Journal of Physics D: Applied Physics

ACCEPTED MANUSCRIPT

Expanding the toolbox for Lanthanide-doped upconversion nanocrystals

To cite this article before publication: Yiming Wu et al 2019 J. Phys. D: Appl. Phys. in press https://doi.ora/10.1088/1361-6463/ab29c7

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2019 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 137.132.123.69 on 18/06/2019 at 13:02



https://doi.org/10.1088/1361-6463/ab29c7
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6463/ab29c7

Page 1 of 34 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-119950.R1
IOP Publishing Journal Title
; Journal XX (XXXX) XXXXXX https://doi.org/XXXX/XXXX
3
4
5
6 [ ] [ ]
> Expanding the Toolbox for Lanthanide-Doped
8
[ ]
9
> Upconversion Nanocrystals
1
12 Yiming Wu?, Melgious Jin Yan Ang!?, Mingzi Sun?, Bolong Huang3* and Xiaogang Liu*%%*
13
14 ! Department of Chemistry, Faculty of Science, National University of Singapore, Singapore 117543, Singapore
15 2NUS Graduate School for Integrative Sciences and Engineering (NGS), 28 Medical Drive, Singapore 117456; Singapore
16 3Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University, Hung HHom,
17 Kowloon, Hong Kong SAR, China
18 “4Center for Functional Materials, NUS Research Institute, Suzhou, Jiangsu 215123, China
19 ~
20
21 E-mail: bhuang@polyu.edu.hk
22 E-mail: chmlx@nus.edu.sg
23 .
24 Received xxxxxx
5 Accepted for publication Xxxxxx
> Published xxxxxx
26
27
28 L
29
30
31 Abstract
32
33 The ability to convert low-energy quanta into a quantum of higher energy is critical for a variety of applications, including
34 photovoltaics, volumetric display, bioimaging, multiplexing sensing, super-resolution imaging, optogenetics, and potentially
35 many others. Although the processes of second harmonic generation and multiphoton (or two-photon) absorption can be used
36 to generate photon upconversion, lanthanide-doped upconversion nanocrystals have emerged as an attractive alternative for
37 nonlinear upconversion of near-infrared light with pump intensities several orders of magnitude lower than required by
conventional nonlinear crystals. Over the past five years, considerable efforts have been made to tune the photoluminescence
38 of upconversion nanocrystals, and significant’progress has been achieved. In this review, we focus on manipulation of the
39 wavelength, emission intensity and lifetime of upconversion nanocrystals. Here, we outline the fundamental principle for the
40 upconversion phenomenon, review the currentg(perimental state-of-the-art for controlling photon upconversion in lanthanide-
41 doped nanocrystals and highlight the prospects for multifunctional upconversion nanocrystals currently in development.
42
ji Keywords: lanthanide, upconversion nanoparticle, anti-counterfeiting, security, biodetection, super-resolution imaging,
45 optogenetics, phototherapy, photovoltaics, optoclectronics
46
47
48 . . .
49 1. Introduction quantum dots, lanthanide-doped upconversion nanoparticles
50 (UCNPs) exhibit excellent photostability, constant light
51 As a nonlinear optical process, photon upconversion emittir_lg capgbi_lity, massi.ve anti-stokes shift,A sharp r.nu.lti-
52 can convert near-ififffared (NIR) excitation with low photon pealf line emission, and.w1c.1ely tuneable domain of emission
53 energy into (higher emergy ultraviolet and visible lifetime [_2]~ Such intrinsic feqtures make fre.quency
54 luminescence. Since its discovery in bulk crystals in the upconversion ‘_DY _UCNPS appealing  for PhOFOHIC and
55 1960s, photefiipconversion through lanthanide (Ln) ions has  biological applications. The use of NIR excitation source
56 garnered fremendoys research interest because of its wide- ~permuts negligible b.ackground autoﬂuorescence by
< ranging potential applications, spanning from solid-state eliminating background 1.nterference from either endogenous
lasing, IR imagings security printing, volumetric displays to fluorophores or non-specifically bound probes. Moreover, the
58 biological imaging and therapeutics [1-5]. Unlike ability to generate visible optical emission under low dose of
Zg conventional-luminescent systems such as organic dyes and NIR irradiation substantially reduces light scattering by
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Figure 1. (a) Schematic illustration of upconversion nanoparticle composed of an inorganic crystalline host embedded with trivalent
lanthanide dopant ions; (b-c) TEM and High-resolution STEM image of a typical upconversion nanoparticle made of a
NaGdF4:Yb/Tm(49/1%) core and a NaGdFa:Tb (15%) shell, revealing the single-crystalline nature/of the crystal; (d) An enlarged view of
the selected area in ¢, indicated by a yellow box, showing the lattice imaging of the crystal; (¢) Simplified illustration of the effect of
Coulombic field, spin—orbital coupling, and crystal field interaction on the electronic configurations of lanthanide atoms; (f) Typical
luminescence photographs of colloidal solutions of representative samples. showing upconversion multicolor fine-tuning. Figure
reproduced with permission from: (b-c), [27], Springer Nature; (f), [33], American Chemi.cal Society.

biological tissues, thereby resulting in less photo-damage to
living organisms and allowing deep-tissue phototherapy and
imaging to be performed [6]. On the other hand, by converting
sub-bandgap NIR photons into usable above-bandgap
photons, the use of Ln-doped UCNPs can minimizge the non-
absorption energy losses in photovoltaic devices, providinga
possibility to break the Shockley-Queisser efficiency limit,[7-
9]. Furthermore, since the excitation wavelength for photon
upconversion typically falls in the technologically important
telecom window (0.8-1.8um), UCNPs have become attractive
building blocks to be integrated into silicon or ‘ether
semiconductor materials as spectral converters for the
development  of telecom  wavelength=-programmable
optoelectronic devices [1,3,10-14].

Over the past decade, substantial research’efforts have
been devoted to developing high-efficiency UCNPs and
exerting control over their optical characteristics. Precise
control over the luminescence properties of UCNPs is not only
crucial for fundamental mechanistic studies but also extremely
important for technology 'advancement [15-16]. Previous
studies have extensively focused on manipulation of the
emission properties of UCNPs| by conventional chemical
routes. These includeynanoscale‘integration, the modification
of chemical composition, and core-shell engineering [17-21].
Theoretical calculations from the early work of Crosswhite to
the recent development of density functional theory (DFT)
have prompted us to.investigate the mechanism that controls
luminescence properties [22-25]. Recently, innovative
strategies through external stimuli have also been proposed to

generate tunable upconversion luminescence [26]. Thus far,
few attempts have been made to provide a systematic account
of various strategies that have been successfully applied to
tune», the luminescence properties of upconversion
nanocrystals as well as to provide a broad overview of their
applications in diverse areas. In this review, we begin with a
brief description of the fundamental principles of the
upconversion phenomenon. Subsequently, we emphasize
recent experimental strategies employed to realize on-demand
control over the upconversion luminescence in lanthanide-
doped nanocrystals, including conventional chemical routes
and those beyond chemical methods. The ensuing section
highlights some emerging applications involving tunable
upconversion luminescence. Finally, several future
challenging issues and improvements in this field are
discussed in hopes of deepening our understanding of these
unique nanosystems.

1.1 Basic considerations

A lanthanide-doped upconversion nanoparticle usually
consists of an inorganic and photostable host embedded with
various trivalent lanthanide ions (Figure la-d) [27]. Unlike
conventional anti-Stoke processes, such as second-harmonic
generation and multiphoton absorption, photon upconversion
in lanthanide-doped nanocrystals relies on the physically
existing intermediary energy level, thus possessing higher
frequency conversion efficiency. Upconversion emission
originates from inner-shell 4f electrons which are well-
shielded by the complete filled 5s> and 5p® sub-shells of
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Figure 2. Simplified energy level diagrams depicting upconversion processes including excited-state absorption (ESA), energy transfer
upconversion (ETU), cooperative sensitization upconversion (CSU), energy migration upconversion (EMU) and photon avalanche (PA).

lanthanide ions. The optical transitions are localized and
generally not affected by quantum confinement. This attribute
renders upconversion emissions hardly influenced by the
environment, giving rise to unique optical properties such as
sharp emission band, reliable photostability and long excited-
state lifetime [2].

The repulsion from the Coulombic interaction of the
electrons and spin-orbit coupling among f-electrons splits the
lanthanide’s 4" electronic configuration, inducing a great
diversity of energy-level arrangements [28]. This feature
makes lanthanides ideal candidates for generating photon
upconversion (Figure 1e) [29,30]. Theoretically, lanthanides
feature substantially different energy levels and are capable of
emitting light at any wavelength due to the diverse distribution
of the electrons within 4f sub-shells [31,32]. Figure 1f shows
a typical luminescence photograph of colloidal solutions of
representative Ln-UCNPs featuring the multicolor_emission
profiles [33]. Many theoretical works published in recent
years have been used to explain the electronic structures of
rare-earth materials. Based on vibronic, coupling, Liu
established a semi-empirical model to  simulate the
experimental spectra [23]. DFT with improved self-
consistency calculation method is applied for further
understanding and more accurate description, of the energy
levels of the lanthanide materials [25,28]¢

1.2 Upconversion luminescence process

Previous fundamental studieson lanthanide-doped crystals
have allowed an improved comprehension of the underlying
physical phenomenon in photon upconversion processes. With
the plentiful ladder-like energy levels of the 4f electronic
configurations, trivalent lanthanide ions can undergo various
upconversion processes. Lypically, photon upconversion
occurs through sequential/absorption of two or more low-
energy photons and.converts the gain to a high-energy state.
In principle, upconversion process in Ln-doped UCNPs can be
generally categorized into excited state absorption (ESA),
energy transferupconversion (ETU), cooperative sensitization
upconversion (CSU), energy migration upconversion (ETU),
and photon avalanche (PA) [34-36]. Figure 2 illustrates the

proposed upconversion.mechanisms, which are described
below. ~

The abovementioneéd  anti-stokes processes are
characterized by the eonversion of several photons within
metastable energy levels of a dopant ion into a long-lived
photon state. ESA or ETU are the two common types of
upconversion processes relying on the accumulation of the
low-energy photons,via the multiple intermediate states of
lanthanide ions. In the ESA process, two low energy photons
sequentially ‘absorbed are temporally stabilized in a real
intermediary enérgy level of a single lanthanide ion. For ETU
process to proceed, two low-energy photons of the same
energy aredabsorbed by two adjacent sensitizer ions and
successively transferred to a neighboring activator ion that can
emit from a high energy level through a non-radiative energy
transfer process. The major difference between ETU and CSU
lies)in the absence of a long-lived intermediate energy state of
the activator in the latter, and thus the CSU process is much
less efficient.

By comparison, upconversion emission arising from the
PA process does not depend on the synchronous progress with
the ground state within lanthanide ions and could be generated
when the power of the excitation exceeds a threshold. On the
other hand, four types of lanthanide ions are associated with
the EMU process occurring in Gd-based core-shell
nanoparticles. A sensitizer first absorbs the excitation photon
and then transfers the excited energy to a neighboring
accumulator ion. Subsequently, the energy trapped in the
accumulator ion is further transferred to a migrator ion to its
high-lying excited state. After that, the excited energy can
migrate across the core-shell interface through sub-lattice.
Finally, the activator harvests the migrating energy to generate
upconverted emission. It should be noted that energy transfer
upconversion (ETU) is known to be the most efficient
frequency upconversion mechanism, which typically occurs in
a sensitizer—activator system. After absorbing the excitation
photons, resonant energy transfer from the sensitizer to the
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Figure 3. Tuning the luminescence of lanthanide-doped upconversion nanoparticles by conventional chemical methods.

activator populates not only the ground state but also the
intermediate state of a nearby activator center. The energy
transfer probability Ws_4 between the sensitizer and activator
ions can be described by Forster-Dexter theory:

3htct . Qabs o ff,fm(E)f;‘bs(m dE @)

T eanSntts T RE_4 E*

WS—A

Where £ is the reduced Plank’s constant, ¢ is the speed of light
in a vacuum, 7 is the refractive index of the host lattice
medium, 7 is the intrinsic lifetime of the sensitizer‘ions in the
absence of activators, Rs 4 is the distance betweennthe
sensitizer and activator ion, and Qs is, the integrated
absorption cross-section of the activator ion. The integral
expresses the spectral overlap of sensitizer ion"emission and
activator ion absorption, as a function of photon energy E. (£
= hc/A). Therefore, one can notice that the Rss and the spectral
overlap are the two critical parameters/governing the energy
transfer. Besides, high absorbance (Qass) of the activator at the
emission wavelength of the sensitizer and sensitizer ions with
lower 75 is also beneficial for more efficient energy transfer.
Moreover, from fundamentalssESA" process and highly
efficient ETU process to EMU process, the use of accurate
relative positions of electrofiic excitations within the host band
structures to describe theroptical transitions is highly desired.
Recently, EMU model has been _further improved based on
DFT calculations, suggesting the presence of a hidden energy
level of Gd ionsccaused by. the close shell effect [37,38].

Over the past decade, the research on upconversion
nanocrystals has made tremendous progress. The ability to
precisely:modulate the photophysical luminescence properties
of upconversion nanocrystals on demand is vital in translating
their properties-ifito real-world applications. In this section, we
attempt to highlight several key strategies that have been
utilized \toamodulate upconversion luminescence. Broadly,
these strategies can be categorized into either “chemical
methoed” or “external stimuli method,” as illustrated in Figure
3 and Figure 7. Numerous studies using conventional
chemical routes have been reported, including dopant ion
variation, host matrix manipulation, spatial confinement of
dopants, and nanoscale integration. Alternatively, innovative
strategies beyond conventional chemical methods have also
been reported to tune the luminescence of upconversion
nanocrystals. These include electric or magnetic field-induced
tuning, photonic crystal engineering, surface plasmon
coupling, microlens light focusing, thermal activation and
anisotropic polarization modulation. Theoretical
investigations have been proposed in combination with
experimental work to exert precise control over upconversion
luminescence.

