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Abstract
The design, application, and translation of targeted multimodality molecular imaging probes based
on nanotechnology has attracted increasing attentions during the last decade and will continue to
play vital roles in cancer diagnosis and personalized medicine. With the growing awareness of
drawbacks of traditional organic dyes and quantum dots, biocompatible lanthanide ion doped
upconversion nanoparticles have emerged as promising candidates for clinically translatable
imaging probes, owing to their unique features that are suitable for future targeted multimodal
imaging in living subjects. In this review, we summarized the recent advances in the field of
functionalized upconversion nanoparticles (f-UCNP) for biological imaging and therapy in vivo,
and discussed the future research directions, obstacles ahead, and the potential use of f-UCNP in
translational research.
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INTRODUCTION
Cancer nanotechnology is an emerging interdisciplinary research field, which holds great
potential for enabling the design and fabrication of future multifunctional nano-systems to
boost both targeted molecular imaging and personalized therapies [1-3]. The term
“molecular imaging” is defined as the visual representation, characterization, and
quantification of biological processes at the cellular and subcellular levels within intact
living organisms [4]. Molecular imaging allows sensitive and specific monitoring of key
molecular targets and host responses associated with various biological events using single
or combined imaging modalities, such as positron emission tomography (PET) [5-7], single-
photon emission computed tomography (SPECT) [8, 9], molecular magnetic resonance
imaging (MRI), magnetic resonance spectroscopy (MRS), optical bioluminescence , optical
fluorescence [10, 11], and targeted ultrasound [4]. The design, application, and translation of
targeted multimodality molecular imaging probes based on nanotechnology has attracted
increasing attentions during the last decade and will continue to play vital roles in cancer
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staging, evaluating the presence or absence of metastases, tailoring individualized therapies,
monitoring the treatment response, studying the pharmacokinetics in clinical and pre-clinical
settings, decreasing the workload and facilitating the translation of promising diagnostic and
therapeutic technologies from bench to bedside [4, 12-15].

In the pool of available nanoplatforms for designing suitable diagnosis and therapy
integrated nanosystems [16-32], lanthanide ion doped upconversion nanoparticles (UCNPs)
have emerged as promising candidates for molecular imaging applications, due to their
unique features that are highly suitable for targeted multimodal imaging in living subjects
[33]. First, upconversion luminescence (UCL) is a unique process where low energy
continuous-wave (CW) of near-infrared (NIR) light is converted to higher energy light
through the sequential absorption of multiple photons or energy transfer [34], which exhibits
attractive optical features such as sharp emission lines [35, 36], long lifetimes (~ms) [37],
large anti-Stokes shift [35], superior photo-stability [38], high detection sensitivity [39],
non-blinking and non-bleaching [38, 40], high tissue penetration depth [41], minimal photo-
damage[42] and lack of autofluorescence [43, 44]. Second, with the doping of well-selected
lanthanide ions of Gd3+, Er3+/Yb3+ and Tm3+/Yb3+ (or combination of these ions), MRI and
multicolor UCL imaging (emission bands ranging from ultraviolet [UV] to NIR region)
could be readily achieved [45-48]. Third, in comparison with traditional organic dyes and
quantum dots (QDs), UCNP excludes the potential UV photo-damage and has been
demonstrated to be much more biocompatible with extremely low toxicity in living systems
[49, 50]. Fourth, core@multi-shell structured UCNP is inherently a UCL/MRI/CT (i.e.
computed tomography) tri-modal imaging nanoplatform [46, 51], which can be further
functionalized with polymer coating such as poly(ethylene glycol) (PEG) for prolonged
blood circulation lifetime and stealth capabilities, radioisotopes such as 64Cu for PET
imaging, cleavable anticancer drugs (or genes) for controlled drug release and cancer
therapy, single or combined targeting ligands for targeted visualization of diseases in vivo.
With these desirable features, functionalized upconversion nanoparticles (denoted as f-
UCNP) can serve as versatile nanoplatforms for future cancer-targeted multimodal imaging
and controllable therapy (Scheme 1).

To address the future research directions, obstacles ahead, and the potential use of f-UCNP
for translational research, in this review article we summarized the recent advances
regarding the use of f-UCNP in biological imaging and therapy in vivo (Table 1). The
techniques for the synthesis of UCNP will be briefly described, with a focus on the
challenges in fabricating sub-10 nm sized high quality UCNP. In particular, the use of Gd3+

doped UCNP as a novel nanoplatform for building multifunctional UCNP-based diagnostic
(or therapeutic) agents will be discussed. We will also describe the few successful examples
of in vivo targeted tumor imaging with UCNP. In addition, the biodistribution and in vivo
biological interaction of water soluble UCNP will be reviewed in detail. Importantly, the
challenges, such as the short blood circulation time, rapid reticuloendothelial system (RES)
accumulation, extremely slow clearance rate, imperfect targeting strategies (or efficiency),
among others will be discussed and potential solutions to these problems will also be
illustrated. Lastly, we will also review the new applications of using f-UCNP for long term
particle tracking in vitro, as well as the active development of NIR light triggered drug
delivery systems based on UCNP.

SYNTHESIS OF MONODISPERSE OLEATE CAPPED UCNP
The most popular UCNPs for biological labeling and imaging are Er3+/Yb3+ and Tm3+/Yb3+

co-doped hexagonal NaYF4 which display UV, blue green, red, and NIR emissions [33, 52,
53]. A number of synthetic techniques have recently been developed to enable the
production of highly monodisperse UCNP with rationally designed geometries [54-59].
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Oleic acid-assisted hydrothermal reaction and thermal decomposition are two of the most
popular methods for the synthesis of monodisperse hydrophobic oleate capped UCNP [54,
56, 59]. For a comprehensive review on UCNP synthesis, shape, size and phase control, and
surface modifications, the readers are referred to two excellent review articles [33, 53].

