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a  b  s  t  r  a  c  t

Lanthanide-doped  upconversion  nanoparticles  enable  anti-Stokes  emission  via  nonlinear  processes,
where  low-energy  excitation  photons  in  the  near-infrared  window  can  be  upconverted  into  high-energy
emission  ones  in  the  visible  or  ultraviolet  regions.  The  past decade  has  seen  great  success  in  the  high-
quality  synthesis  of  upconversion  nanoparticles  with  controlled  structure,  crystalline  phase,  size, and
shape.  The  unique  capacity  of upconversion  nanocrystals  to  undertake  near-infrared  excitation,  amalga-
mated with  their  excellent  luminescent  characteristics,  such  as massive  anti-Stokes  spectral  shift,  sharp
emission  band,  multicolor  emission,  and  long  luminescence  lifetime,  makes  these  nanomaterials  prime
candidates  for a plethora  of  applications.  Herein,  we  review  the  field  of  upconversion  nanoparticles  from
the  perspectives  of fundamental  luminescence  mechanisms,  new  synthetic  routes,  and  current  practical
ulticolour
uminescence enhancement
pplication

approaches  to tuning  emission  color  and  enhancing  upconversion  efficiency.  In  particular,  we  highlight
the  recent  advances  in utilizing  upconversion  nanocrystals  for bioimaging,  therapy,  biosensing,  neu-
roscience,  super-resolution  imaging,  photoswitching,  and  lasing  applications.  We  also  discuss  the key
challenges  and  issues  that  are  critical  for the  further  implementation  of upconversion  nanoparticles  in
diverse  settings.

© 2019  Elsevier  Ltd. All  rights  reserved.
ontents

Introduction  . . . .  .  . .  .  . .  .  . . .  .  . . .  .  . . .  . . . . .  . . . . . .  .  . .  .  .  . .  .  .  . .  .  .  . . . . .  . .  . .  . . . .  .  . . . . . .  .  . .  . . . . .  .  . . . .  .  . .  . .  . .  . . . .  . . .  . . .  .  . . .  . . . .  .  . . .  . . . .  .  . . . . . . . . . .  . . .  .  .  .  .  . .  .  .  . . . .  . . . .  . .  2
Upconversion  luminescence  of  lanthanide-doped  nanoparticles  . .  .  .  . . . .  .  . .  . . .  . . . . .  . .  .  . .  .  . . .  .  . . .  . .  . . . . . .  . . . . . . .  . . .  . . . .  .  . . . . . .  .  . . .  .  . .  .  . .  . . .  .  . . . . . . . . . .  . .  .  .  2

Mechanism  . . .  . .  .  . . .  .  . . .  .  . .  .  . . .  . . .  .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . . . . . .  . . . . . . .  .  .  . .  .  . .  . . . .  . . . . . .  .  .  . . . . .  .  .  . . .  . . . . .  . . . . . . . . . . . . . .  . . . . .  . .  .  . .  . . . .  .  . . . . .  . .  .  .  . .  . .  .  .  .  . .  . 2
Host, sensitizer,  and  activator  . . .  . . .  .  .  . . .  . . . . . . . . . . . . . . .  . .  .  . . .  .  . . . . . . .  .  . .  . . .  . . .  .  . . . . .  .  . .  . . . .  .  .  . . . . .  .  . . . . . .  .  . . . . . . .  . . . . . . .  .  . .  . . .  .  .  .  . . .  .  . . . . . .  . . .  . . . . .  . . 4

Design and  synthesis  of lanthanide-doped  upconversion  nanoparticles  .  . . .  . . .  .  . . . . .  . . .  . . . . .  . . . . . . . . . . . . . .  .  .  . .  .  . . .  .  . . .  . . . . .  .  .  .  .  .  .  . . . . . . . . . .  . .  .  . .  .  . . . .  .  . .  4
Hydro(solvo)thermal  synthesis  . .  . . .  . . . .  . . .  .  .  . .  . . . . . . . . . . .  . . . .  . . . . . . . . . . . .  . . . . . . .  . . . . . . .  . . . . .  . . .  . . . .  . . .  . .  . . .  . .  .  . . .  . . . .  .  . .  .  .  . . . .  . . . . . .  . . .  .  .  .  .  . . .  .  . .  .  . . 4

Coprecipitation  .  . . .  .  . . .  . . . .  .  . . .  . . . . . . .  . . . . . . . . . . . .  . . . .  . . .  .  . . . . . .  .  . . . . . . .  . . . . . .  .  . . . . . .  . . .  . . . .  .  . . .  .  .  . . . . .  . . . . . . .  .  . . . .  . .  .  . . . . . .  .  . .  . . .  .  . . . . . .  . . .  .  . .  .  .  .  .  . . . 4
Thermal  decomposition  . . . .  . . .  . . . .  .  . . .  .  . . .  .  . . .  . . .  . . . .  . . . .  . . . .  . . .  . . . .  .  . .  .  . . . . . .  . . . .  . . .  . . . . . . .  . . .  . . . . .  . . .  . . . .  . . .  . . . .  .  . .  .  . . .  .  .  .  . .  . . . .  . . . . . .  . . . .  . . .  .  .  . .  . . 6

Manipulation  of lanthanide-doped  upconversion  luminescence  . .  . . . .  .  . .  .  . . .  . .  . . . . .  . .  . . . . . . .  .  . . . . . . .  .  . . .  .  . . .  . . .  . . .  . . . .  .  . .  .  .  . .  .  .  . . .  .  . . . . . .  . . .  . .  .  .  . .  . . . .  . .  6
Enhancement  of lanthanide-doped  upconversion  luminescence  . . . . . .  .  . .  .  . . . .  . . . . .  . . .  . . . . .  . .  . . .  . . .  .  .  . . . . . . .  .  . . .  . .  .  . . . .  .  . .  .  .  . . . . .  .  . . . .  .  . .  .  . .  .  . .  . . . . .  . . .  . .  6

∗ Corresponding authors.
∗∗ Corresponding author at: Research Center for Convergence NanoRaman Technology, Korea Research Institute of Chemical Technology, Daejeon 34114, South Korea.

E-mail  addresses: chmzhke@nus.edu.sg (K. Zheng), ydsuh@krict.re.kr (Y.D. Suh), chmlx@nus.edu.sg (X. Liu).

ttps://doi.org/10.1016/j.nantod.2019.100797
748-0132/© 2019 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.nantod.2019.100797
http://www.sciencedirect.com/science/journal/1748-0132
http://www.elsevier.com/locate/nanotoday
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nantod.2019.100797&domain=pdf
mailto:chmzhke@nus.edu.sg
mailto:ydsuh@krict.re.kr
mailto:chmlx@nus.edu.sg
https://doi.org/10.1016/j.nantod.2019.100797


2 K. Zheng, K.Y. Loh, Y. Wang et al. / Nano Today 29 (2019) 100797

Emerging  applications  of lanthanide-doped  upconversion  nanoparticles  . . .  .  .  . .  .  . . .  . . . . . .  . . . .  .  . . .  .  .  . .  . . . . .  . . . . . . . . . .  . . . . . . .  . . . . . . . . .  . . . . .  . .  .  .  .  .  . . . . . . . . . 7
Upconversion  nanoparticle-mediated  optogenetics  . . . . . . . .  . . .  .  . . . . . .  .  . . .  . . . .  . . . . .  . . . . . . . .  . . .  . . . . . .  .  . . . . . . . .  . . .  . .  . . .  . . . . .  .  . . .  .  . . . . . .  . . . .  .  . .  .  . .  . . .  .  . . 8
Upconversion-based  cell  therapy  . . . . . .  . . .  .  . . .  .  . . .  .  .  .  .  .  .  . .  .  . .  .  . . .  .  .  . . .  . .  .  . .  .  . . . .  . .  .  . . . . . .  .  . . .  . . .  . .  . . .  . . . . .  . . . . .  .  . .  .  . . . .  .  . .  . . .  .  .  .  . .  . . . . . . .  . .  .  . .  . . . . . .  . 9

3D  cellular  imaging  through  upconversion  .  . . .  .  . . .  .  .  . .  .  .  . .  .  .  . .  .  . .  .  . . .  .  .  . . . . . . . . . . . .  .  . . .  . . . . .  . .  . . .  . . .  . . . . . . .  .  . . .  . . .  .  . . .  . . .  .  . .  .  .  . . .  .  .  .  .  .  . .  .  .  . . . . . .  . . .  .  . . .  .  10
Biosensor  . .  . . . .  .  . .  .  . .  .  . . .  .  . . .  . . .  . . . .  . . .  .  . . .  .  . . .  .  . .  . . . .  . . .  .  . . . .  . .  .  .  . . .  .  . .  .  . . .  . .  .  . . . . . .  . . .  . . . .  .  . . . . . . .  .  . . . . . .  .  .  . .  . . . . .  . . .  . . . . .  . . . . . .  .  . .  .  . .  . . .  .  . . . . . . .  . . 11
Stimulated  emission  depletion  (STED)  nanoscopy  .  . . .  .  .  . .  . . .  .  . . .  . . .  .  .  . . . . . .  . .  .  . . .  . .  .  . . . . . .  .  . . . .  .  . .  .  . . . .  . . .  . .  . . . . . .  .  .  .  . . . . .  . .  .  .  .  . . . . .  .  . . . .  . .  . .  . .  .  .  .  12
NIR light-activated  molecular  switches  .  . . .  .  . . . .  . . . .  . . .  . . . . . . .  . . . . . . .  . . . . . . .  . . . . .  . . .  . .  . . .  . .  .  .  . . . .  . . . . . . . .  . . .  .  . . . . . .  .  . . . .  .  .  . . . .  .  . . . .  .  . . .  .  .  .  . . . . . .  . . . 13
Upconversion  lasing.  . . . .  . . .  .  . . .  .  . . .  .  . . .  . . . .  . . . . . . .  . . . .  .  . . . . . .  . . . .  .  . . . . . .  .  .  .  . . . . . .  .  . . . . . .  . . . . . . .  . . .  . . . . .  . . .  . . . . . . .  . . . . .  . . .  .  . . . . .  . .  .  .  .  .  . . . . .  .  . . . . . . . .  .14

