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Editorial on the Research Topic
Women in Lanthanide-Based Luminescence Research: From Basic Research to Applications

Lanthanide-based luminescence nanomaterials have attracted considerable attention in the last
2 decades because of the unique optical properties of lanthanides. Given their 4f electronic
configuration, these nanomaterials exhibit unique emission spectra, including tunable emissions
spanning the ultraviolet (UV) to near-infrared (NIR) regions, long excited-state lifetime, high
resistance to optical photobleaching, no optical blinking, superior photostability, as well as large
Stoke or anti-Stoke shifts. This set of outstanding features makes the study of lanthanide-based
luminescence nanomaterials a subject of fundamental and technological importance (Auzel, 2004;
Wang et al., 2010; Bettinelli et al., 2015; Li et al., 2015; Jalani et al., 2018). Indeed, encouraged by
recent advances in the controllable synthesis and optical tuning of lanthanide-based nanomaterials,
there are high expectations for the lanthanide research field to shape a wider attention on the
emerging applications, including bioimaging, multiplexing sensing, super-resolution imaging, opto-
genetics, volumetric display, photovoltaics, and more (Chen et al., 2014; Chen et al., 2015; Zhou et al.,
2015; Liu et al.,, 2017; Su et al,, 2017; Chen et al., 2018; Gai et al., 2018; Ma et al., 2019).

Among, many inspiring female researchers have made great contributions to the lanthanide
research field. These contributions drove forward the understanding of the underlying mechanisms
of lanthanide luminescence and pushed the exploration of manifold possible applications. Moreover,
the spirit of the recent “Research Topic on Women in Science: Chemistry” motivated us to initiate a
research topic focusing on the contributions of female researchers in lanthanide research. We, the
editors of this special issue hope to help with “Women in Lanthanide-based Luminescence Research:
From Basic Research to Applications” to motivate closure of the gender gap in this field,
which—despite all stories of success—is still present. As such, the aim of this research topic is
to promote the excellent female researchers’ work in theory, experimental methodology, as well as
emerging applications of lanthanide-based nanomaterials.

A key challenge in lanthanide-based upconversion nanoparticles is the low quantum efficiency of
the upconversion process. While promising proof-of-concepts have demonstrated the great
application potential for lanthanide-based nanomaterials in e.g., photodynamic therapy, light-
triggered drug release, photocatalysis or (solar) energy conversion technologies, the success of
these approaches in real life depends on the community’s capability to overcome the limitations of
low upconversion quantum efficiency. Consequently, great efforts are undertaken by researchers
around the globe to tackle this challenge.

For example, Pei et al. surveyed examples of recent optical enhancement strategies on
upconversion and even downshifting luminescence by metal ions doping strategy. Special
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attention is paid to the related mechanism of enhancement,
involving host lattice asymmetry increase and energy transfer
pathway optimization. Another strategy to boost upconversion
efficiency is broadband dye-sensitization to partially overcome
the limitation of the small absorption cross-sections and fixed
excitation wavelength of the lanthanides. Agbo et al. reported the
ultraviolet ligand decorated core-shell lanthanide nanoparticles,
resulting in a large spectral shift, shifting the excitation
wavelength to the UV range and resulting in the enhancement
of NIR emission.

With respect to optical and biomedical applications, the
assemblies of luminescence nanoparticles with unique structures
hold great promise. Herein, merging several materials classes has
the power to leverage the desirable features of each moiety into one
hybrid system of superior performance. However, alignment of
isotropic nanoparticles into anisotropic superstructures is a
fundamental challenge in nanochemistry. Hence, the
controllable assembly of isotropic nanocrystals into anisotropic
structures by mediating inter-particle interactions as demonstrated
by Su et al. constitutes an excellent example for the successful
integration of lanthanide-based nanoparticles into a polymeric
structure. In their contribution, the authors developed an
amphiphilic block copolymer coating approach for the
preparation of the belt-like assemblies of upconversion
nanoparticles with length up to micro-scale.

With features of environment-sensitive, selective and bio-
compatible  spectroscopic  characteristics,  lanthanide-doped
nanoparticles are ideal for optical trapping. So-called optical
tweezers are of great promise for applications ranging from single-
particle spectroscopy and tailored particle assembly to high-resolution
surface studies, surface-enhanced spectroscopy, and controlled
investigation of biological processes. In their contribution, Ortiz-
Rivero et al. highlighted recent strategies to increase the optical
forces in the manipulation of lanthanide-doped nanoparticles, for
example, surface modification of these nanoparticles and optimization
of the optical tweezer setup to ease access of lanthanide-based
nanoparticles to these exciting applications.

The environment-sensitive spectroscopic characteristics of the
lanthanides further render them ideal candidates for use in
chemical and biological sensing. In this context, the lanthanide
nanoparticles should exhibit good water dispersibility. However,
most lanthanide-doped nanocrystals are prepared by synthetic
methods that involve the use of capping hydrophobic, long alkyl
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chain ligands. Consequently, controlled and application-oriented
surface modifications are essential to improve the sensitivity and
versatility of upconversion probes. Burgess et al. reported a robust
and versatile method for the covalent attachment of a wide variety
of molecules including organic dyes, enzymes and proteins to the
surface of upconversion nanophosphors. Su et al. focused on the
detection of Cu*" by using water-dispersible poly(acrylic acid)
(PAA)-coated upconversion nanoparticles. Wang et al. utilized
the ultra-weak chemiluminescence of lanthanide nanoparticles to
demonstrate the potential use in nitrite detection.