Recently, a modified method for high quality hexagonal-phase UCNP was developed which
may represent the most adopted strategy for not only single core but also core@multi-shell
UCNPs (Fig. (1)) [55]. With the doping of different lanthanide ion combinations (e.g. Er3+/
Yb3+ and Tm3+/Yb3+) in the separated crystal layers and surface protective coating which
reduced the crystal defects [60], multicolored and tunable UCL property could be achieved
[46, 61]. Although UCNP with various morphologies and tunable crystal sizes (from sub-50
nm to sub-micrometers) could be easily prepared with high reproducibility in different labs
[54-57, 59], the combination of ultra-small particle size (sub-10 nm) and enhanced optical
efficiency in one single UCNP remains a challenge.

SUB-10 NANOMETER SIZED UCNP: OPPORTUNITIES AND CHALLENGES
Technically, it is easy to synthesize ultra-small sized UCNP with particle diameter less than
10 nm by careful control of synthetic parameters, such as reaction temperature and time [58,
62, 63]. The challenge lies in how to reduce the increased surface defects, when decreasing
the particle size, in order to preserve the UCL properties. Core@shell structured UCNP has
been demonstrated to be one of the most effective strategies for reducing the surface defects
to avoid the surface quenching effect [60]. However, the synthesis of sub-10 nm sized
core@shell structured UCNP has not been reported to date, possibly due to the difficulty in
excluding the homogeneous nucleation of the second protective layer.

The situation changes after the discovery of the magic role of Gd3+ when doped into the
NaYF4 matrix [58]. For the first time, it was demonstrated theoretically and experimentally
that doping NaYF4:Er3+/Yb3+ with precisely defined Gd3+ ion concentrations could
simultaneously allow precise control over the phase (from cubic to hexagonal), size (down
to sub-10 nm) and UCL efficiency [58]. Successful synthesis of sub-10 nm sized high
quality hexagonal-phase NaYF4:Er3+/Yb3+/Gd3+ has been achieved using modified thermal
decomposition method with Gd3+ doping fixed at 30 mol % and reaction temperature set
down to 230 °C [58]. Subsequently, it was found that excessively increasing the Gd3+-
doping level may not be helpful, which could lead to decreased optical intensity due to the
increase in surface defects caused by over-reduction of the particle size.

Li and co-workers solved this problem by replacing Y3+ with Lu3+, and demonstrated a
greatly enhanced UCL property in a ~8 nm sized β-NaLuF4:Gd3+/Yb3+/Tm3+ nanocrystal
(Fig. (2A)) [41]. In this report, oleylamine was used as both the surfactant and solvent, with
Gd3+ doping at a 24% molar ratio. One disadvantage of this approach was the use of
trifluoroacetate as the precursor, which might cause certain safety concerns during synthesis
but could be solved by using a previously reported modified method [57]. As-synthesized
sub-10 nm β-NaLuF4:Gd3+/Yb3+/Tm3+(24/20/1 mol %) nanocrystals displayed bright UCL
with a quantum yield (QY) of 0.47±0.06%, which is higher than the previously reported 100
nm sized NaYF4:Er3+/Yb3+ (QY of 0.3±0.1%) [64]. The enhanced UCL was attributed to
the presence of hexagonal phase and successful suppression of non-radiative processes by
replacing β-NaYF4 with β-NaLuF4. Studies of citric acid modified β-NaLuF4:Gd3+/Yb3+/
Tm3+ in black mouse (Fig. (2B)) suggested a nearly 20 mm of penetration depth, which is
among the best reported to date. Furthermore, the study also showed successful detection of
< 50 β-NaLuF4:Gd3+/Yb3+/Tm3+-labeled cells after subcutaneous injection in nude mouse
(Fig. (2C)), indicating that Gd3+-doped β-NaLuF4 can be a highly sensitive probe for future
cell labeling/tracking in vivo. Another application of sub-10 nm sized UCNP lies in its
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potential for the design of tumor targeted and renal clearable multimodal imaging probe.
However, it is quite challenging to develop such a probe with hydrodynamic diameter (HD)
below 5.5 nm, the renal cut off of nanoparticles in vivo [65].

Apart from greatly enhanced UCL properties, an additional advantage of Gd3+-doped β-
NaLuF4 comes from the doping of paramagnetic Gd3+ ions, which can be used for MRI
[45]. However, due to the lack of understanding on the role of surface and bulk Gd3+ ions in
shortening the relaxation time of water protons and the related MRI relaxivity mechanisms,
the first reported longitudinal relaxivity (r1) of Gd3+-doped UCNP was only 0.14 mM−1s−1/
Gd3+, which is significantly lower than that of clinically used gadolinium chelates (e.g. r1
=3.8 mM−1s−1 for Gd-DTPA) and underscored the need for mechanism probing and
sensitivity optimization.