Conclusions  and  outlook  . . . .  .  . .  .  . . .  .  . . . .  . . . . . .  .  . . .  .  . .  .  .  . .  .  .  . .  .  . . .  .  . . . . . . .  .  . . . . . .  . . .  . . .  . . . . . .  . . . .  .  . . .  . . . .  .  .  . . . . .  .  . . . . . .  .  . . . . . . .  . . . . . . . . .  . . . .  .  .  .  .  . .  . . . .  . . . . .  15
Acknowledgements .  .  . .  .  . . .  .  . . .  . . . .  .  . . . . . .  . . . .  . . . .  . . .  .  . . .  .  . .  .  . . . . . .  .  . . . .  . . .  .  .  . . .  . .  . . . .  . . .  .  . . .  . . . . . .  . . . . . . .  .  .  . . .  . .  . . . . .  .  . .  .  .  . . . . .  . . . . .  .  . .  .  . .  .  . . .  . . .  .  .  .  . . .15
References  .  .  . . .  . .  . .  .  .  . . . .  . . . .  . . . . . . .  . . .  .  . . .  .  . . .  . . . . .  . . . . . . .  .  . . . . . .  .  . . . . . .  .  . . . . .  . .  . . . . .  . . . .  . . . .  . . .  . . .  . . .  .  .  . . .  . . . .  .  . . . . . . .  . . . . .  .  . . .  . . . . . .  .  . .  .  .  .  .  . . . .  . . .  . . . 15

I

a
(
l
s
w
O
d
l
l
e
p
w
e
v
i
o
W
a
i
A
i
a
v

v
o
[
n
e
c
r
a
l
b
b
a
i
L
l
a
[

c
O
s
d
a
t
n

ntroduction

Lanthanide ion (Ln3+)-mediated photon upconversion refers to
 unique nonlinear process in which two or more near-infrared
NIR) pump photons are absorbed through real intermediate energy
evels of Ln3+, leading to the emission of light at a wavelength
horter than incident radiation. In the 1960s, this phenomenon
as first discovered and formulated in bulk materials by Auzel,
vsyankin and Feofilov independently [1,2]. Since then, tremen-
ous research efforts have been paid to Ln3+-doped upconversion

uminescence owing to its remarkable optical properties such as
arge anti-Stokes shift, long luminescence lifetime, and tunable
mission profile [3–6]. In comparison with well-established two-
hoton absorption (TPA) and second-harmonic generation (SHG)
here high-power density (>106 W/cm2) photon flux produced by

xpensive ultra-short pulsed lasers are needed to perform upcon-
ersion, Ln3+-doped photon upconversion can be activated upon
rradiation with a low-cost continuous-wave (c.w.) NIR diode laser
r an incoherent light source at low pumping density (∼10−1

/cm2) [7,8]. Moreover, the lanthanides’ partially filled 4f shells
re effectively shielded by outer complete 5s and 5p shells, lead-
ng to sharp emission peaks due to intra-4f electron transitions.
ll these unique features make Ln3+-doped upconversion materials

deal candidates for diverse applications, ranging from biomedicine
nd super-resolution imaging to volumetric displays and photo-
oltaics [9–12].

Despite its promise, the investigation of Ln3+-doped upcon-
ersion luminescence has been mainly focused on bulk materials
r glass ceramics for the first few decades after its discovery
13–15]. It was not until the late 1990s, when nanoscience and
anotechnology became prevalent in the field of materials sci-
nce, that high-quality upconversion nanoparticles (UCNPs) with
ontrollable composition, crystalline phase, size, and shape were
outinely synthesized. The advent of these nanomaterials provides

 new platform that significantly expands the repertoire of the
uminescence toolbox available for advanced nanophotonic and
iological research [16–20]. With the growing awareness of draw-
acks associated with traditional downshifting fluorescent dyes
nd semiconductor quantum dots such as photobleaching, cytotox-
city and the need for high-energy ultraviolet or blue stimulation,
n3+-doped UCNPs featuring small size, low toxicity and excel-
ent biocompatibility alongside high photostability are particularly
ttractive as luminescence probes for bioimaging applications
21–25].

To date, the biggest challenge that limits the further appli-
ation of Ln3+-doped UCNPs is their low quantum efficiency.
wing to the low extinction coefficients of lanthanides and small

ize-induced surface quenching effects, the quantum yield of Ln3+-

oped UCNPs is typically less than 1% [26,27]. Although several
pproaches and proposals have been shown effective in enhancing
he luminescence brightness of UCNPs, the fundamental mecha-
isms underlying the upconversion pathways are not entirely clear.
In this review, we  focus on the controllable preparation, lumi-
nescence performance optimization and emerging applications of
Ln3+-doped UCNPs. The review is divided into four main sec-
tions. Firstly, we briefly introduce the fundamentals governing
Ln3+-doped upconversion phenomena, including different types
of upconversion mechanisms and electronic transitions between
energy levels. In the following section, we  attempt to highlight gen-
eral strategies for the controllable synthesis of UCNPs. Next, we give
an overview of tuning mechanisms of upconversion luminescence
and summarize current approaches to enhancing photon upcon-
version. Finally, we  highlight the recent success of using UCNPs
in developing emerging applications and provide a perspective on
design strategies for the optimization of energy harvesting to max-
imize luminescence amplification.

Upconversion luminescence of lanthanide-doped
nanoparticles

Upconversion luminescence generally comes from electronic
transitions within lanthanide’s 4fN configuration. Although these
electronic transitions are in principle forbidden by quantum
mechanical selection rules, they can occur by intermixing higher
electronic configurations with f states. More interestingly, the lan-
thanide’s 4fN electronic configuration could split into an abundance
of energy sublevels as a result of strong Coulombic interactions
and spin-orbit coupling as well as weak perturbations in the crys-
tal field, leading to a plentiful of emission bands from the optical
transitions among these levels (Fig. 1a) [8].

Mechanism

In general, lanthanide-based upconversion processes can be
categorized into six classes: excited-state absorption (ESA),
energy transfer upconversion (ETU), cooperative upconversion
(CUC), cross-relaxation (CR), photon avalanche (PA), and energy
migration-mediated upconversion (EMU) (Fig. 1b) [1,28].

ESA features a population mechanism where the successive
absorption of pumping photons by a single ion (I) leads to elec-
tronic transitions from the ground state to high-energy excited
states. Ladder-like arranged and near evenly-spaced energy levels
of Ln3+ ions are required to achieve efficient ESA. Such energy level
structures can only be observed in a small set of lanthanides such
as Ho3+, Er3+ and Tm3+, which are suitable luminescence centers
for ESA process to proceed [29–32].

Similar to ESA, ETU process takes advantage of sequential
absorption of excitation photons to populate the intermediate lev-
els of lanthanide dopant. However, the ETU process involves the
participation of two types of neighboring ions, namely sensitizer (I)

and activator (II). Because the absorption cross-section of Yb3+ at
980 nm matches well with the operating wavelength of the com-
mercially available diode laser, Yb3+ ions are commonly used as
sensitizers in the ETU process [33–35]. In addition, the efficiency of
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Fig. 1. (a) Schematic illustration of a core-shell-structured upconversion nanoparticle, which features a typical anti-Stokes emission with photon energy higher than the
excitation light (�ex > �em) (top) and the simplified electronic energy level diagrams of lanthanide ions in relation to a simple upconversion process (bottom). The 4fN

electronic configuration of lanthanide ions splits into many energy sublevels owing to the strong effects of the Coulombic field (Hc), spin-orbit coupling (Hso), and weak
crystal-field interaction (Hcf). The energy levels are represented in the form of 2S +1LJ , where S refers to total spin angular momentum, L the total orbital angular momentum,
and  J specifies the total angular momentum quantum number of the electron. (b) Principal upconversion mechanisms of lanthanide-doped nanocrystals. ESA, ETU, EMU, CUC,
C gy mi
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R  and PA represents excited state absorption, energy transfer upconversion, ener
uminescence and cooperative sensitization), cross-relaxation and photon avalanch
f  wavelengths from ultraviolet to near-infrared region.

n ETU process is determined by the average distance between the
ensitizer and activator, which is dependent on doping concentra-
ions.

CUC is a three-body or four-body process in which the pop-
lation of emitting levels usually arises from cooperative energy
ransfer of adjacent ions. CUC generally covers cooperative lumi-
escence and cooperative sensitization. In the case of cooperative

uminescence, the energy donor (I) and acceptor (I) are of the same
ype of lanthanide ions, e.g., Yb3+-Yb3+ ion pair. Although cooper-
tive luminescence of three Yb3+ ions has been observed in the
V region, it was only limited to bulk material [36]. As for the
ooperative sensitization, these two participants refer to differ-
nt lanthanide dopants (I and II), e.g., Yb3+-Eu3+, Yb3+-Tb3+, and
b3+-Pr3+ ion pairs [37,38]. Due to the involvement of virtual pair

evels during electronic transitions, a lower efficiency was  typically
bserved in CUC (10−6) than that of ESA and ETU processes.