2.1 Tuning through chemical methods

Chemical synthesis routes have been extensively
employed to scale up the production of UCNPs with tunable
upconversion emissions [13,39-46]. The luminescence of
lanthanide-doped nanocrystals primarily originates from the f-

However, the present challenge for the systematical study of J/ transitions of lanthanide ions. Owing to the narrow

upconversion luminescence is to clarify and quantify the
involvement of severabmechanisms in one system.

2. The methodology of tuning photon upconversion
in lanthanide-doped nanocrystals

absorption cross-section of lanthanides, the upconversion
quantum efficiencies measured from UCNPs are still far
below theoretical values. Therefore, by manipulating the
electronic transitions of lanthanide dopants between different
energy levels, it is possible to tune the nanoparticle’s emission
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Figure 4. (a) Upconversion multicolor emission photos of NaYF4:Yb3"/Tm3**/Er3" (20/0.2/0.2-1.5 mol%) and NaYF4:Yb3'/Er’* (18—
60/2 mol%) nanoparticles in ethanol solutions under 980 nm laser illumination [47]. (b) Schematic illustration of lifetime tuning and
time-resolved confocal images for NaYF4:Yb**/Tm** (20/0.2-4 mol%) upconversion nanocrystals. The images from left to right represent
that nanoparticles with Tm doping concentrations of 4, 2, 1, 0.5 and 0.2 mol%, respectively [53]. Figure reproduced with permission
from: (a), [47], American Chemical Society; (b), [53], Springer Nature.

profiles in the form of emission wavelength, intensity, and
dynamic decay rate.

2.1.1 Changing the chemical composition and
varying dopant concentration

By utilizing different dopant ions, adjusting dopant
concentrations and co-doping activators with different
emission wavelengths in the host material, multicolor
emission of upconversion nanocrystals can be easily achieved.
Our group reported the upconversion multicolor fine tuning
from red-to-green emission based on NaYF4Yb*'/Er’'
nanoparticles through controlling energy transfer of different
lanthanide ions by varying Yb*" concentration [47]. In
addition, by carefully co-doping with Er** and Tm?!.in the
NaYFs host material, one could manipulate the emission
profiles of UCNPs (Figure 4a). It was found that a subtle
change in the Er’" concentration would cause significant
changes in emission intensity balance between Et*" and Tm?*,
resulting in a wide range of colors from blue toswhite. Yan and
co-workers have systematically studied another co-doped
system (NaYF4Yb*/Er*") dependency on the, ratio of both
dopants, in which they determined the optlmzﬁ\:oncentranon
of Yb’"and Er*" to be 20% and 2%, respectivély [48]. Besides,
several groups have confirmed * that such dopant
concentration-induced luminescence enhancement is more
favorable in higher-order upconversion.emission process [49-
52].

In principle, the usemof the high doping level of
luminescent activator ions-(Tm*!, Er’f, or Ho*") permits the
maximization of the transfer of the excitation energy absorbed
by the Yb** sensitizers. However, theyinteraction between
different lanthanide activators in the host lattice is usually
accompanied by/a quenching effect due to deleterious cross-
relaxations. In (this context, a low dopant concentration is
typically implemented to minimize the quenching effect.
However, Jin and co-workers reported an intriguing design
that utilizes the concentration quenching effect to achieve
control over luminescence kinetics [53]. Since the increase in

~

doping concentration woeuld cause an increased rate of energy
migration due to reduced ionic/distances, a reduction in the
emission lifetime of the manocrystals is expected as a result.
By varying thé'doping concentration of Tm*" activator in the
range 0.2-8_mol%, the researchers achieved lifetime
modulation withha broad window, ranging from 25.6 ps to
662.4 us'in the bluéremission band of Tm** (Figure 4b). A
lifetime-based coding technique through lanthanide doping
was(also demonstrated, providing a new platform for time-
domain /optical Fhultiplexing for security applications. Yan
and co-workers argued that a high concentration of dopants is
likely toninduce the clustering effect, particularly within the
interplay between Er** and Yb**, irrespective of the amount of
Er** sensitizer under study [54].

Tailoring the local crystal field through point symmetry of
the luminescent center can loosen the parity-forbidden 4/~4f
intra-configurational transitions of Ln*" ions. The
involvement of Li" ions in Ln-doped nanocrystals for
upconversion modulation through the symmetry tailoring has
been reported by several groups [55-58]. Moreover, Bi*" and
Fe’* can also be applied to accomplish the local crystal field
tailoring [59,60].

2.1.2 Host matrix screening

The host matrix also plays a critical role in determining the
luminescence characteristics of upconversion nanocrystals
since the excited energies of the dopant ions may interact with
host materials through lattice vibration [21,61-63]. Estimation
of quantum efficiency is highly dependent on the energy levels
of the host material. Dorenbos has systematically derived the
ground levels of Ln** ions within the bandgap of different host
lattices and proved the overlap in the excited states of band
structures [64,65]. The precise location of the energy levels of
divalent Ln ions relative to the valence and conduction band
is proposed based on a three-parameter model as follows:

Era(n,2+4,4) = Epfree(n,2 +) — D( 2+, A) )
Eyp(n+1,2+,4) = ET(6,3+,4) + AEc; (,6,3+)  (3)
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Figure 5. (a) Schematic design of core/shell structured nanoparticles to control upconversion photolumingscence through energy
migration-mediated upconversion mechanism. (b) Emission spectra of core/shell structured nanoparticles doped with different activators
(Tb*", Eu®*, Dy*" and Sm3*); (c) Simplified energy level diagrams representing energy migration-mediated.upConversion processes; (d)
Luminescence photographs of NaGdF4: Yb/Tm@NaGdFs: A@NaY F4 nanoparticles with different activator concentrations in cyclohexane
solution under irradiation of a 980 nm laser. Figure reproduced with permission from: (a-b), [27]3Springer Nature; (c-d), [33], American

Chemical Society.

where Ejfre.(n,2+) and AEcr(n, 6,3 +) are constants.
Eys(n + 1,2+, A) is the charge transfer (CT) energy between
valence band maximum (VBM) and the 4f ground state of
divalent Ln ions and D( 2+, A) is the redshift.

The alteration of the host matrix would result in the
variation in phonon energy that leads to different
upconversion energy transfer pathways. There are numerous
observations of structure-dependence of upconverting
nanocrystals, especially those with alteration of lattice
symmetry [39,43,45,66-68]. A higher enhancement of
luminescence emission has been reported for ZrO,:Er** in the
monoclinic phase than in the tetragonal phase [69]/Evemwith
similar Er energy levels, upconversion intensity in Er-doped
Lu,03 is found to be much higher than Er-doped Y,03, which
can attribute to a better mixing of 4f and 5d»orbitals in the
monoclinic structure rather than other structures [70].

In contrast to oxide materials, fluorides host materials
usually have low phonon energies and are commonly used to
achieve highly efficient upconversion’ luminescence. For
instance, Zeng et al. have been reported the Mn?* and Er** co-
doped KMnF; nanocrystals [71]. They observed the strong
interaction between different lanthanide ionsyin' KMnF3 host
nanocrystals, leading to a decrease in'the excitation energy at
the 4Ss level of Er’*. This strongyinteraction subsequently
caused an increase in the population atithe *Foy, level of Er?*
because of the low phonon energy of the host and the energy
transfer from Mn?* to Er¥*ions. As afesult, this design gives
rise to an intensified upconversion luminescence.

2.1.3 Controlling size and utilizing the core-shell

architecture

Apart from » changing the chemical composition,
controllingthe size and-architecting the core-shell structure of
nanocrystals can also\achieve tailorable emission [63,72,73].
In the bulk phase of Ln-doped materials, the efficiency of the
energy transfer forupconversion luminescence is usually low

due to high levels of quenching effects between luminescence
centers. The phonons or intrinsic defects in the bulk-sized Ln
materials «usually facilitate the process of luminescence
quenching. As the particle’s size decreases, the concentration
of surface defects increases [74,75]. Those defects produce
near-bandgap trap sites and therefore quench the emission. For
example; NaGdEs: Yb*"/Tm?* nanoparticles show a decline in
blue' emission intensity with decreasing particle size [76].
Similar . observations have also been reported in
NaYF4:Yb*/Er*" nanoparticles. Due to the more efficient
nonradiative decays across the relevant energy gaps (*Li12—
41132 and *S3,—>*Fyy) for smaller particles, the ratio of green-
to-red emission and the emission decay time were reduced
with decreasing particle size [73]. Theoretical simulations
have been used to explain the size-dependent quenching effect
of rare-earth materials. For example, DFT calculation method
is applied to unravel the potential contribution of the intrinsic
defect and doping defects to upconversion emission in CaS
[77].

Recently, spatially confinement of dopant ions by
utilizing the core-shell architecture as a self-protection
strategy has proven useful for mitigating deteriorative
quenching effects [27,78,79]. An epitaxial shell layer should
suppress or completely block the energy depletion channels
from an activator to quenching sites (e.g., defects, impurities,
solvent molecules, and capping ligands). This strategy offers
a new modality to achieve multicolor upconversion tuning by
integrating various dopant ions into a spatially confined
nanoscopic region. Multilayer and heterogeneous core-shell
structures have also been employed. For example, Wang et al.
reported the utility of energy migration-mediated process to
realize multicolor fine-tuning of upconversion emission
(Figure 5) [27]. By coating an inert NaYF4 inert shell on the
surface of NaGdF4:Yb*/Tm**@NaGdFsA (A=Tb*, Eu*’,
Dy*, and Sm3") nanoparticles, the researchers could
drastically boost the emission intensity of the Gd-based
nanoparticles [33]. With the assistance of parallel energy
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transfer routes, LiLuF4:Yb,Er@LiLuF4 core-shell
nanoparticles exhibited a quantum yield of 7.6% [80]. On a
separate note, the Yan group recently achieved simultaneous
spectral and lifetime tuning based on a five-layer core-shell
structure. The researchers introduced noninterfering
luminescent regions in the nanosystem to correlate the spectra
and lifetime orthogonally with excitation [40].

2.1.4 Surface modifications

Due to the hydrophobic nature of the capping ligands,
UCNPs tend to aggregate into clusters in water solution. Many
attempts have been documented to alter the wetting property
of the UCNPs. A well-established protocol involves the use of
a strong acid or an ethanol solution to remove the capping
ligands [27,81]. Capobianco and co-workers developed an
exciting strategy to enhance the luminescence intensity of
UCNPs, based on the protonation of surface-tethered oleate
ligands to alter the nanoparticles from hydrophobic to
hydrophilic [82]. Alternatively, the upconversion process can
be largely boosted by employing organic dyes as broadband
sensitizers with large absorption cross-section. For example,
in 2012 Zou and co-workers reported that the incorporation of
a NIR dye to Yb*" and Er*" co-doped NaYF4 nanoparticles
enabled a broadband excitation of the nanoparticles, resulting
in a whopping 3,300-fold enhancement in total luminescence
intensity [83].
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Figure 6. (a) Chemical structures of the diarylethene molecule
in the form of open-ring, and closed-ring isomers upon
photoisomerization. (b) The photeswitching behavior displayed
by the composite film‘made of diarylethene dye-engineered
NaYF4:Yb3'/Er** UCNPs,/ The( inset, shows reversible
fluorescence on/off cycles‘under alternating UV/vis irradiation
[84]. (c) Schematic of the excitation and energy transfer in CdSe
quantum dot-coated NaYF4Yb*'/Er’* nanocrystals. (d)
Photographs of\ the emission from NaYF4Yb*'/Er’*
nanocrystals " (top) wand CdSe-coated NaYF4:Yb*'/Er¥*
nanoheterostructures’(bottom) [87]. Figure reproduced with
permission) from: (a-b), [84], Wiley; (c-d), [87], American
Chemical Societys:

As an alternative route, the Yan group demonstrated an
intriguing strategy to realize a reversible optical tuning by
combining photosensitive organic molecules and UCNPs [84].
The change in emission color and intensity of the UCNPs is
enabled by rapid energy transfer between dye molecules and
the nanoparticles. A reversible transformation »of the
photochromic molecule occurs between an‘open-ring isomer
and a closed-ring isomer under the alternate irradiation with
UV and visible light (Figure 6a), These two.isomers exhibit
different optical absorption spectra. The change in‘the optical
transmission surrounding the upconversion nanocrystals can
reversibly quench the green upconversion emission (Figure
6b). As a result, the upconversion photoluminescence can be
modulated by utilizing the reversible absorption character of
the photochromic molecules. Polymer encapsulation or
coating of inorganic quantumdots can further impart UCNPs
with various functional entities:for<biomedical applications
[85,86]. The selective/wavelength tuning can also be achieved
by placing a different type of optical nanomaterials close to an
upconversion nanoparticle. Fot instance, the emission color
tuning from green to pink was reported in a hybrid
nanocomposite. comprising NaYF4:Yb**/Er’" nanoparticles
and surface<coated CdSequantum dots (Figure 6¢ and d) [87].

2.2 Strategies beyond chemical methods

Innovative 'routes in chemical synthesis have enabled
tailored/ emission profiles by modulating the intrinsic
structures of upconversion nanocrystals. In concert with these
approachess the utilization of an external stimulus has recently
emerged as an effective method to manipulate upconversion
luminescence, which is discussed in the following section
(Figure 7).