MULTIMODALITY IMAGING PROBES BASED ON Gd3+ DOPED UCNP
Sensitivity Optimization of Gd3+ Doped UCNP

Since the dominant MRI sensitive ions in UCNP are Gd3+ ions, the MRI relaxivity can be
improved by designing a NaGdF4 layer to introduce more paramagnetic centers. Core@shell
structured UCNPs with NaGdF4 as the outermost shell have been reported, with the first
example being PEG-phospholipid coated cubic phase NaGdF4:Er3+/Yb3+@NaGdF4
core@shell structured UCNP [40]. Relaxivity study on a 1.5 T MRI scanner showed r1
relaxivities of 1.40 and 1.05 mM−1s−1 for 20 and 41 nm sized NaGdF4:Er3+/
Yb3+@NaGdF4, respectively. A similar approach was later reported by replacing
NaGdF4:Er3+/Yb3+ with Gd-free NaYF4:Er3+/Yb3+, resulting in NaYF4:Er3+/
Yb3+@NaGdF4 (the NaGdF4 thickness was over 6 nm) [66]. In this study, the re-designed
UCNP was coated with a dense silica shell and exhibited a r1 relaxivity of 0.48 mM−1s−1, 3-
fold higher than the first reported value (r1=0.14 mM−1s−1) [45] but several fold lower than
that of NaGdF4:Er/Yb@NaGdF4@PEG (r1=1.4 mM−1s−1) [40]. Without complete
understanding of the role of bulk and surface Gd3+ ion in shortening the T1-time of water
protons, these two reports might not have designed the core@shell structure properly to
maximize r1 relaxivity, either by using Gd-containing core or by growing an over-thick
NaGdF4 outer shell [40, 66].

Recently, we have designed Gd3+-doped UCNPs with various Gd3+ ion locations and
surface densities to probe the different roles of Gd3+ ions in UCNP on shortening the T1-
relaxation time of surrounding water molecules (Fig. (3A)) [46]. Hexagonal-phase
NaYF4:Er3+/Yb3+/Gd3+(2/18/15 mol %) nanocrystal was chosen as the core (i.e. the first
layer) and denoted as 1st. Epitaxial growth of the second (2nd: NaYF4:Tm3+/Yb3+(0.3/25
mol %) and third layer (3rd: NaGdF4) were achieved by a seed-mediated re-growth process,
as demonstrated by size and shape evolutions in TEM images (Fig. (3B)). The formation of
core@shell structure could also be confirmed by X-ray photoelectron spectroscopy (XPS)
using synchrotron radiation [67]. However, determining the exact NaGdF4 shell thickness or
its distribution is very challenging and could only be roughly estimated through the use of
various techniques such as scanning transmission electron microscopy image in the high-
angle annular dark-field (STEM-HAADF) model, electron energy loss spectroscopy
(EELS), and energy-dispersive X-ray spectroscopy (EDS) [68]. Water permeable dense
silica shell has been used for transferring these UCNPs to aqueous solution before MRI
relaxivity studies. Parallel r1 relaxivity testing in a 3.0 T MRI suggested that only the
surface Gd3+ ions in Gd3+-doped UCNP are responsible for shortening the T1-relaxation
time of water protons. With the rigid lattice shielding effect in 1st@2nd@SiO2, an almost
completely “quenched” MRI enhanced signal was observed with its r1 value estimated to be
0.037 mM−1s−1 (Fig. (3C)), 33.5-fold smaller than 1st@SiO2 with a similar silica shell
thickness (~ 10 nm). Furthermore, a remarkable increase in r1−relaxivity (from 2.18 to 6.18
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mM−1s−1) was achieved by decreasing the NaGdF4 shell thickness down to < 1 nm, which
demonstrated the co-existence of positive (for UCL) and negative (for MRI) lattice shielding
effects in NaYF4:Er3+/Yb3+@NaGdF4. By using ultra-small NaGdF4 nanocrystals as
models, Veggel and co-workers have shown the same observation of increased r1-relaxivity
per Gd3+ ion (from 3.0 to 7.2 mM−1s−1) with decreased NaGdF4 particle size (from 8 to 2.5
nm), again demonstrating the role of surface Gd3+ ions in relaxivity enhancement [63].

Each imaging modality has its strengths and weaknesses [4, 69-72]. MRI provides excellent
spatial resolution (several tens of micrometers), exceptional anatomical information and
unlimited depth for in vivo imaging, but suffers from limited sensitivity. PET possesses a
remarkable detection sensitivity reaching below picomolar range for functional imaging
with a low spatial resolution (~mm). PET and MRI are unsuitable for imaging single living
cells owing to the low planar resolution. Photoluminescence imaging is capable of providing
the highest spatial resolution (several hundreds of nanometers) and is good at imaging live
cells, however it lacks the capability to obtain anatomical and physiological detail in vivo
because of limited penetration of light in tissues. To achieve a balance in sensitivity,
resolution, and penetration depth when visualizing (cancer) cells from the cellular scale to
non-invasive imaging, photoluminescence emission, radioactivity, and magnetic properties
may be combined within one nanoplatform for satisfactory multiscale/multimodal imaging.
The use of Gd3+ doped UCNP represents one promising approach to achieve this goal.

Combination of UCL with MRI
Gd3+ doped UCNP is a promising bimodal nanoplatform for UCL/MRI and future
theranostic nanomedicine. When compared to organic dyes and QDs, UCNP has many
advantages such as the absence of photo-damage to living organisms, low autofluorescence,
high detection sensitivity, just to name a few [33, 35]. Furthermore, doping Tm3+ ions in
UCNP can be even more advantageous because of the NIR-to-NIR upconversion process,
which enables high contrast imaging in deeper tissues. After the first successful
demonstration of in vivo imaging using Tm3+/Yb3+ co-doped UCNP [73], many interesting
UCNP-based nanostructures have been developed [74-81]. The first in vivo demonstration of
bimodal UCL/MRI imaging was achieved using hexagonal-phase carboxylic acid-
functionalized NaGdF4:Tm3+/Er3+/Yb3+ nanoparticles [74]. After administration of the
probe (dose: 1.5 mg/kg), fast and prominent uptake in the liver and spleen could be observed
using a 3.0 T clinical MRI scanner (Fig. (4A)), which was confirmed by UCL imaging with
a 980 nm laser excitation (Fig. (4B)). Much future effort needs to be directed towards MRI
sensitivity optimization, surface modification, and in vivo targeting of these bimodal
imaging probes.

