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Lanthanide-doped upconversion

Recent advances in the synthesis and application
of Yb-based fluoride upconversion nanoparticles

Bing Chen @ 2P and Feng Wang (@ *?

nanoparticles are undergoing extensive investigations in many fields,

particularly in biophotonics and photophysics. In an attempt to boost upconversion emission intensities,
Yb-based fluoride crystals have been recently identified as more efficient alternatives to classical NaYF4
crystals. Yb-Based fluoride crystals featuring a maximal occupancy of the host lattice by Yb®* sensitizers
facilitate the utilization of excitation light and promote energy transfer to upconverting activators, which
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1. Introduction

With advances in theoretical and experimental studies over the
past few decades, the process of photon upconversion has
attracted increasing attention in diverse fields ranging from
biomedical science to information technology.” It is well
accepted that rare earth fluorides (e.g., NaYF,) are the most
suitable host materials for upconversion. The low phonon
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contributes to a significant enhancement of upconversion luminescence. In this article, we present a
survey of recent studies on chemical preparations of Yb-based fluoride nanoparticles with well-defined
size and morphology. We show that these Yb-based upconversion nanoparticles are playing important
roles in a few emerging applications such as optogenetics, biodetection and upconversion lasing.

energy and high chemical stability of these materials give rise
to a greatly reduced multiphonon relaxation rate and mini-
mized non-radiative losses for lanthanide emitters (i.e., Er*,
Tm®" and Ho®"). In most cases, Yb*" ions are co-doped into
the hosts as sensitizers to increase the absorption cross-
section in the near-infrared (NIR) at 980 nm.*'* Generally, the
doping concentration of Yb®" sensitizers is stringently kept at
a low level to reduce harmful cross-relaxation and energy
migration. For example, NaYF,:Yb/Er (18/2 mol%) and NaYF,:
Yb/Tm (19/1 mol%) has been identified as the optimal compo-
sition in bulk crystals for producing green and blue upconver-
sion emissions.’> These classical formulas were also widely
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employed in the construction of upconversion nanoparticles
(UCNPs) over the past decade."®™°

The remarkable advantages of upconversion include a large
anti-Stokes shift, sharp emission bandwidth and long excited-
state lifetime.>""** However, widespread applications of UCNPs
have encountered difficulties due to limited emission intensi-
ties. The relatively low content of Yb*" sensitizers in conven-
tional UCNPs typically results in a large transmission loss of
incident light and thus ineffective excitation processes.”* Some
physical and chemical approaches such as excitation regu-
lation and dye sensitization have been applied to improve the
upconversion emission intensity.>*”>” However, these methods
either suffer from a complex experimental setup or poor stabi-
lity associated with organic components, which impose new
constraints in practical applications.

Spectroscopic investigations on UCNPs have revealed that
quenching processes associated with energy migration in Yb**
ions can be largely minimized by leveraging the size and struc-
ture features of nanocrystalline hosts. Consequently, Yb-based
hosts have been widely employed to construct UCNPs for maxi-
mizing the emission intensity in recent years.*® Yb-Based
UCNPs provide maximal concentrations of Yb>" sensitizers in
the host lattice, which elevates the absorption cross-section of
the nanoparticles and promotes the utilization of excitation
light. Given that the energy trapping by quenching centres is
minimized, the Yb-based host lattice also offers accelerated
energy transfer to activators due to a reduced ionic distance.
As a result of the efficient excitation processes, Yb-based hosts
could provide considerably enhanced multiphoton upconver-
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sion compared to the corresponding yttrium-based materials
comprising a relatively low concentration of Yb** dopants.

In this review, we survey recent progress in the development
of Yb-based fluoride UCNPs. We summarize various types of
host materials being investigated and discuss protocols for the
controlled synthesis of the nanoparticles. We also attempt to
highlight emerging technological applications enabled by
these Yb-based UCNPs.

2. Chemical synthesis

The crystalline structure of the host lattice determines the
coordination environment of the dopant ions such as site sym-
metry and interionic distance. These parameters largely
dictate intra-particle energy transfer and thus the photon
upconversion processes. To date, a series of Yb-based UCNPs
such as LiYbF,, BaYbFs, KYb,F, and NaYbF, with distinct crys-
talline phases have been constructed and examined for upcon-
version (Fig. 1).>°7* By using the as-synthesized nanoparticles
as building blocks, a diversity of heterogeneous nanostructures
have also been fabricated that provide added control over the
properties and functionality of the UCNPs.

2.1. Controlled synthesis of homogeneous nanoparticles

The synthesis of Yb-based UCNPs is generally adapted from
the protocols developed for the preparation of NaYF, or
NaGdF, nanoparticles with minor modifications.>® The most
successful routes are the thermal decomposition of metal-tri-
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Fig. 1 An overview of common Yb-based fluoride hosts in the literature, which include LiYbF4, BaYbFs, KYb,F;, a-NaYbF,4 and -NaYbF,4. Top panel:
Crystalline structures of the fluoride hosts. Bottom panel: Typical TEM images of the corresponding nanoparticles. Reprinted with permission from
ref. 29-31, 33 and 34. Copyright 2017 the Royal Society of Chemistry, 2012 WILEY-VCH Verlag GmbH & Co., 2014 Springer Nature, 2018 the Royal