Cross-relaxation is a form of energy transfer process that occurs
etween the same (I and I) or different (I and II) types of activators

f their optical transitions match well with each other. Although
ross-relaxation had always been regarded as the main reason

or deleterious concentration quenching, it can also be intention-
lly utilized as a beneficial modulator for tuning emission profiles
n some cases. For instances, by importing Ce3+ into Yb3+-Ho3+
gration-mediated upconversion, cooperative upconversion (including cooperative
ectively. (c) Typical electronic transitions of lanthanide ions covering a broad range

codoped materials and utilizing the CR between Ho3+ and Ce3+,
one can tune the upconversion radiation of Ho3+ from green to red
[11,39].

In the case of PA, excitation intensity above a certain threshold is
a prerequisite. This phenomenon was first discovered in Pr3+-doped
infrared quantum counters [40]. The weak ground state absorp-
tion, strong excited state absorption, and efficient cross-relaxation
are three essential factors for inducing photon avalanche upcon-
version. Owing to the feedback looping of excited state absorption
along with cross-relaxation, PA exhibits the highest efficiency in
photon upconversion. However, its disadvantages, such as high
excitation threshold and long rise time, limit its widespread appli-
cations.

The phenomenon of EMU  is governed by a novel upconversion
mechanism that requires four kinds of lanthanide dopants and a
core-shell layout [41,42]. In the EMU  process, a sensitizer (I) first
absorbs NIR excitation photons and conducts energy transfers suc-
cessively from the excited sensitizer (I) to the accumulator (II).
Following which, a migrator ion (III), usually Gd3+ ion, obtains the
excitation energy from the accumulator in the neighboring site,

continued with the random energy hopping throughout the core-
shell interface. Finally, the activator ion (IV) captures the migrating
energy to induce upconverted emission. The core-shell structure
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nd arrangement of migrator ions at the core-shell interface are
eneficial for minimizing luminescence quenching and facilitating
he energy transfer between the accumulator and activator, which
s essential to generate an efficient EMU  process.

ost, sensitizer, and activator

An inorganic UCNP typically comprises an inorganic host matrix
nd trivalent lanthanide dopant accommodated in the host lattice.
he screening of an appropriate host matrix is critical for syn-
hesizing high-quality upconversion nanoparticles with desirable
ptical properties such as high quantum efficiency and controllable
uminescence profile. Host materials with low phonon energies,
uch as fluorides (∼350 cm−1), are optimal candidates for pho-
on upconversion due to their abilities to minimize non-radiative
nergy losses during upconversion processes. In addition to phonon
nergy, the crystal structure of host material has a significant
nfluence on the efficiency of upconversion luminescence as well.
enerally, selecting host materials with low symmetry is more

avorable to achieve efficient upconversion luminescence than that
f host lattices with high symmetry. For example, upconversion
fficiency of �-NaYF4:Yb/Er bulk material is about 10 times higher
han that of its cubic counterparts [16]. Recently, several novel
pconversion host materials, such as hexagonal-phase NaLuF4,
etragonal-phase LiLuF4, even CsPbCl3 perovskite nanocrystals,
ave been found to yield efficient upconversion output [43–45].
lthough related photophysical mechanisms need to be further
larified, these studies will encourage researchers to seek more
fficient host matrices for photon upconversion.

Lanthanide luminescent ions have small absorption cross-
ections in the NIR region, resulting in relatively low upconversion
fficiency in singly doped nanoparticles. To enhance upconver-
ion quantum efficiency, a sensitizer is usually codoped with the
ctivator in a typical upconversion nanoparticle to increase the
IR absorption. For example, Yb3+ ion, with a broad absorption
ross-section at 980 nm,  is usually used as a sensitizer ion in Yb3+-
r3+, Yb3+-Tm3+, or Yb3+-Ho3+ codoped materials [33–35]. Nd3+ is
nother important sensitizer with its efficient absorption locates at
800 nm.  Compared with Yb3+-based upconversion nanoparticles
here a 980 nm laser is served as pumping source, Nd3+-sensitized

ystems can facilitate photon upconversion at a biocompatible
xcitation wavelength with significantly minimize the overheating
roblem. This characteristic makes Nd3+-sensitized upconversion
anoparticles ideal candidates for biological applications [46,47].

n addition to lanthanide dopants, organic dyes have emerged in
ecent years as a new kind of sensitizers for upconversion owing
o their broadband and intense absorption. By employing organic
yes as antennae and utilizing Förster resonance energy trans-
er (FRET) from dye ligands to lanthanide dopants, NIR excitation
nergy can be efficiently harvested to produce photon upconver-
ion [48–54].

In upconversion nanoparticles, lanthanide ions that feature
adder-like electronic levels are usually co-doped as activators for
n upconversion process to proceed. Prior to the discovery of the
MU process, the efficient activators have only been limited to Er3+,
m3+, and Ho3+, but recently they have expanded to Ce3+, Gd3+,
b3+, Dy3+, Eu3+, and Sm3+ ions in core-shell-designed upconver-
ion nanocrystals [41]. More interestingly, transition metal ions
n2+ and Cu2+, metal ion Pb2+ and even the lanthanide divalent

on Sm2+ have also proven to be potent activators for upconversion
uminescence, which largely broadens the range of upconversion

uminous centers [55–58]. By properly selecting the type of lan-
hanide dopants in a nanoparticle, one can precisely modulate the
mission wavelength of Ln3+-doped UCNPs spanning the spectrum
rom UV and visible to NIR windows (Fig. 1c).
ano Today 29 (2019) 100797

Design and synthesis of lanthanide-doped upconversion
nanoparticles

To date, many chemical techniques have been developed
to synthesize Ln3+-doped upconversion nanocrystals with con-
trollable structures, sizes, and shapes (Table 1). Among these
methods, hydro(solvo)thermal synthesis, coprecipitation and ther-
mal  decomposition are the three most popular approaches for
producing high-quality upconversion nanoparticles (Fig. 2). In this
section, we  will summarize systematically strategies used for con-
trollable synthesis of Ln3+-doped UCNPs.

Hydro(solvo)thermal synthesis

Hydrothermal synthesis refers to a method to grow crystalline
material from an aqueous solution at high temperature and high
vapor pressure. The main difference between solvothermal and
hydrothermal process is that the precursor solution is usually
non-aqueous for solvothermal synthesis. A specially-made auto-
clave is generally utilized during hydro(solvo)thermal reaction
process. Hydro(solvo)thermal process features a controllable syn-
thesis strategy in which crystalline phase, size, and morphology
of synthesized nanoparticles are influenced by reactant concentra-
tion, reaction temperature, time, pH value, and solvent/surfactant
types. For example, based on hydro(solvo)thermal method, Li and
co-workers have developed a “liquid-solid-solution (LSS)” strategy
to synthesize many different monodispersed nanocrystals, includ-
ing semiconductor, metal and dielectric materials [59]. Adapted
from this method, a variety of high-quality fluoride matrices, such
as NaYF4, NaGdF4, YF3, LaF3, BaGdF5, CaF2, have been synthe-
sized as well (Fig. 2a–d) [60–62]. Another significant progress
by using oleic acid-mediated hydrothermal method was  reported
by Zhao et al. to generate uniform NaYF4 nanorods, nanocubes,
and flower-patterned nanodisks under different reaction con-
ditions [63]. Recently, Liu and co-workers developed a novel
Gd3+-codoped strategy to control the size and crystalline phase
of NaYF4 nanocrystals simultaneously [17]. By doping Gd3+ ions
into the reaction solution during the solvothermal process, a rapid
cubic-to-hexagonal phase transformation is implemented, leading
to the production of small-sized NaYF4 nanocrystals at relatively
low reaction temperatures. The similar phenomena of doping-
induced phase and size changes have also been verified in other
host materials [64,65]. Besides the aforementioned fluoride-based
upconversion nanoparticles, lanthanide-doped oxide nanoparti-
cles with controllable size and shape such as Er2O3, YbPO4,
LuPO4, and GdVO4, have also been successfully prepared using the
hydro(solvo)thermal method [66,67].

Coprecipitation

Coprecipitation is an excellent synthetic method for which high
purity and precise stoichiometric control are required. Compared
to other techniques, coprecipitation is more convenient for syn-
thesizing lanthanide-doped nanocrystals because it avoids the use
of expensive equipment and complex procedures. By employing
this method, van Veggel and co-workers have synthesized Ln3+-
doped LaF3 nanocrystals for the first time [68]. This approach
was subsequently refined by Chow et al. to prepare upconversion
nanocrystals with small particle size and narrow size distribu-
tion. [69]. The ammonium di-n-octadecyldithiophosphate (ADDP)
was employed as a surfactant in their studies for the control-
lable growth of nanoparticles without aggregation. In addition to

ADDP, polyethylenimine (PEI) and polyvinylpyrrolidone (PVP) can
also be used as surfactants during particle growth to endow the
resulting nanoparticles with high solubility and surface function-
ality. Coupled with heat treatment, the coprecipitation method
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Table  1
Typical synthetic strategies to lanthanide-doped upconversion nanocrystals.

Synthesis strategy Host Advantages & Disadvantages

Hydro(solvo)thermal synthesis Na(Y, Gd, Yb, Lu)F4, LiYF4, La2(MoO4)3, (La,
Y)2O3, (La, Y, Gd, Lu)F3, Ba(Y, Gd)F5, BaY2F5,
Ba2GdF7, (Ca, Sr)F2, Sr2ScF7, (Y, Yb)PO4,
Y3Al5O12, MnF2, KMnF3, GdVO4, PbTiO3,
KNbO3, Gd2O2S, etc.

Formation of highly crystalline phases at much lower
temperature. Excellent control over particle size and
shape. Specialized autoclaves required. Impossibility of
observing the crystal as it grows.