UCNP as CT Contrast Agents
With the presence of heavy metal ions like Gd3+, Yb3+, and Lu3+ in NaYF4 matrix,
lanthanide ions doped UCNP also represents a new class of UCL/MRI/CT tri-modal contrast
agent [51, 82-84], which can overcome the limitations (e.g. single modality, large dose
needed, short circulation lifetime, lack of targeting capability, and potential renal toxicity) of
traditional iodinated CT contrast agents [85, 86]. Such UCNP can be readily detected by
three imaging modalities, with one single sub-20 nm sized nanoparticle with suitable
lanthanide ions doping. NaGdF4:Er3+/Yb3+, synthesized via an oleic acid/1–butyl-3-
methylimidazolium tetrafl uoroborate two-phase system, was first reported as such a tri-
modal contrast agent [82]. In a followed-up study, Yb-based NaYbF4:Er3+/Gd3+ nanocrystal
was reported with even higher CT contrast effect (Fig. (5A)) [51]. One interesting aspect of
this study was the doping of well-controlled amount of Gd3+ ions, which turned out to be
highly useful for achieving small (~20 nm) and shape-controllable nanocrystals, in addition
to improving the UCL property and rendering MRI sensitivity. As-synthesized water soluble
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PEG-modified NaYbF4:Er3+/Gd3+ (PEG-UCNPs) was found to be the best CT contrast
agents among iobitridol, Au-, Pt-, Bi-, and Ta-based nanoparticulate agents under the same
conditions, where a clear enhancement of the signal from the heart was observed within 20
min after intravenous administration (Fig. (5B&C)). In addition, in vivo imaging
demonstrations of the UCL and MRI properties and in vivo lymph node mapping were also
achieved. Importantly, no toxic free Gd3+ ion leaching from the PEG-UCNPs was observed
even after one week [51]. Short-term toxicity investigation revealed no tissue damage or
other adverse effects in major organs at three weeks post-injection of PEG-UCNPs, although
only 34% of the administrated probe could be cleared from the mice in 3 weeks. Long-term
safety profile and possible elimination pathways of UCNP in vivo will need to be
investigated in the future.

Radiolabeled UCNP for PET Imaging
The use of f-UCNP as UCL/MRI/CT tri-modal contrast agents is under active exploration.
Radiolabeling of UCNP, which can add PET/SPECT sensitivity and facilitate future clinical
translation, has been very rare. Recently, radiolabeled UCNP based on surface ion reaction
between 18F− and rare-earth ions was reported (Fig. (6)) [87-90], where 18F− was incubated
with nanoparticles containing rare-earth ions (e.g. Y2O3, NaYF4, NaYF4:Yb3+/Tm3+,
Y(OH)3 and Gd(OH)3). Intriguingly, labeling of 18F− can be achieved with an average yield
of > 90% in only one minute [89]. The optimal labeling conditions were found to be
concentration- and incubation time-dependent, which may also vary between different
nanoparticles. Control experiments using other nanoparticles that do not contain rare-earth
ions ruled out the possible contribution from physical absorption, which suggested that such
efficient and rapid 18F-labeling was due to a specific inorganic reaction between 18F− and
rare-earth ions. In vivo and ex vivo PET imaging revealed rapid accumulation of
nanoparticles in the liver (~61.4% ID/g) and spleen (~45.2% ID/g) within 5 min, whereas
uptake in the heart, lungs, kidney and other organs was quite low (< 10% ID/g). The
relatively high stability of 18F-labeling was confirmed by the very low radioactivity
observed in the bone, as well as weak radioactive signal in the kidneys. Since Gd3+ ions
could be easily introduced into the UCNP matrix, either by doping or surface cation
exchange, T1-weighted MRI was also carried out to provide anatomical information in the
follow-up studies [88, 90]. Of note, the abovementioned rapid and efficient labeling of rare-
earth nanoparticles with 18F may not represent a general strategy for labeling other PET/
SPECT isotopes such as 11C (t1/2: 20.4 min), 64Cu (t1/2: 12.7 h), 68Ga (t1/2: 67.7 min), 86Y
(t1/2: 14.7 h), 89Zr (t1/2: 3.3 d), 124I (t1/2: 4.2 d), 99mTc (t1/2: 6.0 h), 111In (t1/2: 2.8 d), etc.
[91-97]. Considering the relatively short half-life of 18F (t1/2: 109.7 min) and the limited
potential of radiolabeling through ion-reaction, much research remains to be done in the near
future to optimize the radiolabeling, stability, and in vivo targeting capability of f-UCNP.

IN VIVO TUMOR TARGETING AND IMAGING WITH UCNP
In vitro targeted cellular imaging based on folic acid (FA)-conjugated [52, 98-100] and
antibody-labeled UCNP [45, 101-104] has been well-documented, while in vivo targeted
imaging using f-UCNP is still at its infancy [43, 105, 106]. Integrin αvβ3 plays a critical role
in tumor angiogenesis, the formation of new blood vessels, and is a receptor for the
extracellular matrix proteins with the exposed arginine-glycine-aspartic peptide (RGD) tri-
peptide sequence [107]. Inspired by the great success in targeted imaging of tumor
angiogenesis using various nanoparticles [16, 108], the first in vivo targeted imaging of
UCNP (NaYF4:Er3+/Yb3+/Tm3+, ~14 nm) was also achieved using integrin αvβ3 as the
target [43]. With the co-doping of Tm3+/Yb3+ in UCNP, strong NIR emission could be
achieved for good tissue penetration of signal. Using UCNP-RGD as the targeting probe,
specific in vitro targeting was achieved in human glioblastoma U87MG cells (expressing
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high level of integrin αvβ3) as compared to human breast cancer cell line MCF-7 (expressing
low level of integrin αvβ3). In athymic nude mice bearing both U87MG and MCF-7 tumors,
specific in vivo targeting of UCNP-RGD to the U87MG tumor was demonstrated with an
excellent signal-to-noise ratio of ~24 (Fig. (7)), which was validated by ex vivo imaging and
biodistribution studies of Y3+ ions in different organs [43].

