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CONSPECTUS: Rare earth (RE) materials, which are excited
in the ultraviolet and emit in the visible light spectrum, are
widely used as phosphors for lamps and displays. In the 1960’s,
researchers reported an abnormal emission phenomenon
where photons emitted from a RE element carried more
energy than those absorbed, owing to the sequential energy
transfer between two RE ions—Yb*'-sensitized Er’* or
Tm>—in the solid state. After further study, researchers
named this abnormal emission phenomenon upconversion
(UC) emission. More recent approaches take advantage of
solution-based synthesis, which allows creation of homogenous
RE nanoparticles (NPs) with controlled size and structure that
are capable of UC emission. Such nanoparticles are useful for many applications, especially in biology. For these applications,
researchers seek small NPs with high upconversion emission intensity. These UCNPs have the potential to have multicolor and
tunable emissions via various activators. A vast potential for future development remains by developing molecular antennas and
energy transfer within RE ions. We expect UCNPs with optimized spectra behavior to meet the increasing demand of potential
applications in bioimaging, biological detection, and light conversion.

This Account focuses on efforts to control the size and modulate the spectra of UCNPs. We first review efforts in size control.
One method is careful control of the synthesis conditions to manipulate particle nucleation and growth, but more recently
researchers have learned that the doping conditions can affect the size of UCNPs. In addition, constructing homogeneous core/
shell structures can control nanoparticle size by adjusting the shell thickness. After reviewing size control, we consider how
diverse applications impose different requirements on excitation and/or emission photons and review recent developments on
tuning of UC spectral profiles, especially the extension of excitation/emission wavelengths and the adjustment and purification of
emission colors. We describe strategies that employ various dopants and others that build rationally designed nanostructures and
nanocomposites to meet these goals. As the understanding of the energy transfer in the UC process has improved, core/shell
structures have been proved useful for simultaneous tuning of excitation and emission wavelengths. Finally, we present a number
of typical examples to highlight the upconverted emission in various applications, including imaging, detection, and sensing. We
believe that with deeper understanding of emission phenomena and the ability to tune spectral profiles, UCNPs could play an
important role in light conversion studies and applications.

Upconversion Emission

1. INTRODUCTION RE-ion-doped UC nanoparticles (NPs) are favored for
various reasons. First, they feature large anti-Stokes shifts,
which are barely observed in naturally occurring fluorophores.
The NIR excitation results in minimal autofluorescence
background, promising a high signal-to-noise ratio (SNR) in
biological sensing and imaging studies.® Second, the excitation
wavelength (usually 980 nm) locates within the so-called
“biological window”, promising low photodamage and high
penetration depth for in vivo applications.’® Third, these
UCNPs possess high photostability and chemical stability,
and they barely show any photobleaching and blinking.” Last

Rare earth (RE)-ion-doped nanomaterials with upconversion
(UC) emission are a unique type of phosphor. In a typical UC
process, two or more low-energy near-infrared (NIR) photons
could be converted into a high-energy one, which is located in
the ultraviolet (UV), visible (vis), or NIR region.1 During the
first decades after its discovery in 1960’s, UC materials have
been widely studied in solid laser and display device
applications.” With the development in fabrication and
characterization techniques, the past decade witnessed the
rapid advancement of research on upconverting nanomaterials.®
Plenty of interest has been devoted to this field, attracted by the
potential in a variety of applications, including sensing, imaging, Received: September 6, 2013
and photoactivated therapy.* Published: January 14, 2014
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but not least, with proper surface modification and function-
alization, UCNPs show good biocompatibility, and no evidence
yet suggests noticeable biotoxicity, neither in vitro nor in
vivo.>’

Nevertheless, there still exist great challenges yet to be
addressed. Generally, these challenges arise from the nature of
f—f transitions of RE ions and are exacerbated by the small
particle size. Essentially, the principle-forbidden f—f transitions
result in small absorption cross section of RE ions, hence
limiting the excitation efficiency of the UC process. In most
cases, RE ions with relatively larger absorption cross sections
(usually Yb**) are introduced as sensitizers. However, the small
absorption cross sections of UCNPs are still a bottleneck for
obtaining intense UC emissions. Lasers are usually required to
produce intense UC emissions. Improvement of UC emission
behavior has always been a major concern in this research field.

