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Upconversion nanoparticles (UCNPs) as a promising material are widely studied due to their
unique optical properties. The material can be excited by long wavelength light and emit visible
wavelength light through multiphoton absorption. This property makes the particles highly
attractive candidates for bioimaging and therapy application. This review aims at summarizing
the synthesis and modification of UCNPs, especially the applications of UCNPs as a theranostic
agent for tumor imaging and therapy. The biocompatibility and toxicity of UCNPs are also
further discussed. Finally, we discuss the challenges and opportunities in the development of
UCNP-based nanoplatforms for tumor imaging and therapy.
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1. Introduction

Optical imaging is an important technique used in
the field of biomedical research because of its non-
invasive, real-time and high magnification char-
acteristics. Researchers have demonstrated various
luminescence materials for optical bioimaging such
as fluorescent proteins,! organic dyes,>® metal
complexes,” gold mnanorods’ and semiconductor
quantum dots (QDs).%” Most of these fluorescence
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probes are based on single-photon excitation
mechanism. In the bioimaging application of them,
there are some limitations existing, including the
low optical penetration depth in tissues, low signal-
to-noise ratio (SNR) caused by auto-fluorescence
from the biological tissue, and the cell damage
caused by the high-energy photons.

Comparing conventional fluorescence materials,
an excellent imaging probe which is based on
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upconversion luminescence (UCL) mechanism, is
developed. UCL is an anti-Stokes’ emission process
by converting long wavelength irradiation into
shorter wavelength light emission, such as near in-
frared light (NIR) to shorter NIR, visible (blue,
green, red), or UV. Up to now, the efficient upcon-
version luminescence only occurred in the com-
pounds doped with rare earth ions. In particular,
under continuous wave (CW) excitation at NIR,
lanthanide(Ln)-doping upconversion nanoparticles
(UCNPs) exhibit unique UCL properties, such as
sharp emission line, long lifetime, a large anti-Stokes
shift of several hundred nanometers, superior pho-
tostability and nonblinking.® The UCL has several
attractive pionts for bioimaging: one is that the NIR
light excitation does less harm to the living cells; the
second, high SNR due to the very low auto-fluo-
rescence with the NIR excitation; third, the deep
tissue penetration owing to the excitation and
emission wavelengths both in the range of the bio-
logical optical window. Based on the advantages,
UCNPs have been successfully studied applying in a
wide biomedical fields, including cell tracking,
lymphatic imaging, vascular imaging, tumor tar-
geted imaging and therapy.

Theranostics is defined as the increasingly close
link between diagnostics and therapy. The objective
of theranostics is to enable the proper therapy via a
right diagnostics to patients.” Therefore, ther-
anostics for tumor treatment is proposed to realize
effective treatment.'’'! Owing to the unique optical
character, UCNPs represent an excellent biological
platform for diagnostics and tumor targeted thera-
py, and is a hopeful candidate for theronostic agent.
In this review, we summarize the recent progress as
regards the using of UCNPs for tumor imaging and
therapy and give a prospect on bio-application of
this promising material.

2. UCL Mechanism of the Lanthanide-
Doped Nanophosphors

UCL has a very different luminescence mechanism
comparing to conventional fluorophore. The excit-
ed state absorption (ESA) of UCNPs had already
been demonstrated in papers.'”> ESA takes the form
of successive absorption of pump photons by a
single ion and achieves high state due to the

ladder-like structure of a simple multilevel system.
Then, the ion releases its energy by emitting a
photon and returns to the ground state (Fig. 1(a)).
With a rapid development of spectroscopy, more
upconversion mechanisms were discovered. Energy
transfer upconversion (ETU) was first observed in
Yb3+-Tm3*+ co-doped glass.'? In ETU, a sensitized
ion 1 sequentially provides energy for ion 2 as ac-
tivator by the energy transfer process.'*'” The
activator is excited to a higher state from which
anti-Stokes emission originates (Fig. 1(b)).'¢
Around the same time, the cooperative sensitiza-
tion!” (CSU) and cooperative luminescence'®
upconversion mechanisms were also discovered. In
cooperative sensitization, two ions as sensitizers
simultaneously transfer energy to an activator. The
activated ion achieves a real excited state where
upconverted luminescence occurs (Fig. 1(c)). Co-
operative luminescence is the same as the cooper-
ative sensitization except that the emitting state
replaces the intermediate state. Besides the above,
further possible upconversion mechanisms still is
being proposed and studied.'”

To implement the upconversion energy transfer
as the above, the constructed UCNPs generally
contain three parts: host, sensitizer and activator.
The selection of host could influence the intensity
of luminescence. An ideal host material should
have low nonradiative losses and high radiative
emission. Many compounds, such as oxides (Y503,
Zr0O;, Gdy03, Lay0Os, Luy0s), fluorides (NaYFy,
NaYbF,, NaLaF,, LaF;, GdF;), phosphates, heavy
halides (GdOC]l), oxysulfide (Y202S), vanadates
(YVO,, GdVO,), have been studied as the host
lattice for UCL.??® Following the researches, the
fluorides have become the most famous host
materials due to their low photon energies and high
chemical stability. By selection of activators with
different energy level distribution, various wave-
length emission can be obtained. Hexagonal
NaYF,:Yb3*/Er3t usually exhibits green emission
located at 510-570 nm (*Hyjo+%S3/0 — “I352) and
red emission located at 630 and 660nm
(*Fgjy — I;5/). For Yb?", Tm3" co-doped
UCNPs, its emissions center at 451 ('Dy — 3F,),
481 (*G, — 3Hg), 646 (‘G, — 3F,) and 800nm
(*H; — 3Hg). NaYF,:Yb3t/Er3* and NaYFy:
Yb3*/Tm3+ have been widely studied for tumor
imaging and therapy in vivo.
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Fig. 1. Principles of UCL process for lanthanide-doped UCNPs. (a) ESA, (b) ETU and (c) CSU.

