioimaging using NIRin-NIRout UC PL
nanocrystals (NaYF4:Yb3+/Tm3+), where excitation at ~980 nm and the PL peak at 800 nm
are both within the NIR optical transmission window of biological tissues.31 Since then,
NIRin-NIRout UCNPs have being developed as promising bioimaging probes, allowing low
imaging background with deep tissue penetration,19 but their low efficiency, even with
EMCCD detection, is still a substantial limitation for improving the SBR and the imaging
depth. Various methods have been proposed to improve the UCNPs efficiency.32–36 We
have recently established a novel strategy which not only results in an 8-fold enhancement
of the quantum yield of NIR UC PL, but also increases the extinction coefficient of every
nanoparticle 5 times by elevating the concentration of the sensitizer (Yb3+).36 In this paper,
we demonstrate that the PL of the previously designed36 NIRin-NIRout α-NaYbF4:Tm3+

UCNPs is enhanced 35 times by encapsulating them in a hetero-shell of CaF2 which
efficiently suppresses surface quenching, yielding a QY as high as 0.6±0.1% under
excitation with low power density of ~0.3 W/cm2. CaF2 was chosen as the epitaxial shell
material due to its low lattice mismatch with α-NaYbF4, good optical transparency, high
crystallizability and stability.37–39 Furthermore, the CaF2 shell enhances the
biocompatibility of UCNPs, as calcium and fluoride ions are common endogenous
component and lattice substituent of calcified tissues (i.e. bone and teeth). Using aqueous
dispersion of these efficient NIRin-NIRout NaYbF4:Tm3+/CaF2 core/shell nanoparticles,
intravenously injected in BALB/c mice, we have performed UC PL whole-body imaging; a
high SBR of 310 has been achieved. We have also shown that the UC PL signal can be
readily detected and imaged, with a low background, through a 3.2-cm thick pork tissue and
from a synthetic fibrous mesh wrapped around a rat femoral bone.

RESULTS AND DISCUSSIONS

Synthesis and Characterizations of Core/Shell (NaYbF4:0.5% Tm3+)/CaF2 Nanocrystals
with Efficient NIR-to-NIR Upconversion Photoluminescence

The synthesized NaYbF4: 0.5% Tm3+ core nanoparticles were monodispersed
nanopolyhedras with an average diameter of about 20 nm (Figure 1a). After growing a CaF2
shell, the resulting (NaYbF4: 0.5% Tm3+)/CaF2 core/shell nanoparticles were
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monodispersed nanocubes, with an average size of about 27 nm (Figure 1b). The core/shell
structure is clearly seen in high-angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) which is highly sensitive to variations in the atomic number of
atoms in the sample (Z-contrast images) (Figure 1c). The energy dispersive x-ray
spectroscopic (EDX) line scan conducted with STEM imaging on a (NaYbF4:0.5% Tm3+)/
CaF2 nanoparticle, indicated a higher Ca concentration in the peripheral region and a higher
Yb concentration in the center region of the crystal that is highly consistent with the
designed core–shell structure (see Supporting Information, Figure S1). The powder x-ray
diffraction peaks of the NaYbF4:0.5% Tm3+ core and the (NaYbF4:0.5% Tm3+)/CaF2 core/
shell nanoparticles in Figure 1d have identical positions as the standard JCPDS 06-0258
cubic NaYbF4 (α-NaYbF4) or JCPDS 77-2095 cubic CaF2 (α-CaF2) structures. In addition,
the peak intensity at 47° is relatively higher for the core/shell nanoparticles than that for the
core nanoparticles, which corresponds to the difference between the standard JCPDS
06-0258 α-NaYbF4 and JCPDS 77-2095 CaF2 structures. This observation indicates a
successful epitaxial growth of CaF2 shells on the α-NaYbF4: 0.5% Tm3+ core nanoparticles,
along with HAADF STEM image shown in Figure 1c.