Coprecipitation Na(La, Y, Gd, Yb, Lu, Sc, Tb)F4, (La, Y, Gd, Lu)F3,
Li(Y, Gd, Yb, Lu)F4, (Ca, Sr)F2, BaYF5, GdOF, (La,
Y, Yb, Lu)PO4, ZrO2, Y2O2S, ZnO, Gd4O3F6,
CaMoO4, Y3Al5O12, Y4MoO9, Y2(MoO4)3,
Gd2(WO4)3, Gd3Ga5O12, BaTiO3, Y2SiO5, etc.

Simple and rapid preparation. Fast growth rate. Easy
control of particle size and composition. Low product yield.
Particle aggregation. Post-heat treatment typically need.

Thermal decomposition LaF3, Na(Y, Gd, Yb, Lu)F4, Li(Y, Lu)F4, (La, Y, Tb,
Ho, Er, Tm,  Yb, Lu)2O3, Ba(Y, Gd, Lu)F5, CaF2,
BaTiO3, YOF, (La, Gd)OL, etc.

High quality, monodisperse nanocrystals. Rigorous and
harsh synthesis condition. Hydrophobic resultants. Toxic
by-products.

Sol-gel (La, Y)F3, CaF2, LaOF, (Y, Gd)2O3, TiO2, ZnO,
Ta2O5, GeO2, Al2O3, BaTiO3, LaPO4, (Gd,
Lu)3Ga5O12, YVO4, ZrO2, Y2SiO5, Y2Ti2O7,
BaGd2(MoO4)4, CaGd2(WO4)4, etc.

Simple and cost-effective accessories. Versatile. Better
homogeneity. Less energy consumption. Cost of precursors.
High-temperature post-heat treatment required.

Ionic  liquid-based synthesis Na(Y, Gd, Yb)F4, (La, Y)F3, CaF2, BaMgF4, etc. Easy processing. Low solvent toxicity. Ratively expensive.
Poorly biodegradable.

Microwave-assisted synthesis (La, Gd)F3, Na(Y, Gd)F4, CaF2, BaYF5, LaPO4, (Ca,
Sr,  Ba)MoO4,  Ca(La, Gd)2(MoO4)4,
NaLa(MoO4)2, NaY(WO4)2, SrY2(MoO4)4, etc.

Uniform heating. Rapid synthesis. Higher product yields.
Specialized microwave reactor required.

Fig. 2. (a) Typical TEM images of lanthanide-doped (a) YF3, (b, c) NaYF4 and (d) NaGdF4 nanocrystals synthesized by hydro/solvothermal strategy. (e) GdF3 nanoparticles
prepared through microwave irradiation. (f) KMnF3, (g) CaF2, (h) NaScF4, (i) LiYF4 and (j) KYb2F7 nanoparticles prepared by coprecipitation route. (k) LaF3, (l) SrF2 and (m–o)
NaYF4 nanoparticles synthesized by thermal decomposition method.
Reproduced with permission from Ref. [60–62,77] (Copyright 2005, 2006, 2007, 2016, American Chemical Society), Ref [17,72]. (Copyright 2010, 2014, Nature Publishing
G einh
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roup), Ref [70,73]. (Copyright 2010, 2011, Wiley-VCH Verlag GmbH & Co. KGaA, W
Copyright 2010, National Academy of Science, USA), Ref [85]. (Copyright 2010, Spr

as also been adopted for synthesizing lanthanide-doped LaF3,
aYF4, NaScF4, KMnF3, LiYF4, KYb2F4, SrF2, LuPO4, and YbPO4

pconversion nanocrystals (Fig. 2f–j) [70–74]. For example, Zhang
nd colleagues utilized the coprecipitation process to make �-
aYF4:Yb/Er(Tm) nanoparticles in the presence of oleic acid and
-octadecene [75]. In this work, oleic acid was employed both as
eim), Ref. [71,74,76]. (Copyright 2012, 2013, Royal Society of Chemistry), Ref [81].
.

a reaction solvent and as a ligand that enables the monodispersity
of resulting nanoparticles while 1-octadecene with a high boiling

point was  used as a primary solvent. By changing the concentra-
tion of surfactant, various shapes of NaYF4 nanostructures, such
as nanosphere, nanoplate, and nanoellipse, have been selectively
synthesized.
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Table 2
Current strategies for enhancing photon upconversion in lanthanide-doped
nanocrystals. Note that several strategies are employed synergistically in many cases
to  enhance the upconversion luminescence.

Strategy Scheme Ref.

Host Lattice
Manipulation

[93,96,97,98,99,100]

Surface
Passivation

[19,101,102,103,104,105,106]

Surface Plasmon
Coupling

[107,108,109]

Energy Transfer
Modulation

[72,112]

Broadband
Sensitization

[48,49,50,51,52,53,54,110]

Photonic Crystal
Engineering

[113,114,115]
 K. Zheng, K.Y. Loh, Y. Wang et

hermal decomposition

Thermal decomposition refers to heat-induced chemical
ecomposition. It mainly employs an organometallic compound as

 precursor, which can decompose into two constituents in a high
oiling point organic solvent at elevated temperatures. For the typ-

cal synthesis of fluoride-based nanocrystals, metal trifluoroacetate
s generally used as a precursor to generate the corresponding metal
nd fluoride ions [76]. By using this approach, Yan’s group first syn-
hesized highly monodisperse LaF3 nanoparticles [77]. This thermal
ecomposition method was  subsequently adopted for the synthe-
is of NaYF4-based upconversion nanoparticles by Chow et al., who
mployed oleylamine both as a reaction solvent and as a surface
igand [78]. The advantage of using oleylamine lies in its ability for
he synthesis of ultrasmall nanoparticles that are attractive for bio-
ogical applications. After replacing the oleylamine with oleic acid
nd 1-octadecene, Capobianco and co-workers reported the con-
rollable synthesis of NaYF4:Yb/Er(Tm) nanocrystals via thermal
ecomposition approach [79,80]. Another significant progress was
ade by Murray et al., who used thermal decomposition strategy to
ake highly uniform NaYF4 nanospheres, nanorods, nanoprisms,

nd nanoplates by controlling the reaction time and the reactant
atio between lanthanide trifluoroacetate and sodium. More inter-
stingly, these as-synthesized nanoparticles can readily assemble
nd organize into large-size superlattices under appropriate condi-
ions [81]. In addition to fluoride upconversion nanoparticles, Yan’s
roup expanded this approach to the preparation of lanthanide
xides, oxyfluorides, and oxychlorides [82–84].

anipulation of lanthanide-doped upconversion
uminescence

Lanthanide-doped upconversion nanoparticles exhibit excel-
ent luminescent properties. The precise control over the
uminescence profiles is of vital importance for their applica-
ions in many research fields. To date, a variety of strategies
ave been developed to manipulate the emission profiles of
n3+-doped UCNPs. For example, color-tunable emissions can be
asily achieved by controlling the combination of dopant-host,
article size, and the concentration of dopants in upconver-
ion nanoparticles [86–88]. However, these approaches generally
equire stringent modification either on the reaction conditions or
he material compositions. Very recently, several complementary

ethods that offer remote dynamic modulation of upconver-
ion luminescence have been proposed for the lanthanide-doped
anoparticles with a fixed composition. These approaches include
he variation of excitation power density and temperature, alter-
tion of excitation pulse width, excitation by sequential pulse
umping, polarization anisotropic modulation, electric field and
agnetic field manipulation as well as the applying of mechanical

tress [89–95].
In this section, we only highlight the tuning of upconversion

mission colors through pulsed laser excitation since other strate-
ies have been well summarized elsewhere. In 2015, Deng et al.
eported a non-steady-state upconversion technique to achieve
ull-color tuning [11]. In their studies, the emission color of
b/Ho/Ce triply-doped core-shell nanoparticles can be tuned by
anipulating the pulsed excitation width of a 980 nm pulsed laser

Fig. 3a). This phenomenon can be understood by considering the
ynamic control of energy transfer and the deactivation of the exci-
ation energy during upconversion population process (Fig. 3b).

ifferent from steady-state upconversion excited by a long exci-

ation pulse, only energy levels accessible through fast processed
re populated in the presence of a short excitation pulse, resulting
n a significant modulation of emission profile upon short-pulse
Inorganic-organic
Hybrid

[111]

excitation. By pumping with 980 nm pulsed excitation light or
with 808 nm continuous-wave laser, the core-shell nanoparticles
can emit red, green, and blue fluorescence with tunable inten-
sity ratios (Fig. 3c). The ability to access tunable emission colors
allows the achievement of full-color volumetric 3D displays with
high spatiotemporal resolution. The combination of pulse width
tuning and compositional variability is likely to provide new possi-
bilities for the effective manipulation of Ln3+-doped upconversion
luminescence, which is of utmost importance in optical memory,
multiplexed imaging, anti-counterfeiting and so on.

Enhancement of lanthanide-doped upconversion
luminescence

Although promising results have been achieved with the pre-
cise control over size, shape, and emission profile of Ln3+-doped
UCNPs, the inherent low upconversion efficiency of UCNPs still sig-
nificantly restricts their practical applications. To date, a range of
methods, such as host lattice manipulation, surface passivation,
surface plasmon coupling, energy transfer modulation, broadband
sensitization, photonic crystals mediation, and inorganic-organic
hybrid, have been proposed for optimizing upconversion popula-
tion and enhancing lanthanide-doped upconversion luminescence,
as summarized in Table 2. In this section, we will provide a brief
overview of recent advances in enhancing upconversion photolu-
minescence.