3. Synthesis of UCNPs
3.1. Synthetic methods of UCNPs

Development of facile synthesis methods for high-
quality UCNPs with suitable size, uniform shape,
controlled composition and crystalline phase are
important to tune their chemical and optical prop-
erties for imaging and therapy. To date, a range of
synthetic approaches, such as hydro(solvo)thermal
process, thermal decomposition, one-pot template-
free synthesis, sol-gel process, Ostwald-ripening
method, and coprecipitation method, have been
devoted to synthesize high-quality UCNPs.

3.1.1.  Hydro(solvo)thermal synthesis method

In a typical hydrothermal method, reactions occur
in a sealed environment under high pressure and
temperature, usually above the critical point of the
solvent to increase the reactivity and solubility of
the inorganic elements. Compared with other types
of synthetic methods, hydrothermal method has
advantages to implement a set of reactions at the
same time and create highly crystalline phase at
much lower temperature. A basic hydrothermal
method involves a few steps: first, mix rare-earth
precursors with fluoride precursors in an aqueous
solution, then place them in an autoclave (often
Teflon-lined) and finally seal and heat them. The
rare-earth precursors usually choose chlorides,
nitrates or oxides of rare-earth ions. HF, NH,F or
NH HF, are universally chosen as the fluoride pre-
cursor for synthesis of LnF3 nanocrystals, and NaF
or KF commonly for MLnF, nanocrystals.?”3"
With the advantages of high purity and good
homogeneity, the solvothermal synthesis method is
another important technology for the preparation of
UCNPs. Under the same conditions, the solvother-
mal process can achieve higher air pressure than the

hydrothermal process due to its low boiling point,
which not only shortens reactant times, but also
benefits the crystallinity of products. Additionally,
in a solvothermal system, the crystal growth can be
controlled and products with different morphologies
can be gained.?'™° Tian et al. reported a modified
liquid—solid solution solvothermal strategy for syn-
thesizing Mn?*-doped NaYF,:Yb/Er nanoparticles,
which possess the rational manipulation of red and
green upconversion luminescence, and the pure dark
red emission (650—-670 nm).*°

3.1.2.  Thermal decomposition method

In a typical thermal decomposition procedure, or-
ganometallic compounds as precursors are decom-
posed in a high boiling point organic solvent with
the assistance of surfactants at an elevated tem-
perature. The common precursors are lanthanide
metal ionic trifluoacetate salts; the solvent can be
oleic acid (OA), oleylamine (OM), 1l-octadecene
(ODE) or trioctylphosphine oxide (TOPO), which
can coordinate the metallic elements and the long
hydrocarbon chain to prevent nanoparticle aggre-
gation due to their typically functional capping
group. Mai et al.?”*® have first developed a general
synthetic strategy using the co-thermolysis of the
trifluoroacetate precursors in OA/OM/ODE to
synthesize fluoride-based nanocrystals. The com-
position of precursors, reaction time, temperature
and coordination property of the solvent played
critical roles in controlling the morphology,
size, phase and UCL efficiency of the UCNP during
the thermolysis process. Xie et al.*® and Wang
et al.’” reported the synthesis of monodispersed
Nd?3*-sensitized core—shell nanoparticles with nar-
row size distribution and regular morphology using
thermal decomposition method. Vetrone et al.*!
reported that the nanoparticles coated with a
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shell of NaGdF, could minimize the luminescence
quenching caused by the surface defects and sur-
face-associated ligands. They also found that the
UCL of the coated nanoparticles was more intense
for the core/shell structure. In Cheng et al.’s work,
the synthesized UCNPs were studied for biological
application after modified with different hydrophilic
molecules.”>** A class of biocompatible UCNPs
with largely amplified red-emissions were also de-
veloped by Han’s group.*® The quantum yield of red
emission reached 3.2, which is 15-fold stronger than
the known (-phase core/shell UCNPs. And the red-
emission of UCNPs could penetrate a deep-tissue
(>1.2cm) setting in vivo at a harmless laser power
density. The deeper tumor treatment has been
demonstrated by using a UCNP-PDT system. Shi’s
group successfully fabricated ultrasmall NaGdFy
nanodots (2nm) with polyethylene glycol (PEG)
modification.?® In their work, DTPA was chelated
outside of the UCNPs to capture the potentially
released Gd?* ions. The synthesized nanodots were
used for atherosclerotic plaque imaging and MR
angiography.

3.1.3.  One-pot template-free synthesis

Recently, hollow UCNPs have attracted crucial
attention. Because they not only possess lumines-
cence properties but also provide potential appli-
cations in the controlled storage or delivery of
therapeutic drugs. Some groups used a template-
assisted strategy to synthesize hollow nano-
particles for saving time and energy and allowing
rapid production. However, the disadvantages of
this strategy, such as low quantum yields and
lengthy synthetic procedures and so on, still largely
impeded the optimizing production and biomedical
application. Alternatively, a template-free process
to construct hollow upconversion structures has
been developed for simplifying the preparation
procedure. In Zhang et al.’s work,*" a facile solution-
phase synthesis strategy was used for forming hol-
low cubic phase a-NaYF, nanoparticle. They dem-
onstrated that the nanoscale growth of hollow
particle with controlled size was induced by
the Kirkendall effect. Yang and other researchers
also employed the same strategy for synthesizing
hollow NaYF,:Yb/Er nanoparticles’® and core-
shell-structured Yb(OH)CO3;@YbPO4:Er hollow
microspheres.*’ However, in these synthetic scheme,
the corresponding oxides or carbonates precursors

are still required. To further upgrade the template-
free strategy, the Ostwald ripening mechanism was
studied and utilized in one-pot synthetic method of
Ln-doped luminescent hollow structures. This
method not only simplified the synthetic procedure,
but also improved the nanoparticles yield.”’ As an
example, Li reported an efficient, one-pot route for
synthesizing sub-100nm hydrophilic NaYF -based
upconversion hollow nanospheres in hydrothermal
condition.”!

3.2. Optimization of UCNPs

High luminescence efficiency is critical for UCNPs in
theranostic application. Three general approaches
have been implemented to improve the efficiency
(Fig. 2), including (1) selection of efficient host
materials; (2) plasmonic enhancement; (3) prepa-
ration of core/shell structures.