The UC PL spectra of the α-NaYbF4: 0.5% Tm3+ core and the α-(NaYbF4:0.5% Tm3+)/
CaF2 core/shell nanoparticles dispersed in hexane are shown in Figure 2a. For a comparison
of the UC PL efficiency from the core and the core/shell nanoparticles, the absorption
spectra were normalized at the excitation wavelength (975 nm) for the 2F7/2→2F5/2
transition of Yb3+ ions, by adjusting the concentration (Figure 2a, inset). Four UC PL bands
can be clearly resolved; they have maxima at 476, 650, 700, and 802 nm, corresponding to
the 1G4→3H6, 1G4→3F4, 3F2,3→3H6 and 3H4→3H6 transitions of the Tm3+ ions,
respectively.40 The NIR UC PL peak at 802 nm, representing a sequential two-photon
process,36 is the most intense, favoring bioimaging applications. The intensity of NIR UC
PL from the core/shell nanoparticles is about 35 times higher than that from the core alone
nanoparticles. This difference in intensity is also illustrated by the photographic images of
cuvettes with suspensions of the core and the core/shell nanoparticles under laser excitation
at 975 nm (Figure 2b), where the visible blue emission (peaked at 476 nm) from the core/
shell nanoparticles is much brighter than that from the core alone nanoparticles. The higher
intensity of UC PL from the core/shell nanoparticles undoubtedly originates from the effect
of the shell on the core α-NaYbF4:Tm3+0.5% nanocrystals; UC PL surface quenching is
suppressed due to decreased surface defects and alleviation of the ligand influence by the
shell layer. This is confirmed by the measurements of the decays of UC PL (peaked at 802
nm) from the core and the core/shell nanoparticles (Figure 2c). The average PL lifetime for
the core/shell nanoparticles is 300 µs, significantly longer than the 90 µs lifetime of the core
nanoparticles, demonstrating that the enhancement of UC PL arises from efficient
suppression of surface-quenching effects.40, 41 Hexagonal crystalline structure and larger
size are factors known to facilitate higher efficiency for the UCPL from lanthanide-doped
nanocrystals. For example, visible UC PL in β-NaYF4:Yb3+/Er3+ material is 4.4 times more
intense than in the α-NaYF4:Yb3+/Er3+ material,42 and the QY of UC PL from the 100-nm
β-NaYF4:Yb3+/Er3+ nanoparticles is 3 times higher than that of the 30-nm β-NaYF4:Yb3+/
Er3+ nanoparticles.43 Comparison of the emission spectra of the synthesized core/shell
nanoparticles with those of larger β-NaYbF4:0.5% Tm3+ nanoparticles shows that the
integrated NIR UC PL intensity of the 27-nm α-(NaYbF4:0.5% Tm3+)/CaF2 core/shell
nanoparticles is about 2 times higher than that of 100-nm β-NaYbF4:0.5% Tm3+

nanoparticles (Figure 2d), demonstrating high efficiency of the core/shell nanoparticles. The
quantum yield of NIR UC PL in the 27-nm α-(NaYbF4: 0.5% Tm3+)/CaF2 core/shell
nanoparticles was measured to be 0.60±0.1% under low-energy excitation of 0.3 W/cm2,
using IR 26 as a standard reference (see Supporting Information). Considering that this high
QY for NIR UC PL was obtained with low-energy excitation density, we envisage that the
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α-(NaYbF4: 0.5% Tm3+)/CaF2 core/shell nanoparticles are promising nanoprobes for
bioimaging applications.