Lanthanide-doped upconversion luminescence mainly origi-
nates from intra f-f electronic transitions, which can be adjusted

by changing the local crystal field. Recent experimental investiga-
tions suggest that host lattice manipulation is a simple approach
to enhance photon upconversion. For example, owing to large size
mismatches between the host cations and dopants, lanthanide acti-
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Fig. 3. (a) Rational design and TEM image of NaYF4-based core-shell nanoparticles capable of emitting tunable colors (left inset). Upconversion emission spectra (main panel)
and  emission photograph (right inset) showing the ability to emit visible RGB color by using the same nanoparticles. (b) Proposed upconversion mechanisms for green/red
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uning  from an Yb3+–Ho3+–Ce3+ triply-doped system through the regulation of pul
ore-shell sample upon excitation with 808 nm continuous-wave (c.w.) laser and 9
eproduced with permission from Ref. [11] (Copyright 2015, Nature Publishing Gro

ators’ site symmetries is reduced by codoping Li+, Zn2+, Bi3+, Fe3+,
r Sc3+ into an upconversion nanoparticle, leading to an enhance-
ent in photon upconversion [96–100]. Besides ion doping, the

pplication of a direct current bias voltage on BaTiO3 host can
ary its structural symmetry as well. Using this method, Hao et al.
eported the enhancement of green upconversion emission in 2011
93].

Compared with its bulk counterpart, the upconversion nanopar-
icle with a high surface-to-volume ratio often suffers from severe
urface quenching, resulting in the low upconversion efficiency.
urface passivation through an epitaxial shell coating is an effective
trategy to minimize surface quenching effect because all of the lan-
hanide dopants can be spatially confined in the core region through
ore-shell design. Until now, several surface passivation strategies,
ncluding amorphous shell (non-crystalline silica, carbon) coat-
ng, inert shell (NaYF4, NaGdF4) coating, active shell (NaYF4:Yb,
aGdF4:Yb, BaGdF5:Yb) coating, as well as the heterogeneous
ore-shell structures (NaYF4@NaGdF4, NaYF4@CaF2, CaF2@NaYF4),
ave proven effective in suppressing surface-induced quenching
f excitation energy and efficient in enhancing upconversion lumi-
escence [19,101–106].

Surface plasmon coupling is another essential approach to
nhancing photon upconversion. It should be noted that the geo-
etric construction of gold and silver greatly influence the peak

nd band intensity of surface plasmon resonance. By choosing
n appropriate metallic structure and optimizing the interaction
etween metal and UCNPs, researchers have developed many
chemes to enhance the luminescence of Ln3+-doped nanopar-
icles. These hybrid materials not only include the UCNP core
ecorated with metal nanoparticles, but also refer to UCNP@metal,
CNP@silica@metal, and metal@silica@UCNP multi-layered struc-
ures [107–109].
Broadband sensitization has been recently developed as a

romising alternative to enhance photon upconversion. Codop-
ng two or more different sensitizers into a nanoparticle can
th of a 980 nm laser. (c) Luminescence photographs showing multicolor tuning of
 pulsed source.

largely expand the excitation region of Ln3+-doped UCNPs. For
instance, Wang and co-workers have obtained intense upconver-
sion luminescence, by doping Er3+ and Ho3+ into a core-shell-shell
nanoparticle, upon ultra-broadband excitation [110]. Organic dyes
with spectrally broad and intense absorption can be used as
broadband sensitizer as well. In a conventional dye-sensitized
upconversion system, spectrally broad absorbing dye molecules
anchored on the surface of UCNPs can efficiently harvest NIR
energy, which is nonradiatively transferred to the sensitizer in
the particles, and then sequentially to lanthanide activator for
enhanced photon upconversion to proceed [48–54].

Very recently, Zhou et al. reported a phonon-assisted upcon-
version enhancement at an elevated temperature based on a novel
inorganic-organic hybrid system [111]. In their studies, the vibra-
tions of surface-bound molecules through Yb–O chelating can act
as surface phonons to promote the energy transfer from Yb3+

sensitizers to activators. Although several aspects of this surface
phonon-assisted energy transfer remain to be investigated, these
hybrid and heterogeneous inorganic-organic systems are highly
promising and may  find potential applications as nanothermome-
ters in a physiological environment with high resolution. Other
notable strategies, including energy transfer modulation, photonic
crystal engineering, and super-high-power excitation, have also
been proposed and experimentally validated for enhancing photon
upconversion [72,112–116].

Emerging applications of lanthanide-doped upconversion
nanoparticles

Thanks to the rapid development of well-controlled UCNPs
along with their excellent optical properties, researches on

Ln3+-doped upconversion nanoparticles have made tremendous
progress over the past decade, especially in the area of biomedical
applications [21–25]. In addition to the aforementioned advantages
of Ln3+-doped UCNPs such as multicolor emission and the absence
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Fig. 4. (a) Wavelength-dependent penetration depths of light into human body tissue. (b) Optical absorption of oxygenated blood, deoxygenated blood, skin, fatty tissue,
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ndium  gallium arsenide (InGaAs) cameras are sensitive within the first and second
eproduced with permission from Ref. [117] (Copyright 2014, Springer) and Ref [11

f autofluorescence in biological specimens, the employment of
ear-infrared excitation light can also afford a deeper tissue pen-
tration than that of visible light (Fig. 4a) [117]. This is because
he currently available excitation sources for photon upconver-
ion are generally within the biological NIR window (650–950 nm),
here the absorption and scattering of bio-tissues are minimal

Fig. 4b) [118]. All these characters make Ln3+-doped upconver-
ion nanoparticles ideal candidates for deep tissue imaging, NIR
ight-activated drug release and therapy [119,120]. However, it
hould be noted that excitation light at a wavelength of 980 nm
an be absorbed by water and thus cause an overheating problem
n biological settings. This deleterious effect could be principally
lleviated by using Nd3+-sensitized or dye-sensitized nanoparticles
pon 800 nm laser excitation because the absorption of water and
iological tissues is minimized at this wavelength (Fig. 4b) [46,47].

The employ of Ln3+-doped UCNPs also holds promise for
inimizing the transmission losses in photovoltaic devices by

ranslating the sub-bandgap NIR photons into above-bandgap visi-
le ones, which is critical to improving the conversion efficiency
f current photovoltaic devices and surpass Shockley–Queisser
fficiency limit [121,122]. There are some review papers already
ublished regarding the progress of Ln3+-doped upconver-
ion nanocrystals in the fields of bioscience and photovoltaics
10,25,28,123–126]. Herein, we will give an overview of recent
dvances in the applications of Ln3+-doped upconversion nanopar-
icles in some emerging areas. The most recent examples of
pconversion nanoparticle-mediated optogenetics, therapeutics,
ioimaging, biosensing, super-resolution nanoscopy, remote pho-
oswitching and upconversion lasing are highlighted here.

pconversion nanoparticle-mediated optogenetics

Optogenetics is a revolutionary biological technique that allows
he precise control of activities and functions of neurons by light.
urrent optogenetic methodologies generally utilize visible light
470/530 nm)  to stimulate photo-responsive Channelrhodopsin-2
ChR2) and halorhodopsin (NpHR) molecules. Despite enormous
fforts, the effective activation of targeted neurons by the visi-
le light in deep tissue remains a daunting technical challenge for

ptogenetic studies in living animals [127–131]. Compared with
isible light, NIR irradiation can offer a much greater depth of tis-
ue penetration. Recently, a new class of upconversion-mediated
ptogenetic system has been developed, by employing Ln3+-doped
t and second near-infrared windows in biological tissue. Note that silicon (Si) and
infrared windows, respectively.
opyright 2009, Nature Publishing Group).

UCNPs as NIR to the visible transducer, to manipulate the neural
activity upon NIR irradiation [132–142].

The concept of upconversion-mediated NIR optogenetic was
first demonstrated by Hososhima and co-workers in 2015 [134].
In their studies, NaYF4:Sc/Yb/Er(Tm) upconversion crystals with
a size of 100 nm × 500 nm were mixed with collagen to form
the neuron culture substrate. When illuminating the specially
designed substrate with 975 nm laser, upconversion emissions
from NaYF4:Sc/Yb/Er(Tm) particles would activate neurons to
induce neuron responses and thus the photocurrent could be
observed in the corresponding expressing cells (C1V1 and PsChR).
Although high excitation power density required in their experi-
ments can result in overheating problem and false photocurrent
signal, this study opens up a promising avenue for controlling neu-
ronal activity in a deep tissue region.

A similar study was later conducted by Shah et al., who used
the hybrid scaffolds containing NaYF4:Yb/Tm@NaYF4 upconver-
sion nanoparticles and poly(lactic-co-glycolic acid) as substrate
film and investigated the optogenetic control of neuronal activity
upon NIR radiation (Fig. 5a) [135]. The blue upconversion lumines-
cence emitted from the core-shell nanoparticles is strong enough
to depolarize the ChR2-expressing neurons, leading to a high tem-
poral resolution neuron response. The repetitive action potential at
a frequency up to 10 Hz was  observed in this work upon pulsed NIR
laser excitation. Another recent achievement was demonstrated
by Han and co-workers, who realized NIR-induced neuron fir-
ing using high-efficient dye-sensitized upconversion nanoparticles
[136]. However, considering that dye molecules may undergo pho-
tobleaching during continuous NIR laser irradiation, it is uncertain
whether dye-sensitized upconversion nanoparticles would out-
perform ordinary all-inorganic nanoparticles for NIR light-induced
neuron activation.