Using FA- and neurotoxin-conjugated UCNP, targeted UCL imaging in tumor-bearing mice
have also been demonstrated in follow-up studies [105, 106]. With the presence of larger
surface areas for targeting ligand conjugation, novel tumor-specific antibody fragments,
growth factors, peptides, and small molecules can be attached to UCNP for in vivo tumor
targeting. Understanding the biodistribution profile, clearance pathways, as well as long
term toxicity of f-UCNPs is vital for further investigating their targeting capability and
potential clinical translation.

BIODISTRIBUTION, CLEARANCE, AND LONG TERM TOXICITY OF UCNP
Many in vitro studies have demonstrated relatively low toxicity of f-UCNP with various
sizes, shapes and surface coatings [40, 41, 79, 80, 109]. Further understanding of the fate of
f-UCNP in living subjects is very important. Similar to other nanoparticle-based imaging
probes, the major concern of f-UCNP lies in the rapid RES uptake and relatively slow
hepatic clearance in small animals [49, 51, 110]. In one study, the biodistribution, clearance,
and long term toxicity of polyacrylic acid (PAA) coated NaYF4:Tm3+/Yb3+ (denoted as
PAA-UCNP; ~11.5 nm) was investigated after intravenous injection into mice at a 15 mg/kg
dose [49]. The biodistribution and clearance of PAA-UCNP was first qualitatively evaluated
based on the UCL signal (Fig. (8)), and subsequently validated by quantitative measurement
of Y3+ concentration in the organs by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) analysis. It was found that PAA-UCNP accumulated primarily in
the liver and the spleen, and most of the PAA-UCNP could be slowly excreted from the
mouse body over 3 months. No overt toxicity of PAA-UCNP in mice after long time
exposure (up to 115 days) was detected based on body weight measurement and
histological/hematological/biochemical analysis [49].

Considering that larger nanoparticle may behave differently in vivo, PAA coated UCNP with
a larger diameter of 30 nm has also been studied in another report [110]. A similar
biodistribution pattern was observed with virtually no noticeable toxic side effect, although
the excretion rate was slower (< 50% of injected PAA-UCNP was cleared from mice body
in 90 days). In both of the abovementioned reports [49, 110], evidence of eliminated PAA-
UCNP in feces was not provided, which could have served as concrete evidence of
hepatobiliary excretion. One drawback of such PAA-UCNP is the relatively short blood-
circulation lifetime (< 10 min), which limited its potential for passive tumor targeting based
on the enhanced permeability and retention (EPR) effect [111]. The use of erythrocyte
membrane camouflaged UCNP may provide a potential solution for increasing the
circulation lifetime.

More future investigation on the influence of particles size, shape, surface charge and
coating on the biodistribution, clearance, and long term toxicity of UCNP should be carried
out to evaluate the biocompatibility of this promising class of imaging probes. These
abovementioned two reports paved the way for the future in vivo applications of UCNPs as
multifunctional nanomedicine [49, 110]. Considering the extremely slow and variable
hepatic clearance of PAA-UCNP, development of f-UCNP-based probes that could be
eliminated by renal filtration may greatly speed up its clinical translation. Recent advances
in the development of ultra-small QDs that can undergo renal clearance, successful synthesis
of sub-10 nm sized NaLuF4-based UCNP, and the recently approved clinical trial of
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“Cornell Dots” (silica spheres < 8 nm in diameter that enclose several dye molecules) may
provide insights and possible solutions to achieve this goal [41, 65, 112, 113].

UCNP FOR PARTICLE/CELL TRACKING
Photo-blinking, in which a single nanoprobe repeatedly becomes non-emissive for a finite
length of time, is an intrinsic property of QDs that makes continuous real-time imaging
difficult [114, 115]. The non-bleaching and non-blinking properties of one single UCNP was
first reported by Wu et al. [38]. Diluted hydrophobic oleic acid capped hexagonal phase
NaYF4:Er3+/Yb3+ (~26.9 nm) nanocrystals were dispersed on a silicon nitride membrane
and spectroscopically imaged in a sample-scanning confocal optical microscope under the
excitation by a tightly focused 980 nm CW laser. Combined with the images collected from
transmission mode-scanning electron microscope (TM-SEM), it was demonstrated that the
upconverted luminescent spots in Fig. (9A) was originated from one single UCNP. No
photo-bleaching or photo-damage was observed even after 1 h of continuous 980 nm laser
illumination (~5 ×106 W/cm2) on one single UCNP (Fig. (9B)). Through the use of wide-
field fluorescence microscopy and atomic force microscopy (AFM), Hyeon and co-workers
also demonstrated such non-bleaching and non-blinking capabilities of one single UCNP
(Fig. (9C&D)) [40].

Such remarkable photostability together with low cytotoxicity of UCNPs enabled real-time
visualization of intracellular movements of UCNPs, as demonstrated through the use of
amphiphilic PEG-phospholipids coated UCNPs as the tracking particles in single living
HeLa cells [42]. No obvious cell death caused by continuous 980 nm laser illumination was
observed, a prerequisite for real-time and long term particle tracking of UCNPs. On the
other hand, illuminating the same cells with visible light (e.g. 532 nm laser) caused
significant cell death. With a home-made epi-fluorescence microscope setup, the dynamic
process of UCNPs in a single living cell was successfully imaged. It was found that most
particles or their aggregates displayed random spatial fluctuations with relatively low
amplitudes, while some underwent abrupt directed movements that typically lasted for a few
seconds (Fig. (10A)). Further analysis suggested possible active transportation of UCNs by
intracellular motor proteins walking on the microtubules (Fig. (10B&C)). Apart from
phagocytosis which was exploited in this study, larger quantities of f-UCNP could
potentially be delivered into living cells (or the cell nucleus) using various techniques such
as microinjection [116], peptide-induced transport [117], and/or electroporation [118].
Although no in vivo long term particle (or cell) tracking has been explored yet using f-
UCNP, the ability to image UCNPs at the single cell level holds tremendous potential for
investigating stem cell movement, differentiation, and fate in vivo in the future, which may
facilitate clinical translation of stem cell therapies.