High Contrast In Vitro Bioimaging Using Water-Dispersed Core/Shell α-(NaYbF4:0.5%
Tm3+)/CaF2 Nanocrystals

To verify the feasibility of cellular imaging using the NIRin-NIRout α-(NaYbF4: 0.5%
Tm3+)/CaF2 core/shell nanoparticles as UC PL imaging probes, we transferred the
nanoparticles to an aqueous phase by coating them with hyaluronic acid (HA, an anionic,
nonsulfated glycosaminoglycan) and treated the cultured living cells (HeLa) with the HA-
coated nanoparticles. After incubation with the nanoparticles for two hours, cells were
imaged using a Nikon Eclipse TE 2000 microscope, equipped with a Nuance CCD camera
(Cambridge Research & Instrumentation Inc., CRi) capable of imaging in the spectral range
of 500–950 nm. The light source was a fiber-coupled laser diode emitting at ~980 nm, with
the fiber introduced through the entrance port of the microscope.31 Figure 3 shows the
transmission and the PL images of the HeLa cells treated with UCNPs after excitation at 980
nm. The localized emission spectrum from the cells shows the characteristic Tm3+ PL peak
at 800 nm (Figure 3, right, inset). A complete absence of autofluorescence in the imaging
wavelength range of 500–950 nm supports that UCNPs are uniquely suited for high-contrast
PL imaging of the living cells in vitro.

High Contrast In Vivo Bioimaging Using Water-Dispersed Core/Shell α-(NaYbF4:0.5%
Tm3+)/CaF2 Nanocrystals

To examine the suitability of the α-(NaYbF4:0.5% Tm3+)/CaF2 core/shell nanoparticles for
in vivo imaging, we injected a BALB/c mouse intravenously (via tail vein) with the HA-
coated core/shell nanoparticles (700 pmol/kg). The hair on the back of the mouse was
shaved, while the hair on the belly remained unshaved. The BALB/c mouse was imaged for
in vivo PL at 3 h post-injection using the Maestro fluorescence imaging system (CRi), as
described previously.31 The core/shell nanoparticles were excited at 980 nm by the fiber-
coupled laser diode introduced into the imaging chamber; the laser beam was diverging from
the fiber end. The scattered excitation light was cut off by an emission filter (850 SP,
Andover) in front of the imaging camera objective. A high-contrast image of the mouse
injected with the core/shell nanoparticles (Figure 4) demonstrates that it is feasible to image
and spectrally distinguish the characteristic emission of the nanoparticles using the Maestro
imaging system. An intense PL was clearly seen, with the peak at ~800 nm (shown in red in
Figure 4f). The UCPL signal was readily detectable through the skin of shaved and
unshaved parts of the mouse. The SBR, defined by the ratio of the integrated PL intensity in
the area of interest (red circle) to that in the same area of surrounding tissues (black circle),
is 310, about 10-fold greater than that reported for in vivo imaging by UCNPs.30 The high
contrast between the background and the PL signal of UCNPs results from efficient UC PL
from the core/shell nanoparticles. It is important to note that no overt toxicity was observed
in the mouse injected with the HA-coated core/shell nanoparticle; they remained visibly
healthy during eight months post-injection. Furthermore, after sacrificing the mouse injected
with the HA-coated core/shell nanoparticles, their main organs were extracted and examined
in the Maestro system; no UCPL signal was found (data not shown). This may suggest that,
eight months post- injection, the presence of nanoparticles in the body decreased to a non-
detectable level due to excretion.

High Contrast Imaging-Guided Tissue Engineering and Deep Tissue Bioimaging Using
Core/Shell α-(NaYbF4: 0.5% Tm3+)/CaF2 Nanocrystals