3.2.1.  Selection of host materials

Selecting appropriate host materials is essential for
high efficiency upconversion emission. Basically, a
good host material should have high optical damage
threshold, be transparent in the spectral range of
interest, and be chemically stable. Up to now,
980 nm excited NaYF, nanoparticles are the most
efficient UCL host. Chen et al. reported that the
intensity of NaYF4:Yb3*/Tm3* nanocrystal NIR
upconversion emission could be tuning, showing
43 times along with an increase in the relative
content of Yb?* ions from 20% to 100%, with a
corresponding decrease in the Y3+ content from
80% to 0%. The synthetic ultrasmall NaYbF,:2%
Tm3* nanocrystals displayed 808 nm luminescence

Selection of Novel Host Plasmonic Enhancement

Architecting UCNPs
with High Efficiency

Preparation of Core/shell
Structures

Fig. 2. General strategies to achieve the high efficiency of
UCNPs.
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emission, which is 3.6 times more intense than
NaYF,;:20% Yb3" /2% Tm3* nanocrystals.””

To obtain UCNPs with different emission and
excitation wavelengths, the different doping ions
Er3t, Tm?+, Nd3* and Ho?* are frequently used as
activators. Yb3T as a sensitizer to enhance the UCL
efficiency is often co-doped with Er3*, Tm?* and
Ho®*, and it has a larger absorption cross section at
around 980nm than other lanthanide ions. The
multicolor luminescent NaYF,:Yb3+ Er3t UCNPs
was studied by Liu et al.”® Similarly, the Yb3+ /Ho3*
co-doped UCNP was chemically synthesized and in-
vestigated.”* Nyk et al.”® demonstrated a new ap-
proach for photoluminescence imaging in vitro and in
vivo by synthesizing Yb3*, Tm?* co-doped UCNPs.
Wang et al.”® reported building a Yb3+, Nd3*+ co-
doped core/shell structure to ensure successive
Nd3+ — Yb3*+ — activator energy transfer. In order
to decrease the cross-relaxation energy loss, they used
a very low doping percentage of Ln3* (<2 mol%).

3.2.2.  Plasmonic enhancement

The electromagnetic interaction of the metal with
incident light of a specific wavelength can produce
localized surface plasmon resonance (LSPR). LSPR
can be used to enhance the efficiency of lumines-
cence of UCNPs by setting an appropriate distance
between the metallic structure and UCNPs.
Through gold nanorod-based LSPR, Zhan et al.
greatly enhanced UCL. They deposited unconver-
sion materials on the corners of the gold nanorod,
the significant overlap provided simultaneous en-
hancement of excitation and emission.”” Park
et al.”® presented a view of published works on
plasmon enhanced upconversion, in regard to the
effects of spacer layers and local heating, more de-
tailed discussion on comparable classes of nanos-
tructures, and the dynamics of the plasmon
enhanced upconversion process.

3.2.3.

The fabrication of core/shell architectures is an-
other useful strategy to improve the luminescence
of UCNPs. Because a shell with similar lattice
constant grown around the UCNPs can reduce
nonradiative decay losses of the surface luminescence.
Chen et al?* reported a mnovel and biocom-
patible core/shell (a-NaYbF;:Tm3*+)/CaF, nano-
particle, which exhibited highly efficient NIR-NIR

Preparation of core/shell structures

UCNP as a Theranostic Agent for Tumor Imaging and Therapy

upconversion. Through heteroepitaxial growth of a
biocompatible CaFy shell, the nanopaticle resulted
in a 35-fold increase in the intensity of UCL from the
core, surface quenching effect. Similarly, a core/shell
NaYbF,:Tm3*/NaGdF nanoprobe was reported by
another group for NIR-to-NIR UCL and magnetic
resonance bimodal imaging (MRI).?® They demon-
strated that the coated NaGdF, shell increased the
UCL efficiency of Tm?* ions by about three times.
Recently, Zhong group successfully designed a
transition layer in the NaYF, Yb,Er,Nd@NaYF,
core—shell structure to decrease the quenching in-
teraction between Er3* and Nd3+ and enhanced the
luminescence of 800 nm excited UCNPs.%’ Liu syn-
thesized an core—shell UCNP excited with 795 nm by
doping with the high-concentration Nd3* (~ 20 mol
%),*” markedly increased the UCL efficiency from
that with the Er3*+ or Ho3".

4. Biological Preparation of UCNPs

4.1. Surface functionalization
of UCNPs

UCNPs produced by the methods in Sec. 3.1 are
often hydrophobic due to the OA, OM, or TOPO
molecules capping. To apply UCNPs in biological
environment for imaging and therapy, suitable
surface properties are required. Modification and
functionalization are crucial steps to convert these
hydrophobic UCNPs into water-soluble for en-
hancing the biocompatibility, and provide reactive
groups for subsequent bio-conjugation, such as
carboxyl (—COOH), amino (—NH,) or maleimide
(MA) group. To date, common surface-functionali-
zation process including hydrophobic/hydrophobic
interaction, ligand exchange, layer-by-layer fabri-
cation, silanization (coating with silica layer) and
one-step synthesis of surface functionalized UCNPs
have been developed (Fig. 3).°% Through these
methods, —COOH, —NH, or MA groups could be
connected to UCNPs and further conjugated with
biomolecules, such as folic acid (FA), peptide, pro-
tein, DNA and so on.

4.1.1. Carbozxylic acid (—COOH) group

modification

The —COOH group is particularly easy to react
with the biological molecules with —INH, groups.
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Fig. 3. Schematic illustration of general strategies for surface
engineering of UCNPs.