REMOTE NIR LIGHT RESPONSIVE DRUG DELIVERY STSTEM BASED ON
UCNP

To date, limited success has been demonstrated in constructing cancer killing nanosystems
based on UCNP [50, 119-122], and none possesses a “smart” drug delivery strategy by
taking advantage of UCNP's UCL features. Although conventional light-triggered drug
delivery systems could potentially enable repeated, reproducible, on-demand dosing to
achieve reduced systemic toxicity, these approaches require high-energy UV or visible light
as the trigger which has limited tissue penetration and can result in tissue damage. With NIR
laser excitation (980 nm), UCNP can emit UV to NIR light that can potentially act as an
antenna (or a nano-transducer) for triggering functions and avoid tissue damage.
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Since certain chemical changes (e.g. isomerization and bond cleavage) can only be achieved
with light in the UV or visible range, most of the reported UCNP-based NIR laser-triggered
nanosystems have focused on the use of such light emitted from NaYF4:Er3+/Yb3+ or
NaYF4:Tm3+/Yb3+ nanoparticles. For example, remote 980 nm laser can control photo-
switching of dithienylethene (DTE, a commonly used photo-switch between two structurally
and electronically different isomers), using NaYF4:Tm3+/Yb3+ (UV region) for ring-closing
and NaYF4:Tm3+/Yb3+ (visible region) for ring-opening, respectively [123]. Since the
photoswitch does not absorb NIR light directly, the efficiency of UCNP-based photo-
triggering system is largely dependent on the intensity of the UV upconversion emissions
from the Tm3+ doped UCNPs. By using 980 nm laser with high power density (up to 500 W/
cm2) to excite NaYF4:Tm3+/Yb3+@NaYF4:Er3+/Yb3+@NaYF4 for strong UV emission
(Fig. (11A)), a more advanced and reversible photo-switching of DTE from ring-opening to
ring-closing was achieved by modulating the intensity of the 980 nm excitation light (Fig.
(11B)) [124].

980 nm laser induced photo-cleavage is another option for triggering the release of the
active agent without directly using high-energy UV or blue light. Remote-controlled photo-
release of caged compounds has been demonstrated, using NaYF4:Tm3+/Yb3+@NaYF4
nanoparticles where the emission spectrum (290 nm, UV region) partially overlaps with the
absorption spectrum of 3’,5’-di(carboxymethoxy) benzoin acetate (282 nm) [125]. Similar
“drug” release in response to 980 nm light has also been achieved with block copolymer
(BCP) micelles-encapsulated UCNPs, with UCNPs as the internal UV light source [126].
After loading of NaYF4:Tm3+/Yb3+ and Nile Red inside the micelles and subsequent
exposure to 980 nm light, photons in the UV region (emitted by the UCNPs) were absorbed
by o-nitrobenzyl groups on the micelle and activated the photo-cleavage reaction, leading to
the dissociation of BCP micelles and release of Nile Red.

Another category of 980 nm laser triggered drug delivery is based on the combination of
photosensitizer (PS), NIR-light, and oxygen for initiating a photochemical reaction to
generate toxic singlet oxygen (1O2) for cancer cell killing, a process known as
photodynamic therapy (PDT) [127]. Since the first report on UCNP/M540 (i.e.
Merocyanine-540) based PDT [104], only a few combinations of UCNP/PS have been
reported and the quest for a better combination to improve the PDT efficiency has never
stopped [128-133]. The first prototype of targeted UCNP/PS-based PDT drug was
constructed by encapsulating M540 into a silica matrix using traditional Stöber method
[104]. The loading capacity of M540 was limited due to the electrostatic repulsion between
negatively charged M540 and the tetraethyl orthosilicate (TEOS) precursor. In a follow-up
study, a simple non-covalent adsorption technique via hydrophobic interaction between
ZnPC (Zinc phthalocyanine) and PEI (Poly(ethylene)imine) capped UCNP was developed
[128]. By physically absorbing the same PS into mesoporous silica coated UCNP, the
problems of low ZnPC loading and instability could be solved and NIR laser triggered
production of 1O2 was demonstrated [129]. To improve the PS loading capacity, another
group replaced PEI with poly(ethylene glycol)-block -poly(caprolactone) (PEG-b-PCL) and
poly(ethylene glycol-block-(DL)lactic acid) block copolymers (PEG-b-PLA) using their own
UCNP/TPP (i.e. tetraphenyl porphine) combination and Flash NanoPrecipitation technique
[130, 131]. Although preliminary in vitro PDT effect has been demonstrated in the
aforementioned reports, in vivo therapeutic efficacy was not demonstrated until recently
through the use of UCNP/Ce6 (i.e. Chlorin e6) combination (Fig. (12)) [132]. Convincing
evidence of improved 980 nm laser-induced PDT effect in 4T1 tumor bearing mice over
traditional PDT (using red light excitation) was provided, indicating great potential of
UCNP/PS based drug for treating internal tumors. We recently reported a new UCNP/PS-
based PDT drug, using brighter Gd3+ doped UCNP and water soluble methylene blue (MB)
[133]. Successful “trapping” of the positively charged MB within the negatively charged
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silica resulted in a core@shell structure of UCNP@SiO2(MB) with attractive properties
such as zero-PS-prerelease, 980 nm laser on-demand 1O2 release, and combined UCL and
MRI properties all integrated in a sub-50 nm sized multifunctional nanosystem.