We have studied the tissue penetration depth and the possibility for imaging of a polymer
fibrous mesh implanted around rat femoral bone as potential synthetic periosteal membrane
with pre-absorbed α-(NaYbF4: 0.5% Tm3+)/CaF2 core/shell nanoparticles for image-guided
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tissue-engineering applications. The polyethyleneimine-coated NIRin-NIRout α-
(NaYbF4:0.5%Tm3+)/CaF2 core/shell nanoparticles were absorbed on a sulfated polymeric
fibrous mesh which was then wrapped around a rat femur, as shown in Figure 5a. The
sulfated mesh was chemically modified from thermal-mechanically annealed electrospun
cellulose acetate fibrous mesh.44 The sulfated mesh (7 mm × 10 mm × 0.1 mm) was loaded
with 4 µg of the core/shell particles (400 µL of 10 µg/mL aqueous suspension) by repeated
loading/drying (in vacuum oven; rt). The hind leg of a freshly sacrificed adult male Sprague-
Dawley rat (441 g) was shaved and its femoral bone (outer diameter ~ 4 mm) was exposed
by a combination of sharp and blunt dissections. The periosteal tissue, attached to the
exposed femur, was removed by a bone elevator, and the UCNP-loaded synthetic mesh was
circumferentially wrapped around the exposed femur. The muscle and tissue were then
suture-closed in layers (3.0 chromic gut suture). The thickness of the operated hind leg,
including the femoral bone and surrounding muscle, was approximately 16 mm. Seven days
after the UCNP-loaded mesh was implanted, the operated hind leg was imaged (Figure 5). A
vibrant UC PL image of the UCNP-loaded mesh can be readily visualized around the femur
against the background, suggesting that these UCNPs can be employed for image-guided
tissue engineering applications.

Finally, to explore the possibility of imaging of UCPL from a deeper tissue, we placed a
1.25-inch (3.2-cm) slices of a pork tissue on the top of a cuvette, filled with a suspension of
the α-(NaYbF4:0.5% Tm3+)/CaF2 UCNPs core/shell nanoparticles (225 nM) and imaged it
with Maestro system. The NIR upconverted emission can be clearly distinguished from the
light-scattering background, with a SBR of about 3 (Figure 6). This imaging depth,
demonstrated for the NIRin-NIRout UCNPs, would be of great use for in vivo imaging.

CONCLUSIONS

In conclusion, we report novel core/shell α-(NaYbF4:0.5% Tm3+)/CaF2 nanoparticles with
efficient NIRin-NIRout UC PL and their applications for high-contrast in vitro and deep
tissue bioimaging. An epitaxial hetero-shell CaF2 increases the intensity of UC PL from α-
NaYbF4:0.5% Tm3+ nanoparticles 35 times, the quantum yield of the increased UC PL is
0.6±0.1% under low-energy excitation of 0.3 W/cm2. Furthermore, whole-body imaging of a
BALB/c mouse, intravenously injected with an aqueous dispersion of the core/shell
nanoparticles (700 pmol/kg), showed a SBR of 310, about 10-fold higher than that
previously reported for in vivo imaging by UCNPs. The retention of the NIRin-NIRout
(NaYbF4:Tm3+)/CaF2 nanoparticles on a synthetic scaffold surrounding a rat femoral bone
under centimeter-deep soft tissues was successfully visualized, demonstrating potential of
these nanoparticles for image-guided tissue engineering applications. Finally, UC PL from a
(NaYbF4:Tm3+)/CaF2 nanoparticles suspension was imaged through a 3.2-cm pork tissue,
with a high contrast against the background. The observed capabilities of our engineered
NIRin-NIRout upconversion nanoparticles provide promise for their wide application in
biomedical imaging.

METHODS

Synthesis of Core/Shell α-(NaYbF4:0.5% Tm3+)@CaF2 Upconversion Nanoparticles

All chemicals used in the synthesis were purchased from Sigma-Aldrich and used as
received. A mixture of oleic acid (8 mmol) and 1-octadecene (8 mmol) was heated to 120 °C
in a three-neck flask for vacuum degassing. It was then heated to 310 °C under argon
protection. A precursor solution of α-NaLnF4 core was prepared by mixing CF3COONa (0.5
mmol) and Ln(CF3COO)3 (Ln = Y, Yb, Tm, 0.5 mmol in total) with oleic acid (5 mmol) and
1-octadecene (5 mmol). After removing trace oxygen and water, this precursor solution was
injected into the flask at a rate of ca. 1 mL/min. The reaction mixture was kept at 310 °C for
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1 h under dry argon. Then, a degassed oleic acid (5 mmol)/1-octadecene (5 mmol) solution
with Ca(CF3COO)2 (2 mmol) was injected at the same rate. The reaction was continued for
1 h more at 310 °C. The α-NaLnF4@CaF2 UCNPs were precipitated by adding ethanol to
the cooled reaction flask. After centrifugal washing with hexane/ethanol, the resulting white
powder was re-dispersed into 20 ml toluene for the following ligand exchange procedure.
The core α-NaLnF4 UCNPs could be obtained by removing heating source after the first 1 h
of reaction.