Many ligands with carboxyl, such as 4,4-(hexa-
fluoroisopropylidene) diphthalic anhydride (HDA)
citrate, polyacrylic acid (PAA), thioglycolic acid
(TGA), arachidonic acid (AA), MS methane-
sulfonic acid (MSA), dimercaptosuccinic acid
(DMSA) and diacid PEG could be modified on the
UCNPs surface through the surface-functionaliza-
tion process. Prasad reported that they modified
PAA on the surface of the OA-capped UCNPs
through a general ligand exchange procedure. Chen
et al. utilized the Lemieux-von Rudloff reagent to
directly oxidize the OA-coated UCNPs for carbox-
ylic acid group generation. Similarly, ozone was also
used to directly oxidize the OA ligands on the sur-
face of the UCNPs into (HOOC(CH,),COOH) or
azelaic aldehyde HOOC(CH,),CHO.%® In Yi and
Chow’s work, they employed a amphipathic reagent
HOOC-PEG¢,,—COOH to decorate the OM-coated
NaYF,:Yb,Er nanoparticles for carboxylic group
functionalization.%*

4.1.2.  Amine (-NH,) group modification

As carboxylic acid group, amine group can also be
modified on UCNPs for conjugation of functional
biomolecules with the carboxylic acid group. Hy-
drophilic ligands, such as poly(amidoamine)
(PAMAM), azodicarbonamide (ADA), poly(ethy-
lenimine) (PEI), diamino PEG, para-aminohippuric

acid (PAH), could provide —NH, for the UCNPs
surface. The amine densities conjugated on the
surface of UCNP could be measured by the 9-
fluorenylmethyl chloroformate (FmocCl)% or the
ninhydrin analysis method.’® The amine group
modified UCNP not only displayed better stability
in water solution than the hydrophobic group
coated nanoparticles, but also provided the ability
to conjugate with FA, biotin, antibody, and DNA
that contain —COOH group. In studies, PAH
functionalized  upconversion  hexagonal-phase
nanoparticles were connected with biotin as fluo-
rescent probes for bioimaging.” PAMAM den-
drimers modified NaGdF ;:Er3+, Yb3+ upconverting
nanoparticles (LnNPs) was used for the next mo-
lecular connection.’® In addition, Li reported a
novel one-step synthetic strategy for AA-modified
UCNPs using a hydrothermal reaction assisted by
binary cooperative ligands (HR-BCL).%° This AA-
modified UCNPs could further conjugate with FA
for targeting overexpressed folate receptor on tumor
cell surface. Another group synthesized PEI capped
UCNPs and then used a reactive alkene to connect
the PELYY The N-terminal cysteine of the cyclin
D-targeting peptide (P;) thus could react with the
alkene to form UCNPs-P;.

4.1.3. MA group modification

MA moiety can react with many sulfydryl group
modified biomolecules. MA-functionalized UCNPs
generally can be composed of amine modified
UCNPs and a functional linker for bio-conjugation.
Xiong et al. reported the synthesis of MA-functio-
nalized equivalents by using 6-maleimidohexanoic
acid N-hydroxysuccinimide ester to modify amine-
terminated NaYF,:Yb/Er/Tm UCNPs. Then, the
MA-UCNPs were linked with the thiolated cyclo-
peptide (Arg—Gly—Asp—Phe-Lys(mpa)) for tar-
geted imaging.®”"" Maeda team" structured a MA-
functionalized Er-Y503 by reacting MA-PEG-NHS
with APTES-Er-Y,03. So the MA-functionalized
UCNPs could be linked with cyclic RGD peptide to
specifically target to integrin o, 33 which is highly
expressed in the tumor cell surface.

4.2. UCNPs for tumor targeting

in vivo
Tumor specific targeting of UCNPs plays an key
role in tumor diagnosis and treatment. Biological
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molecules, including antibodies, FA and peptides,
have been used to coat on UCNPs to realize tumor
targeting.

4.2.1. FA-labeled UCNPs

Many cancer cells can overexpress folate receptors
(FR), which are only minimally distributed in nor-
mal tissues. Due to the high affinity of FA and FR,
FA can be applied as a tumor targeting molecule.
Because having nonimmunogenic character, high
stability and ability to conjugate with a variety of
molecules, FA already has attracted wide attention
for tumor targeting of nanoparticles.”” Xiang and
his co-workers first used FA to modify UCNPs for in
vivo in 2009.”® Comparing the control group, obvi-
ous UCL signals were observed after injection of
FA-modified UCNPs into HeLa tumor-bearing
nude mouse over a day. Liu et al. also reported FA-
functionalized NaYF,:Yb3+ Er3+-RB nanoconju-
gates can improve the targeting efficacy in cancer
cells for imaging.”?

4.2.2. Antibody-labeled UCNPs

The high affinity interaction of antigen to antibody
has become an important strategy of target recog-
nition. Many researchers have reported antibody-
modified UCNPs for target delivery and UCL im-
aging in vitro. For example, Jiang et al. constructed
an anti-Her-2 antibody conjugated UCNP, to be
used for interference RNA (siRNA) attaching and
delivering to SK-BR-3 cells.”* However, less reports
exhibit that antibody-functionalized UCNPs could
successfully target to a specific tumor in animal
model.

4.2.3. Peptide-labeled UCNPs

Small peptides are usually used to provide tissue
penetration and better cellular uptake when intro-
duced to animals. In the research, the arginine-
glycineasparatic acid (RGD) peptide plays a pivotal
role in tumor targeting, because it has a high af-
finity to the o, 5 integrin receptor which is highly
expressed on tumor cell surface. For example, Zhou
et al. has successfully constructed a photosensitizer
pyropheophorbide a (Ppa) and RGD peptide co-
modified NaYF,:Yb/Er upconversion nanoparticle
(UCNP-Ppa—RGD) for targeted integrin a(3s-
positive U87T-MG cells.”™

UCNP as a Theranostic Agent for Tumor Imaging and Therapy

5. UCNPs Used as a Theranostic Agent
for Tumor Imaging and Therapy

5.1. UCNPs for tumor optical imaging

As an excellent optical materials, UCNPs were ini-
tially studied for imaging. Compared with the two-
photon-absorbed QDs and organic dyes that require
expensive pulse laser instrument, UCNPs can use
the continuous NIR laser, emitted with an inex-
pensive diode, as the excitation light. The lumi-
nescence is relatively high and stable even at a high
fluence rate of irradiation. The capability and fea-
sibility of UCNPs for tumor imaging were demon-
strated by many papers: Wu et al.”® reported that
UCNPs have photostability, nonblinking and no
autofluorescence for cell imaging. Hyeon’s group’’
studied the nonbleaching and nonblinking features
of UCNPs when it served as an optical imaging
nanoprobe. Xiong research team”™ used RGD pep-
tide to conjugate with MA—UCNPs. Their experi-
ments showed that RGD peptide conjugated
UCNPs could precisely target U87MG human
glioblastoma tumors in mice and realized a vivid
bioimaging (Fig. 4).