2.2.1 Diverse excitation sources

For photon upconversion to proceed, Yb** ion possessing
a relatively broad absorption cross-section around 980 nm is
usually used as the sensitizer to harvest the excitation energy.
However, the 980 nm excitation overlaps with the absorption
band of water molecules, which may cause an overheating
effect on the tissues after prolonged irradiation or at high
power density. One solution that dispenses with overheating
is to develop new particle systems, amenable to excitation
across a wavelength range with minimal water absorption. For
instance, Nd*" ions have been employed to expand the
excitation source due to the multiple NIR excitation bands at
730, 808, and 865 nm, respectively [44,88-90]. Zhan and co-
workers recently demonstrated that a cost-effective 915 nm
laser could be used to replace the conventional 980 nm for
deeper tissue imaging with performance comparable to that of
980 nm-based protocols [91].

In addition to NIR excitation, a focused beam of ions can
be used to excite lanthanide-doped UCNPs. In 2015, Zhang et
al. demonstrated that a beam of helium ions (a-beam) could
be used as a valid excitation source for pumping upconversion
process [92]. The luminescence intensity could be readily
tuned by adjusting excitation voltage and current density.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-119950.R1

Journal XX (XXXX) XXXXXX

Author et al

Magnetic field

Electric field

Excitation source “<Le? ‘-'T:;’

Mechanical strain

Surface plasmon

Photonic crystal

- T
A bg\ Temperature

NIR Polarization

Light focusing

Figure 7. Manipulating the luminescence of lanthanide-doped UENPs through the control of external stimulus.

Unlike the conventional upconversion processes under NIR
laser irradiation, the interaction between the a-beam and the
crystal lattice causes the atomic ionization inside the crystal.
Subsequently, the ionized secondary electrons can release
their energy able to not only excite Yb*" and Tm’* ions but
also allow energy transfer from the excited Yb*™ito,.its
neighboring Tm?*" ions, populating the excited states of Tm**
(Figure 8b). Importantly, this approach enables high-
resolution luminescence imaging with a spatial resolution of
sub-30 nm (Figure 8b).

Dynamically tunable color emission can‘also be achieved
by the careful manipulation of energy transfer upconversion at
the non-steady state. Recently, Deng ef al. demonstrated a
strategy for dynamically fine-tuning the upconversion
emission in the full-color range (Figure’8a) [93]. In this
design, under the excitation of 808 nm and<980 nm, the
upconversion nanocrystals with amulti-shell structure showed
different emission colors. Forfexample, when a continuous-
wave laser with 808 nm excitation wavelength was used, the
emission band appeared mainly at 470 nm, while upon altering
the pulse width of the 980nm laser from 200 ps to 6 ms, the
emission color was dynamically modulated within the visible
range as a result of the changing intensity ratio of the red-to-
green emission. These findings provide a new opportunity for
precisely controlling upconversion emission in a wide range
of applications ' such as a volumetric display, multiplexed
sensing, antiscounterfeiting and so on. In another intriguing
demonstration, Zhang and co-workers reported an integrated
core-shell-shell nanostructure which can emit a wide range of
colors under different excitation power density (Figure 7d)

[94]). This feat.was realized by the investigation of the
transition process within the lanthanide ions. Typically,
different ‘activators exhibit different sensitivity to the
excitation power density of the laser. In this way, one can
control» the photon transfer process within the transition
pathway and further manipulate the emission colors by
varying the excitation laser power density. Notably, the white
emission can be generated through the combination of several
narrow spectral bands.

Stimulated emission depletion involving the use of a dual-
laser system has been adopted to switch on or off the
upconversion emission partially. Very recently, Jin and
colleagues reported a novel strategy for efficiently
suppressing the fluorescent region of the UCNPs to realize
super-resolved STED nanoscopy (Figure 8e) [95].
Upconversion nanoparticles with high doping concentration
of Tm activator ions (NaYFs: 20% Yb**/8% Tm’*) were
designed and synthesized as the luminescent probe since high
doping level of activators often leads to drastically reduced
ionic distance and thus strong cross-relaxation between
neighboring Tm?*" ions, resulting in photon avalanche and
population inversion between the *Hs and 3Hs states.
Therefore, the amplified stimulated emission caused by the
808 nm beam can deplete the ;H* state and switch off the
upconversion emission efficiently. Similar observations have
been reported in NaYF4#Yb*/Er’'/NaYFs core-shell
nanoparticles [96]. Under the illumination of 1540 nm infrared
laser, the intensity of red emission (655 nm) was reduced due
to the emission depletion of the intermediary energy level that
interacts resonantly with the depletion beam. Zhan and He also
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Figure 8. Excitation light-induced multicolor fine-tuning in UCNPs. (a) Core-shell structured NaY Fa-based nanocrystals exhibiting three
primary color-emitting capability under NIR laser excitation [93]. (b) Proposed upconversion mechanisms of Yb/Tm-codoped system under
980 nm laser and ion-beam stimulation. (c) Iono-luminescence image of a single nanorod,and the corresponding line-scanning profile
extracted from the intensity counting at the red region along the arrow, indicating an imaging resolution of about 28 nm [92]. (d)
Luminescence photographs of NaYFs-coated NaGdF4:Yb/Tm/Er@NaGdF4:Eu,nanoparticles in a cyclohexane solution and polystyrene

microbeads loaded with the nanocrystals under irradiation of a 980 nm laSer with a.power density of 3 to 30 W/cm? [9

4]. () schematic

illustration of NaYF4:Yb3*/Tm3* (20/8%) UCNPs upon 980 nm, 808 nm and dual excitations and the respective confocal and upconversion-
STED super-resolution images [95]. Figure reproduced with permission from: (a), [93], Springer Nature; (b-c), [92], Springer Nature; (d),

[94], Wiley; (e), [95], Springer Nature.

proposed similar work on achieving super-resolution of bio-
image based on NaYF4:18% Yb*", 10% Tm*" nanopatticles
with even higher Tm doping concentration. They applied a
single pair of excitation/depletion beam (810 nm) and
acquired 96% depletion of blue emission (455 nm). Therefore,
by switching on/off depletion beam, the upeonversion
emission could be modulated, which can sighificantly,lower
the intensity requirements of laser depletion [97].

2.2.2 Theoretical investigation A

Due to the unique electronic structure of the lanthanide
elements, the dynamics of their upconversion luminescence
properties has become more complicated,because of the
variation in both chemical and» electronic structures.
Theoretical understanding, ‘of basic' electronic structures,
spectral properties, and energy levels is'of great importance to
guide the tuning progess for upconversion luminescence.
Since 1960, the electronic structuré of lanthanide materials has
been well documented in/the pioneering works of Judd et al.
[50-52,54,55]. These works provided a theoretical foundation
that subsequently benefited the work of Crosswhite and
Carnall, who proposed and applied the empirical operator
model in Ln-doped solids [22,98]. Carnall and co-workers
systematically analyzed a series of Ln-doped LaF; materials
with different optical transitions within the 4f* configuration.
By combining ‘energy matrices and free-ion terms with a

crystal field, they successfully correlated the transition energy
with theoretical energy levels. Hence, these basic models
allowed the calculation of the free ion energy levels and
splitting in 4" orbitals [99].

In principle, Laporte’s parity selection rule implies that
electric dipole intra-4f transitions are forbidden, while 4f-5d
transitions are allowed. The phonon-electron interactions
induced by lanthanide doping can modify the optical property
of lanthanide emitters and somewhat relax the selection rule.
The vibronic transition also contributes significantly to the
broadband absorption and emission in Ln-doped materials.
Hence, it is necessary to investigate vibronic transition and
phonon-assisted energy transfer in order to control
upconversion dynamics.

Chen and Liu interpreted the spectrum of Er-doped Y,0,S
material at a low temperature in terms of the confinement
effects based on a study of phonon density of states (PDOS)
[100]. They estimated the population ratio of Er** on two
ground levels as follows:

_AEpq

N1 w + W + W
LA LIT Raman,abs 21,abs = e kT +

N2 WRamant W21

Wit ( 4)

WRamant W21

where Wi is the rate of laser-induced thermalization through
nonradiative relaxation on the excited states (populating),
Wraman, abs, ald Wraman are the rates of two Raman phonon
absorption and emission, respectively. W»; is the spontaneous
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phonon emission from ground level 2 to level 1. All these
competition processes lead to an equilibrium population at the
1152 upper ground state. The nanocrystal size effect on PDOS
and the phono-relaxation rates was calculated. The numerous
hot bands in the spectrum from the *I;s;> ground state to “F7
excited state can be attributed to the lack of low-energy
phonon modes, which leads to a reduction in energy transfer
efficiency. Later, Liu has established a semi-empirical model
to simulate the experimental spectra based on vibronic modes

[23]. Based on constrained frequency degeneracy modes as Eq.

(5) and vibronic coupling strength with specific line width, the
luminescence spectra of the Y3AlsO;; material can be
constructed from modeling with detailed analyzation of
energy levels, vibronic modes, and coupling constants.

I(E) = X Cx (AEk)fm,n (E, wy, wz,k) Q)

The rapid development of computational resources makes
DFT calculations a powerful method to improve our
understanding of the energy transfer mechanism underlying
the upconversion process [38,61,101,102]. For example, Yan
and Huang investigated the electronic structures of the B-
phase alkali-earth fluorides and analyzed the origins of the
different observation on the fundamental band structures [37].
The understanding of EMU model has been improved with
more accurate Gd 4f levels based on the different overlap of
F-Ln orbitals. The narrower bandgap of NaGdF, originated
from a shifting 4f-empty state toward the bandgap. Within the
first Brillouin zone, the local disorder can modulate the
valence band near the I" point.

Recently, the Huang group proposed a new route of
energy transfer based on clustering effect from high dopant
concentrations  [54].  An  Er-Yb-Er selfssensitized
upconversion mechanism has been proposed to enhance the
UC energy transfer based on the unusual absorption behaviers
is determined by the Yb*" dopants instead of sensitizers.
Converse to the conventional idea, the researchers utilize a
conventional quench pathway to create an in-shell to,in-core
route assisted by the interface region. The interlayers showed
apparent potential difference arises from the band-offset effect
that would de-excite the electrons from higher\‘by3+ levels to
a lower Ery*" level and reach red upconyersion, emission.
Therefore, more details can be supplied/from the different
theoretical works that benefit our understanding of the
upconversion energy transfer mechanism and create more
possibilities in manipulating the upeonversion luminescence
in future experiments.

2.2.3

Beyond traditional surface modification, surface plasmon
technique has great potential in optoelectronic controlling,
which based oncthe’ coherent oscillation coupling of free
electrons with fthe excitation light [103-106]. Commonly,
plasmons in noble.metal nanoparticles with size much smaller
than the incident wavelength (< 20 nm) are called localized
surface plasmon resenance (LSPR), which can be adjusted by
controlling \their morphology, chemical composition, and
spatial configuration. The plasmon damping dynamics is

Surface plasmeon coupling

10

mainly dominated by three processes including electron-hole
generation, thermalization, and photon emission. In particular,
for a metal with a size close to the quantum region, the
electron-electron interaction becomes essential. When
approaching the nanosize regime, the corresponding electric
field distribution of nanoparticles will be altered. Based on the
approximation of quasistatic theories, the distortion of
electron cloud induced by the altered electron field\can be
expressed by the metal polarizability with, the scattering,
absorption, and extinction cross-sections of a noble metal as
follows [107]:

e —em(A)

a(d) = Vyp 3em (W) +3Li(e(D)—em (1)) ©

Capes = KIm(e (D) )
k* 4

Cscat,i = on loc (D] ®

where A represents the light wav\elength, Vp is the volume of
nanoparticles, k is the wave vector, and L is the depolarization
factor that varies with'the metal morphology. € and & are the
dielectric constant of »metal and the non-absorbing
surrounding material, respectively. Because of this local field
effect, the excitationficld as well as the emission decay rate
can be enhanced, but also quenching by energy back-transfer
from emission center to metal structures is possible. Thus, this
local ~field »effect shows potentials for manipulating
upconversion emission in terms of emission intensity,
wavelength, and decay rate [108-111].

In'different situations, the plasmonic resonance structure
can extend the upconversion emission at various levels when
the plasmonic resonance coincides with the absorption band
or emission band of UC luminescence. For instance, with
noble metal NPs nearby, the absorption cross-section of the
UCNPs can be expressed as [112]:

)

Moreover, the expression of quantum yield (Q) will also be
affected with contribution from the LSPR induced by Au NPs
as follows [113,114]:

Oaps < wim[a] (%)2 cos? 0
0

M
FRad* I'Rad
TRaq+TH 4+T +M
Rad™!'Rad NRad NRad

Q= (10)
Where I'z,q and Tygqq represents the radiative rates and non-
radiative rates, respectively. The I}, term is the contribution
from plasmon resonance influence, which can increase the
emission rate by the local electromagnetic field enhancement.
For high quantum yield fluorescence materials, the influence
from Ihe, is limited. However, for low quantum yield
fluorescence materials, the Iz, can enhance the value of Q
evidently.

Gold nanoparticles are the best candidate for coupling
with  UCNPs since the surface plasmon band of Au
nanoparticles is tunable from the visible-to-NIR range in favor
of the light harvesting by UCNPs. The leading causes of the
LSPR modulation on upconversion luminescence include the
amplification of the local electromagnetic field and the
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enhancement of recombination rate. In 2009, first work about
applying LSPR in enhancing upconversion luminescence
intensity had been reported by the Yan group based on the
coupling of Ag nanowires with NaYF4:Yb,Er nanocrystals
[115]. Both green and red emission intensity has been
improved with an increase factor of 2.3 and 3.7, respectively.