Apart from the in vitro studies described above, several inter-
esting results have been achieved in the NIR-mediated in vivo deep
tissue optogenetics. For example, Zhang et al. reported the activa-
tion of ion channel using NaYF4:Yb/Tm upconversion nanoparticles
in a C. elegans model [137]. The blue emission from the upconver-
sion nanoparticles can drastically change the movement direction
of C. elegans just like applying a touch force on the worm. How-

ever, since C. elegans is an optically transparent organism for which
blue light can be directly utilized to manipulate neuronal behav-
ior, further investigations are still needed to justify the necessity of
upconversion nanoparticles for optogenetic studies in C. elegans.
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Fig. 5. (a) Rational design of polymer–UCNP hybrid scaffolds for optogenetic neuronal stimulation. The UCNPs served as NIR to blue transducer thus facilitating optogenetic
activation of channelrhodopsin (ChR)-expressing neurons upon NIR irradiation. (b) Schematic illumination of NIR deep brain stimulation through upconversion nanoparticles-
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ediated optogenetics. (c) Characterization of upconversion-based optical stimul
nduced in ChR2 neurons using NaYF4:Yb/Tm@SiO2 upconversion nanoparticles thr
eproduced with permission from Ref. [135] (Copyright 2015, Royal Society of Chem

Shi and colleagues have also carried out many research work
n upconversion-mediated optogenetics. They firstly verified the
easibility of upconversion nanoparticle-mediated optogenetic

odulation of targeted neural circuits in live rodent animals [138].
ubsequently, an all-optical method was developed by them for
exible, wireless neural activity manipulation, including activation
nd inhibition, in freely moving animals [139,140]. Their studies
ndicate that Ln3+-doped upconversion nanoparticles can be used
or transcranial and deep brain stimulation in awake, freely moving
odents, which is crucial for advanced neural applications.

Very recently, Chen et al. developed an effective method to stim-
late specifically labeled neurons in deep brain areas [141]. In their
tudies, upconverting nanoparticles were injected into the ven-
ral tegmental area (VTA) of the mice brains. Upon NIR irradiation,
reen or blue luminescence emitted from upconversion nanopar-
icles could stimulate or inhibit the neuronal activity in deep brain

reas (Fig. 5b and c). Using this approach, researchers can stimulate
opamine release through the activation of neurons in the brain,

nhibit neuronal activity in the hippocampus, and trigger memory
ecall by targeting NIR irradiation [142]. This novel strategy might
in neurons expressing ChR2. The voltage-clamp and current-clamp traces can be
irradiation with a 980 nm laser.
), Ref [141,142]. (Copyright 2018, Science Publishing Group).

eventually pave the way  for clinical treatment of brain diseases,
such as Parkinson’s and epilepsy.

Upconversion-based cell therapy

Optically triggered cell therapy is one of the most effective
approaches for the treatment of medical conditions [143–145].
Photodynamic therapy (PDT) and photothermal therapy (PTT) are
two of standard phototherapy methods which have been exten-
sively investigated in recent years [146–152]. Compared with
conventional photo-stimulated agents, upconversion-mediated
photoactive systems operated in the NIR window can offer deep
tissue penetration characteristics [153,154]. Recent progress on
upconversion nanoparticles’ roles in cellular therapy has demon-
strated its viability not only as a stimulator and in vivo imaging
probe but also, more importantly, as a real-time monitor for cellular

treatments.

In a typical upconversion-mediated PDT system, Ln3+-doped
UCNPs generally regulate the activation of photosensitizers, which
generates reactive oxygen species (ROS) upon NIR irradiation.
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Fig. 6. (a) Schematic illustration of dual-modal imaging and PDT using UCNP-Ce6. Chlorin e6 (Ce6) absorbs red upconversion luminescence and produces singlet oxygen
through energy transfer. Another green emission of UCNPs is used for luminescence imaging and shell layer of UCNP doped with Gd3+ ion makes magnetic resonance signals
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he  magnetic field around the tumor region induces local tumor accumulation of M
eproduced with permission from Ref. [155] (Copyright 2012, Wiley-VCH Verlag G

sing this strategy, Hyeon and coworkers chose Yb-Er codoped
CNPs and Chlorine e6 (Ce6) as energy donor and photosensi-

izer, respectively, in their studies. Red upconversion emission from
aGdF4:Yb/Er nanoparticles can be used as an excitation source of
e6 photosensitizer to induce ROS generation for effective therapy
Fig. 6a) [155].

Despite the rapid development, the non-specific tumor target-
ng of the upconversion-based agent remains the biggest challenge
n nanoparticle-mediated cell therapy. Generally, ROS generated by
DT offers minimal specificities and selectivity, killing both healthy
nd diseased cells simultaneously. Up to now, many solutions have
een reported for overcoming this challenge. For example, by uti-

izing the folate receptor for active targeting, Zhang et al. developed
 highly efficient upconversion-based nanoplatform with specific
ancer-targeting abilities for imaging-guided PDT of cancer [156].
imilarly, Tan and coworkers reported upconversion-based PDT
sing G-quadruplex aptamers for specific targeting and photo-
ensitizer loading. This nanosystem consists of the aptamer for
arget tracking, G-quadruplex for loading porphyrin-based photo-
ensitizer, and Ln3+-doped UCNPs for imaging and phototherapy,
ffering high precision in targeting diseased cells [157].

Compared to that of PDT, PTT offers intriguing advantages as

ore directed phototherapy in cells. Heat-generating optical nano-
aterials were capable of producing sufficient localized heating to

nduce cellular death in specific areas. Li and co-workers reported
he use of temperature-feedback upconversion nanoparticles com-
anoparticle (MFNP-PEG) and the concept of in vivo imaging-guided cancer therapy.

 Co. KGaA, Weinheim), Ref. [159]. (Copyright 2012, Elsevier B.V.).

bined with photothermal material for real-time monitoring of
microscopic temperature in PTT. Upon NIR excitation, the micro-
scopic temperature of photothermal material is high enough to kill
cancer cells while keeping the temperature of lesions low enough
to protect healthy tissue from damage [158]. Another representa-
tive advance was  reported by Liu et al. in 2011. In their studies, an
upconversion-based multifunctional nanoplatform was  developed
for imaging-guided and magnetic-targeted optical cancer therapy.
More importantly, the integration of metal nanocomplexes with
magnetic responsive elements allows for enhanced photothermal,
imaging and targeting efficacy (Fig. 6b) [159]. Although nanoparti-
cle therapeutics is regarded as an emerging treatment modality for
cancer [160–162], potential problems such as in vivo bio-stability
of these nanoparticles are still yet to be resolved.

3D cellular imaging through upconversion

Fluorescence cellular imaging is one of the most direct tools
innovated for understanding cellular dynamics. While advanced
fluorescence imaging techniques have been developed over the
years, there are still fundamental challenges in distinguishing intra-
cellular activities in 2D imaging. In contrast, 3D imaging of living

cells can provide a more detailed and accurate spatial visualization
of the interplay of cells and their components than achieveable by
conventional 2D imaging systems, in which the imaging process
often leads to artifactual observations [163–165].
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Fig. 7. (a) Wide-field 3D cell imaging of upconversion nanoparticles (green) internalized in HeLa cells, whose nuclei were conjugated to red fluorescent protein (red). The
nuclei  and Ln3+-doped UCNPs were imaged upon excitation at 532 nm and 980 nm,  respectively. The reconstructed 3D images of live cells viewed from different angles
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epresentative single-cell images containing seven nanoparticle spots at different h
eproduced with permission from Ref. [175] (Copyright 2015, Royal Society of Chem

Resolving the molecular mechanisms in living cells by single-
article tracking methods has allowed many molecular behaviors
o be deciphered [166–169]. Accompanying the advancements in
ntracellular particle tracking, the interactions between cells and
anoparticle, especially quantum dots (QDs), have been studied
xtensively. The multicolor characteristics offered by QDs have
dvantages over conventional probes, allowing multiplex readout
ignals and ease of surface modification to facilitate 3D cellu-
ar imaging [170–172]. However, the heavy metal ion-induced
ytotoxicity and photoblinking characteristic restricted their prac-
ical application in biological systems [173]. As a replacement,
n3+-doped UCNPs offer minimal cytotoxicity and excellent optical
tability for bio-imaging. In addition, the usage of upconver-
ion nanoparticles as imaging probes could enable 3D imaging
hrough conventional confocal microscopy techniques [174]. All
hese merits make Ln3+-doped UCNPs ideal probe for 3D imag-
ng with high contrast even in wide-field microscopy systems. For
xample, Lee and coworkers combined the wide-field NIR exci-
ation and step motor for 3D single upconversion nanoparticle
ocalization (Fig. 7a). In this study, upconversion nanoparticles

ere excited with NIR light, leading to the elimination of blurred
ut-of-focus signals and the creation of 3D images with high loca-
ional precision. This upconversion-based imaging probe offers
ufficient accuracies for imaging reconstruction, with a positional
ccuracy of about 4 nm on the xy axes and 15 nm on the z-axis.
175].

Despite numerous reports, z-axis motion in intracellular particle
racking is still a severe problem [176–178]. Upconversion-guided
D imaging can offer unprecedented solutions for precision in
etermining locational information of single particles even with
ide-field excitation for optimal long-term particle tracking. For

nstance, Jin and coworkers reported 3D high-resolved single
pconversion nanoparticle tracking through intensity-based anal-
sis. Their approach was conducted by separating the optical data
f single particle from those of nanoclusters, which allowed for
ingle-cell imaging with nanoparticles located at different heights
f 1, 2 and 4 �m (Fig. 7b). By tracking a single nanoparticle with

igh temporal, spectral and spatial resolution, the measurement
f local viscosity in intracellular environment was  implemented as
ell [179].
roscopy method for determining single nanoparticles long-term 3D tracking. Three
 (1, 2 and 4 �m)  are recorded by a CCD camera.
), Ref [179]. (Copyright 2018, Nature Publishing Group).