Society of Chemistry, and 2019 American Chemical Society, respectively.
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fluoroacetates and precipitation of metal-oleate by fluoride in
organic solvents.>®3” By rational control over the synthetic
parameters such as metal precursors, solvent composition,
reaction time and temperature, uniform nanoparticles with
tunable size can be readily prepared. For example,
regular LiYbF, nanoparticles were previously synthesized by
the coprecipitation reaction in a mixture solvent comprising
trioctylamine (TOA) and oleic acid (OA),** while BaYbF5 nano-
particles were synthesized in a sole solvent of OA.*’ The
synthesis of KYb,F; nanoparticles employed a mixed
potassium precursor containing KOH and KF.** Cubic phase
NaYbF, («-NaYbF,) nanoparticles can be obtained in a hot-
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injection technique using lanthanide trifluoroacetate
precursors.>°

Among various Yb-based fluoride host materials, hexagonal
phase NaYbF, (B-NaYbF,) draws the most attention. p-NaYbF,
is isostructural with classical p-NaYF,, which is beneficial for
energy transfer upconversion processes.’® However, f-NaYbF,
tends to grow into relatively large crystals (>100 nm) under
typical conditions for synthesizing other types of UCNPs. To
this end, several specialized techniques have been developed
to control the formation of f-NaYbF, nanoparticles, which can
be summarised as dopant control, template control, precursor
control, ligand control and temperature control (Fig. 2).
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Fig. 2 The general synthetic strategies for preparing small f-NaYbF4 nanoparticles with tunable size. Top panels: Illustrations of five representative
strategies. Middle panels: Typical TEM images of p-NaYbF, nanoparticles with tunable size obtained by the corresponding strategies. Bottom panels:
Size distributions showing the tunability of the corresponding strategies. (a) The dopant control strategy involving the incorporation of additional
lanthanide ions (typically Gd**) into the host. Nanoparticle size is regulated by control of doping concentration. (b) The template control strategy
involving the use of seed nanoparticles as the template (typically NaYF,) for the direct epitaxial growth of p-NaYbF,4. The final size of the nano-
particles is determined by the seed size and the shell thickness (t). (c) The precursor control strategy regulating nanoparticle size by changing the
F/YDb ratio in the starting materials. (d) The ligand control strategy for controlling nanoparticle formation by an elaborate selection of surfactant or
chelating agents (i.e., OM) in the synthesis. (e) The temperature control strategy for controlling nanoparticle size by regulating nucleation and crystal
growth processes at different reaction temperatures. Reprinted with permission from ref. 28, 29, 40 and 45. Copyright 2014 American Chemical
Society, 2016 Springer Nature, 2017 the Royal Society of Chemistry, and 2019 American Chemical Society, respectively.
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Lanthanide impurity (e.g., Gd*") doping was earlier reported
as an effective solution for reducing the size of B-NaYF,
UCNPs.* First-principles calculations revealed that the influ-
ence of lanthanide doping on nanocrystal size arises from the
modification of surface charge density due to a large dipole
polarizability of the substitutional dopants.>® Following this
guidance, Prasad and co-workers designed a Gd*" doping
approach to synthesize f-NaYbF,:Tm>" (0.5 mol%) UCNPs with
tunable size (Fig. 2a)."® They found that the substitution of
Gd*" (10 mol%) for Yb** yielded large p-NaYbF, nanoparticles
with an average diameter of 100 nm. Gradually increasing the
Gd*" doping concentration from 20 to 50 mol% led to a con-
tinuous size decrease from 40 nm to 12 nm. Density functional
theory (DFT) calculations confirmed that the Gd** dopants
modulate the crystal growth by slowing down the diffusion of
F~ ions to the nanocrystal surface due to increased surface
charge repulsion.>® Although the strategy of dopant control
gives a convenient and wide control over the $-NaYbF, nano-
particle size (from 12 nm to 100 nm), the excessive introduc-
tion of Gd** impurities inevitably dilutes the f-NaYbF, lattice
and thus compromises upconversion emissions.

To avoid the unnecessary inclusion of impurities, efforts
have been made to grow p-NaYbF, nanoparticles on preformed
B-NaYF, nanoparticles (Fig. 2b).*® One distinct advantage of
the seeded growth is that the nanoparticle size (or shell thick-
ness) can be precisely controlled by adjusting the mass ratio of
shell and core components.’’ In a representative example, our
group succeeded in growing uniform (-NaYbF, layers with
tunable thickness from 1 to 17 nm on 26 nm NaYF, nano-
particles by simply controlling the concentration of NaYbF,
precursors.”® However, the seeded growth typically involves
tedious preparation steps for the deposition of multi-layered
structures. Moreover, the range of nanoparticle sizes that can
be accessed by this method is limited by the seed nano-
particles. The use of ultra-small seed nanoparticles in this type
of synthesis may not be viable due to possible element
diffusion across the core/shell interface.****

In an attempt to directly synthesize small p-NaYbF, UCNPs
without the need of other rare earth elements, Huang and co-
workers reported a precursor control route to synthesize small
B-NaYbF, UCNPs by continuously changing the experimental
variable of F~ to Yb®" ratio (Fig. 2¢).*® They found that a stoi-
chiometric ratio of F~ to Yb** (4: 1) yielded uniform p-NaYbF,
nanoparticles of 27 nm. As the ratio of F~ to Yb®" increased
from 6:1 to 11:1, the size of the resulting f-NaYbF, nano-
particles gradually decreased from 15 nm to 9 nm. However, a
further increase in the F~/Yb®" ratio to 17 : 1 would somewhat
reversely increase the nanoparticle size back to 15 nm.
Although this precursor control method demonstrates an easy
way to tune the size of p-NaYbF, nanoparticles, the range of
size tunability is narrow and the underlying mechanism is not
very clear.