The great tissue penetration depth of light by use
of UCNPs, has also been reported by Wei and
others, comparing with the conventional fluor-
eophores.1-02.78:7 In Wei’s work, the resluts showed
that the UCNP had a very stable luminescence in
various solution and high tissue penetration deepth
with high SNR (Fig. 5). The UCNPs were loaded
with the CA4P, an inhibitor of microtube, enhanced
the permeability of blood vessel, and thus improved
the nanoparticle targeting as well as the UCL
imaging.

These studies indicate that UCNPs have many
attractive features for imaging. Especially, the pro-
posed imaging technique summarizes several indi-
vidual properties, such as the deeper tissue
penetration depth, the minimized autofluorescence of
tissue and the high SNR in one integrated procedure,
significantly improved the tumor-imaging capability.

5.2. UCNPs for multifunctional
biomedical tmaging

UCNPs can be used not only for UCL single imag-

ing but also for the multifunctional imaging through

combining with some other imaging techniques. The
multifunctional lanthanide UCNPs used for UCL/
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Fig. 5. (a) The intensity of UCNP-FA dissolved in different aqueous solutions. (b) The anti-photobleaching capability of UCNP—
FA. UCNP-FA was irradiated for 12h continually with a laser (980 nm, 800 mW cm~2). (c) SNR of UCN and fluorescein sodium
during laser excitation with different fluence rates. (d) SNR of the UCNPs and fluorescein sodium during laser excitation at different
tissue depths. (Reproduced from “High-sensitivity in vivo imaging for tumors using a spectral up-conversion nanoparticle NaYF,:
Yb3+, Er3* in cooperation with a microtubulin inhibitor” with permission from The Royal Society of Chemistry.)
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CT, UCL/MRI and UCL/PET multimodality
bioimaging are discussed in this section.

5.2.1. UCNPs for Ti-weighted and
Ts-weighted MRI

As a most commonly T;-weighted (Spin-lattice re-
laxation time) MRI agent, Gd?* has a large para-
magnetic moment due to its seven unpaired inner 4f
electrons. Some groups used NaGdF, as a host
material to obtain magnetic UCNPs.”?%0"%% For
example, Johnson and his co-workers reported a
2.5-8.0nm NaGdF,Yb,Er nanoparticle for the
Ti-weighted MRL®’ The Gd?* relaxivity values
increased from 3.0 to 7.2mM ! s~! with decreased
particle size. The relaxivity of the 2.5nm nano-
particles was almost twice than that of the clinical
Gd-DTPA  (Magnevist). Moreover, KGdF,,*
Gdy03,5587 GdV04?*% and GdPO4* codoped
with Yb?* and Er3*+ (or Tm3*), were also applied in
T;-weighted MRI.

Another approach with Gd3t for MRI was to
dope the ions to the lanthanide UCNPs, such as the
fabricated NaLuF,:Gd,Yb,Tm?’ and BaF.:Yb,
Tm@SrF,:Nd,Gd”' nanoparticles. Studies showed
that Gd3* co-doped nanoprobes could impart
strong T; and T, (spin—spin relaxation time) for
high contrast MRI.”* %

In addition, directly introducing Gd3+%° and
modifying with gadopentetic acid (Gd-DTPA)Y
onto the UCNP surface were also proposed for T-
weighted MRI.

To-weighted MRI ability of nanostructures
mainly rely on combination of UCNPs and super-
paramagnetic Fe3O4 nanoparticles. Shen et al. fab-
ricated hetero-nanoparticles composed of Fe;0, and
NaYF,:Yb,Er nanophosphors by a crosslinker an-
choring process involving DDA or MUA. The mag-
netic saturation of the resultant hetero-nanoparticles
was determined to be 9.25 and 7.05emu g~!, re-
spectively.”” Chen and co-workers developed a
“neck-formation” method involving silica shielding
to combine Fe;0,4 and NaYF:Yb,Er nanophosphor
into hetero-nanoparticles.”® The saturation magne-
tization and ry values were measured as 89.8 emu g !
and 211.76s~! mM~! (3.0 T), respectively.

5.2.2.  UCNPs for positron emission
tomography imaging

By measuring the radioactivity, position emission
tomography (PET) imaging has very deep tissue

UCNP as a Theranostic Agent for Tumor Imaging and Therapy

penetration for in wvivo imaging. 8F is the most
widespread radionuclide used in clinical PET im-
aging, due to its short half-life (110 min). Based on
the affinity between Ln3* and F~, Sun and co-
workers had introduced radioactive '8F onto the
surface of rare-earth nanoparticles, such as oxide,
fluoride and hydroxide.”” The ®F-labeling process
only took 5 min in pure water and the yield of 18F-
labeling was more than 90%. The bio-distribution of
I8F_labeled rare-earth nanoparticles was further
investigated by PET imaging.

5.2.3. UCNPs for single-photon emission
computed tomography imaging

153Sm as a y-emitter has been incorporated into
single photon emission computed tomography
(SPECT) imaging probes used in preclinical and
clinical diagnosis. Currently, two methods have
been utilized to label lanthanide UCNPs with the
radionuclide 1”Sm to exhibit the pharmacokinetics
of them in vivo. One method is to dope °3Sm into
Ln3+t—UCNPs. Li used a thermal decomposition
method.'"%19" and a one-step hydrothermal meth-
0od'%? to prepare Tm?3t, Yb3*, and 1%3Sm3*
co-doped NaLuF, nanoparticles. The obtained ra-
dioactive  '"3Sm-doped NaLuF,:Yb,Tm nano-
particles were accurately tracked by using SPECT
imaging. What is more, they have also synthesized
radioactive/upconverting ~ NaLuF4:'%3Sm,Yb,Tm
nanoprobes and used them as a blood pool imaging
agent for SPECT imaging.'"® The other method
is a rare-earth cation-exchange-based postlabeling
strategy.'’* The synthesized UCNPs were mainly
captured by the mononuclear phagocyte system
(liver and spleen). The SPECT imaging was then
successfully used for liver and spleen monitoring.