CONCLUSION AND FUTURE PERSPECTIVES
Translational research is a continuum that bridges basic science discoveries and their
potential clinical applications. The ultimate goal of translational research is to move novel
imaging/therapeutic strategies/agents into clinical patient management. Molecular imaging
plays indispensable roles in translational medicine. As a recently emerged versatile
nanoplatform, translational research of f-UCNP is still at its infancy, yet it has already
exhibited tremendous potential in preclinical research for both diagnostic and therapeutic
applications. It is believed that f-UCNP can be used in place of traditional organic dyes and
QDs in virtually any system and will outperform them in a majority of cases. The 2nd decade
of the 21 st century is expected to witness even greater success in exploring potential
applications of f-UCNP, such as multimodal targeted imaging of various diseases/pathways/
targets, sensitive detection of circulating tumor cells, stem cell labeling and in vivo tracking,
non-invasive real time therapeutic effect monitoring, among others. With the already
demonstrated use of f-UCNP as nano-sensors for sensing temperature in a single cell [134],
surrounding oxygen concentration [135], intracellular mercury ions and glutathione [136,
137], and avidin [37, 138], it is expected that not only multifunctional but also “smart”
nano-devices based on f-UCNP will emerge in the near future.

Many challenges remain to be conquered for future broad applications of nano-systems or
nano-devices based on f-UCNP. Further development and optimization in UCNP synthesis,
surface coating, and bioconjugation will be needed for prolonging the blood circulation
lifetime and creating high quality, renal excretable, and molecularly targeted f-UCNP that
can be non-invasively detected by multiple imaging techniques. Targeting ligand-conjugated
f-UCNP, labeled with long-lived PET isotopes, will be a desirable candidate for cancer early
diagnosis and future clinical translation, if the concerns regarding biocompatibility,
pharmacokinetics, in vivo targeting efficiency, cost-effectiveness, acute/chronic toxicity and
clearance can all be adequately addressed.

To date, no in vivo tumor cell targeting based on f-UCNP has been reported yet owing to the
relatively large size of probe. Optimization of particle size, surface characteristics, as well as
the targeting efficiency in vivo deserves more research effort in the future. Decreasing the
hydrodynamic diameter down to sub-10 nm will not only provide more opportunities for
tumor cell targeting, but also open the avenue for renal clearance to minimize long term
toxicity. Considering that most of the UCNP imaging systems (based on UCL) are home-
made by employing an additional 980 nm laser module, commercialization of in vivo
imaging system which can be used for whole-body imaging of UCNP in small animals will
be very helpful for speeding up the development, application, and clinical translation of f-
UCNP. Core-shell structured Gd3+ doped UCNP has been intensively studied. If the MRI
sensitivity of these UCNP can be significantly improved to be applicable for in vivo targeted
MRI, labeling the f-UCNP with PET isotopes will provide perhaps the most useful
multimodality agents (i.e. PET/MRI/UCL) that can offer extremely high sensitivity (PET),
exquisite soft tissue contrast (MRI), surgical guidance (UCL), convenient histological
validation (UCL), among others.

Cancer is a complex disease that involves an elaborate interplay of genetic mutations and
epigenetic alterations that can affect the behavior and regulation of many genes. Individuals
of the same cancer type and at the same stage do not necessarily carry the same cancer-
triggering mutations. Stratification of patients on the molecular level using targeted
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(multimodality) molecular imaging probes is a vital step for future personalized therapy. F-
UCNP may present one of the best candidates for detecting molecular or physiological
alterations which could signal the presence and/or metastasis of certain cancers, delivering
drugs for cancer cell killing in a (remotely) controllable manner, as well as evaluating and
adjusting the treatment protocol in real time. More effective collaborations among cellular/
molecular biologists, chemists/radiochemists, engineers, material scientists, etc. are
necessary to foster the continued discovery, development, and future translation of f-UCNP
based imaging probes (or drugs).
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Scheme 1.
A schematic illustration of functionalized upconversion nanoparticle (f-UCNP). A
core@multi-shell UCNP is designed as the starting point for integrated multicolor UCL
imaging and MRI. The inner-most core is NaYF4:Er3+/Yb3+ (for NIR-to-Vis optical
imaging); the first shell is NaYF4:Tm3+/Yb3+ (for NIR-to-NIR optical imaging); the second
shell is NaGdF4 (for MRI). With the presence of designed active sites on the surface of
UCNP, polymer coating (such as a PEG layer for stealth capability), radioisotopes (such
as 64Cu for highly sensitive PET imaging), (light cleavable) anticancer drugs/genes for
cancer cell killing, single or combined targeting ligands (for multiple receptor targeting) can
be conjugated to yield a multifunctional nanoplatform for molecular imaging and therapy
applications.
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Fig. (1).
Represent TEM images of NaYF4:Yb3+/Er3+ nanospheres at low (A) and high (B)
magnifications. (C) Photographs of the nanospheres in hexane under the excitation of a 980
nm laser. From left to right: total upconversion fluorescence of NaYF4:Yb3+/Tm3+ (25/0.3
mol%) nanospheres, total upconversion fluorescence of NaYF4:Yb3+/Er3+ (18/2 mol%)
nanospheres, and fluorescence of NaYF4:Yb3+/Er3+ (18/2 mol%) nanospheres passing
through red and green filters. Reprinted with permission from [57].
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Fig. (2).
(A) A high resolution TEM (HR-TEM) image of ~8 nm sized β-NaLuF4:Gd3+/Yb3+/Tm3+