Recently, our group demonstrated a quick and facile
approach for preparing small B-NaYbF, nanoparticles by
control of the ligand composition and reaction temperature
(Fig. 2d and e).*® Our approach involves a quick injection of
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metal-oleate precursors and ammonium fluoride (NH,F) into a
ternary solvent mixture of OA, 1-octadecene (ODE) and oleyl-
amine (OM) at 310 °C. The introduction of OM ligands is
identified to regulate phase transformation from intermediate
a-NaYbF, to the final products of p-NaYbF, nanoparticles.
Following this protocol, the size of B-NaYbF, nanoparticles
could be accurately tuned from 44 nm to 15 nm along with a
gradual increase of OM concentration (Fig. 2d). This OM-
mediated synthesis was also demonstrated for the preparation
of LiYbF, nanoparticles by Vetrone and co-workers,*® who
tuned the size of LiYbF, nanoparticles down to 5 nm by chan-
ging the ratio between the coordinating ligands of OA and OM.

We further noted that the existence of OM tremendously
reduced the temperature needed for phase transformation
from a-NaYbF, to B-NaYbF,. Thus, along with a reduction in
reaction temperature to 180 °C, the nanoparticle size was
further tuned to as small as 7 nm (Fig. 2e).>° Although these
findings imply a flexible technique for low-temperature and
large-scale synthesis of small-sized f-NaYbF, UCNPs, the low
crystallinity degree of these nanoparticles prepared under low-
temperature would inevitably compromise upconversion
performance.

2.2. Synthesis and assembly of heterogeneous
nanostructures

Yb-Based homogeneous UCNPs show limited utility due to
their weak emission and incompatibility with most appli-
cations. Therefore, surface modification is typically applied to
these UCNPs for enhancing the emission intensity and func-
tionality. In addition, the UCNPs are often integrated with
other types of nanomaterials to acquire new opportunities for
upconversion modulation.

The large specific surface area of small UCNPs generally
leads to severe surface-related quenching processes. Surface
quenching is particularly significant in Yb-based UCNPs,
because the excitation energy of the interior ions can be
readily transferred to the surface by energy migration through
the Yb sublattice.*”*® In this regard, an inert and uniform pro-
tection shell is essential to isolate the upconversion core from
surface quenching centres (Fig. 3a).*°

The criteria for the selection of protection shell materials
include high optical inertness and small lattice mismatch. A
Y-based shell is commonly used in the protection of upconver-
sion cores. For example, we previously prepared a series of
f-NaYF,@NaYbF,@NaYF, core-shell-shell UCNPs using a
layer-by-layer growth method.*®*° Due to a large difference in
atomic numbers between Yb (Z = 70) and Y (Z = 39), contrasts
between the constituent layers of the core-shell-shell structure
can be clearly seen under high-angle annular dark-field
(HAADF) scanning TEM (Fig. 3b). Except for NaYF,, NaLuF,
shells are also frequently used for the epitaxial coating of
NaYbF, cores. NaLuF, displaying a very close lattice parameter
and similar growth behaviours to NaYbF, can form uniform
and thick coating layers on NaYbF, UCNPs.”’ We recently
examined the effect of NaLuF, shell thickness on the upcon-
version emission intensity of -NaYbF:Er (2 mol%)@NaLuF,
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2D nanomaterials assemble with
UCNPs and serve as fluorescence

Integrating plasmonic NPs to
UCNPs using a silica spacer of
controllable thickness offers
selective upconversion
enhancement and colour tunability.

quenchers in FRET assays due to
their large specific surface area and
strong optical absorption.

Fig. 3 Strategies of synthesizing and assembling heterogeneous nanostructures. (a) A core—shell structure isolates the dopant ions with the sur-
roundings. (b) HAADF-STEM image of p-NaYF;@NaYbF4:Ho (1 mol%)@NaYF, core—shell-shell nanoparticles showing the contrasts between the
constituent layers. (c) The design of mSiO, coating for coupling functional molecules to the UCNPs. (d) TEM image of typical f-NaGdF,:Yb/Er/
Ca@NaYbF,:Ca@NaNdF,:Gd/Ca @mSiO, nanoparticles. (e) The schematic of using silica shell as a spacer for coupling metal nanoparticles to the
UCNPs. (f) TEM image of p-NaYbF,:Tm (1 mol%)@SiO; (3.0 nm)@In nanocomposites. (g) The design of 2D layered nanomaterials for constructing FRET
systems. (h) TEM image of MnO,-modified a-NaYbF4:Tm (1 mol%)@CaF, nanocomposites. Reprinted with permission from ref. 30, 49, 57 and 81.
Copyright 2016 and 2018 American Chemical Society, 2019 WILEY-VCH Verlag GmbH & Co., and 2018 the Royal Society of Chemistry, respectively.