Recently, there are some research works focused on the
coupling structure on the single particle level to tune
upconversion emission properties and investigate the
mechanism in detail [116-118]. The LSPR properties are
mainly determined by the nanostructure and local
environment, in which different geometry of the noble metals
have shown distinct effects. For example, Hartschuh and
colleagues reported a system comprised a good nanotip with
NaYF4:Yb*"/Er** nanoparticles, demonstrating how the
locally enhanced electric fields in the vicinity of a sharp metal
tip can amplify the excitation and emission rates of a nearby
upconversion nanoparticle, as shown in Figure 9a [119]. In
this case, when a gold nanotip was placed close to a single
NaYF4:Yb**/Er*" nanoparticle, both the green emission and
red emission was enhanced as can be seen in the tip up/down
spectra in Figure 9b and 9c. Besides, Au or Ag arrays and
grating films [120], Au nanohole array [121], gold pyramid
array [122], Au nanocavity array [123] are also investigated
by different groups for improving the upconversion emissions.
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Figure 9. (a) Schematic illustration/ of tip-enhanced

photoluminescence in  NaYF#£Yb*'/Er3t WUCNPs.  (b,c)
Corresponding upconversion emission, spectra and lifetime
measurements near the gold nanotip:(blue)and away from gold
nanotip [119]. (d) TEM image'and schematic diagram of ANAUSs
depicting nanofocusing of the excitation light of ANAUs with
nanocrescent antenna. (e).Schematic diagram of experimental
setup used to measure the asymmetric emission characteristics of
various samples. The sample‘was vertically mounted (1 and 3) to
measure the emission toward the nanocrescent antenna tip region,
while for the measurément of emission toward the body region,
the sample was'mounted in an inverted direction (2 and 4). (f)
Emission spectra.of an ANAU toward the tip region (black), an
ANAU toward,the body region (blue), a UC toward the bottom
(red), and'a UC toward the top (green) [126]. Figure reproduced
with permission from: (a-c), [119], American Chemical Society;
(d-), [126],;JAmerican Chemical Society.
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In core-shell structures, the spatial parameter is another
important effect for LSPR properties. Optimization on the
distance between noble metals and UCNPs have been carried
out by many research groups as well [124,125]. These results
suggested that upconversion emission profiles can be
modulated by varying the distance between the nanoparticle
and the plasmonic center.

In another separate work, Lee and co=works developed a
novel hybrid structure with an’asymmetric, nanocrescent
antenna on upconversion nanoparticle (ANAU). This
plasmonic antenna can deliver ex€itation light effectively to
the upconversion nanoparticle by nanofocusing light, giving
rise to asymmetric frequency  upconverted emission
concentrated toward the ftip region [[126]. The single
upconversion nanoparticle ' was confined in the asymmetric
nanocrescent antenna and exhibited directionality-dependent
frequency upconverted emission-(Figure 9d and e). In this
system, a 16.1 times enhancement of photon emission toward
the nanocrescent antenna tip region were generated by ANAU,
whereas photon emission ‘is  reduced by half toward the
nanocrescent antenna body (Figure 91).

2.2.4 Magnetic and electric field-induced tuning

Compared to the'conventional chemical tuning strategies,
dynamically.adjusting energy level splitting or crystal lattice
initiating the energy pathways are alternative routes that allow
for dynamic d in-situ modulation of upconversion
lumingscence. For example, the Hao group reported an
electric field induced modulation of upconversion emission
[127]. By applying a bias voltage to the ferroelectric host
material BaTiOs with Yb’* and Er**, dynamically
luminescence tuning and enhanced upconversion emission
were observed through the converse piezoelectric effect
(Figure 10). The enhancement and modulation of
upconversion photoluminescence can be attributed to the
increased variation of Er’' site symmetry because of the
distinct structure symmetry of the BaTiOj3 host affected by an
electric field.
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Figure 10. (a) Schematic illustration of opto-electrical device
based on Yb3' and Er’* co-doped ferroelectric host material
(BaTiO3). The active matrix was sandwiched between two
transparent  conductive  electrodes.  (b)  Upconversion
photoluminescence can be modulated by adjusting the applied bias
voltage to the ferroelectric BaTiO;s thin film. Figure reproduced
with permission from [127], Wiley.
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Figure 11. General schematic diagram for the splitting energy
levels of 4532 of the Er** ions in which the gap between the Zeeman
levels |-1/2> and |-3/2> increases with applied magnetic field.
Figure reproduced with permission from [129], Wiley.

The large bandgap and local non-crystallization of
surface structures of UCNPs can largely influence their
upconversion emission. A better understanding and
utilization on the energy levels can assist in modulating the
upconversion optical properties. The Meijerink group has
observed the effect of the electric dipole and magnetic dipole
on the emitters [128]. Different dependence index in cavity
model of Eu-doped and Gd-doped NaYF, has been measured
and calculated to describe the radiative transition probability
between different energy levels. Further modulation on
upconversion emission can be expected based on theoretical
and experimental results. The Li group developed a similar
strategy to tune upconversion luminescence by introducing a
magnetic field. The external magnetic field was used to
manipulate the energy level of the doped lanthanide ions to
control upconversion luminescence [129]. The magnetic
tuning mechanism of the green emission is due to the Zeeman
splitting of *S;; energy levels of the Er’"‘ions. A general
schematic diagram for energy levels splitting of Er*jons is
explained in Figure 11, especially the #Ssp@and 45, energy
states are often available for the stabilization of the excited
ions. Induced by an applied magnetic field, *S3z0f Er** cracks
to four different energy levels: [#3/23; |-3/2>, [+1/2>, |-1/2>.
When the external magnetic field gets stronger, the distance
between |-3/2> and |-1/2> is(increased, resulting in that [3/2>
doublet state is further splitting. Meanwhile, the chance for the
slight radiative transition from».|[+3/2> to |3/2> will be
increased since most upconyversion luminescence comes from
the lowest |-3/2> state 0f Er’" ions.” Consequently, the
upconversion emission in the visible range could be reduced.
Similar observations have, been reported in a recent work
[130].

2.2.5

Photonic crystals have been widely used to manipulate the
emission intensity.and lifetime of the upconverters within the

Photonic crystal engineering

12

(a)  NIRlaser

@ UCNPs

. Photonic crystal
© «
s
’;: NaYF,: Yb/Tm 8
& PMMA/NaYF,: Yb/Tm| §
z £
2 S 20
o 5
IS <
NN #10
400 500 600 700 800 450 480 650 980 1040
Wavelength (nm) Stop band (nm)
~

Figure 12. (a) Schematic illustration of photonic crystals
deposited with a layer of UCNPs. (b) SEM image of the as-
prepared PMMA photonic fefystal with NaYF4:Yb*/Tm?*
nanoparticles deposited on the photonic crystal substrate. (c)
Upconversion “_emission | spectra of NaYF4:Yb3/Tm3*
nanoparticlessrecorded, with and without the PMMA photonic
crystal. (d) Different.emission enhancement factors obtained using
PMMA¢photonic crystals with different photonic stop bands.
Figureseproduced with permission from [137], The Royal Society
of Chemistry.

structure,[131-136]. Periodic dielectric structure-based three-
dimensional photonic crystals permit the manipulation of the
flow of light to generate photonic bandgaps. By making an
optimal factor, the photonic crystals can provide high electric
field intensity within the structure. Thus, the interaction
between the upconversion emitter and its local
electromagnetic state affects the spontaneous and stimulated
emission process, resulting in enhanced emission without
quenching effects. Recently, several groups achieved the
sizable enhancements of upconversion emission by depositing
UCNPs on the surface layer of photonic crystals. Different
modulating effects were observed, depending upon the
position of emitters within the 3D structure, the type of the
photonic crystal and the refractive index of the building blocks.
For instance, the Song group investigated the coupling effect
of UCNPs on a photonic crystal made of polymethyl
methacrylate (PMMA) opals [137]. The researchers fabricated
periodic ~ structures by depositing NaYF4:Yb*"/Tm**
nanoparticles on the surface of the photonic crystal (Figure 12).
They achieved more than 30-fold emission enhancement when
the excitation frequency matched with the stop band of the
photonic crystal. It was found that the stop band of the PMMA
photonic crystal actively contributed to the level of
upconversion enhancement.

2.2.6 Altering the pH environment

The pH scale can have an effect on the state of
upconversion photoluminescence. The pH value is a general
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parameter which is determined by the concentration of
hydrogen ions in solution. The hydrogen ions may affect the
interaction among the emitter ions directly or change the
upconversion emission indirectly by modifying the
parameters in control of the upconversion process. For
example, the Capobianco group observed that upconversion
luminescence could be regulated by tuning the pH
environment of ligand-free NaYFs:Yb*"/Er*" nanoparticles
through acid treatment. This phenomenon may attribute to
different multiphonon relaxation processes among several
excited states of the emitter ions when surface-bound OH
groups have been affected by the pH change [82].

In another study, the Hao group showed a hybrid system
composed of silica-coated NaYF4: Yb*/Er’" nanoparticles
and cysteine—Au NPs. The pH value can control the assembly
process of AuNPs and further modulate the upconversion
emission [138]. In this way, upconversion luminescence may
be switched depending on the changes of OH ions
concentration in the reaction system. For mechanism, the
cysteine linking the AuNPs is pH sensitive so the reversible
assembly of AuNPs can be controlled by destroying and
rebuilding the linkage. Moreover, the plasmon absorption
band of these AuNPs matches with the emission band of
UCNPs, and by changing the size and morphology of AuNPs,
the absorption bands can be red-shifted to some extent. As a
result, upon tuning the pH wvalue, the green and red
upconversion photoluminescence are finally affected.
Wolfbeis and his co-workers also observed such a
phenomenon in the NaYF4: Yb**/Er** nanorod system, which
can be applied to a biomedical pH sensor [139].

2.2.7 Microlens light focusing

Microlens has been widely used for increasing thenlight
concentration efficiency of solar cells or light extraction
efficiency of LED [140-144]. The light field confinement by
the micro-lens provides an exciting possibility for
fluorescence enhancement. Recently, Lif and co=works
reported that spherical or discal shape bio-cells, such as yeast

- [\
Fiber probe

Figure 13. (a,b) TEM image of the core-shell UCNPs with an
overall diameter of 28 +3 nm. (¢) SEM image of the yeast cell
bio-microlenses/with an average diameter of 2.0 pm. (d) Optical
image showing a bio-microlens was trapped at the tip of an
optical fiber probe.\(e,f) Fluorescent images of output light from
a fiber probe, recorded by 980 nm laser excitation without or with
a bio-microlens. Figute reproduced with permission from [145],
American Chemical Society.
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cell and human cell are able to focus light into a confined
region, which can act as a biological microlens to enhance the
fluorescence of UCNPs (Figure 13) [145]. It was found that
the NIR excitation light was confined in a,subwavelength
region due to the photonic nanojet effect of the bio-micro-lens,
resulting in a 100-fold enhancement of upconversion
luminescence. They further experimentally “demonstrated
single-cell imaging and real-time detection of pathogenic
bacteria, which is difficult to achieve by using conyentional
methods, mainly due to the small sizes of pathogenic bacteria
and high motilities in dark environments:

2.2.8 Thermal phonon activation

A phonon represents an excited, state of vibrations of
elastic structures of materials, playing a significant role in
governing electrical andithermal conductivities of a material.
Previous reports showed that the process of upconversion
luminescence involvesy«various non-radiative transitions
whose non-radiative transitiondrates usually depend on the
environmental temperature [146-148]. Therefore, since the
gaps among efniergy levels of lanthanide ions can be changed
at different temperatures, the upconversion emission is subject
to tuning according toa distinct temperature. For example, Li
and colleagues investigated the temperature-related
upconversion_emission properties of Yb*', Er*" co-doped
NaYF; UCNPs with different particle phases and sizes [149].
They discovered'that the intensity of upconversion emission
within/B-phase UCNPs showed the largest value at about 100
K, while that of a-phase UCNPs exhibited emission quenching
problem when the temperature was increased.

In »another case, Jin and co-workers reported an
unprecedented enhancement of upconversion emission from
small-sized UCNPs with increasing temperature [150]. They
proposed that the vibrations of surface-bound molecules
through Yb—O chelating can work as surface phonons to
broaden the excited-state energy band of the Yb*" sensitizer
and reduce the energy mismatch between the sensitizer and
activator, as illustrated in Figure 14a. This principle facilitates
the energy transfer from Yb?*' to adjacent activators and
permits the luminescence of an upconversion process to be
significantly intensified (Figure 14b). It was found that this
anomalous upconversion emission enhancement effect related
to the changing of temperature is depending on the size of
UCNPs when the temperature is high, and this relationship
becomes weak when the size of UCNPs gets larger. This
thermally enhanced upconversion phenomena due to surface
phonon-assisted energy transfer process of UCNPs with the
relatively smaller size indicated that the surface phonon
engineering could be used to overtake the thermal quenching
effect of small-sized UCNPs.

Thermal activation combined with upconversion is found
to be useful in enhancing solar energy efficiency by altering
the inadequate response to low solar energy photon. Yan and
Wang have unraveled a novel route for altering the
unabsorbed low-energy photons into a high-energy one, which
can reach a 16% power upconversion efficiency in Yb*" doped
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Figure 14. (a) Schematic illustration of the surface-phonon-enhanced upconversion process; (b) Temperature-responsive anti-
counterfeiting security patterns at 453 K and 303 K. Figure reproduced with permission fromy[150], Springer Nature.

ZrO; [151]. They also supplied guidelines for finding proper
host matrix to achieve higher upconversion emission
including high melting points, low thermal conductivities and
strong absorption to infrared light.