Furthermore, defects and ligands on the particle surface
could quench the excited RE ions nearby. This effect becomes
more pronounced as the particle size becomes smaller,
dissipating a considerable part of the excitation energy into
vibrations of surface defects and ligands. Although large NPs
with relatively small surface area are complementary to this
issue, larger particles are less favored when mobility and
metabolic toxicity are considered for biological applications.
Therefore, enhancing the UC emission while simultaneously
controlling the particle size is of great importance.

The ladder-like energy states and the shielding effect of 4f
electrons further pose restrictions on the excitation and
emission wavelengths for UCNPs. The emission wavelengths
are essentially determined by the activators. As only a few ions
are available as effective activators, there are limited choices for
emission bands. Meanwhile, a single type of activator could give
multiple emission bands, further complicating the emission
selection and multiplex detections. Highly selective and energy-
economical methods for emission color modulation are thus
required.

The excitation wavelength depends on the rare-earth
sensitizers for UC emissions. Yb®" ions, commonly used as
effective sensitizers, give an efficient excitation band around 980
nm. Such narrow-band excitation is insufficient to convert the
solar energy from a wide NIR wavelength region. Furthermore,
the absorption of water at 980 nm could cause a non-negligible
tissue heating effect, which might pose a risk for in vivo
applications.

With such issues in research, here we will discuss the
strategies and the latest progress in realizing small particles with
tunable emissions and excitation. We will also address the
performances of these small, bright UCNPs with designed
spectral features in various types of applications.

2. SIZE CONTROL OF UCNPS

While a small and compact structure is always desirable for in
vivo nanoprobes, it has been a great challenge to simultaneously
maintain or enhance the UC emission intensity while reducing
the size. The key point is to avoid the quenching from the
surface quencher accompanying the small particle. Different
strategies are available to obtain highly crystallized small NPs
with a thermodynamically stable phase or to build core/shell
nanostructures for isolating luminescent centers from surface
quenchers.
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2.1. Doping-Induced Size Transition

With the development of new synthesis routes and novel host
materials, many studies have reported obtaining sub-10 nm
UCNPs.'"""* Generally, these achievements are realized by
delicate manipulation of the synthesis condition involved in
nucleation and growth processes, including reaction temper-
ature, solvent composition, and capping ligands.

Meanwhile, rational doping of RE ions in UCNPs has been
found as an effective way to control the particle size. Liu and
co-workers have proved that the ionic radii of RE could
efficiently affect the growth of UCNPs (Figure 1)."> The
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Figure 1. Size decrease of NaYF,:Gd,Yb,Er nanorods induced by Gd**
doping. (a—c) TEM images of NaYF,:Yb,Er,Gd NPs. (d) Mechanism
of particle size reduction. Reproduced with permission from reference
13. Copyright Nature Publishing Group 2010.

density functional theory calculations revealed an increase in
the surface charge density of NaYF, NPs when Gd*" is doped,
slowing the diffusion of F~ ions onto the particle surface, thus
altering the growth process. An increase in UC emission
intensity is also observed with structure transition to a
hexagonal one. Wang and co-workers introduced 14
lanthanides as dopants in NaYF, nanorods,"* and a prominent
tendency in size was elucidated as the ionic radii increased. Li
and co-workers found that the doping of Gd** not only induced
hexagonal NPs other thane cubic ones but also helped to
reduce the size to 7.8 nm simultaneously." It is noteworthy
that these NaLuF,-based UCNPs showed an intense UC
emission, which is 1 order of magnitude higher than their 20
nm NaYF,-based counterpart, which could be attributed to the
similar ionic radii between Lu** and Yb**/Er’" ions.

Besides the ionic radii, the valence of the cations could also
efficiently affect the growth of UCNPs.'® In this case, the
introduction of trivalent RE ions to divalent alkaline earth
fluorides results in a similar surface charge modulation effect.
While the undoped SrF, NPs showed various morphology and
a broad size distribution, 20% doping of La®* ions effectively
diminished the large NPs and decreased the average size to sub-
5 nm, with high monodispersity.

2.2. Core/Shell-Structured Small UCNPs

With a higher proportion of RE ions near the surfaces, UC
emission from NPs is sensitive to surface quenchers. Most
importantly, with the NPs transferred from organic to aqueous
phase, the hydrophobic ligands are often removed, resulting in
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Figure 2. Continuous particle size tuning realized by multishell overgrowth. Reproduced with permission from reference 21. Copyright American

Chemical Society 2012.

uncapped defects and adsorption of —OH groups, which act as
strong quenchers to UC emissions.'” In this case, energy
dissipation is significant, and small NPs with relatively large
surface area typically have a higher quenching probability. This
imposes a challenge for small UCNPs in in vivo applications.
Facing the above problems, minimizing the surface defects and
protecting the nanoparticles from surface quenchers are
critically considered.