core-shell nanoparticles. The results showed that a thick shell
is typically needed to provide an effective protection of the
core nanoparticles against surface quenching. In our study,
the maximum enhancement of core emission by over 700-fold
was achieved at a shell thickness of 10 nm.>”

The other feature of the core-shell design is that the shell
layer can be incorporated with active lanthanide ions for
tuning the upconversion luminescence. A typical example is
doping Nd** sensitizers in the shell layer to expand the exci-
tation spectrum. The high content of Yb*" in the core ensures
the effective capture of Nd** energy at the core/shell interface,
leading to efficient upconversion processes by excitation at
multiple wavelengths such as 798, 808 and 868 nm.’° As an
added benefit of the core/shell design, Nd*" sensitizers and
activators (e.g., Er*", Tm®" and Ho>") are separated in different
layers and their direct interactions are thus avoided, which
would otherwise cause significant quenching of excitation
energy.’>">?

To facilitate the technological applications of Yb-based
UCNPs, a mesoporous silica (mSiO,) coating was developed to
impart hydrophilicity, biocompatibility and surface functional-
ity (e.g., -COOH, -NH,, -SH) to the nanoparticles.>® Moreover,
mSiO, provides the possibilities of incorporating various mole-
cules into the microchannels of silica shells by physical
adsorption or chemical grafting (Fig. 3c). Based on the nano-
composites of UCNPs and mSiO,, many NIR-triggered photo-
dynamic therapy (PDT) agents were designed.”*>® For

This journal is © the Partner Organisations 2020

example, Yang and co-workers constructed a multi-layered
B-NaGdF,:Yb/Er@ NaYbF,@NaNdF,@mSiO,-PEG-RB nano-
composite for PDT (Fig. 3d).%’

The UCNP@mSiO, design is versatile for loading various
kinds of therapeutic agents. In addition to photosensitizers,
chemotherapy drugs have also been successfully installed in
the nanocomposites.’®>® For example, an NIR light-triggered
anticancer drug release system was developed by Shi and co-
workers, who integrated NaYF,:Yb/Tm@NaYF,@mSiO,, doxo-
rubicin (Dox) and photo-responsive azobenzene (azo) mole-
cules together in single nanohybrids.®® The important advan-
tages of the NIR-activated UCNP@mSiO, nanocomposites as
the light transducer and drug carrier are that they afford NIR
imaging with great penetration depths in biological tissues. In
the meantime, they allow for selective uptake, accumulation
and operation in biological samples.®"**

Metal nanoparticles such as Au and Ag are another type of
commonly used constituent for constructing heterogeneous
UCNPs. Metal nanoparticles can concentrate incident light
and increase the excitation flux via a local electromagnetic
field enhancement induced by surface plasmon resonance
(SPR).®*** The near field effect also promotes radiative decay
rates in UCNPs, thereby contributing to improved lumine-
scence quantum yields.®*"°® However, quenching predomi-
nantly occurs if the UCNPs are brought into too close proxi-
mity of the metal surface due to the harmful Forster resonance
energy transfer (FRET) effect.®””* Numerous experiments have

Inorg. Chem. Front., 2020, 7, 1067-1081 | 1071
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shown that the enhancement of upconversion emission was
maximized at a critical distance. In this regard, silica shells are
typically employed as interlayers for tuning the distance
between UCNPs and metallic nanostructures (Fig. 3e).”” Silica
displaying high optical transparency can form uniform shells
on UCNPs with precisely controlled thickness from 2 to
100 nm.”® Furthermore, silanol groups on the outer surface
allow for the easy conjugation of metal nanoparticles through
well-established silica surface chemistry.”””®

Although extensive investigations have been devoted to
developing SPR enhanced upconversion, the resonance peaks
of Au or Ag nanoparticles are typically in the long-wavelength
region due to their intrinsic electronic configurations.
Therefore, emission enhancement is typically observed for the
green and red transitions.®®”*®® To expand the range of SPR
enhancement, Huang and co-workers recently developed a
novel indium (In) structure to selectively enhance the blue
upconversion emission in f-NaYbF,:Tm UCNPs (Fig. 3f).*' The
f-NaYbF,:Tm@SiO,@In nanocomposites showed an almost
10-fold enhancement of upconversion luminescence at
450 nm upon 980 nm laser excitation, at an optimal working
distance of 3 nm between the In nanoparticles and UCNPs.

Two-dimensional (2D) graphene and graphene-like nano-
materials such as graphene oxide (GO), layered transition
metal dioxides (e.g., MnO,) and transition metal disulphides
(e.g., MoS,) have attracted considerable attention as scaffolds for
the assembly of UCNPs (Fig. 3g).**®* Due to their large specific
surface area and strong optical absorption, these 2D nano-
materials have been employed as fluorescence quenchers of
UCNPs for FRET assays.®® The FRET systems are usually con-
structed by integrating bio-functionalised UCNPs to 2D
nanosheets through physical interactions. Biomolecules like oligo-
deoxynucleotides (ODNs) and peptides can be physically adsorbed
onto 2D nanosheets through n-n stacking interaction.*>® The
interaction is significantly weakened when the ODNs form stable
deoxyribonucleic acid (DNA) duplexes with target ODNs, which
results in the disassembly of UCNP-2D materials and thus
changes the optical properties of the FRET system.