In the context of biomedicine, the use of NIR light as an
excitation source, but also the emission of NIR photons, is
particularly appealing. Encouraged by the deeper penetration
depth, minimized background fluorescence interference and
less photo-damage to normal tissues offered by NIR-excited
and -emitting lanthanide-based nanoparticles, researchers have
paid considerable attention to their biomedical applications. For
instance, Chen et al. explored recent advances in the development
of photoimmuno-therapeutic agents activated by multifunctional
upconversion nanoparticles. The fascinating long lifetime of
lanthanides can create a temporal coding dimension for
biomedical applications. In another excellent contribution, Qin
et al. illustrated the aspects of synthesis of lanthanide-doped
persistent luminescence phosphors with NIR emissions and
exemplify the potential impact of this research area on
biomedical science, including biosensing, bioimaging, drug
delivery, as well as phototherapy.

We deeply appreciate our contributors for their dedication
and the reviewers for their constructive comments and
suggestions. We would like to thank all the editorial staff of
Frontiers in Chemistry for valuable assistance in organizing this
issue. Last but not least, we hope that this themed issue will not
only provide a timely overview of current developments in the
field of lanthanide-based luminescence nanomaterials, offering
an enjoyable and enlightening lecture to our readership, but will
also encourage the career developments of female researchers in
this exciting field of research.
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Ultra-Weak Chemiluminescence
Enhanced by Cerium-Doped LaFj;
Nanoparticles: A Potential Nitrite
Analysis Method

Yufei Wang', Yanran Wang', Chunxia Huang', Tianyou Chen' and Jing Wu"#*
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Analytical Chemistry for Life Science, MOE, Qingdao University of Science and Technology, Qingdao, China

In this work, cerium-doped LaFs nanoparticles (LaFsz:Ce NPs) were successfully
synthesized and characterized. Its chemiluminescence (CL) property was studied, and it
was amazingly found that it intensely enhanced the ultra-weak CL of the NaNOy-Ho O
system. The CL mechanism was systematically investigated and suggested to be the
recombination of electron-injected and hole-injected LaF3:Ce NPs. The new CL system
was developed to be a facile, original, and direct method for nitrite analysis. Experimental
conditions were optimized and then a satisfactory linear relationship between CL intensity
and nitrite concentration was obtained. This work introduced a new pathway for the
research and application of traditional fluoride NPs doped with RES™.

Keywords: chemiluminescence, cerium, fluoride, nitrite, nanoparticles

INTRODUCTION

Fluoride is utilized as an ideal and appealing host for phosphors doped with rare earth ions (RE3*)
owing to its adequate thermal and environmental stability as well as large solubility for RE** ions
(Lietal, 2012). Compared with oxide systems, vibrational energies in fluorides is low and therefore
trigger scarce quenching of the excited states of the RE* ions (Bender et al., 2000). Furthermore,
RE**-doped fluorides exhibit characteristic properties, such as high ionicity, low refractive index,
wide band gap, and low phonon energy. KMgF3 (Schuyt and Williams, 2018), NaYF4 (Wu et al.,
2019, 2020), NaGdF4 (Yi et al., 2019), and LaF3 (Bekah et al., 2016; Nampoothiri et al., 2017) have
been investigated and exhibit high quantum yields and long luminescent lifetimes. RE**-doped
fluorides have been attracting attentions for several years due to the wide variety of technological
applications including biomedical researches (All et al., 2019; Yan et al., 2019), biosensors (Vijayan
et al,, 2019), bioimaging (Hu et al., 2016; Han et al., 2017; Zeng et al., 2019), radiation detection
(Ju et al., 2017), optoelectronic devices (Wu et al., 2018), and so on. However, to the best of our
knowledge, the performance of RE**-doped fluorides toward chemiluminescence (CL) has not
been explored.

Nitrite is widely used in food manufacture as preservatives and fertilizing reagents. As
an essential precursor of carcinogenic N-nitrosamine, excess intake of nitrite is harmful for
human beings. Nitrite can cause irreversible conversion of hemoglobin to methemoglobin in
the bloodstream and then bring detrimental effect for the oxygen transport in the whole body.
In addition, nitrogen-based fertilizers and industrial wastewater pollute groundwater resources
by nitrites. Thus, nitrite detection is of significant importance for food safety, public health,
and environment protection (Wang et al, 2017; Zhang Y. et al, 2018; Cao et al, 2019).
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Chemiluminescence Enhanced by Lanthanide-Doped Nanoparticles