Biosensor

Fluorescence-based biosensor, which enables active fluores-
cence qualitative and quantitative analysis, has been commonly
used in various fields due to their high sensitivity and ease of
manufacturing [180–183]. Ln3+-doped UCNPs with zero autoflu-
orescence characteristics are one of the most suitable systems for
fluorescence-based assay [184–187]. One interesting example of
upconversion-based bio-detecting platforms is in the form of a
pH sensor, where the variation of pH could be measured through
the ratiometric changes in upconversion emission from different
bands [188,189]. By using this method, Schäferling and coworkers
performed intracellular pH sensing [190]. In their studies, the pH
indicator (pHrodo) conjugated on the surface of nanoparticles was
sensitized via an energy transfer from Ln3+-doped UCNPs, and the
change of pH was detected through the comparison of emission
intensity between upconversion nanoparticles (550 nm)  and pH-
sensitive pHrodo dye (590 nm)  (Fig. 8a). These upconversion-based
probes provide a suitable solution for detecting the changes of pH
both in vitro and in vivo models with high biological background
fluorescence.

Similar to optical pH sensing, upconversion-based nanother-
mometer is capable of measuring localized temperatures through
ratiometric changes in different emission bands [191–195]. A rep-
resentative example was best exemplified by Capobianco et al.
in the year of 2010, who determined the temperature of a single
cell using the upconversion-based optical method. In this work,
the upconversion emission intensity ratio between 2H11/2 → 4I15/2
(525 nm)  and 4S3/2 → 4I15/2 (545 nm)  transitions of Er3+ ions was
exploited to sense the changes of temperature (Fig. 8b) [196]. More
interestingly, by incubating the upconversion nanoparticles with
HeLa cells, this upconversion-based fluorescent nanothermometer
can measure the internal temperature of the living cell from 25 ◦C
to 45 ◦C, which is vitally important for understanding its pathology
and physiology.

Upconversion-based biosensors also have emerging abilities for
the detection of specific chemicals in living systems [197–199].

For example, Zhu and coworkers designed a noncoding RNA
sensing nanoplatform through the DNA hybridization between
DNA-modified upconversion nanoparticles and gold nanoparticles
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Fig. 8. (a) Schematic illustration of upconversion-based pH sensor. The pHrodo dye can be sensitized via an energy transfer from the nanoparticle. By comparing the emission
intensity between upconversion nanoparticles (550 nm)  and pH-sensitive pHrodo dye (590 nm), the pH can be measured. (b) The intensity ratio of green upconversion
emission bands from 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions of Er3+ ions is employed to detecting temperature through optical method. (c) Schematic illustration of
the  established sensing nanoplatform for detecting (a) antisense RNA segment and (b) miRNA. The hairpin sequence was designed to respond toward a specific target DNA.
In  the presence of single DNA, the hairpin is open and the Au nanoparticles move away from the surface of UCNPs, resulting in the recovery of upconversion luminescence
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eproduced with permission from Ref. [190] (Copyright 2017, American Chemical
018,  Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

200]. In their studies, the quenching of upconversion emission via
uorescence resonance energy transfer can be recovered by design-

ng a signal DNA sequence to open the hairpin DNA. In addition, an
xonuclease III (Exo III)-assisted cycling amplification strategy was
ntroduced to improve the sensing sensitivity (Fig. 8c). All these
haracteristics make upconversion-based sensing platform poten-
ial candidates for various ncRNA detection and clinical diagnosis.

timulated emission depletion (STED) nanoscopy

Another important area for applications of upconversion
anoparticles is their use for super-resolution imaging. Stimu-

ated emission depletion (STED) micro/nanoscopy is one of the
ost important techniques for achieving sub-diffraction-limit

uper-resolution imaging [201–204]. However, the current STED
icro/nanoscopy approaches generally using organic dyes as the

robe and requiring extremely high power depletion laser, which
ill quickly cause the photobleaching of dye molecules and the

eterioration of imaging capability [205–207]. As an alternative,
n3+-doped UCNPs with inherent non-photobleaching and non-
hotoblinking properties could be selected as luminescent probes
or STED imaging to enable long term and repetitive imaging with
ty), Ref [196]. (Copyright 2010, American Chemical Society), Ref [200]. (Copyright

high temporal resolution [208–211]. In addition, compared with
single-photon emission STED, upconversion-based multiphoton
STED is more suitable for deep tissue studies since the scattering
from biotissues is much less significant in the NIR region.

The first example of optical depletion of lanthanides’ upcon-
version was demonstrated by Zhan and co-workers [208]. In their
studies, green emission of NaYF4:Yb3+/Er3+ upconversion nanopar-
ticles, arising from laser excitation at 795 nm,  could be depleted by
introducing 1140 nm laser as another pumping source. Although
the depletion efficiency is low, this work indicates that Ln3+-doped
UCNPs are potential probes for sub-diffraction microscopic imag-
ing.

Very recently, Jin and colleagues have reported a new
approach to realize low-power super-resolution STED nanoscopy
(Fig. 9a) [210]. Upconversion nanoparticles with high concentration
(8 mol%) Tm3+ dopant are used as luminescent probes. In compari-
son to the luminescence of NaYF4:Yb/Tm (20/1 mol%) nanocrystals,
the blue emission of Tm3+ upon 980 nm excitation could be largely

counteracted in the NaYF4:Yb/Tm (20/8 mol%) nanoparticles once
another de-excitation beam at 808 nm was  applied (Fig. 9b). A
photon-avalanche-like effect and a depletion route of 3H4 → 3H6
were proposed to explain the concentration-dependent stimulated
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Fig. 9. (a) Schematic diagram of upconversion-based STED super-resolution imaging. Note that a Gaussian excitation at 980 nm and a ‘doughnut’ depletion at 808 nm are
employed for STED nanoscopy. (b) Upconversion emission spectra of NaYF4:Yb/Tm (20/8 mol%) upconversion nanoparticles upon 980 nm, 808 nm and dual excitations. (c)
Respective confocal (upper) and upconversion-STED super-resolution (bottom) images. (d) The corresponding line profiles analyses showing a full width at half maximum
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FWHM) of 48.3 nm by using the upconversion-STED method. (e) Multiphoton (up
esmin using secondary antibody conjugated NaYF4:Yb/Tm (18/10 mol%) upconver
eproduced with permission from Ref. [210,211] (Copyright 2017, Nature Publishin

mission depletion phenomenon. More importantly, the 808 nm
oughnut-shaped depletion beam at a relatively low power density
9.75 MW/cm2) could dim the overlapping area, resulting in the size
f a luminescence spot far below the diffraction limit (Figs. 9c and
). This smart design not only enables super-resolution imaging at
igh lateral resolutions but also inhibits the photothermal damage

nduced by a high-power laser beam.
Almost at the same time, Zhan et al. also demonstrated the

easibility of STED by employing upconversion nanoparticles with
eavily doped Tm3+ ions [211]. The optical depletion mechanism

s similar to the above mentioned, although a different deple-
ion channel (1D2 → 3F2) was proposed in their work. Using this
ow-power super-resolution STED nanoscopy method, a resolution
f 66 nm was  achieved upon dual NIR irradiation at 975 nm and
10 nm.  By mixing NaYF4:Yb/Tm (18/10 mol%) and NaGdF4:Yb/Tm
40/10 mol%)@NaGdF4:Tb (15 mol%) nanoparticles as luminescent
robes, a two-color super-resolution imaging was  obtained experi-
entally. Moreover, this upconversion-based STED nanoscopy can

e used to image subcellular structures with a high later imaging
esolution (Figs. 9e and f). Although these results are promising,
he application of inorganic upconversion nanocrystals as labels
or STED nanoscopy is in its infancy compared to organic fluo-
ophores. There are still many issues that need to be addressed
efore applying it in real biological systems.
IR light-activated molecular switches

Conventional molecular switches generally require the use of
V and visible light to induce photochemical reactions between
nd upconversion-STED super-resolution (bottom) images of cytoskeleton protein
anoparticles and the corresponding intensity profiles analyses (f).
up).

two isomers with different structures (Fig. 10a), which may cause
deleterious effects associated with low storage density for optical
memory and low penetration depth for photo-release and photody-
namic therapy [212–216]. Ln3+-doped upconversion nanoparticles,
with their unique NIR to UV–vis emission property, provide a possi-
ble solution to these problems. By employing UCNP as an antenna,
upconversion-based photoswitching systems have been proven to
be capable of reversible modulation of properties and structures
of photoswitchable molecules, such as spiropyrans, diarylethenes,
and azobenzenes [217–221].