To address the dilemma between particle size and surface
quenching, core/shell nanostructures are designed for UCNPs.
Generally, an undoped shell with a sufficient thickness could
spatially isolate the luminescent centers from the surface
quenchers, hence greatly reduce the quenching events. For
UCNPs, an “inert” shell layer would inhibit the energy transfer
from sensitizer and activator ions to surface quenchers and
eventually increase the UC emission intensity."® As shown by
Haase and co-workers, with a very limited increase in particle
size (from 13 to 15.5 nm), the formation of undoped KYF,
shell onto KYF,:Yb,Er NPs leads to a greater than 20 times
enhancement in UC emission.'® In contrast to inert shells, as
antennas of NIR light, Yb**-doped shells could further elevate
UC emission, as has been reported by Capobianco and co-
workers.2’ The core/shell structure also offers a facile toolkit to
tune the particle size continuously (Figure 2),*' by which
consistent enhancement in UC emission intensity was observed
as expected.

Recently, Yan and co-workers designed a novel type of
heterogeneous core/shell-structured UCNPs, NaYF,:Yb,Er/
Tm@CaF, (Figure 3).”> With the benefit from a small lattice
mismatch between cubic-phase NaYF, and CaF,, the core/shell
structure was constructed by the epitaxial growth method. The
mean particle size could be tuned from ~9 to 13 nm with
various CaF, shell thicknesses. A 300 times enhancement of
UC emission was observed, and only trace amounts of RE ions
were detected with dialysis. Compared to NPs with surface-
exposed RE ions, the shell without RE doping could diminish
the potential biotoxicity risk from RE ions.”® This strategy has
been later adopted by Han and co-workers in NaLnF,:Yb,Tm@
CaF, NPs as strong emitters for deep-tissue in vivo imaging and
photoactivation studies.”**®
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Figure 3. TEM images of NaYF,:Yb,Er (a) and NaYF,:Yb,Er@CaF,
(b) NPs, the UC emission spectra with great enhancement (c), and
ion release profile (d). Reproduced with permission from reference 22.
Copyright Wiley-VCH 2012.

3. TUNING THE EMISSION AND EXCITATION OF
UCNPS

3.1. Emission Profile Affected by Size, Morphology, and
Doping

Although the UC emission wavelengths are strictly limited by
the electronic manifolds of the dopants, the spectral profile
could be variable with many factors. It is noteworthy that there
is no universally “favorable” spectral profile, instead, it depends
on the proposed applications. For deep-tissue imaging, NIR or
red emission are preferred as they are less absorbed by animal
tissue. On the contrary, UV or blue photons are expected to
trigger photochemical reactions. Single-band emission with
high color purity would be ideal in multicolor imaging
applications; however, two ratiometric emission bands are
good for sensing and detection studies.
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The structure, size, and crystallization show complex effects
on the spectral character of UCNPs. By changing these factors,
multiple aspects in the UC process could be influenced,
including the surface and internal defects, photon relaxation
probability, and energy transfer scheme between the dopants.
However, these parameters significantly depend on the
synthesis, which makes it difficult to compare among different
reports. Several reports observed a red-to-green ratio increase
with decreasing size of UCNPs (Figure 4).2%* On the
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Figure 4. UC emission color tuned by doping concentration and
particle size. Reproduced with permission from reference 18.
Copyright American Chemical Society 2007.

contrary, a decrease of red-to-green ratio with decreasing size
is also reported.”® It is difficulty to continuously and
independently vary the structure and size challenges of the f—
f transition assessments and color-tuning ability for UCNPs
obtained with different synthetic methods.