It was also reported that some 2D nanomaterials such as
MnO, nanosheets can be directly grown on UCNPs.*® In 2018,
we developed a facile method to couple MnO, nanosheets to
core-satellite o-NaYbF,@CaF, UCNPs (Fig. 3h).*® The UCNPs
were firstly modified with cetyl trimethylammonium bromide
(CTAB), which served as a surfactant for surface functionali-
zation. Then the CTAB-modified a-NaYbF,:Tm@CaF, core-satel-
lite UCNPs were used for the direct growth of MnO, nanosheets
via electrostatic interactions. This surface modification method
is expected to develop hybrids containing other types of 2D
nanomaterials such as Ni(OH), and MoS, nanosheets.***°

3. Technological applications

The success in wet chemistry synthesis of Yb-based UCNPs
with tunable size, morphology and hierarchical structure has
largely enhanced the capability of upconversion. Owing to
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expanded optical tunability and improved emission perform-
ance, these Yb-based UCNPs offer exciting opportunities for
emerging applications in the fields of biomedical science and
photonics.

3.1. Biosensing

NIR excitation light induces negligible background fluo-
rescence in biological samples. Biosensors incorporating
UCNPs are thus rapidly emerging as outstanding candidates to
rival traditional downshifting optical materials.”’®® In many
cases, however, the limit of detection (LOD) in UCNP-based
sensors is constrained by unsatisfactory energy transfer per-
formance, due to overlong separation or weak coupling
between UCNPs and the reporters. In addition, conventional
UCNPs such as NaYF,:Yb/Er(Tm) with dominant green or blue
emission become invalid when the analytes or the reporters in
FRET systems prominently responded to ultraviolet (UV) light.

Yb-Based UCNPs typically feature strong multiphoton
upconversion emission in the short-wavelength range and thus
provide valuable additions to the toolbox of FRET sensors. We
recently developed a biosensing platform by combining
a-NaYbF,:Tm (1 mol%)@CaF, core-satellite nanoparticles
with MnO, nanosheets.*® MnO, served as acceptors to quench
UV emission from the UCNPs. The nanohybrids show recov-
ered UV emissions upon the addition of glutathione (GSH),
which efficiently degrades MnO, into soluble Mn>' ions
(Fig. 4a). This GSH probe with a LOD of 0.68 pM was proved to
be superior to that composed of conventional B-NaYF,:Yb/
Tm@NaYF, core-shell UCNPs.*?

Except for these Tm>" activated UCNPs, strong UV emission
was also achieved in Er’*-activated KYb,F, nanoparticles. The
Yb-based host concentrates excitation energy that favours the

(a) Ligand-free CTAB-captured MnO,-coated
UCNP UCNP UCNP

NIRex Strong em NIR ex Weak'em

4
Ny
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Fig. 4 Yb-Based UCNPs for biosensing. (a) Schematic design of surface
modification and GSH detection by using the a-NaYbF,:Tm (1 mol%)
@CaF, core—satellite UCNPs. (b) Schematic design for screening the
activity of alkaline phosphatase by using the KYb,F; UCNPs. Reprinted
with permission from ref. 30 and 33. Copyright 2018 the Royal Society
of Chemistry and 2014 Springer Nature, respectively.
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population of the *Hy), state of Er*" ions. Accordingly, a plat-
form for enzyme sensing was developed by Liu and co-workers
using fluorescent 4-nitrophenolate as the reporter, the absorp-
tion band of which fits well with the UV emission of Er*" ions
at around 400 nm.** The FRET sensor allows for screening
alkaline phosphatases that catalyse the formation of 4-nitro-
phenolate (Fig. 4b). Alkaline phosphatases were commonly
used to diagnose bone and hepatic diseases. The well-matched
spectral overlap and reduced background fluorescence of Er**-
activated KYb,F, UCNPs result in the detection of enzyme con-
centration down to 1 x 107> U mg ™.

3.2. Upconversion imaging and synergetic imaging

Bioimaging is of great significance in the study of pathological
mechanism and clinical diagnosis of disease. Imaging tech-
niques such as ultrasound imaging, magnetic resonance
imaging, photoacoustic imaging, X-ray imaging and fluo-
rescence imaging have been developed to visualize the struc-
tures of biological samples, analyte compositions and con-
tents.”® As a branch of fluorescence imaging, the upconversion
imaging technique that uses NIR light as the excitation source
offers deep penetration and weak autofluorescence for visualiz-
ing morphological details of sample species at the levels from
living cells to small animals.®*™°

Recent investigations suggested that NaYbF, UCNPs were
more suitable than conventional NaYF, or NaGdF, for in vitro
and in vivo bioimaging, due to their higher upconversion emis-
sion intensity at low excitation powers. In a representative
example, Han and co-workers reported in vivo bioimaging
using a-NaYbF,;Tm (0.5 mol%)@CaF, core-shell UCNPs.””
High-contrast imaging of deep tissues from the background
was demonstrated by detecting the upconversion signal at
800 nm through the unshaved skin of a mouse (Fig. 5a). In a
subsequent study, Damasco et al. further improved the ability
for high contrast in vivo imaging by using phospholipid-poly-
ethylene glycol (DSPE-PEG)-coated -NaYbF, Tm@NaYF, core-
shell UCNPs.*