(left) and a histogram of the particle size distribution (right). (B) In vivo imaging of a black
mouse after subcutaneous injection of citric acid modified β-NaLuF4:Gd3+/Yb3+/Tm3+ and
citric acid modified β-NaYF4:Yb3+/Tm3+ when detected from the chest side (left) or the
back side (right). (C) In vivo UCL imaging of athymic nude mice after subcutaneous
injection of 50 KB cells (left) and intravenous injection of 1000 cells (right) after incubation
with citric acid modified β-NaLuF4:Gd3+/Yb3+/Tm3+ for 2 h. Reprinted with permission
from [41].
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Fig. (3).
(A) A schematic illustration showing the synthesis of core@multi-shell UCNPs. (B) HR-
TEM images of highly crystalline NaYF4:Er3+/Yb3+/Gd3+ (1st, left), NaYF4:Er3+/Yb3+/
Gd3+@NaYF4:Tm3+/Yb3+ (1st@2nd, middle), NaYF4:Er3+/Yb3+/Gd3+@NaYF4:Tm3+/
Yb3+@NaGdF4 (1st@2nd3@rd, right) nanoparticles. (C) Plots of longitudinal relaxation rate
(R1) vs Gd3+ concentration of three samples, (left) 1st@SiO2 (r1=1.24 mM−1s−1), (middle)
1st@2nd@SiO2 (r1=0.037 mM−1s−1), and (right) 1st@2nd@3rd@SiO2 (r1=1.18 mM−1s−1).
Reprinted with permission from [46].
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Fig. (4).
Magnetic resonance and upconversion luminescence imaging using carboxylic acid-
functionalized NaGdF4:Tm3+/Er3+/Yb3+ nanoparticles. (A) Color-mapped coronal MRI T1-
weighted images of the whole body (top) and transversal cross-sectional images of the liver
(L, middle) and spleen (S, down) of mice before and 40 min after intravenous injection
(dose: 1.5 mg/kg). (B) In vivo upconversion luminescence imaging of a mouse after
intravenous injection without (top) and with (middle) carboxylic acid-functionalized
NaGdF4:Tm3+/Er3+/Yb3+ nanoparticles, (down) ex vivo UCL images. Reprinted with
permission from [74].
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Fig. (5).
(A) Left: TEM image of PEG-NaYbF4:Er3+/Gd3+ dispersed in water. Right: room
temperature NIR-to-Vis upconversion luminescence spectra of NaYbF4:Er3+/Gd3+

nanoparticles, the inset shows the upconversion luminescence photograph of the
NaYbF4:Er3+/Gd3+ nanoparticles with different concentrations of Gd3+ under excitation at
980 nm. (B) In vivo CT coronal view images of a rat after intravenous injection of 1 mL
PEG- NaYbF4:Er3+/Gd3+ (70 mg Yb/mL) solution at timed intervals. (C) The corresponding
3D renderings of in vivo CT images. Reprinted with permission from [51].
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Fig. (6).
(A) PET/CT imaging of 18F-labeled UCNP at 2 h after injection. (B) The in vivo UCL
imaging result. Reprinted with permission from [89].
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Fig. (7).
Time-dependent in vivo upconversion luminescence imaging of subcutaneous U87MG
tumor (left hind leg, indicated by short arrows) and MCF-7 tumor (right hind leg, indicated
by long arrows) borne by athymic nude mice after intravenous injection of UCNP-RGD over
different time periods, (A) 1 h, (B) 4 h, and (C) 24 h. Reprinted with permission from [43].
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Fig. (8).
Real-time (A) in vivo and (B) in situ upconversion luminescence imaging of athymic nude
mice after intravenous injection of PAA-UCNP (15 mg/kg) at different time points.
Reprinted with permission from [49].
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Fig. (9).
(A) Confocal upconverted luminescent image of individual UCNP. Insert shows the TM-
SEM image taken at the upper left corner region of the optical image. (B) The time trace of
emission intensity from a single UCNP under continuous laser illumination for over 1 h. (C)
A luminescence image (left) and an AFM image (right) of UCNPs. (D) The luminescence
time traces of the particles 1 and 2 acquired with 200 ms time bins. Reprinted with
permission from [38, 40].

Chen et al. Page 27

Curr Mol Med. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (10).
(A) Trajectory of a vesicle containing UCNPs transported from the cell periphery to the
perinuclear region presumably by dyneins. (B) Cumulative and relative displacement traces
for the trajectory shown in (A). (C) The mean square displacements (MSD) plots for phases
II-IV. Reprinted with permission from [42].
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Fig. (11).
(A) TEM images of the core, core-shell, and core-shell-shell nanoparticles for NaYF4:Er3+/
Yb3+@NaYF4 (Er), NaYF4:Tm3+/Yb3+@NaYF4 (Tm), NaYF4:Er3+/Yb3+@NaYF4:Tm3+/
Yb3+@NaYF4 (ErTm), and NaYF4:Tm3+/Yb3+@NaYF4:Er3+/Yb3+@NaYF4 (TmEr)
UCNPs. (B) Bidirectional photoswitching of a THF (i.e. tetrahydrofuran) solution of DTE
dispersed with TmEr core-shell-shell nanoparticles by varying only the intensity of the NIR
light. Reprinted with permission from [124].
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Fig. (12).
In vivo PDT treatment of tumor-bearing mice. (A) The growth of 4T1 tumors on different
groups of mice after various treatments indicated. (B) The survival curves of mice in 60
days after various treatments indicated. (C) Representative photos of mice after various
treatments indicated at the 6th day. Images of hematoxylin & eosin-stained tumor sections
harvested from an untreated mouse (D) and a mouse 6 days after PDT treatment (E).
Reprinted with permission from [132].
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