2.2.9 Mechanical stress-induced tuning

Upconversion luminescence mainly originates from
the parity-forbidden f-f electron transition of lanthanide ions.
Relaxing this selection rule where electric dipole transitions
are weakly allowed could lead to an increased probability of
the electric dipole transitions and improved upcenversion
quantum efficiency [18,152]. Therefore, tailored emission
properties can be achieved by carefully engineering ‘the
surrounding crystal field environments of the.lanthanide ions.
For instance, Dionne and co-workers found a strain-induced
enhancement in upconversion emission in thedNaYFy system
by altering the geometry of the NaYF; host matrix:, By
manipulating the local symmetry to relax the Laporte selection
rule and distances between Ln ions to/ncrease the-electron
transitions probability, a 2-fold enhancement in upconversion
emission from o-NaYFs:Yb*'/Er’" \nanoparticles was
observed, as shown in Figure 15 [153].

Alternatively, since thestransition metals with d—d
transitions are susceptible to the surrounding environment,
doping transition metals inside UCNPs is expected to be a
promising approach to_tune 'the upconversion emission.
Recently, the same research team led by Dionne reported a
mechanical  force-induced  tuning », of  upconversion
luminescence from anvMn?" Yb*",Er’" co-doped NaYF4
system [154]. In/his system,"Mn?" ion was used to substitute
Y3* ion in thelattice pattially, and it further served as a
pressure sensor to the lanthanide pair. After that, an alternative
energy pathway was ctéated when Mn?" was involved in the
Er**-dominated enefgy transfer, leading to the conversion of
photons fromithe green to the red state of Er**. Consequently,
an external force will lead to changes in the external crystal
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field of Mn*" sas accompanied by a color change due to the
variation in the relative intensity of green to red emission.

Many ‘materials that can  exhibit  both
mechanoluminescence (ML) and upconversion luminescence
are potentialy, candidates for applications in monitoring
pressure/ and 4 temperature  distribution.  Piezoelectric
semiconductor CaZnOS with high stability and a wide
bandgap is considered to be an excellent multifunctional host
matrix to introduce rare-earth doping and realize upconversion
luminescence. The Pan group reported that the intensity of the
green emission in Er-doped CaZnOS is proportional to applied
pressure [155]. Moreover, the doped sample also shows bright
visible emission upon 980 nm excitation. They utilized the
high sensitivity of the fluorescence intensity ratio of ?Hy 1> and
4S3n = “Iisp of Er** in the upconversion process for
temperature sensing. In the same host system, Peng and his
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Figure 15. (a) Illustration of the experimental approach used in
pressure-dependent spectra measurement. (b) Pressure-
dependent emission spectra of a-NaYF4:Yb3"/Er** UCNPs on
980 nm excitation. Figure reproduced with permission from
[153], American Chemical Society.
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Figure 16. (a) Upconversion emission spectra of a single NaYF4:Yb*>"/Tm3* rod, recorded at different polarization angles. Inset is the
scanning electron microscopic image of the single rod. (b) Proposed energy transfer pathways from Yb** to Tm?*, alongside schematic
splitting levels of Tm*" because of crystal field interaction. (c) Polar plots of the upconversiongeak intensity(according to the sH*—3H®
and 1G*—3H’ transitions of Tm?*") as a function of the emission polarization angle. Figure reproduced witthmission from [159], American

Chemical Society.

co-workers also discovered the external force-induced
upconversion luminescence in the NIR region spanning the
first and second tissue-penetrating bioimaging windows [156].

2.2.10 Anisotropic polarization modulation

The physical and mechanical properties of a single
crystalline  material often change with different
crystallographic orientations. Luminescence from anisotropic
crystals often exhibits polarization behavior [157,158].
Polarization can affect the surrounding environment of Ln
dopants by lowering the symmetry of the lattice, which can
enhance 4f—4f transition probabilities for semhanced
upconversion emission. The polarized upconversion behavior
from a single hexagonal-phase NaYF:Yb*"/Tm>" microrod
was first demonstrated by Qiu and co-workets in 2013 [159].
Under a 980 nm linearly polarized laser “eXeitation, the
upconversion luminescence was polarizedg and different
transitions exhibited the same polarization dependence
(Figure 16a and b). By rotating a half wave plate located close
to the polarizer, polarized upconvetsion ission was
recorded as a function of the polarization angle, as shown in
Figure 16¢. Similar observations, have{been reported in
NaYF4:Yb**/Er** nanodisks by the' same research team [160)].
The linearly polarized laser beam was focused onto two
nanodisks with face-up and’ side=up configurations. The
researchers discovered that for the, side-up form, the
luminescence intensity changes periodically with a sinusoidal
dependence on the polarization of.the excitation source. In
contrast, the upconversion luminescence intensity was
independent of the polarization angle in the case of the face-
up form. These results reveal that upconversion luminescence
varies with light'polarization concerning the orientation of the
nano-disk under investigation.

In addition to commonly used lanthanide-doped
materials, the peroyskite oxide materials have also been
considered  as_a candidate host matrix for upconversion
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luminescencedecause of low phonon energy. The Han group
has reported 43-fold.and 8-fold enhancement in the green and
red emission of, Er-doped PbTiO; materials [161]. This
apparent increase in upconversion emission can be ascribed to
the lowering, of naturally high tetragonality and polarization of
PbTiOs by the introduction of Er dopants. The tailorable effect
of/the low-energy E(1TO) phonon will assist in the overall
upconyersion emission. Moreover, Er’* dopants occupy a Ti**
position with crystal field environment suitable for further
adjustment.

2.2.11 High-throughput techniques

Lanthanide-doped upconversion materials exhibit diverse
optical properties, which are mainly determined by the
combination of Ln dopants, nanoparticle morphology, host
matrix, and the surface configuration. However, controlling
upconversion luminescence through chemical synthesis with
optimal conditions is a very time-consuming challenge due to
the dynamic equilibrium between those important parameters.
Hence, the development of high-throughput techniques is
desirable for rapid screening of experimental parameters
suitable for the synthesis of highly efficient UCNPs.
Ostrowski et al. designed an automated robot for the synthesis
of colloidal NaYF4 nanomaterials. They found that the optimal
use of ammonium fluoride and oleylamine surfactant could
reduce the particle size down to 5 nm [162].

In the previous chapter, we have highlighted the effects of
doping combination and concentration on upconversion
luminescence. The Chan group has proposed an approach
based on microplate-based reactions that include arrays of
glass vials arranged in metal blocks. On average, this type of
reaction is 24 times faster than conventional methods, while
providing additional savings on reagents [163]. Despite the
many advantages enabled by the high-throughput method, the
search for next-generation UCNPs still relies heavily on
conventional techniques. Moreover, the high-throughput
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Figure 17. Overview of the emerging applications that capitalize on lanthanide-doped upconversion nanoparticles.

technique may lack flexibility and provide limited information utilization of UCNPs may create more sensitive and

for unraveling the mechanism of upconversion luminescence.

3. Capitalizing upconversion luminescence for

emerging applications

A recent development on upconversion research has‘led
to the designing of multifunctional UCNPs for versatile
applications in anticounterfeiting, document security,
biodetection, super-resolution imaging, photoveltaics,
optoelectronics, optogenetics, phototherapies and bioimaging
(Figure 17). Given the broad scope of emerging applications,
we attempt to provide an up-to-date analysisithat could shed
light on several critical recent developments of the field.

3.1 Anticounterfeiting and security applications

An analytical approach to identify thevaecumulation of
exogenous and endogenous chemicall compounds in latent
fingerprints is of utmost value to foremsic science as it
provides crucial evidence in thé criminal investigation and a
variety of civil matters. The analysis of forensic databases
indicates that friction ridge skinsis,unique toyeach individual
and does not change over /time, meaning that no printed
patterns of two fingers or/palms are ever exactly alike. As
such, this latent fingerprint.strategy provides a powerful tool
for forensic scientists{to identify suspects and victims of
crimes and withstand scrutiny in courts of law and public
opinion. However,_a ‘significant issue arises because the
fingerprint development usually necessitates physical or
chemical treatments (e.g.,"dye staining) of the printed area to
be examined [164]. At present, uncertainties of forensic
evidence due to the lack of a robust stain material pose a
significant  limitation to daily forensic casework. The
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sophisticated tests, and transform the field of forensic science.

Jin and co-workers prepared a series of UCNPs, dubbed as
t-dots, with tunable lifetimes ranging from 25.6 ps to 662.4 us
[53]. These nanoparticles are not only useful for data security
application<but also for life sciences (Figure 18a). In their
work, the three merged patterns were annotated with various
thulium t-dots of different dopant concentrations, and upon
intensity-based luminescence irradiation, a superimposed
image appeared. The three encrypted patterns could be
decoded by time-resolved luminescence scanning with
negligible crosstalk. This approach may potentially open up
new avenues for high-density data storage and document
security against forgery. The Yuan group constructed a novel
aptamer functionalized on the surface of UCNPs that binds
specifically to the fingerprint ridges lysozymes [165]. Under
980-nm laser irradiation, a negligible background
luminescence was observed, and they demonstrated it is
possible to identify cocaine powder-stained fingerprints using
the UCNPs modified with a cocaine-binding aptamer (Figure
18b). In another separate work, Kumar and co-workers
demonstrated that the Yb*'/Er’* co-doped Sb,03-WOs-Li,O
ceramic phosphors can generate intense green and red
emission under 980 nm laser excitation, which can be used for
forensic science, security writing and cryptography
information applications [166].

A bright, distinct and low-cost barcode is a highly sought-
after target within the community of anticounterfeiting. Liu
and colleagues reported the design and synthesis of
upconversion microrods that could contribute a valuable
addition to the toolbox with multicolor barcodes (Figure 18¢
top) [167]. Their bottom-up synthetic method can readily
access to multicolor-banded microrods with excellent
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Figure 18. Significant milestones of using multifunctional UCNPs for anticounterfeiting and security_applications. (a) Illustration of
document security printing via lifetime-encoding through the use of three types of NaYF4:Yb/Tm nanoparticles [53]. (b) Application of
NaYF4:Yb/Er nanocrystals for latent fingerprinting [165]. (¢) Achieving multicolour barcoding via single-crystalline microrods: (Top)
Optical micrograph photos of dual-colored-band single-crystalline microrods [167]; (Bottom)Jsuminescence pictures of multicolor
microparticles synthesized via microfluidic devices [168]. (d) Red-green-blue (RGB) printing 0f UCNPs«{169]. (¢) (Top) Upconversion
micrographs of the NaYbF4:Er (5 mol%) microrods dispersed on a glass substrate [175] (Boftom) Multilevel anticounterfeiting
application using Mn?*-activated core-shell UCNPs that give rise to a bright spot of emisSion with a green-colored tail upon dynamic
laser scanning [176]. Figure reproduced with permission from: (a), [53], Springer Nature; (b), [165],/Wiley; (c), Top - [167], American
Chemical Society, Bottom - [168], Springer Nature; (d), [169], RSC; (e), Top - [175], Wiley, Bottom- [176], Springer Nature.

crystalline features in gram-scale production. Such an oriented
epitaxial growth approach utilizes one-dimensional microrods
as the template and affords easy multicolor tuning at a single-
nanocrystal level, which is inaccessible by other current
approaches. The multicolor-banded microrods would make
unique optical barcodes for document security and anti-
counterfeiting.

Lee et al. designed an encoding system that utilized a
multi-scale design approach to access robust encoding. This
approach is also amenable to high-throughput, particle
synthesis, and the encoded information can be easily decoded
by a portable charged-coupled device (Figure 18c bottom)
[168]. The researchers discovered that, the encoding
architecture showed significant insensitivity toward particle
surface chemistry. They also verified that the.decoding error
rate was not correlated to the characteristi¢s of the ‘particle
material. There is a prospect for direct magnetic. manipulation.
Their work expanded the potential of dnanufacturing long-
lasting and anticounterfeiting materials with unprecedented
encoding capacity from a large collection of /exclusively
encoded nanoparticles. Another unique work-in developing
UCNPs for security applications‘was established by the May
group. They utilized an RGB additive color printing system to
generate high-resolution pre-defined patterns, which were
invisible under ambient lighting but| viewable under NIR
excitation (Figure 18d) [169].

Surface plasmon [modulation’ is" a, viable approach to
enhance upconversion luminescence. The Song group tapped
into the use of Au-Ag alloy/NaYF4:Yb,Tm UCNP composite
films for fingerprint identification with unprecedented
contrast [170]. “The composite films yielded a 180-time
enhancement in the overall luminescence intensity relative to
the control sample{without the Au-Ag alloy. Their work
provides unique opportunities to study insights based on the
utilization of‘a hybrid material of metal and upconversion
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nanoparticlesnfor - fingerprint identification applications.
Another pioneering.work was developed by Li and colleagues,
who uséd an 808-nm Jaser to excite Nd-sensitized multi-shell
UCNPsrand generate downshifting infrared luminescence for
fingerprint_bioimaging [171]. Relative to 980 nm laser
excitation, the application of 808 nm laser reduces the
overheating effect on the delicate printing substrates.

To safeguard vital security information ranging from
currencies to defence intelligence data from being
fraudulently used, various strategies and approaches have
been developed. These include holographic methods, quick
response codes (QR), plasmatic security labels and visible
luminescent ink [172]. In recent years, materials such as
cadmium telluride (CdTe) and cadmium selenide (CdSe) have
been exploited as luminescent security ink. Nonetheless, the
intrinsic toxicity of the materials has curbed their widespread
applications. By comparison, UCNPs offer down-shifting
emission capability, especially in the NIR wavelengths.
UCNPs also offer sharp emission peaks, low cellular toxicity,
and good dispersibility due to the ease of surface modification.
All these attributes make colloidal UCNPs ideal for document
security printing [173].