5.2.4. UCNPs for X-ray computed
tomography (CT) imaging

As is well-known, the higher atomic number and
electron density of the computed tomography (CT)
agent can have the higher attenuation coeflicient.
Lanthanide UCNPs have been reported to have
higher atomic numbers than iodine, what made
them useful as CT contrast agents. He et al.'”®
reported a novel OA /ionic liquid two-phase system
combining the merits of thermal decomposition
method and the IL-based strategy to synthesize
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high-quality lanthanide-doped NaGdF, upconver-
sion nanocrystals. The synthesized ultra-small size
(~5nm) NaGdF4Yb, Er (Ho, Tm) upconversion
nanocrystals are effective for dual-mode UCL im-
aging and CT imaging in vivo. Liu and co-workers
reported a high contrast Yb-based nanoparticle
modified with the biocompatible polymer DSPE-
PEG 2000 for X-ray CT imaging.'’ Xing et al. used
a PEGylated NaYbF,:Tm3* nanopaticles with high
X-ray absorption coefficiency for both NIR-fluores-
cence bioimaging and CT.'%7

Grafting a CT contrast agent onto the UCNPs is
another strategy for X-ray CT imaging of lantha-
nide UCNPs. Suitable small molecules, like Au, or
TaO,, nanoparticles, are very popular as the X-ray
CT contrast.'"®''° By using $-NaYF,:18% Yb?3*,
2% Er3* nanoprobes modified with the contrast,
Zhang et al. obtained an imaging platform with
high visual sensitivity and tissue penetration.''!
The nanoprobes possessed excellent UCL and re-
markable CT contrast when the iodine concentra-
tion was increased from 0.018 to 0.969 mM.

Besides the above-mentioned imaging technique,
multimodality imaging was also recommended
for bioimaging to provide a more extensive infor-
mation and accurate results. For example, Shen
et al. fabricated a multishell NaYF,:Yb/Tm@Na-
LuF,@ NaYF,@QNaGdF, nanoprobe for UCL, MRI
and CT trimodal imaging. In the study, the core
NaYF,;:Yb/Tm provided UCL; the first shell
NaLuF, was used to enhance the UCL and to serve
as CT contrast; the outermost thin NaGdF, layer
provided the high longitudinal relaxivity (r;) for
MRI; the transition shell of NaYF, facilitated
the formation of NaGdF, shell and inhibited the
energy transfer from inner activator to surface

Gd3+.112

5.3. UCNPs for tumor therapy

UCNPs are not only applied in the field of bioima-
ging, they are also studied for therapeutic applica-
tion. For example, photodynamic therapy (PDT)
and photothermal therapy (PTT) have studied to
utilize UCNPs as the theranostic agents.” Through
integrating the optical imaging capability and the
therapeutical functions, the mulfunctional UCNP
has become a powerful weapon for tumor disease
fighting.!!3:114

5.3.1. UCNPs for PDT

Unlike surgery, chemotherapy and radiotherapy,
PDT combines photosensitizer and light source to
destruct tumor tissue through photodynamic reac-
tion. Basic elements of PDT include oxygen, pho-
tosensitizer and light. Under specific wavelength
laser irradiation, the photosensitizer is excited and
transfers its energy to the surrounding oxygen to
generate reactive oxygen species (ROS). ROS can
induce oxidizing reaction with the adjacent biolog-
ical molecules, thus causing cell damage and death.

However, PDT application is restricted by the
limited penetration depth of visible light. The NIR
light has a deeper tissue transmission but the photon
energy is too low to excite the photosensitizer. For-
tunately, UCNPs can do as a medium to receive the
NIR light energy and transfer it to photosensitizer
molecules for excitation. Thus, the NIR to visible
UCNPs possess deep tissue penetration capability
and have great superiority to be used in PDT. This
capability has been confirmed by Zhou et al.”>!'* In
Zhou and his co-workers’ sequence work, they
demonstrated that the UCNP modified with pho-
tosensitizer pyropheophorbide-a and RGD peptide
could act as a NIR-excited photosensitizer for effi-
cient tumor cell killing and deeper tumor treatment.

To efficiently load photosensitizers and transfer
energy, several methods are applied: one method is
coating a silica shell on the surface of UCNPs to
form a heterogeneous core—shell carrier nanos-
tructures; another is to attaching photosensitizers
directly onto the surface of UCNPs through cova-
lent bonding; the third is modifying polymers on the
surface of UCNPs for photosensitizer conjugating.

Qian’s group''% utilized mesoporous-silica-coated
UCNPs loading a photosensitizer zinc phthalocya-
nine. The mesoporous silica could protect the pho-
tosensitizers from reaction with biological molecules
in vivo. When the photosensitizers consequently
released from the mesoporous silica, singlet oxygen
was produced by a NIR laser exciting.

Ungun et al.''” structured a three-layer up-con-
verting nanoprobe which outer layer modified with
photosensitizer porphyrin and biocompatible PEG
for PDT. In another study, the photosensitizer
merocyanine 540 was directly attached on UCNP to
be excited by infrared irradiation.''® The in vitro
results showed that the UCNPs presented an effec-
tive PDT effect on MCF-7/AZ bladder cancer cells.
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NaYF,:Yb/Er has also been wrapped with O-
carboxymethyl chitosan to connect with the pyr-
opheophorbide-a photosensitizer and the targeting
molecule RGD peptide.t%:69:76:115 Tn this photosen-
sitizer loading method, the constructed nano-
particles successfully presented a significantly
deeper therapeutic depth compared with conven-
tional visible light triggered photosensitizer.