Under 980 nm excitation, Er’*"-activated UCNPs usually
show both upconversion (550 nm and 660 nm) and downshift-
ing (~1550 nm) emissions, which could be utilized for syner-
getic downshifting NIR-II imaging.’® NIR-II imaging
(1000-1700 nm) affords high spatial resolution and deep-tissue
penetration due to large Stokes shift and low scattering. Recently,
Dai and co-workers developed a class of p-NaYbF,:Er/Ce
(2/2 mol%)@NaYF, core-shell nanoparticles for in vivo
imaging.”® These nanoparticles enabled fast in vivo imaging of
blood vasculature in the mouse brain with a short exposure time
in the NIR-II window (Fig. 5b). Such synergetic multi-mode
imaging holds great promise in real-time monitoring and visual-
ization of cerebrovascular abnormalities toward the diagnosis
and therapy of the cerebral diseases.

Upconversion imaging with synergetic X-ray computed tom-
ography (CT) in the recent decade emerged as a high-resolu-
tion and multi-dimensional imaging technique. Yb-Based
UCNPs such as NaYbF, and BaYbFs UCNPs are appealing for
these applications owing to the higher X-ray absorption coeffi-
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Fig. 5 Yb-Based UCNPs for upconversion imaging and synergetic
imaging. (a) Whole-animal upconversion imaging of a BALB/c mouse
injected with a-NaYbF4:Tm>* (0.5 mol%)@CaF, core—shell nanoparticles
(excitation at 975 nm; emission at 800 nm). Top panel: Bright-field
image; middle panel: upconversion image; bottom panel: merged
image. (b) Synergetic downshifting NIR-Il imaging of a C57Bl/6 mouse
with hair shaved off. Top panel: Colour photograph; middle panel: cer-
ebral vascular image; bottom panel: principal component analysis
showing venous vessels (blue) and arterial vessels (red) (excitation at
980 nm; emission at 1550 nm). (c) In vivo CT coronal view images of a
rat after intravenous injection of PEG-modified ﬁ-NaYbF4:Er3+ nano-
particles. Top panel: Heart and liver CT imaging; middle panel: spleen
and kidney CT imaging; bottom panel: the corresponding 3D rendering
of the in vivo CT image. Reprinted with permission from ref. 97, 99 and
102. Copyright 2012 American Chemical Society, 2017 Springer Nature,
2012 WILEY-VCH Verlag GmbH & Co., respectively.

cient of Yb than that of clinically used iobitridol (Yb: 3.88 cm?>
¢~! vs. iobitridol 1.94 cm® ¢™" at 100 keV).'°>'®" Lu and co-
workers developed a f-NaYbF,-based nanoparticulate CT con-
trast agent in 2012."°% In their trial, a solution of PEG functio-
nalized B-NaYbF, UCNPs was intravenously administered to a
rat. The distribution of UCNPs was subsequently tracked by
using an X-ray CT imaging system. A clear enhancement of the
signal of the heart, liver, spleen and kidney was observed
within 20 min (Fig. 5c). Particularly, the long-lasting liver-
signal enhancement has great potential to improve the detec-
tion of the hepatic metastases.

3.3. Upconversion optogenetics

Optogenetics involves the use of light to control light-sensitive
ion channels in neurons. A commonly used light-gated ion
channel protein is channelrhodopsin-2 (ChR2), which is acti-
vated by visible light in the blue range (~470 nm). The stimu-
lation of ChR2 results in the opening of ion pores on the cellu-
lar membrane, which leads to the selective penetration of Na*
and Ca®" into the cytoplasm corresponding to a firing of
neuronal impulse.'*>'%* However, direct visible light excitation
or fibre-guided insertion excitation will lead to either low
stimulation efficiency or high tissue damage (Fig. 6a). As an
alternative, upconversion-guided optogenetics, which uses
UCNPs as the light transducer to transform highly penetrating
NIR light into visible light in situ, is feasible for the manipu-
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Fig. 6 Yb-Based UCNPs for applications in optogenetics. (a) Methods
of sending light to deep-lying neurons in a mouse brain, including non-
contact blue excitation, blue excitation through a surgically implanted
optical fibre and noncontact NIR excitation through the use of UCNPs.
(b) Schematic representation of optogenetic activation of neuronal sig-
nalling using p-NaYbF4:Tm (0.5 mol%)@NaYF, core—shell UCNPs under
980 nm excitation. (c) In vivo neural stimulation using f-NaYF;@NaYbF,:
Er (2 mol%)@NaYF, core—shell-shell UCNPs. Top panel: Schematics of
NIR-optogenetic inhibition and extracellular recording in the brains of
anesthetized animals; bottom panel: representative recordings of
spiking activities in eNpHR neurons in response to excitation pulses of a
980 nm laser. Reprinted with permission from ref. 106—-108. Copyright
2019 WILEY-VCH Verlag GmbH & Co., 2017 and 2018 American
Chemical Society, respectively.

lation of neural tissues in a highly efficient and non-invasive
manner.'*>*

In a recent demonstration, Prasad and co-workers demon-
strated the activation of the ChR2 channel for Ca®>" and Na*
import by employing blue-emitting -NaYbF,:Tm (0.5 mol%)
@NaYF, UCNPs as the nanotransducers.'”” The p-NaYbF,:Tm
(0.5 mol%)@NaYF, UCNPs were determined to be about six
times brighter than conventional NaYF,Yb* /Tm*" (30/
0.5 mol%)@NaYF, UCNPs, thereby enabling the efficient acti-
vation of optogenetic proteins by 980 nm excitation at a low
power density of ~5 W ¢cm™ (Fig. 6b). The study of optoge-
netics is expected to decode the complex organization of brain
towards the design of novel therapeutics for the treatment of
neurological disorders at the cellular level.