Many earlier works have been focused on the color tuning by
varying the composition and dopants. Yan and co-workers have
earlier demonstrated this for NaYF,:Yb,Er/Tm UCNPs.'®*° A
systemic research on this effect is reported by Wang and Liu in
Yb/Er/Tm-codoped UCNPs.*° Nonetheless, only a few
activators (Er**, Tm*, and Ho®>" in most cases) are efficient
in the Yb**—activator energy transfer route, which limits the

available UC emission color to a small part of the UV—vis—NIR
region. A strategy to overcome this bottleneck is introduced by
Liu and co-workers (Figure 5).*' In their design named energy
migration upconversion (EMU), the excitation energy is
accumulated by a Yb**—>Tm?" UC process in the cores,
followed by energy transfer from Tm*" ('Iy) to Gd** (°P,,)
and further to X** (Eu**/Tb**/Sm**/Dy**) in shells, resulting
in their respective emissions. Furthermore, the emission from
X** could be enhanced by building an extra inert shell on the
UCNPs, which makes EMU a dominant destination of the
energy transfer pathway.>>

As there is little interference between transitions of RE ions,
it is also practical to achieve tunable multicolor emission on a
larger scale through self-assembly of NPs with different dopants
and, consequently, different UC emission profiles. Yan and co-
workers reported a bilayer assembly of UCNPs with a
NaYF,:Yb,Tm@CaF, layer and a NaYF,:YbEr layer,® in
which the emission intensities of the crossed region showed
simple additivity of the constituent monolayers.

3.2. Single-Band Emission of UCNPs

Another attempt in UC emission color tuning is to achieve
single-band emission. The abundant 4fY electronic states
endowed UCNPs with multiple transitions under a single-
wavelength excitation. However, the multiple transitions from
different RE ions could cause interference in in vivo detection.
The deep red or NIR emission is less absorbed and scattered by
tissues, and this fact makes it desirable to obtain highly pure red
or NIR UC emission for in vivo imaging. As the NIR emission
is usually dominant in Yb**,Tm**-doped UCNPs, many efforts
have been devoted to single-band red emission from Yb3* Er¥*-
doped UCNPs.

Generally, single-band emission can be achieved by
controlling the equilibrium between different excited states or
by filtering one or more unwanted emission bands. The first
strategy involves changes in the energy transfer pathway in the
UC process. Liu and co-workers reported a pure red emission
from KMnFj:Yb,Er (Figure 6a) NPs.>* The Er**—Mn?" energy
transfer led to depopulation of green-emitting *H;/, and *S,
manifolds, and the consequent Mn**—Er** back energy
transfer populates the red-emission-participating *I,;;, and
*Fy/, manifolds. Similarly, the doping of Ce** in NaYF,:Yb,Ho
NPs was reported to increase the red-to-green ratio with energy
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Figure S. EMU mechanism (ab) and the resultant UC emission spectra (c). Reproduced with permission from reference 31. Copyright Nature
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Figure 7. Excitation wavelength shifting realized by the Nd**-sensitized UC process. Reproduced with permission from reference 47. Copyright

American Chemical Society 2013.

transfer between Ho®>" and Ce?*.>> More recently, Milliron and
co-workers reported research on tuning UC emission color
purity by binary or triple RE ion doping.*® The Er**/Tm?* pair
showed that a pure red emission (Figure 6b) arose from the
Er’*—>Tm* energy transfer, which populates the °F, state of
Tm*" and eventually the *F,, state of Er’".

The other way to achieve single-band UC emission is to
tailor the emission spectra by introducing external absorbers,
quenchers, or other energy-transfer donors. Yan and co-workers
have earlier tuned the emission color of UCNPs by embedding
them into photonic crystal with a photonic band gap at 545
nm,%” which filtered the green emission band. As the SPR
bands of Au NPs could be reversibly shifted by pH-controlled
assembly, they are used as absorbers to tune the red-to-green
emission ratio.® The similar concept was also illustrated in a
compact NaYF,YbEr@SiO,@Au nanostructure,” with the
SPR band tuned by the interparticle distance of Au NPs.

Moreover, fluorescence resonance energy transfer (FRET)
acceptors could serve as internal filters. Wolfbeis and co-
workers conjugated dye molecules with different absorption
profiles onto UCNPs,* in which the dye molecules could
selectively “screen off” part of one emission band. Branda and
co-workers decorated UCNPs with a photochromic molecule
whose absorption overlaps with the green UC emission,*' and
the UC emission color could thus be external light irradiation.
Similarly, by covalently conjugating photochromic spiropyran
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molecules, Yan and co-workers reported the reversible
switching of green emission of dual-emissive UCNPs.* The
possibility to obtain an arbitrary intensity ratio between
different emission bands through quantitative filtering and
switching make UCNPs flexible in various applications.