One of the prominent research works was the use of highly
luminescent lanthanide-doped nanomaterials by Shanker and
co-workers [174]. The uniquely designed enabled dual
upconversion and downshifting luminescence modality to be
demonstrated using a single 980-nm excitation source.
Notably, their work demonstrated a photoluminescence decay
time within a few milliseconds, which is appropriate for
security applications. Another renowned work was reported
by the Wang group [175]. They established a one-pot
hydrothermal strategy to access various hollow lanthanide-
doped NaYbF4 microrods containing isolated holes along the
longitudinal axis via kinetic morphology control with
facilitation from selective adhesion of citrate ligands (Figure
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18e Top). The fundamental mechanistic study showed that the
presence of structural void enabled light intensity across the
microrods to be altered in the solid matter because of the light
scattering and reflection effects within the inner walls. The
manipulation of 1D hollow single-crystalline microrods by
lanthanide doping can produce complex optical codes upon
NIR excitation. Recently, Liu et al. illustrated the integration
of both long-lived Mn?*" upconversion emission and a short-
lived lanthanide upconversion in a nanoparticulate system,
which enabled the generation of binary temporal codes for
active data encoding (Figure 18e Bottom) [176]. By precisely
controlling the nanoparticle structure, the researchers verified
the excitation usefulness under NIR excitation of both 808-nm
and 980-nm irradiation. Interestingly, the researchers
discovered that the as-designed Mn2?'-doped UCNPs are
valuable for multilevel anticounterfeiting with high-
throughput authentication rates without the requirement for
sophisticated time-gated decoding equipment.

3.2 Biodetection applications

The unique photophysical effects of UCNPs have also
been harnessed in various biological studies. One of which is
in the area of biodetection. A valuable approach is to take full
advantage of resonance energy transfer (RET) using these
UCNPs. In RET, the excitation energy is transferred from an
energy donor to an acceptor nearby, resulting in diminished
luminescence emission intensity of the donor [177]. In recent
years, UCNPs have been utilized in many RET-based systems
to serve as either energy quenchers or donors. Besides, their
large anti-stokes shifts, negligible autofluorescence when
irradiated under NIR light excitation and long luminescence
lifetimes have been highly useful for RET applications.
Tapping into the strengths of UCNPs would increase the
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Figure 19. (a) Schematic’ illustration, of the concept of
Ruthenium-based complex N719-modified Ln-doped UCNPs
and the upconversion Juminescence (UCL) response to Hg?* ions
followed by addition of Kly which results in a color change in
green UCL. (b) UC emission figures and their corresponding
merged with-bright-field photos of cancerous Hela cells
incubated” with 0.2mg/ml N719-UCNPs for 3hrs and, (b)
Followed by incubation with Hg?" ions for 15 min. Figure
reproduced with permission from [178], American Chemical
Society.
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Figure 20. Schematic illustration of the lanthanide-doped
UCNPs for mercury Hg?" ion.detection. Figure reproduced with
permission from [179], American Chemical Society.

performance and allow the proSpects of multiple excitation
sources to be selected. Undeniably, such RET-based Ln-doped
UCNPs can respond with high sensitivity, specificity, rapidly
and dynamically to the complex biological environments.
Particularly, many organic molecules, biological moieties,
metal-organie. complexes, and inorganic nanoparticles have
been designed and conjugated to the surface of UCNPs for
RET-based biodetection.

Amn important work in biological detection using UCNPs
was reportedbyshe Li and Huang groups. They established a
biosensor, based on biocompatible UCNPs, to target and
detectia specific DNA sequence [178]. As illustrated in Figure
19, they utilized the specific interaction between biotin and
streptavidin to perform RET. The biotinylated DNA sequence
was conjugated to streptavidin-coupled UCNPs, with the
subsequent addition of a reporter-DNA sequence
functionalized with a fluorophore N,N,N’,N’-tetramethyl-6-
carboxyrhodamine (TAMRA). TAMRA has an absorbance
that overlaps with the green emission of the UCNPs. By
spectrometrically measuring the ratiometric luminescence
intensity of (Isso/Is40 or Isso/les4), the biosensor can
quantitatively identify the concentration of the target DNA
sequence. The detection limit is determined to be in the range
of nanomole per liter, which meets the sensitivity
requirements of routine bioanalysis.

The Li group reported another valuable work for highly
efficient luminescence sensing and biodetection. They
established a novel absorption-shifting technique involving
chemical functionalization of a chromophoric Ru(Il) complex
onto the surface of NaYF4Yb,Er,Tm UCNPs via a
coordination reaction (Figure 20) [179]. These customized
nanomaterials allowed the development of a high-selectivity
detection tool for sensing mercury ions (Hg?"). Based on
ratiometric upconversion luminescence responses, this
method registers a detection limit of 1.95 ppb for mercury ions
in water, which is lower than the Environmental Protection
Agency standard of 2.00 ppb set for drinking water. As an
added benefit, these nanoparticles could be used to detect the
dynamic change in the distribution of mercury ions in living
cells through upconversion luminescence bioimaging.
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Figure 21. (a) Confocal (b) STED super-resolution images of
cellular cytoskeleton labelled with antibody-conjugated 11.8 nm
NaGdF4:18%Yb*",10%Tm>" nanocrystals, scale bar represents 1
um. Figure reproduced with permission from [97], Springer
Nature.

The prospects of UCNPs for biodetection through RET
can also be used for in vivo analyte monitoring. The Li group
showed that using a neodymium-sensitized upconversion
nanomaterial, a high-contrast probe for the detection of
hypochlorite ions (CIO") in living cells and arthritis in rodents
[180]. The researchers utilized a cyanine dye (hCy3) that is
highly sensitive to ClO" ions. They discovered that the
ratiometric upconversion emission of Isso/I¢s4 could be used to
detect C1O" ions with a detection limit of 27 ppb. Significantly,
the feasibility of such tailored-made nanoprobes was
ascertained in an arthritis animal model, demonstrating that
these UCNP nanoprobes and their associated technology have
the potential to be translated and applied for in vive
biodetection of vital biological analytes in the future.

3.3 Super-resolution imaging applications

The presence of optical microscopy nhas evolved
tremendously since its first discovery in the 171 century [181].
Even though both scanning-based and( electron=based
microscopy techniques have overcome the, challenges’ of
resolving power, optical microscopy remaifs anvinstrumental
method for many scientific disciplines. In this context, far-
field optical microscopy provides a valuable’and unique three-
dimensional imaging of biological samples. Besides, the
technique offers biomolecular specificity and minimal
disruption when fluorescenceimagingnis integrated [182].
Despite the advantages, a severe constraint is the diffraction
limit of light, which limits/n optical microscope's resolution
to approximately 200 nm. This has serious implications
especially when it comes to imaging of molecular structures
and intracellular organelles:

The problem ofthe diffraction limit of light, however, has
been overcome/in recentsyears with the advent of several
super-resolution \methods such as reversible saturable
optically dinear  fluorescent transitions (RESOLFT),
photoactivated localization microscopy (PALM), stimulated
emission | depletion (STED) and stochastic optical
reconstruction ymicroscopy (STORM). These highly useful
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methods have improved resolutions up to the range of 20-nm
to 50-nm [183]. Crucially, the recent popular STED method
utilizes stimulated emission to reduce the spontaneous
fluorescent emission of materials that fluorescent to the central
sub-region of an observation volume via de-excitation of
fluorophores in the periphery regions. This_was done ,by
overlapping a focused excitation beam with a “doughnut”- a
shaped beam that de-excites emitters to the ground state with
the exception for the plane by reducing the full-width at half-
maximum (FWHM) of the point spread function[184,185].
The area within the boundaries of the center of the doughnut
can render unlimited high resolution in the transverse plane
and thus enable super-resolution imaging.

In the context of supersresolution imaging applications,
UCNPs signify an entirely new ‘“elass of multiphoton
luminescent probes. Their’luminescence intensity hinges on
the concentration of the multiphoton emitters that are localized
within the miniature <nanoparticles. Recent research
demonstrated that‘thousands of emitters embedded in each
nanoparticle could be stimulated by high power laser pumping
to generate bright luminescence, which offers an attractive and
promising single-particle-based nanoprobe [186,187]. These
highly concentrated dopants in UCNPs render seamless
optical .population inversion at their intermediate energy
metastable \levels [95]. Consequently, a minimal saturation
intenisity. ‘of ‘approximately 0.19 MW/cm? in upconversion
STED was docufnented with a maximum threshold resolution
of 28 nm (A/36) for optical imaging of a single nanoparticle of
13 nm sin/diameter. Of significance in super-resolution
imaging would be the work by Jin and co-workers, who
established UCNPs with unusually high doping
concentrations of thulium ion (Tm?*) to attain low-powered
super-resolution STED microscopy [95]. Two UCNP samples
were prepared with an average size of 39.8 and 12.9 nm and
co-doped with similar dopant compositions of 8% Tm and
20% YD prior to the STED microscopy. Under 808 nm laser
irradiation of 9.75 mW/cm?, a 48.3-nm spot FWHW was
attained from 39.8 nm UCNPs while a 13-fold enhancement
over the optical diffraction limit was measured by FWHM
after Gaussian fitting analyses (Figure 8¢). On the other hand,
a 31.2 nm spot FWHM was seen from the 12.9 nm UCNPs,
and a similar high contrasting improvement in resolution was
discovered relative to traditional confocal imaging studies.
Remarkably, their results demonstrated that utilizing low-
powered laser radiation on UCNPs may effectively overcome
the overheating problem that limits the widespread utility of
super-resolution imaging for bioanalysis.

Another notable work was demonstrated by He and
colleagues, who tapped into the intrinsic cross relaxation
between the lanthanide dopants embedded within the UCNPs
to generate a supplementary route for optical depletion of blue
emission at 455 nm using highly doped Tm*'-
NaYF4:Yb*/Tm?" with improved interactions between
adjacent thulium ions [97]. This resulted in a near complete
silencing of blue emission using the induced stimulated
emission from a second laser beam source and concurrently
obviated the enhancement effect of the same laser beam. Such
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Figure 22. Multicolor upconversion nanoparticle on display. (a) Luminescence photos illustrating multi-color tuning of the sample
utilizing the combination of both NIR lasers. (b) Demonstration of volumetric¢ full-color three-dimensional display generated via the use
of the designed multi-layer upconversion nanoparticles. Scale bars, 1 cm. (€) A dot-array image on silicon wafer and Ln-doped UCNPs
were loaded inside a 5 by 5 um etched microwells on a silicon wafer. (d) Photos of bamboo, panda and rose printed on paper with an
inkjet printer using the synthesized nanoparticles as colourless ink. Figure reproduced with permission from: (a-b), [93], Springer Nature;

(c-d), [94], John Wiley and Sons.

an innovative emission depletion strategy is amenable to
super-resolution microscopy and facilitates nanescopic
cytoskeleton imaging at high speed (100 ps dwelling, time)
with super-resolution imaging of cellular cytoskeleton protein
structures with a resolution of 80 nm (Figure'21a and b).

3.4 Display applications

The eventual goal in encoding and modulating colors in
material science research is to realize a universal sensitive and
responsive material which has the potential to be accessed
remotely on demand using external stimuli. These can range
from pressure, magnetic, light/and “electric fields. Of
importance, these useful optical‘materials can potentially be
translated into displays that possess higher resolution than
achievable by the existing red-green-blue (RGB) pixilated
color display methods. Significantly, both two-dimensional
pixelated RGB and three=dimensional volumetric full-color
displays require the mixing of individual RGB elements as one
color pixel which is necessitated by the specifications for
devices with uniquepixel manufacture and configuration [93].
Given the multitude of fundamental studies on color tuning
strategies in lanthanide-doped nanomaterials that have been
addressed, itisswithout a doubt that they can represent the next
generation’ of luminescent materials for display technology
applications. One 'of the attractive features of these
nanomaterialsyis the possibility to modulate emission color
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under a, single wavelength excitation. This can be achieved
with a high spatial resolution by controlling the intensity ratio
of emission peaks [188].

Deng et al. showcased a dynamic fine-tuning emission of
core-shell lanthanide-doped nanomaterials to generate the
entire visible wavelength range and have the grand possibility
to manufacture truly three-dimensional full-color display
devices with high spatial resolution and locally addressable
color gamut for commercialization [93]. We discovered and
attributed to the ability to attain such unique and superior
luminescence via tuning the pulse width of NIR laser beams
(Figure 22a). The lanthanide-doped nanoparticles were
synthesized via an epitaxial layer-by-layer approach with low
phonon B-hexagonal phase NaYF4 as the host structure, and
five groups of activated lanthanide ions (Tm’', Yb**, Nd*",
Ce*" and Ho®") were doped into several layers to afford color-
tunable multi-shell nanoparticles. The incorporation of these
designed lanthanide-doped nanoparticles into
polydimethylsiloxane (PDMS) monolith to manufacture a
transparent display and a conceptual proof of multi-
perspective color images with the immense resolution was
achieved by laser excitation with both 980-nm and 800-nm
(Figure 22b). Crucially, equal mixtures of each Ln-doped
UCNPs with balanced monochromatic RGB elements over a
solution or solid-state substrate can emit white color.
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Figure 23. UCNPs for optoelectronic devices and photovoltaic applications. (a) (Top) A novel.nanoheterostructure consisting of
lanthanide-doped upconversion nanoparticles with CdSe quantum dots (QDs) termed as CSNY. (Bottom) The reversible on-off switching
characteristics profile upon 980-nm excitation. (b) (Top) An electronic device by assembling two contact devices via a spin-coating
solution of CSNY particles in solution onto Si/SiO2 substrate pre-patterned with gold- electrodes. (Bottom) A graph depicting current
density—voltage curves of the Si solar cell under AM1.5 solar light (blue) withithe short-pass filter (cyan), under the upconverted white
light with the short-pass filter (pink) and in dark (black). The upconverted white light came from 28 mol% Yb**-doped ZrO: under 976-
nm laser excitation. (c) (Top) A unique nanoheterostructure nanorods consisting oﬂlanthanide-doped upconversion nanoparticles
(Gd,Yb,Er)203 with AuNPs. (Bottom) Temperature mapping in the form of a/CIE 1960 (u,v) chromaticity diagram, generated by using
Au particle-modified Gd203:Yb,Er nanorods. The similarity of emission location with the Planckian locus (curved line with circles)
enables temperature mapping from 300-2,000 K. (d) (Top) A‘schematic diagramshowing the designed NIR upconversion lasing using
single-crystal Er-Y chloride silicate nanowires. (Bottom) The upcenverted light emission spectra from 400-nm to 1000-nm of the Er-Y
chloride silicate nanowires upon excitation at 1480-nm. Insert:" Optical image of the pumped nanowire. Figure reproduced with

permission from: (a), [87], American Chemical Societyy(b), [151], Springer Nature; (c), [190], Wiley; (d), [191], Springer Nature.