UCNP-based light transducers also allow for remote and
in vivo neural inhibition. Shi and co-workers recently reported
that the neural activities can be significantly inhibited and
recovered by manipulating an implanted device containing
highly emissive p-NaYF,@NaYbFiEr’™ (2 mol%)@NaYF,
UCNPs with 980 nm excitation at a power density of 0.6 W
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em™> (Fig. 6c)."°® By using the UCNP-based optogenetics
device, fibre optics tethered to an animal’s head is no longer
needed, which is beneficial for chronic applications on freely
moving animals.

3.4. Photoactivation

The concept of photoactivation derives from photosynthesis in
which solar energy is absorbed by chlorophyll. Photoactivation
is an effective approach in physics and biomedicine for
photon conversion and manipulating the functions of bio-
molecules. For example, the f-NaGdF,:Yb/Er@NaYbF,@
NaNdF,@mSiO,-PEG-RB nanocomposite emitted green light
under the exposure of 808 nm irradiation, which activated the
photosensitizer (RB) to produce reactive oxygen species (ROS)
for killing cancer cells.”” In another illustration, the blue-emit-
ting UCNP@mSiO,-Dox-azo nanohybrids triggered continuous
wagging motions of the azobenzene molecules linked in the
mesopore channels upon 980 nm laser irradiation, which pro-
pelled the release of anticancer drugs.®® Notably, most photo-
active receptors such as phytochromes show absorption
maximum in the UV region. The photoactivation of these
receptors is rather inefficient by conventional NaYF,-based
UCNPs with dominant emission in the visible region.'*®"""

To improve photoactivation efficiencies, Chen and co-
workers developed a class of LiYbF,;:Tm (0.5 mol%)@LiYF,
core-shell UCNPs as a versatile light source. The LiYbF,-based
UCNPs show intense UV emission at 362 nm, providing an
efficient activation of a family of perovskite quantum dots
(PeQDs) composed of CsPbX; (X = Cl, Br and I) (Fig. 7a).""?
The photoactivation process is dominated by a radiative energy
transfer, in which upconverted UV light from the UCNPs was

Lanthanide-doped NPs CsPbX, PeQDs

(b)
NPs| Cl=—Br
Mm@ 6 @ ()

Fig. 7 Yb-Based UCNPs for photoactivation. (a) Schematic representa-
tion of the radiative energy transfer upconversion (RETU) processes in
PeQDs through sensitization by LiYbF4Tm®* (0.5 mol%)@LiYF, core—
shell nanoparticles. (b) Photographs of multicolour emission through
bandgap tailoring of PeQDs. Reprinted with permission from ref. 112.
Copyright 2018 Springer Nature.
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re-absorbed by the PeQDs. The tunable emission from the
PeQDs is governed by the bandgap of PeQDs (Fig. 7b). In paral-
lel with the benefits of high UV emission from Tm>"-activated
LiYbF, UCNPs and high UV absorption from PeQDs, this
finding provides a general approach for generating photon
upconversion in PeQDs under low power excitation and opens
up a new avenue for multicolour imaging.

3.5. Upconversion lasing

Lasing in the UV range is highly desired for photonics, physics
and biological applications. Upconversion is an attractive solu-
tion to realizing UV lasing by pumping with sophisticated
long-wavelength lasers. In comparison with harmonic gener-
ations using nonlinear bulk crystals, UCNP-based lasing is
readily obtained and tuned without the need for tight control
of relative humidity, temperature and optical alignment.'*****
Due to the lack of appropriate upconversion gain media,
however, upconversion UV lasers were hardly realized for a
long time in the past."**

To achieve intense UV emission through upconversion, our
group designed a class of p-NaYF,@NaYbF,:Tm/Gd
(1/30 mol%)@NaYF, core-shell-shell UCNPs (Fig. 8a). We
found that the NaYbF, host in the mid-layer promotes popu-
lation in the high-lying excited-state of Tm*®" activators by pro-
viding a high density of excitation energy (Fig. 8b).”® Energy
amassed in Tm®" ions was subsequently transferred to Gd**

(by o —e o o o @

% -
(%) [ ] @ L @ o
® [ 9 [ ] P it

Y* Tm* Yb*  energized energy
Yb**  migration

(c) (d)

P, —°S, (Gd™)

712 T2

}

Intensity
Intensity

300 400 500
Wavelength (nm)