3.3. Excitation Wavelength Tuning

Despite the progress in emission color tuning, the excitation
wavelength of UC process has been limited to 980 nm (Yb**,
*F,,—Fs),). The motive to modify UC excitation comes from
two aspects: to broaden the excitation band for efficient
conversion of NIR light from sunlight and to minimize water
absorption and the local heating effect for in vivo studies.*®

As dye molecules show much broader absorption bands and
larger absorption cross sections compared with RE ions, NIR
dye molecules are the first choice as antennas to broaden and
enhance the excitation of UCNPs.** As reported by Hummelen
and co-workers, NIR dyes could enable the excitation of UCNP
across a much broader wavelength range, 720—1000 nm.
Benefiting from the sensitizing and increased absorptivity, the
overall upconversion efficiency is further enhanced by over
3000 times.

Other attempts were also reported to select the absorptions
other than 980 nm, as shown by He and co-workers.*> By
utilizing the absorption of Yb*" at 915 nm with less water
absorption, the tissue overheating effect was suppressed. Prasad
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Figure 8. Nondestructive data readout supported by the composite of UCNPs and photochromes. Reproduced with permission from reference 61.

Copyright Wiley-VCH 2010.

and co-workers employed the absorption of Er** at around
1490 nm to shift the UC excitation to longer NIR wavelength,
by which emissions from two- and multiphoton UC processes
were observed.*®

Recently, Yan and co-workers proposed a new route to shift
the excitation band of UCNPs (Figure 7).*” An energy transfer
route as Nd**—>Yb**—Er’* was constructed in NaGd-
F,:Yb,Er@NaGdF,:Nd,Yb nanostructures. With a large absorp-
tion cross section of Nd** at 808 nm, a similar UC excitation
efficiency to that of 980 nm was demonstrated. Meanwhile, as
the water absorption at 808 nm is less than 1/20 of that at 980
nm, the laser-induced tissue heating effect was minimized. Han
and co-workers realized cascaded-sensitized 800 nm excitable
UC emission in Nd-doped UCNPs,*® and the mechanism and
applications of these Nd*'-sensitized UC process were well-
studied recently by Liu and Wang et al.*”*® These advantages
make Nd**-sensitized UCNPs appropriate for in vivo
applications, especially in which long-duration and high
power-density irradiation is required, such as NIR-light-
triggered drug release or photodynamic therapy. It is also of
great interest to employ these NPs as dual-mode probes, which
respond both in NIR-to-visible mode and NIR-to-NIR mode.*’

4. APPLICATIONS OF COLOR-TUNABLE UCNPS

During the past few years, considerable work has been done to
demonstrate the potential of UCNPs as in vivo imaging probes
for small animals. For readers who are interested, a dedicated
review article on this topic which was recently published is
recommended.>” In this section, we will mainly focus on several
typical applications, including in vivo multicolor imaging,
detection and sensing, and UCNPs as light converters.

4.1. In Vivo Multicolor UC Imaging

Multicolor imaging is of great interest as it allows simultaneous
tracing of different biochemical species and monitoring of
multiple organs. As UCNPs generate distinct narrow emissions,
they are expected to act as good probes for multicolor imaging.
A demonstration of this idea is shown by Tian and co-
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workers>® for UCNPs with different dopants, including Yb/Tm,
Yb/Ho/Ce, and Yb/Ho. The development of a spectral
deconvolution method also enables the utilization of multi-
plexed spectral features, which increases the available color
channels for multicolor imaging, as shown by Liu and co-
workers using dye-modified UCNPs.>* After spectral unmixing,
five-color imaging in a nude mouse was achieved.

For deeper-tissue in vivo imaging, the multiplexed spectral
information may be lost during penetration. However, it is
possible to obtain the de}l)th information from spectral change
of the in vivo probes.* If the inhomogeneity of tissue
absorption and scattering could be considered and the
modeling is realized, this technique would be useful in depth-
sensitive “3D” in vivo imaging.

4.2, UC-Based Sensing and Detection

The anti-Stokes shift of the UC process and the low
background luminescence interference along with the high
photostability makes UCNPs promising probes in sensing and
detection applications. Generally, the UC luminescence
intensity is correlated to the concentration of analytes in either
“turn-off” or “turn-on” mode.