Water-Soluble Core/Shell α-(NaYbF4:0.5% Tm3+)@CaF2 Upconversion Nanoparticles by
Ligand Exchange

The ligand exchange was performed following a literature method.45 Poly(acrylic acid)
(PAA, Mw 1800, 0.500 g) in diethylene glycol (8.0 mL) was heated to 110°C, with vigorous
stirring under argon flow. 2 mL toluene solution of UCNPs (0.03 g) was then injected, and
the mixture was heated to reflux for 1 h (ca. 240 °C) to remove toluene. After cooling the
solution, excess deionized water was added and water-soluble UCNPs were collected by
centrifugal precipitation. The UCNPs were further purified in DI water 3 times by high-
speed centrifugation, and preserved in 5 mL of DI water for further modification.

HA-Coated Core/Shell α-(NaYbF4:0.5% Tm3+)@CaF2 Upconversion Nanoparticles Using
Layer-by-Layer (LbL) Technique

UCNPs, coated with a functional polymer, were prepared by a commonly used assembly
technique for nanoparticles.46 Branched polyethylenimine (PEI, Mw~25,000, Aldrich) and
Sodium hyaluronate (Mw~10,000, Lifecore Biomedical Inc.) were dissolved in DI water to
prepare stock solutions at a concentration of 10 mg/mL, respectively. The pH value was
adjusted to 7.4 by adding diluted hydrochloric acid. For LbL assembly, the PAA-coated
UCNPs solution was mixed vigorously with the same volume of PEI solution. After 4 h of
reaction, the PEI-coated UCNPs were purified by three times of centrifugal washing. Using
a similar method, the PEI-coated UCNPs were further assembled with HA to obtain HA-
coated UCNPs.

Characterizations of Core α-(NaYbF4:0.5% Tm3+) and Core/Shell α-(NaYbF4:0.5%
Tm3+)@CaF2 Upconversion Nanoparticles