In 2009, Branda et al. demonstrated an interesting structural
switching of photo-responsive dithienylethene (DTE) molecules
using upconversion-mediated technology [222]. In their stud-
ies, a mixture of upconversion nanoparticles and DTE molecules
was cast into the acrylate film. Upon irradiation with 980 nm
laser, ultraviolet emission from NaYF4:Yb/Tm and green lumi-
nescence from NaYF4:Yb/Er particles can be produced to trigger
ring-opening and ring-closing reactions of the DTE molecules,
respectively. One year later, a two-way reversible photoswitch-
ing relied on one type of nanoparticle was  reported by the same
group, where NaYF4:Yb/Tm@NaYF4:Yb/Er@NaYF4 nanoparticles
are used as energy donor upon NIR irradiation [223]. At a high-
power density, the dominant UV emissions arise from Tm3+ can
drive a ring-closing reaction of DTE molecule. In contrast, a low
power density leads to a ring-opening reaction of the organic

molecule, as a result of green emission from Er3+. Based on a sim-
ilar method, Li and co-workers demonstrated a reversible tuning
of self-organized helical superstructures by doping chiral switch
molecules and upconversion nanoparticles into a liquid crystal host
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Fig. 10. (a) Typical examples of photochromic molecules. Note that UV and visible light are commonly used for activating photoisomerization reaction of these photochromic
molecules. (b) Schematic diagram of dual NIR-light triggered reversible handedness inversion of the self-organized helical superstructure incorporated with chiral diarylethene
switch  and upconversion nanotransducers. (c) Time-dependent UV–Vis spectra changes of molecule switch (S, S)-8 mixed with upconversion nanoparticles in cyclohexane
upon  808 nm laser irradiation (top spectra) and the reverse process under 980 nm laser excitation (bottom spectra). (d) Upconversion emissions from Tm3+ (purple spectrum)
and  Er3+ (green spectrum) with the excitation at 808 nm and 980 nm,  respectively, which overlap well with the absorption spectra of SP and MC.  The evolution of the UV–vis
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pconversion nanoparticles (black square: upon 808 nm irradiation; blue star: upo
eproduced with permission from Ref. [225,226] (Copyright 2014 and 2015, Wiley-

224]. Upon laser irradiation at 980 nm,  a power density-dependent
eversible switching process was observed accompany with the
hift of reflection wavelength of the photonic superstructure. Inter-
stingly, a reversible dynamic tuning of RGB reflections in a single
lm is implemented by simply adjusting the power densities of
IR excitation laser. Despite the enticing prospect, the spectral
verlap of UV and visible emissions of these upconversion trans-
ucers compromises the photochemical reaction rate and reaction
egree.

As an alternative, upconversion nanoparticles with the orthogo-
al excitation-emission property have been developed and utilized

or inducing NIR light-activated photoswitching. For example,
i and colleagues have demonstrated a reversible photocycliza-
ion of the chiral diarylethene molecular through dual-channel
pconversion (Fig. 10b) [225]. Upon 808 nm irradiation, the UV
mission of Tm3+ facilitated the structural transformation of DTE
olecule from the open to the closed form, as accompanied by

n absorption change of DTE at 550 nm.  Similarly, the reverse
ing-opening reaction could be achieved using a 980 nm laser
rradiation (Fig. 10c). Another representative demonstration of
rthogonal upconversion-driven photoswitching was reported by
ee et al. [226]. In their studies, the ultraviolet emission from
m3+ upon 808 nm excitation and visible emission from Er3+ under
80 nm irradiation can trigger structural transmission between
piropyran (SP) and merocyanine (MC) along with the solu-
ion color change between pink and colorless (Fig. 10d and e).
wing to the unique NIR light-activated switching characteristic,

hese spiropyran-modified upconversion nanoparticles may  find
mportant applications in photoswitchable drug release and pho-
odynamic therapy in deep tissue. Recently, Liu and co-workers
eveloped a new type of orthogonal excitation-emission upcon-
ersion nanoparticles with ultra-high spectral purity. By combining

hese upconversion nanoparticles with diarylethene photochromic

olecules, optical data writing and erasing are easily implemented
hrough laser excitation at 980 nm and 1532 nm, respectively
227]. This NIR light-based two-way molecular editing opens up
g of absorbance changes of MC molecule at 560 nm in the presence of the core-shell
nm irradiation). The red dots show the absorbance changes of MC in the dark.

erlag GmbH & Co. KGaA, Weinheim).

a multifaceted approach for rewritable optical memory with high
spatiotemporal resolution.

Upconversion lasing

Lanthanide-doped upconversion nanoparticles can also be
employed as efficient optical gain media for lasing applications.
Yu and colleagues have devoted many efforts in this field and
reported several interesting phenomena associated with upcon-
version lasing. In 2013, they demonstrated the first upconversion
multi-band lasing by utilizing NaYF4:Yb/Er@NaYF4 nanoparticles
as gain media [228]. In their studies, a 980 nm 3-pulse pumping sys-
tem was  used as the excitation source. By building an upconversion
nanoparticle-contained Fabry-Perot cavity and employing sequen-
tial pulses excitation, amplified spontaneous emission from Er3+

ions was  achieved through the increase of pumping power. More
excitingly, whispering gallery mode (WGM) upconversion lasing
emissions from blue, green, and red bands of Er3+ ions were gener-
ated from a bottle-like microcavity, which is fabricated by coating a
drop of hybrid silica resin onto a bare optical fiber (Fig. 11a). Three
years later, Wang et al. reported the deep ultraviolet upconversion
lasing emission from NaYF4@NaYbF4:Tm/Gd@NaYF4 upconversion
nanoparticles using the similar bottle-structured microresonator
through the optimization of pumping scheme [229]. The 5-pulse
excitation scheme used in this work was proven to be favorable for
pumping the multiphoton upconversion (Fig. 11b). With increasing
the pumping energy, two  typical threshold powers, Pa and Pth, were
presented in the S-liked light input-output curve (Fig. 11c), which
is a typical characteristic for lasing emission. The high Q factor
(∼2800) and well-defined sharp peaks (linewidth < 0.11 nm) indi-
cated a high quality of ultraviolet upconversion lasing (Fig. 11d).

In addition to bottle-like microcavities, there are many other

structures that have proven effective for generating upconversion
lasing. For example, Yu and co-workers have developed a cylin-
drical microcavity containing NaYF4:Yb,Tm@NaYF4 nanocrystals
to induce upconversion lasing through 5-pulse system pumping
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Fig. 11. (a) Power-dependent lasing spectra of the microcavity containing
NaYF4:Yb/Er@NaYF4 nanoparticles. The insets present the bottle-like geometry of
microcavity under daylight and the images of the microcavity under different exci-
tation power. (b) Schematic of the optical set-up of the five-pulse excitation scheme
for  upconversion lasing. The insets show TEM image of NaYF4@NaYbF4:Tm@NaYF4

upconversion nanoparticles (upper left) and photographs of the microresonator
without and with laser excitation (lower right). (c) Log-log plot of output intensity
versus pumping power of a microresonator containing upconversion nanoparticles.
This S-like spectrum indicates a transition from spontaneous emission to an ampli-
fied spontaneous emission and a lasing emission. (d) The lasing spectra of Gd3+ ions
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eproduced with permission from Ref. [228] (Copyright 2013, American Chemical
ociety), Ref [229]. (Copyright 2016 Nature Publishing Group).

230]. The deleterious recombination of the intermediate excited
tates can be suppressed through the integration of cylindri-
al microcavity, leading to multiphoton upconversion enhanced
nd lasing emissions from Tm3+ ions occurred. Another white-
ight WGM  upconversion lasing has been successfully obtained
n Yb-Er-Tm codoped NaYF4 hexagonal microrods through total
nternal reflection within the six flat inner-surfaces of hexagonal
risms [231,232]. Moreover, besides the lasing emissions from lan-
hanides’ intra 4f electronic transitions, UV upconversion lasing of
e3+ ions from their 5d-4f transition has also been demonstrated
y Wang’s group using NaYbF4:Gd/Tm@NaGdF4@CaF2:Ce upcon-
ersion nanoparticles as gain medium [233]. Finally, in addition
o high-energy pulse excitation source, continuous-wave pumping

aser also can be used to generate lasing emission. Very recently,
ontinuous-wave upconverted lasing has been reported employing
aYF4:Gd/Tm@NaGdF4 nanoparticles as gain media. By coupling
m3+-doped upconversion nanoparticles to the surface of 5 �m
ano Today 29 (2019) 100797 15

polystyrene microspheres, Schuck et al. developed a upconvert-
ing microlaser through c.w. laser excitation at 1064 nm with power
density as low as 14 kW cm−2. Due to the energy-looping excitation
property of NaYF4:Gd/Tm@NaGdF4 nanoparticles, lasing threshold
can be reduced remarkably, leading to the stable operation of this
microlaser upon excitation with 300 kW cm−2 for 5 h [234]. These
newly developed upconversion-based lasers open up a new avenue
toward applications in biosensing and deep-tissue optogenetics.

Conclusions and outlook

Lanthanide-doped upconversion nanoparticles have received
increasing attention in recent years because of their unique NIR
excitation characteristics and exceptional light penetration depth,
along with sharp emission bands, large anti-Stokes shifts, and
remarkable photostability. In this review, we  have summarized
recent development of lanthanide-doped upconversion nanocrys-
tals mainly focusing on controllable synthesis, multicolor emission
tuning, luminescence enhancement, and especially the emerging
applications from nanobiology to nanophotonics.

Despite the exceptional promise of Ln3+-doped UCNPs, there
remain several challenges in this field. A major restriction is their
low quantum efficiency, particularly under low power density
excitation. Recently, dye-sensitized upconversion has been pro-
posed to achieve luminescence enhancement in lanthanide-doped
nanocrystals. However, the underlying mechanisms in these hybrid
systems need to be clarified and explained further. Another area in
need of development is the standard measuring facilities and pro-
tocols for characterizing the quantum efficiency of upconversion
nanoparticles. Owing to the typical excitation power dependence of
upconversion efficiency, a criterion on the measurement of quan-
tum yield is highly required to make a quantitative comparison
between different samples from different laboratories.

For application in neuroscience, upconversion nanoparticles can
be readily taken up by cells, resulting in the distance variation
between membrane-bound ion channels and the particles, which
in turn restrains the long-term stimulation with high stability. For
the case of upconversion-based STED, there are also many issues
when it applied in real biological tissues under physiological con-
ditions, such as long imaging acquisition time and limited spatial
resolution caused by particle size. All these issues must be well
addressed before upconversion nanoparticles can indeed find their
practical utility.
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