With regard to the application of the photo-
sensitizers in UCNP-PDT, besides the above men-
tioned, some other specific photosensitizers were
also studied. Guo et al.''” reported that the pho-
tosensitizer of tris-(bipyridine)ruthenium(II) (Ru
(bpy)2"), which has a maximum absorption at
450 nm, was functionalized on silica coated NaYF,:
Yb3* /Tm3* nanoparticles. By absorbing the blue
emission of Tm3*, Ru(bpy)2" could produce 'O,
efficiently; Shan et al.'?" reported that the meso-
tetraphenylporphine photosensitizer excited by the
green emission of [-NaYF,:Yb3t/Er3t UCNPs
could be used to damage HeLa cells; in Tian et al.’s
work,'?! photosensitizer chlorine e6 (Ce6), zinc
phthalocyanine (ZnPc) and methylene blue (MB)

FASOC LICNP

2 3 4567

ﬁ@:-a

o Ren g
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were selected to modify on a specific synthesized
red-emitting UCNP for PDT; the photosensitizer
ZnPc modified multifunctional UCNPs constructed
by Cui et al.'?? could inhibit the deep-seated tumor
up to 50%; by comparison, the tumor inhibition
ratio of the conventional visible light-activated
PDT only reached 18% (Fig. 6).

In the most of UCNP-PDT studies, the imag-
ing was simultaneously used to identify the nano-
particles localization for more precise tumor
treatment purpose.’%119:1237128 They used photo-
sensitizer for PDT, and UCL or other imaging
method for particle/tumor localization. The inte-
gration improves the treatment effects and gives a
promising biomedicine application strategy.

5.3.2. UCNPs for PTT

PTT uses a NIR light to excite photoabsorbers and
then generates heat to damage cancer cells. Many
groups have paid close attention to study PTT as a
cancer therapies. Since UCNPs have its advantages
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Fig. 6. In vivo tumor-targeting of the nanoconstructs. Fluorescence images of nude mice bearing Bel-7402 tumors with intrave-
nously injection of (a) FASOC-UCNP-ICG and (b) SOC-UCNP-ICG; (c) tumor/skin ratio of tumor-bearing mice injected with
different nanoconstructs; (d) fluorescence images of isolated organs separated from Bel-7402 tumor-bearing mice in different groups
at 24 h postinjection; (e) semiquantification of FASOC-UCNP-ICG and SOC-UCNP-ICG in the isolated organs of mice with
different injection. (Reprinted with permission from “in vivo targeted deep-tissue photodynamic therapy based near-infrared light
triggered upconversion nanoconstruct”. Copyright (2013) American Chemical Society.)
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on optical imaging and the optical absorbers load-
ing, they have been studied for uses in PTT
applications.

Dong et a synthesized a core—shell NaYF :
Yb3+ Er3*@Ag nanoparticles with unique bio-
functional specialty for imaging and tumor eradi-
cation. They observed the significantly photo-
thermal induced death in both human hepatic
cancer cells HepG2 and breast cancer cells BCap-37,
which were incubated with the composite NPs in
vitro and under 980 nm NIR excitation.

Additionally, by decorating ultra-small plas-
monic CuS nanoparticles onto the surface of silica-
coated UCNPs, another group'®’ constructed a
novel multifunctional core/satellite nanotheranostic
(CSNT) for integrated in vivo imaging and tumor
treatment. These CSNTs could perform PTT ther-
mal ablation and implement highly localized
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radiation dose to increase the radiation therapy ef-
ficiency both in witro and in vivo (Fig. 7). The
tumor could be entirely eliminated in 120 days
under the associated interaction between photo-
thermal absorption and the enhanced radiotherapy.
Notably, the CSNTs showed nontoxic for the mice
within a month. Through layer-by-layer self-as-
sembly method, Cheng et al.'’® created Fe;0,
coated NaYF,:Yb3+ /Er3* UCNPs, on top of which
a thin gold shell was formed by seed-induced re-
duction growth. The photothermal cancer treat-
ment mainly owed to the gold shell, which possess
the surface plasmon resonance absorption.

5.3.3. UCNPs for chemotherapy

Similar to the application in PTT, UCNPs were
used for chemotherapy. In the reported protocols,
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Fig. 7. (a) Quantitative analysis of the cell viability with CSNTs at varied concentrations with or without NIR-laser irradiation
and RT. (b) Synergistic therapeutic effect of Hela cells that have taken up CSNTs subjected to RT, PTA, and the combined RT/
PTA treatments. (c¢) Time-dependent tumor growth curves of different groups of mice with various treatments. In all experiments,
the power density of 980 nm NIR-laser and the radiation dose used for RT were kept constant at 1.5 W/ cm? and 6 Gy, respectively.
(d) The photographs of mice in 30, 60, 90, and 120 days of treatment (group 7) showing the complete eradication of the tumor and
no visible recurrences of the tumors in at least 120 days. (Reprinted with permission from “A core/satellite multifunctional
nanotheranostic for in vivo imaging and tumor eradication by radiation/photothermal synergistic therapy”. Copyright (2013)

American Chemical Society.)
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UCL was utilized for chemo drug monitoring, in-
cluding the distribution, localization, aggregation,
and so on. To build up UCNP-based systems for
drug delivery, mesoporous silica shells, hydrophobic
pockets, and hollow spheres with mesoporous sur-
face were studied. Xu et al.'' projected an UC-
I0@Polymer multi-functional nanocomposite sys-
tem by encapsulating hydrophobic UCNP together
with iron oxide nanoparticles into the copolymer
poly(styrene-block-allyl alcohol) (PSi4-b-PAA; ).
Doxorubicin was loaded into the UC-IO@QPolymer
to form UC-IO@QPolymer-DOX complex for imag-
ing-guided and magnetic-targeted drug delivery.
Recently, Hou’s group synthesized porous NaYF,:
Yb,Er@silica  fiber,'*”> Gdy05:Er@nSiO,@mSiO,
nanocomposite’** and Yb(OH)CO3@YbPO,:Er
hollow spheres® as the drug carriers. They dem-
onstrated that the UCL could sensitively be used for
monitoring and tracking the drug release.