Another notable display application using lanthanide-
doped nanomaterials was reported by Zhang’s group [94]. In
their research, they established an upconversion nanomaterial
system which can generate RGB emission colors thatiinclude
the entire electromagnetic visible spectrum (and when mixed
together, they can produce white light \(Figure 8d).
Significantly, by simply tuning the excitation%wer density,
they showed that the upconversion emission colors could be
changed. This auxiliary strategy can be amenable to display
technological applications vie modulating the output of the
emission colors through a facile “exeitation source. They
designed a lanthanide-doped nanoplatform in which six
different lanthanide dopant ions were doped (Tm**, Yb**, Y3,
Er**, Gd*" and Eu*"). They showed that upon irradiation by
980-nm NIR laser, origins of blue«light was generated by
Tm?", green light by Er’* and red light by Eu*" dopant ions
were observed. Surprisingly, they discovered that the emission
colors could be dynamically.modulated by changing the 980-
nm laser excitation power/ensity, which from the range of 3
to 30W/cm?, showed a color evolution from green to cyan to
white and finally to,red. Crucially, this discovery was
similarly /observed swhen the colloidal nanocrystals were
incorporated into the polystyrene microbeads. As a proof-of-
concept, the authors developed a prototype flat-panel display
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that contains the designed lanthanide-doped nanocrystal-
coated substrate, and it can generate different emission visible
colors via a rapid scanning laser that is synchronously tuned
by modulating the pump current (Figures 22¢ and d).

3.5 Photovoltaic and optoelectronic applications

Photovoltaic which is also known as solar cells are
semiconductor devices that create electricity via transforming
solar radiation directly into electricity through the
photovoltaic effect [12]. Notwithstanding, the main issue in
the widespread application is the efficiency in energy
conversion because they are only responsive to a small
fraction of solar photons with photonic energy higher than the
threshold bandgap of the system. As such, there are inherent
fundamental disadvantages in maximizing the efficiency
threshold of these solar cells. To further enhance such
conversion efficiency, a promising strategic approach is to tap
onto lanthanide-doped upconversion nanomaterials to
establish productive spectral conversion because of the rich
multiple energy level structures native to the lanthanide ions.
This would enable simple photon management useful for
photovoltaic applications [5,189]. Since they have the
potential to convert two or more sub-bandgap NIR photons
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into one usable above-bandgap photon, it is also highly
valuable as this can reduce non-absorption energy losses in
various photovoltaic devices [12].

One of the emerging photovoltaic applications is the use
of multicomponent heterostructures that comprises two or
more nanoscale components organized in a structured way that
was reported by Perepichka and co-workers [87]. They
discovered that the interaction between the integrated
components could tremendously enhance the intrinsic
electronic properties and developed a heterostructured
nanosystem that blends UCNPs with CdSe quantum dots —
CdSe/NaYF4:Yb/Er (CSNY). This hybrid nanosystem which
comprises both upconverting and semiconducting properties
gave rise to sub-band-gap photoconductivity. The research
team illustrated the utility of CSNY photoconductivity in
electronic devices by assembling two contact devices via a
solution spin-coating of CSNY particles onto a silicon
substrate pre-patterned with gold electrodes (Figure 23a Top).
Upon 980 nm irradiation, the upconverted photons generate
excitons and further create charge carriers within the CdSe-
based films. Consequently, a reversible and durable NIR
photoconductivity switch is achievable as exemplified in the
photocurrent-time graph (Figure 23a Bottom). Significantly,
this novel concept currently devised for microelectronics can
be applied in photovoltaics to accumulate photons with sub-
bandgap energies.

In another important work, Wang et al. showcased a
photon energy upconversion via the thermal radiation route
that resulted in the highest power upconversion efficiency
achieved around 16% [151]. They introduced various
lanthanide and transition metals as sensitizers into oxide hosts
in order for the absorbed infrared photons to be transferred.to
the host lattice structure through multiphonon relaxation. As
such, the accumulation of phonons in the host lattice increases
the temperature and exacerbates the thermal radiation, in
which a vast number of photons possess higher energy than
the incident photons. Importantly, this strategy leads to
relatively high upconversion efficiencies. With an optimal
design comprising 28 mol% Yb*" dopants; they.achieved an
upconversion power efficiency of 16% under continuous wave
976-nm laser excitation (Figure 23b Top). Of importance, they
showed the practicability of using both concentrated sunlight
and continuous wave 976-nm laser source to generate
upconverted white light. The white light produced is further
absorbed by silicon solar cells to ecreate useful electrical
energy that can drive optical.and electrical devices (Figure 23b
Bottom).

The concept of light-induced. thermal heating of various
noble metal nanomaterials'has been a strategic approach for
many applications«inyrecent years. This is especially true in
photovoltaic and plasmonic research. An appealing work on
plasmonic-induced nano-heaters was reported by Carlos and
co-workers,«who developed an all-in-one heterostructures
nanothermometer comprising a lanthanide-doped oxide
material (Gd,Yb,Er);0; for temperature sensing and surface-
tethered gold nanoparticles as heaters. Their design enabled an
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Figure 24. Various approachesnto deliver and irradiate blue
excitation light to the neurons that are found deep-lying in the
mouse brain. (a) Low efficiency of blue light excitation via the
non-contact blue excitation'due to light scattering. (b) A surgical
invasive implanted optical fiber te.generate blue light excitation
to modulate the neurons but restricts the movements of the
mouse’s movements, and can result in surrounding brain tissue
damage. (c) An optimal non-eontact NIR-to-Blue visible light
excitation via the use of UCNPs to modulate the function of
neurons.

ultrasensitive nanothermometer covering a wide temperature
range from 300 — 2000 K (Figure 23c Top and Bottom) [190].
In theirswork; heat generation was produced by AuNPs upon
980 nm exeitation. Their material utilized the ratiometric
intensities derived from Er’*-upconverted green and red
emissions at a temperature range of 300 to 1500 K.
Remarkably, with an increasing amount of AuNPs, they
discovered that both surface temperature and operating range
of the nanothermometers increased. They attributed the white-
light emission to an incandescence process. The thermal-
sensing principle was discovered in close association with the
cooperative effect of thermal equilibrium in the population of
excited states on Er’" upconversion nanorods. This work not
provides many prospects for photovoltaic research but also
raise the possibility for controlled hyperthermia and deep-
tissue tumor imaging without causing overheating damage to
adjacent normal tissues.

Another intriguing work for optoelectronic devices
operating at NIR wavelength was reported by Ye ef al., who
synthesized a new upconversion lasing based on Erbium-
Yttrium chloride nanowires (Er-Y) (Figure 23d Top) [191].
They demonstrated that upon 1476-nm laser irradiation on a
single-crystal Er-Y chloride nanowire, an ultra-narrow
linewidth of 980 nm lasing was observed with a well-resolved
sharp emission line (0.25nm at 77K) within the wavelength
range of 400-nm to 1000-nm (Figure 23d Bottom). Besides,
they showed that at the highest Er/Y ratio in these nanowires
would result in a blue shift of the strongest peak. Importantly,
the ability to generate 980-nm lasing properties of these ER-
Y chloride nanowires upon irradiation by 1476-nm would
enable their utilization to attain tunable NIR laser and have
prospects in nanoscale optoelectronic devices that can perform
at NIR wavelengths.
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3.6 Optogenetics applications

UCNPs have also conjured considerable attention in
potential biological applications. When compared to
traditional luminescent probes such as quantum dots,
fluorescent proteins or organic dyes, UCNPs have superior
photophysical properties such as resistance to photobleaching,
non-photoblinking, non-autofluorescence and the lack of
cross-talked emissions [189]. The use of NIR excitation
source also enables deeper tissue penetration than achievable
with UV and visible range excitation typically reserved for
conventional bioimaging probes. One of the most important
strengths of UCNPs is that a low power continuous-wave laser
operating at a power density of (1-1000 W/cm?) is sufficient
to initiate the photon upconversion process [192]. Owing to
their unusual photophysical behaviors, UCNPs provide
scientists with a powerful tool to unravel the mysteries of life
sciences in areas such as optogenetics [193,194],
photodynamic and photothermal therapies [195,196]. Also,
the down-shifting ability of the UNCPs is highly valuable
since the down-shifting emission can be tuned into the second
biological window where minimal biological tissue scattering
occurs [197].

The development of advanced optical tools and devices
has revolutionalized the field of optogenetics and enabled a
precise control over the activity of neurons with light. This
intriguing field uses genetic engineering methods to
selectively insert opsins and its related family of proteins such

50 mVI """

as halorhodopsin, bacteriorhodopsin, and channelrhodopsin
into randomly marked sub-population of neurons in the brain
[198]. Upon irradiation with light via fiberoptics or other light-
guiding instruments, those marked neurons can be modulated
to activate or deactivate with millisecond timing,[199-201].
The ultimate goal of optogenetics is to allow scientists, within
the neuroscience field to harness the use of optical:control of
these neurons in various organism models and design novel
therapeutics to treat neurodegenerative diseases.

Experimental studies have shownythat it is possible to
modulate the biological activities of light-gated and light-
driven ion pumps found in opsin§using the visible light in the
spectral range of 430 nm t0,630 nm [202]. There is a
possibility that a cascade of events due,to light exposure
allows genetically engineered neurons to be activated or
inhibited. Nonetheless, difect blue light excitation has limited
tissue penetration depth due.tosevere light tissue scattering
(Figure 24a). Fiber insertion can overcome the problem of
tissue penetration,‘but this approach may restrict the freedom
of movement of the animals‘under study, usually mice or rats,
and result in tissue damage during experimentation (Figure
24b). A considerable research effort has gone into extending
the wavelength excitation toward the red and NIR region
because, of the intrinsic deeper tissue penetration at these
wavelengths. However, the design of genetically coded opsins
responsive,to the red and NIR region presents a substantial
challenge. A promising strategy to overcome this limitation is
to tap onto the nanotransudcing capabilities of UCNPs, which
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Figure 25. The design and crucial experimental results of the Ln-doped UCNPs in [193]. (a) Schematic illustration of the rationally
designed novel IR-806 dye-sensitized core/shell lanthanide-doped upconversion nanoparticles (B-NaYF4:20%Yb3*/2%Er*" @§-
NaYF4:10%Yb>") for NIR-activated optogenetic application to control the red-activatable channelrhodopsins (ReaChR) via 800-nm laser
excitation.800-nm activation of ReaChR in the designed cultured hippocampal neurons. Electrophysiology graphs demonstrating the
potential firing in response to (b) Prolonged — 4s, (c) Pulsed (100ms, 500ms and 2s) delivery at (2.34 W/mm?) (d) Neuronal depolarization
and (e) Action potential firing triggered by 800-nm NIR laser excitation at various intensities for 4s. There can be neuronal activation
and depolarization in some control cases. Figure reproduced with permission from [194], American Chemical Society.
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Figure 26. (a) Schematic figure of a typical light source array for
deep-seated brain stimulation optogenetic applications. (b)
TEM  diagram of  surface-modified lanthanide-doped
nanoparticles. Insert: A close-up magnification of the
corresponding as-synthesized silica coated lanthanide-doped
nanoparticles. (c) Schematic illustration of the rationally designed
surface-modified lanthanide-doped UCNPs for UCNP-assisted
NIR upconversion optogenetics application. Figure reproduced
with permission from [193], The American Association for the
Advancement of Science (AAAS).

can convert NIR laser stimulation into UV/Visible output
(Figure 24c¢) [189,203]. ~

A notable optogenetic demonstration through'the use of
UCNPs was reported by the Han groupin 2016/[194]. The
researchers developed a state-of-the-art IR-806:dye-sensitized
core-shell nanoparticles that feature'a broad absorption range
and an enhanced Iuminescence efficiency due to the
conjugation of IR-806 antenna to the particle’s surface (Figure
25a). In the absence of aninvasive procedure of embedding
optical fibers, they demonstratedsthe ability to control the
neuronal activity in/ cultured hippocampal neurons that
expressed red-activatable channelrhodopsins (ReaChR) upon
excitation with an800 nm laser<(Figure 25b-e). Significantly,
the as-synthesized Ln-doped UCNPs demonstrated good
water solubility \with Pluronic F127 for used in future
bioimagingapplications.