Fig. 8 Yb-Based UCNPs for upconversion lasing. (a) Schematic design
of sandwich-structured p-NaYF,@NaYbF,;Tm**/Gd** (1/30 mol%)
@NaYF, UCNPs. (b) Schematic illustration of energy transfer from Yb>*
to Tm** in the VYb-sublattice. (c) Emission spectrum of the
p-NaYF,@NaYbF,:Tm**/Gd** (1/30 mol%)@NaYF, UCNPs under 980 nm
excitation. (d) Lasing spectra of the micro-resonator containing the
p-NaYF4@NaYbF,Tm**/Gd** (1/30 mol%)@NaYF, UCNPs as gain media
under excitation of 980 nm at different power densities. Insets:
Photographs of the micro-resonator without and with optical excitation. D¢
and D,,, denote diameters of the support fibre and microcavity, respectively.
Reprinted with permission from ref. 28. Copyright 2016 Springer Nature.
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dopants that generated emission at ~310 nm featuring sharp
bandwidth and long lifetime (Fig. 8c). Using these UV-emitting
UCNPs as gain media in a bottle-like microcavity, we obtained
deep UV lasing at 310.5 nm by excitation in the NIR at 980 nm
(Fig. 8d). Notably, this was the first demonstration that the
silica resin microcavity supports upconversion UV lasing emis-
sion through the formation of whispering gallery modes
(WGMs). WGMs refer to circular optical modes in resonators,
in which the closed trajectories of light are supported by total
internal reflections from boundaries of the curved and poly-
gonal transparent dielectric structures, such as a ring, a cylin-
der, a disk or a sphere.'*>™'8

In a further development, Jin and co-workers realized ultra-
violet B (UVB) microlasers with high gain coefficient at
288.6 nm by using LiYbF,:Tm@LiYbF,@LiLuF, UCNPs as the
gain media.""® The inner LiYbF, shell was designed to
enhance the absorption of excitation light and subsequent
energy transfer to Tm®" activators. UVB lasing was also
enabled by the microcavity composed of a UCNP-on-SiO,
microdisk, which maximizes optical output at 288.6 nm by
limiting emissions at longer wavelengths such as
345 and 361 nm. The UCNP-based UV microlasers are
highly reproducible, thereby holding great promise in revolu-
tionizing the fabrication of cost effective and compact deep UV
lasers.

3.6. Anti-counterfeiting

Anti-counterfeiting technologies based on covert luminescent
patterns are widely used in paper currencies, product trade-
marks, identity cards and important certificates.'*>"** UCNPs
are advantageous for anti-counterfeiting applications due to
their high chemical stability as well as great optical tunability.
By appropriate doping, UCNPs can be made to produce multi-
colour emission by single-wavelength excitation or by altera-
tion of excitation conditions, which can be harnessed to
encrypt anti-counterfeiting patterns with a large encoding
capacity.lzzq%

The emission spectra of Yb-based UCNPs typically show
strong dependence on excitation power due to the highly
efficient excitation process, which accelerates the saturation of
upconversion emissions. Therefore, colour codes are easily
achieved in Yb-based UCNPs by the manipulation of excitation
power. For example, we attained a wide tunability of the red-to-
green emission intensity ratio from 0.37 to 5.19 in a Ho*-acti-
vated p-NaYbF, UCNPs by increasing the excitation power from
1.25 to 46.25 W cm ™~ (Fig. 9a).*° By contrast, excitation power
variation in the same range only induces a marginal colour
shift in Yb/Ho-codoped NaYF, UCNPs. In another work, Chen
and co-workers achieved emission colour tuning from green to
red in B-NaYbF,Er (2 mol%)@NaYF, core-shell UCNPs by
increasing the excitation power density from 0.1 to 4.0 W
em2."” The Yb-based UCNPs were used to encrypt security
labels on trademark tags and painting in conjunction with
conventional NaYF,:Yb/Er UCNPs as a reference. A genuine
pattern shows prescribed colour changes by excitation at
varying powers (Fig. 9b).
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Fig. 9 Yb-Based UCNPs for multicolour encoding and anti-counterfeit-
ing. (@) Normalized emission spectra of the pB-NaYFs@NaYbF4;:Ho
(1 mol%)@NaYF; UCNPs under 980 nm excitation at varying power den-
sities. Insets: Luminescence photos of the corresponding samples. (b)
Luminescence image of the anti-counterfeiting pattern composed of
B-NaYbF4:Er (2 mol%)@NaYF, UCNPs under excitation of 980 nm at
different powers. Reprinted with permission from ref. 49 and 127.
Copyright 2016 American Chemical Society and 2019 Tsinghua
University Press and Springer-Verlag GmbH Germany, part of Springer
Nature, respectively.

4. Conclusions

This review has discussed the recent development of Yb-based
fluoride UCNPs. With significant progress made over the past
few years, high-quality Yb-based UCNPs of well-defined size
and structure can be precisely synthesized to produce intense
and tunable emission spanning UV to NIR. Methods for inte-
grating these UCNPs with other types of nanostructured build-
ing blocks are also established. The resulting nanohybrids
have shown great promise in technological applications such
as biological sensing, upconversion lasing and anti-counter-
feiting. To realize the full potential of Yb-based upconversion,
new hosts of diverse compositions and crystal structures
doped with high concentrations of lanthanide activators
should be explored. In addition, detailed energy transfer pro-
cesses, especially back-energy-transfer from upconverting acti-
vators to Yb*" sensitizers, should be carefully studied in order
to further enhance upconversion emissions and to create novel
upconversion properties. The continuous development of Yb-
based UCNPs is expected to push forward the frontiers of
upconversion research in the future.
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