Nitric oxide (NO) shows great potential for anti-
restenosis, anticancer and antibacterial. Therefore,
successful NO-delivery is becoming one important
issue in the biomedical application of NO. UCNPs
have been successfully designed as a NIR sensitized
system for NO carrying and therapy.'** %0 In these
studies, Roussin’s black salt (RBS) was used as the
NO yielding source. UCNPs coated with SiOg/-
NH3*, poly (dimethylsiloxane) composites, mSiO,
were used for RBS carrying and photo-triggered
releasing for cancer therapy.

5.3.4. UCNPs for gene therapy

Gene therapy is the therapeutic delivery of nucleic
acid polymers into a patient’s cells to treat disease.
RNA interference (RNAi) often is used in gene
therapy, and represents a powerful, naturally oc-
curring biological strategy for inhibition of gene
expression. It is mediated through small interfering
RNAs (siRNAs), which trigger specific mRNA
degradation. The success of gene therapy is largely
dependent on the development of the gene delivery
vector. Utilizing UCNPs as gene carriers can si-
multaneously realize the gene delivery and its
monitoring. Many studies have implemented this
application of UCNPs. Jiang et al.” reported that
FA and anti-Her2 antibody were successfully con-
jugated with UCNPs for targeted delivery of
siRNA and cell imaging. NaYF,:Yb, Er was also
employed as a carrier for BOBO-3-stained siRNAs

UCNP as a Theranostic Agent for Tumor Imaging and Therapy

delivery.'®” The UCNPs transferred its energy to
the BOBO-3 fluorescent acceptor through fluores-
cence resonance energy transfer (FRET) mecha-
nism. Release of siRNA in cells gradually persisted
for 24 h via intracellular FRET analysis. Recently,
Jaya Kumar and co-workers developed a novel
method to encapsulate photocaged DNA /siRNA
molecules into the porous silica shell of the mesopor-
oussilica-coated NaYF:Yb/Tm UCNPs for remotely
controlling gene expression.'*® The nanostructures
not only increased the payload capacity, but also
improved biocompatibility, offered a more efficient
loading and delivery of the DNA/siRNA. Under
NIR excitation, these photocaged plasmid DNA or
siRNA could be activated by the UV light emitted
from UCNPs and then induce expression or down-
regulation of the specific gene. The utilization of
UCNPs co improved the depth of light penetration
and the efficiency of the therapy.

6. Toxicity of UCNPs

The in vitro cytotoxicity and long-term living tox-
icity of UCNPs have been investigated by many
researchers. In the process, MTS, MTT, CCK-8 and
mitochondrial metabolic activity assays'?’ were
used. The results show that the fabricated UCNPs
had a low cytotoxicity in the employed incubation
time and drug concentration. The long-term living
toxicity of UCNPs has also been evaluated by sev-
eral proposed methods, such as the serum bio-
chemistry assays, body weight measurement,
histology and hematology analysis, behavior obser-
vation, and so on. Jalil and Zhang'*” has controlled
the dose of silica-coated NaYF,:Yb,Er nano-
particles at 10 mg kg~! in body of rats and no toxic
effect was observed via body weight measurement.
Through behavior observation, another group!'*!
reported that mice, which were injected NaGdFy:
Yb,Er,Tm nanoparticles, did not show abnormal
behavior and could survive for more than one
month.

Although all the experiments have shown a low
toxicity in biomedical application, it is agreed by
researches that further studies on toxicity of
UCNPs are still necessary. More detailed investi-
gation about the biomedical security should be
conducted in the future work, especially on the long-
term organ toxicity.
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7. Challenges and Future Opportunities
of UCNPs in Tumor Application

In clinical procedure, theranostic agent is consu-
mingly required. The unique character and advan-
tages of UCNPs could not only greatly benefit the
biomedical application but also showed encouraged
results in PDT, PTT and chemotherapy applica-
tion. As a promising theranositc agent, UCNP can
work as efficient drug nanocarrier and sensitive
optical indicator. In the future, UCNP would be
well developed and their bio-application would be
greatly improved. We believe that some important
details in synthesis utility of the promising nano-
particles should be concerned in current. They can
be concluded as below:

(1) To obtain the ultra-small, surface-hydrophilic
and biocompatible high efficient UCNPs, ex-
ploring new synthetic method and surface-
modification process is still necessary. Uni-
forming growth rate of the crystal and reducing
the crystal defects of UCNP are also important.

(2) The surface ligand of UCNPs is important for
the biological stability and the UCL efficiency.
The coordination ability, reaction activity, and
stability of UCNPs all refer to the surface
properties including zeta potential, functional
groups and so on. Hence, further exploration of
the surface chemistry of UCNPs is demanded.

(3) For high contrast imaging, a multifunctional
nanoprobe should have the optimized radioac-
tive, magnetic and optical properties. Although
researchers have obtained some successful
results, multimodal imaging based on multi-
functional UCNPs, especially the targeting
UCNPs, still need to be developed.

(4) Combining UCNP-based PDT or PTT with the
guidance of UCL-based imaging has a great
perspective to achieve more effective therapeu-
tic effect in vitro and in vivo. But more efficient
imaging-guided therapy which integrates drug
delivery monitoring, tumor localization, optical
therapy and treatment effect monitoring in a
UCNP nanoplatform still need to be further
investigated.

(5) Although a low cytotoxicity of the UCNPs has
been demonstrated, further nanotoxicology
and pharmacokinetics studies, including the
dynamics of drug absorption, distribution,

metabolism, elimation to the UCNPs with dif-
ferent shapes, sizes and surface coatings should
be carefully confirmed.

8. Conclusions

In this review, we have described the recent devel-
opments of UCNPs in the design, synthesis and
application in bioimaging and therapy. UCNPs
have been recognized as a technological marvel with
excellent optical properties including non-
photobleaching, nonblinking, low-toxicity, no
autofluorescence interference and deep tissue pene-
tration synthesis and application. As an effective
tumor imaging and therapy nanoagent, it gives a
promising future for biomedical application.
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