The UCNPs could be recognized and immobilized by
immunoreaction and DNA hybridization with the analytes,>
and the concentration of analytes could be read out from
changes in emission intensity directly. However, if only the
emission wavelength is distinguished, the detection channels
would be limited to a few. Actually, the relative emission
intensity from different transition wavelength could also be
used as a detectable index, and this idea has expedited the
concept of color-coding for UCNPs.”*

The “turn-on” or “turn-off” mode could be realized in either
a simple emission-reabsorption scheme (inner filter effect) or a
distance-restricted LRET process. For example, Li and co-
workers reported the LRET-based detection for cyanide (CN™)
ions,”” in which the green UC emission quenched by iridium
complexes would be recovered when adding CN™. In a different
design, Zhang and co-workers reported a signal-amplifiable
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DNA detection method,”® where the target DNA “catalyzed”
the trapping reaction of quencher to UCNPs. Li and co-
workers also designed dye-modified NaYF,:Yb,Er,Tm NPs for
detection of MeHg" ions.” Upon the recognition, the
absorption band of dye shifts from red to NIR, resulting in
simultaneous “turn on” and “turn off” of different UC emission

bands.
4.3. UCNPs as Remote Light Converters

Besides being detected and recorded directly (imaging or
sensing), the UC emission could also be utilized to trigger
photochemical reactions. In this case, UCNPs serve as an
“internal” light source, switched by NIR light remotely.”’
Compared with “external” UV/vis irradiation, the UCNDPs
could offer higher penetration depth, promote the spatial
specificity, and minimize damage or interference.

Yan and co-workers demonstrated this concept by
constructing a 2D rewritable storage device based on green-
emitting UCNPs and a photochromic molecules atop layer
(Figure 8),°" which realized nondestructive data reading. Yu
and co-workers introduced NaYF,:Yb,Tm NPs into azotolane-
containing liquid crystal molecules,"> and the trans—cis
photoisomerization of the azotolane units could be rapidly
triggered by the incident NIR light.

An emerging research interest in photodynamic therapy
(PDT) is to activate with UC emissions.”> Visible UC
emissions could stimulate photosensitizers to produce toxic
singlet oxygen ('O,) and serves in in vivo imaging as well. Yan
and co-workers have built a triple-functional UCNPs with
NaGdF,:Yb,Er@CaF,@SiO, structures,** in which the photo-
sensitizers are loaded in the silica shells. These NPs could be
used as UC/MRI dual-modal imaging probes and NIR light-
activated PDT agents simultaneously.

Another typical photochemical process is photocleavage,
which enables photocontrolled drug release. Five-photon
upconverted emission from Yb**/Tm?*-codoped NPs is
especially attractive to convert NIR irradiation to UV light.
Liu and co-workers reported in vivo “uncaging” of D-luciferin
with NaYF,:Yb,Tm NPs, and the resulting bioluminescence was
also observed.® Zhang and co-workers reported the NIR-light-
triggered release of DNA and siRNA molecules beneath deep
tissues with the help of NaYF,:Yb,Tm NPs.®® It should be
noted that the success of an “internal” light source idea relies on
the emission intensity from the UCNPs. UC emission intense
enough for in vivo imaging may be not intense enough to
trigger a photochemical reaction, and this aspect may explain
why less work carried out in deep tissue. The prospect of
targeted therapy or delivery in vivo has posed a challenge on
obtaining UCNPs with higher quantum efficiency.

5. CONCLUDING REMARKS

In this Account, we offered a glimpse of the recent
development in tuning emission/excitation spectra and
improving the upconversion luminescence for RE-ion-doped
UCNPs. Different designs which either introduce dopants to
modulate the growth thermodynamics or employ a shell layer
to prevent energy loss in UC process have been proved to be
successful in obtaining small NPs with high UC emission
intensity. Furthermore, various studies have shown that UC
excitation and emission spectral profiles can be tuned by
alternating the size, structure, doping level of sensitizer/
activator ions, and conjugated molecules/NPs. Rational design
of energy transfer in the UC process has been realized by

1007

introducing transition metal-RE ion interactions and core/
shell-structure-based EMU. Either multiplexed or purified
single-band emission has been achieved and employed in
different applications.

To further understand and utilize the unique luminescence
properties of UCNPs, there are still many questions yet to be
answered. For example, it is important to fabricate efficient
UCNPs, which would not only benefit the imaging and
photoactivated reactions but also alleviate the laser-induced
damages. It would be also helpful to investigate the UC
emission spectral profile changes when conjugated with
biomolecules, considering the applications in complex in vivo
environment for quantitative sensing and imaging. We believe
that the design and analysis of complicated UC nanostructures/
nanocomposites would lead to an extended research and
application field for UCNPs.
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