One of the recent works on NIR-based optogenetic
manipulation was.reported by Chen ef al., who demonstrated
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that UCNPs could serve as optogenetic actuators for
transcranial NIR light stimulation of deep brain neurons
(Figures 26a-c) [193]. The proof-of-concept was achieved by
utilizing transgenic mice infused with UCNPs, to locally
activate light-gated ion channels and modulate neuronal
activity, deep inside the brain of the mouse. Remarkably, this
led to stimulation of brain oscillations /via “activation of
inhibitory neurons in the medial septum, silenced seizure
through blocking the hippocampal excitatory cells and
enabled memory recall through s hippocampal engram
experiments. Most importantly, the researchers demonstrated
that an exceptional nano-transducer capable, of converting
deep tissue NIR laser irradiation to blue light could enable fast
increases in dopamine release’in the deep brain and raise the
possibility of wusing such UCNP-mediated neuronal
modulation tools to mitigate neurological disorder that has yet
been successfully addressed at th\e present moment.

3.7 Phototherapy and-bioimaging applications

UCNPs have also founduits prospects for phototherapies
and diagnostic bioimaging. Phototherapies include
photodynamic “therapy (PDT) and photothermal therapy
(PTT). UCNPs_ photoactivate the photosensitizers by
converting NIR laser irradiation to visible light, which can be
used to generate lethal cytotoxic reactive oxygen species
(ROS)'[204]. This approach is highly efficacious and has been
used for a rangewof cancer treatments because of the minimal
chroni¢ cellular cytotoxicity of the nanomaterials, the accurate
targeting capability of the laser source, and the low cost
needed for experimental setup [195].

Liu and co-workers developed Ce6-modified UCNPs
(Ce6: chlorin e6) and discovered that the NIR light could
permeate an 8 mm thick pork and yield noticeable PDT
cellular effects to reduce tumor growth rate (Figure 27a) [205].
Another similar work for effective treatment of tumors was
reported by the Gu group, who developed a ZnPc
photosensitizer-based upconversion system (ZnPC: zinc
phthalocyanine) (Figure 27b) [206]. Zhang and co-workers
developed a  dual-sensitizer system (ZnPc: zinc
phthalocyanine and MC540: merocyanine 540), in
combination with Er**-based UCNPs for the generation of
both green and red emissions under irradiation at a single NIR
wavelength, for mouse cancer models. This protocol enables
effective noninvasive deep-tissue cancer therapy (Figure 27¢)
[207]. The same group also achieved another notable
milestone in PDT application in which they developed titania-
coated UCNPs (Figure 27d) [208]. The limited loading
efficiency of photosensitizers was overcome by replacing the
organic photosensitizers with a uniformly coated titanium
dioxide (TiO;). Through doping with Tm*' ions, the
upconverted UV light would photoexcite the electrons
occupying the valence band of TiO and promote them to the
corresponding conduction band. This band transition leads to
the generation of electron-hole pairs and evokes redox
reactions with molecular oxygen and water to produce reactive
oxygen species and leads to tumor cell death.
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Figure 27. Various emerging NIR excitable Ln-doped UCNPs for Photodynamic Therapy,(PDT)/(a) A diagram showing NIR-induced
PDT which has Ce6 functionalized onto the Ln-doped UCNP. (b) A figure illustrating the tumot-targeted Ln-doped UCNP using ZnPc
and applied for in-vivo tumor PDT. (c) Figure showing the as-synthesized mesoporous-silica coated Ln-doped UCNPs doped with Er3*
and co-loaded with MC540 and ZnPc photosensitizers. Upon 980-nm irradiation, red and green visible upconverted light were generated
and activated the photosensitizers to generate ROS. (d) A novel NIR-to-UV_TiOz coated-Ln-doped UCNP for uniform and effective ROS
generation in which UV light photoexcites the electrons from the valence band te. the:conduction band in TiO: shell. This results in
photoinduced electron-hole pairs and the interaction of native triplet molecular oxygen and water molecules would lead to generation of
various ROS and cause cancer cell death. Figure reproduced with permission from: (a), [205], Elsevier; (b), [206], American Chemical
Society; (c), [207], Springer Nature; (d), [208], American Chemical Society.

Another useful phototherapy would be photothermal
therapy (PTT). This noninvasive therapeutic  approach
employs photothermal agents to absorb light' for ‘heat
generation, the subsequent denaturation of the proteins found
inside the cells, and ultimately the cell death. It can also result
in thermal ablation of cancers [204]. This strategy creates
several advantages such as being selective and.accurate since
it relies on the spot where the laser is irradiated, and only:those
regions covering the photothermal agents'would result in
temperature rise. Also, similar to photodynamie,therapy, PTT
can be considered flexible and cost-effective for potential
efficacious treatment against cancer. In the«context of UCNP-
based PTT application, the UCNPSs are usually mingled with
other types of photothermal agents that possess a high
extinction coefficient, such as gold; transition'metal sulfide or
indocyanine green, or even' polydopamine, because of the
intrinsic low extinction coefficient of lanthanide ions.

One of the UCNP-based PTT demonstrations is the work
developed by Song/ and /co-workers, who reported the
fabrication of a multifunctional’ Ag-UCNP nanocomposite.
Due to surface plasmon resonance absorption at 980 nm, the
excitation energy can be hatvested by the outer silver shell and
efficiently transfer.to UCNPs. The intelligent design led to its
utility for photothermal-@blation of human liver and breast
cancer cells [209]. Another outstanding work was published
by Liu and co-workers, who designed and synthesized a layer-
by-layer assembly<of core-shell nanocomposite [210]. The
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nanocomposite comprises an UCNP core, a layer of iron oxide
nanoparticles serving as the intermediate shell, and an
outermost shell layer of gold nanoparticles (Figure 28a).
Remarkably, the amount of nanocomposite that localized in
the tumor tissue regions upon manipulation of an external
magnetic field was about 8-times higher than that obtained
with the control group without applying the magnetic field.
Owing to the large optical absorption coefficient of gold
nanoparticles in the NIR range, near complete thermal
ablation of tumors in mice was achieved when irradiated with
a NIR laser. This resulted in maximum life-span for the mice
under study (Figures 28b and c¢). Hence, the nanocomposite
could provide a platform to enhance the efficiency of thermal
ablation, with the assistance from an external magnetic field
for magnetic targeting and a dual-imaging modality consisting
of magnetic resonance imaging and upconversion bioimaging.

In another example of PTT demonstration, Hilderbrand
and co-workers developed a hybrid system comprising
UCNPs and carbocyanine organic dyes [211]. They
synthesized Er’*-based UCNPs with a thin layer of silica
coating, and the carbocyanine dyes were encapsulated within
the silica layer (rephrase). When subjected to 980-nm laser
irradiation, superior cellular imaging was observed. With 750
nm laser irradiation for 2 minutes at 2.5 W/cm? the
temperature of the nanostructures increased by 21°C. They
showed that about 42% of murine leukemia (RAW) cells were
thermally killed, demonstrating the efficacy of PTT treatment.
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Figure 28. A collection of photothermal therapy (PTT) applications integrating NIR excitable UCNPs. (a) A diagram showing the
composition of the as-synthesized nanocomposite and the conceptual workflow for the in viverimage-guided magnetic targeting PTT
application in a mouse tumor model. (b) /n vivo magnetic targeted PTT profile and the growth of 4T1 tumors in various groups of the
mice upon treatment with various control groups. (c) The representative survival curves of mice bearing 4T1 tumors after various
therapeutic control groups [210]. (d) Schematic figure showing the UCNP-nanographene oxide(INGO) nanocomposite in which the NGO
was grafted with the UCNPs through bifunctional polyethylene glycol (PEG). (e) The intrinsic multifunctional theranostic features of the
designed UCNPs-NGO/ZnPc¢ nanocomposites [214]. (f) Schematic figure showing the Ln-doped UCNP-CuS-PEG nanocomposite and
possess trimodal imaging with dual synergistic photothermal and radiation therapies,[214]. Figure reproduced with permission from: (a-
¢), [210], Elsevier; (d-e), [214], Elsevier; (f-g), [215], American Chemical Society:

To further enhance the therapeutic efficacy, researchérs
continue to explore and develop multifunctional
nanomaterials that combine several functionalities into one
heterogeneous system. This paradigm shift was proposed to
overcome the multi-drug resistance and recurrence ‘ofthe
tumor due to its intrinsic nature of complexitys and
heterogeneity [212]. As such, the possibility of incorporating
multiple therapeutic modes within UCNPs<has continued to
progress in this direction in the hope to develop a more
effective nanoplatform with minimum side effects [213]. For
instance, the Zhang group demonstrated aninteresting work
showcasing this multifunctional conceptsThey, synthesized
poly(allylamine)-coated UCNPs, covalently conjugate them
with graphene oxide, and subsequently attached ZnPc
photosensitizers to the surface of the graphene oxide (Figure
28d) [214]. In this system, the graphene oxide with absorption
at 808 nm functions as the photothermal'agent to provide PTT
while the ZnPc absorbs at 630 nm to,generate ROS such as
cellular cytotoxic singlets, oxygen 10>. The researchers
demonstrated the synergistic interplay between PDT and PTT,
which gave rise to an egnhanced therapeutic efficacy on those
labeled cancer cells (Figure28e)s

In more recent work, Xiao et al. developed a trimodal
therapy that combines image-guided synergistic photothermal
treatment and_X-ray radiation [215]. In their work, they
consolidated silica-coated a NaGdF4:Yb,Er nanoparticle and
CusS nanoparticles iaito a hybrid nanocomposite (Figure 28f).
The proof-of-concept of radiation therapy was validated by
exposing the nanocomposite to high energy X-ray irradiation.
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The versatile imaging capabilities of the nanocomposite,
namely “photon upconversion, magnetic resonance, and
computed tomography, led consistent inhibition of tumor
growth» when subjected to PTT under in vivo conditions
(Figure 28g). The application of this radiation therapy to 4T1
tumor resulted in a total ablation after four days, and no tumor
recurrence was observed during a longitudinal 120-day
experimental study.

4. Outlook and perspectives

Photon upconversion in lanthanide-doped UCNPs has
drawn much considerable attention, as highlighted in this
review and elsewhere, over recent years. Many fundamental
studies, as well as a diversity of emerging applications, have
been demonstrated using these luminescent nanomaterials.
These examples illustrate the promising prospects for
commercialization and translation for various industries. With
a repertoire of experimental methods available to tune photon
upconversion, either through chemical or physical strategies
as outlined in this review, these nanomaterials have the
potential to transform many fields of research.

Worth mentioning would be the characteristics of UCNPs.
They are amenable with ease to surface deposition as layered
films from solutions. Furthermore, for microelectronic
application, the reorganization of the films is adaptable with
traditional lithographic steps because of the high thermal
stability and photostability of these nanoparticles. UCNPs can
also be directly molded using a flexible elastomeric stamp.
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Their unique photophysical and photochemical properties
make them ideal for biological applications such as
bioimaging and photothermal therapy. For those optogenetic
and super-resolution imaging applications currently in
development, the present achievements by various research
groups are indeed encouraging. For example, the recent
optogenetic research appears to suggest that neural circuitry
optical modulation by UCNP-assisted optogenetics have
proven effective in the remote interrogation of genetically
modified neurons with high spatial resolution and sensitivity.

Nonetheless, UCNPs have several inherent limitations.
First and foremost, their low upconversion quantum yield,
usually less than 1%, may limit their widespread use in various
applications. Thus, a major challenge in materials chemistry is
to boost the quantum yield. At present, the highest quantum
efficiencies measured for NIR-to-visible conversion are about
5% for irradiation power densities of less than 100 W/cm?
[216,217]. A few approaches can be implemented to enhance
radiative rates in these lanthanide-based upconverters. One
effective strategy is to use organic dyes as sensitizers [218].
Other methods include host-lattice manipulation, energy
transfer modulation, surface passivation, and photonic crystal
engineering. Another research challenge is to address the
possibility of unconventional excitation wavelengths instead
of the traditional 808-nm and 980-nm NIR excitation source.
A feasible approach is to tap onto organic dyes, which can
serve as antennas and guide the energy transfer to the
lanthanides embedded in the host lattice.

There is also the need to design and build instruments in
parallel that enable a critical evaluation of UCNPs for their
translational value. At present, the implementation of research
works in this field often requires a customized microscopie.or
spectroscopic setup where a specific NIR laser source is
frequently not available with commercial equipment packages
[219]. As such, there is a huge unmet need for easy
accessibility of commercial equipment that would benefit
many research groups. This advancement would improve the
robustness and reproducibility of the resultssuch as quantum
yield, lifetime  measurement, and \spectroscopic
measurements.

Another pivotal area worth investigating in upconversion
research would be gearing ‘these nanomaterials toward
translation applications for industries:, Well-established and
routine synthetic pathways and rational surface engineering
approaches of the UCNPs ate crucial and form the basis for
commercialization.  These \, methods have to be
comprehensively verifiedusing various physicochemical and
photophysical techniques, much.like, the quality assurance
checks performed on'manufactured drugs in pharmaceutical
industries. Establishment and regulation of standard protocols
for sturdy surface modifications with various biomolecules is
of utmost importance. Besides, complementary to the
synthesis strategy are the novel techniques afforded in the
bioconjugation chemistries, which would result in high quality
and high-performance nanomaterials for advanced research.
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A parallel effort would be the rational and thorough
examination of the long-term chronic toxicity studies of
UCNPs in biological media, especially those having
translational potential. A crucial challenge for translation into
the clinics is the uncertainties of these nanoparticles in
systemic toxicity and movement when being eliminated from
the body. Although many reports have shown that surface-
modified UCNPs does not have acute safety under in vitro and
in vivo experiments along with their biodistribution, in-depth
longitudinal chronic toxicity studiessremain mostly elusive.
Besides, the probable interactions ef these nanoparticles with
the immune system and the possible illicit immune response
remain unexplored. Such immunological studies may shed
light into the extent of biological toxicity and assess its
feasibility for the ultimate translation for clinical studies.
Hence, ascertaining the safety profiles of these surface-
modified UCNPs needs to be wtematically performed with
clear objectives.
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