The size and the morphology of the core and core/shell nanocrystals were characterized by
transmission electron microscopy (TEM) using a JEM-2010 microscope at an acceleration
voltage of 200 KV. The core/shell structure is resolved by a high-angle annular dark-field
(HAADF) scanning transmission electron microscopy (STEM) using a JEOL 2010 F
microscope operating at 200 KV. The 2 D elemental mapping of the core/shell nanoparticle
is recorded by an energy-dispersive X-ray spectroscopy (EDX) detector equipped in the
JEOL 2010 F STEM microscope. The powder x-ray diffraction (XRD) patterns were
recorded by a Siemens D500 diffractometer using Cu Kα radiation (λ = 0.15418 nm). The
2θ angle of the XRD spectra was recorded at a scanning rate of 5 °/minute. Absorption
spectra of transparent colloidal nanocrystals were acquired using a Shimadzu UV–Visible-
NIR scanning spectrophotometer. UC photoluminescence spectra were recorded using a
Fluorolog-3.11 Jobin Yvon spectrofluorimeter with a slit width defining a spectral resolution
of 1 nm. The PL was excited at 975 nm using a fiber-coupled laser diode (Q-Photonics)
introduced to the sample chamber of the spectrofluorimeter. All UC PL spectra have been
corrected for the spectral sensitivity of the system. Photographic images of UC nanocrystals
colloidal were taken by a digital camera (Lumix DMC-Fx520, Japan) without adding any
filter. The PL decays at 802 nm were acquired using an Infinium oscilloscope (Hewlett-
Packard) coupled to the PMT of a Fluorolog-3.11 Jobin Yvon spectrofluorometer. When
measuring the PL decays, the laser diode was operated in a pulsed mode with a repetition of
200 Hz and a pulse width of 50 µs.
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Figure 1.
Successful epitaxial growth of CaF2 shells on NaYbF4:0.5% Tm3+ core nanoparticles,
resulting in uniform and monodispersed (NaYbF4:0.5% Tm3+)/CaF2 core/shell
nanoparticles. Transmission electron microscopy images of a) NaYbF4:0.5% Tm3+ core and
b) (NaYbF4:0.5% Tm3+)/CaF2 core/shell nanoparticles. c) High-angle annular dark-field
scanning transmission electron microscopy image of (NaYbF4:0.5% Tm3+)/CaF2
nanoparticles with resolved core/shell structures; both the core (bright) and the shell (dark)
are clearly visible. d) Powder x-ray diffraction patterns of NaYbF4: 0.5% Tm3+ core and
(NaYbF4: 0.5% Tm3+)/CaF2 core/shell particles.
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Figure 2.
Optical characterizations of (NaYbF4:0.5% Tm3+)/CaF2 core/shell UCNPs (hexane
suspensions). a) upconversion photoluminescence spectrum under laser excitation at 975
nm, b) photographic images of cuvettes with suspensions of the core and the core/shell
nanoparticles under laser excitation at 975 nm, c) decays of PL at 802 nm for the α-NaYbF4:
0.5% Tm3+ core and the α-(NaYbF4:0.5% Tm3+)/CaF2 core/shell nanoparticles, and d)
upconversion PL spectra of 27-nm α-(NaYbF4:0.5% Tm3+)/CaF2 core/shell nanoparticles
and 100-nm β-NaYbF4:0.5% Tm3+ (hexagonal) nanoparticles, when excited by a 975-nm
CW diode laser at a power density of ~ 0.3 W/cm2. The insets in Figures 2a and d show the
absorption spectra of UCNPs (normalized at the PL excitation wavelength for
the 2F7/2→ 2F5/2 transition of Yb3+ ions).
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Figure 3.
In vitro transmission (a) and UCPL (b) images of HeLa cells treated with the α-(NaYbF4:
0.5% Tm3+)/CaF2 core/shell nanoparticles coated with hyaluronic acid (HA).
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Figure 4.
Whole animal imaging of a BALB/c mouse injected via tail vein with the HA-coated α-
(NaYbF4: 0.5% Tm3+)/CaF2 core/shell nanoparticles. a, d) UC PL images; b, e) bright-field
images; and c, d) merged bright-field and UC PL images. Mouse was imaged in the belly (a,
b, c) and the back positions. Inset in Figure 4f shows the spectra of the NIR UC PL and
background taken from the circled area.
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Figure 5.
Polyethyleneimine-coated NIRin-NIRout α-(NaYbF4:0.5%Tm3+)/CaF2 core/shell
nanoparticles for imaging a synthetic periosteal mesh implanted around a rat femur. a)
UCNPs were loaded on a 7-mm wide sulfated polymer mesh and wrapped around the mid-
shaft of a rat femur. Scale bar: 500 µm. b) Bright-field image of the rat hind leg after closing
muscle/skin by suture (left) and PL image (right) of the deeply embedded UCNP-stained
synthetic mesh wrapped around the rat femur. Scale bar: 2 cm.
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Figure 6.
a) UCPL bright-field image of a cuvette filled with a suspension of the core/shell
nanoparticles, b) bright-field image of a cuvette covered with a pork tissue with a quarter
coin stood aside showing its thickness, c) merged UCPL/bright field image of the cuvette
covered with a pork tissue, and d) bright-field image of the pork tissue (side view). The inset
in Figure 6c shows the spectra obtained from the circled areas.
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