Various principle-based analytical methods have been devised
for nitrite detection, such as electrochemical sensors (Ma et al.,
2018; Wang et al,, 2018; Zhou et al., 2019; Madhuvilakku et al.,
2020), microplasma emission (Zheng et al., 2018), absorption
spectrophotometry (Zhang L. et al, 2018), fluorescence (Dai
et al.,, 2017; Jana et al., 2019; Pires et al., 2019), and CL (Lu
et al., 2002, 2004; Lin et al., 2011; Wu et al., 2016). Electrodes
are modified with complex strategies in electrochemical analysis.
Special molecules need to be designed for spectrophotometric
detections in order to amplify signal and reduce the background
interferences. CL detections require simple instruments, interfere
with low background, and are compatible with gas or aqueous
phases. CL intensity was reported to be significantly enhanced
by nanomaterials that gave promise for developing sensitive
and convenient CL analytical methods. In 2011, carbon dots
were firstly demonstrated to enhance the CL signal of the
NaNO,-H;,O; system because of peroxynitrous acid generation
(Linetal,, 2011). Nitrogen-rich quantum dots (QDs) were facilely
synthesized and intensely enhanced the ultra-weak CL reaction
of the NalO4-H;, O, system through electron hole injection and
CL resonance energy transfer (Zheng et al., 2017). In particular,
molybdenum sulfide QDs were proved to give rise to the
generation of reactive oxygen species from hydrogen peroxide
(H20>) in alkaline solution and gave a promise for CL emission
(Dou et al., 2019). However, fluoride-based nanomaterials were
scarcely utilized and the developed CL analysis was rarely applied
in nitrite detection. Original CL detections for nitrites are worth
giving research to pursue better performance.

In this work, cerium-doped LaF; nanoparticles (LaF3:Ce NPs)
were synthesized and firstly demonstrated to enhance the CL
signal of the NaNO,-H,O, system. Reactive oxygen species
generation that was triggered by LaF3:Ce NPs was proved to
be the main reason for CL enhancement. A linear relationship
between the CL signal and nitrite concentration was found and
implied that the LaF3:Ce NPs-NaNO,-H,O, system could be
applied in the determination of nitrite.

MATERIALS AND METHODS

Reagents and Materials

Sodium nitrite (NaNO;) was purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Sulfuric acid
(H2SO4, 98%), Hy0, (35%), hydrochloric acid, and ethanol
(98%) were brought from Beijing Chemical Reagent Co. (Beijing,
China). Sodium fluoride (NaF, >98%), heptahydrate lanthanum
chloride (LaCl3-7H,0, 99.9%), heptahydrate cerium chloride
(CeCl3-7H,0, 99.9%), oleic acid (90%), 5,5-dimethyl-1-pyrroline
N-oxide (DMPO), and ascorbic acid (AA) were all purchased
from Sigma-Aldrich. Unless otherwise noted, all the chemicals
were used without further purification.

Abbreviations: AA, ascorbic acid; LaF3;:Ce NPs, cerium-doped LaF3
nanoparticles; CL, chemiluminescence; EPR, electron paramagnetic resonance;
FT-IR, Fourier transform infrared; PL, photoluminescent; PMT, photomultiplier

tube; QDs, quantum dots; RE*™, rare earth ions.

Apparatus

UV-vis absorption spectra were performed on a PerkinElmer
Lambda 950 spectrophotometer. The photoluminescent
(PL) spectra were collected on an Agilent Cary Eclipse
spectrofluorometer. Fourier transform infrared (FT-IR) spectra
were obtained on a PerkinElmer Frontier FT-IR spectrometer.
CL experiments were conducted with an ultra-weak CL analyzer
(IFFM-E, Xi’an Remex Analytical Instrument Co., Ltd, China).
Transmission electron microscopy images were obtained on a
JEOL-1400 transmission electron microscope (JEOL, Tokyo,
Japan). Electron paramagnetic resonance (EPR) spectra were
measured on a Bruker E500 spectrometer.

LaF;:Ce NPs Synthesis

Hydrothermal reaction was utilized to synthesize LaF3:Ce NPs.
2.25ml of LaCls solution (0.20 M), 1.00 ml of CeCls solution
(0.05M), 2.00ml of NaF solution (1.00 M), 20 ml of ethanol,
and 10ml of oleic acid were mixed and stirred for 0.5h in
reaction kettle. The mixture was heated in an oven and kept at
200°C for 8 h. After reaction, the supernatant was removed. The
remnant suspension was centrifuged at 6,000 rpm for 5min and
then the supernatant was also removed. The resultant solid was
dispersed in 2.00 M hydrochloric acid. After ethanol addition, the
mixture was centrifuged at 6,000 rpm for 5min to remove the
supernatant. The product was stored in 4 ml H,O for further use.
The exact doping percentage of cerium was calculated to be 10%.

CL Study of the LaF3;:Ce NPs-NaNO5>-H>0,

System

At first, CL intensities of the NaNO,-H,O, system with and
without LaF3:Ce NPs were compared. Fifty microliters of H,O,
(3.00 M), which was acidified by 0.04 M H,SOy4, was injected
into the mixture of 50 wl of LaF3:Ce NPs and 50 l of NaNO,
(10 M). In the control experiment, 50 pl of LaF3:Ce NPs
was replaced by 50 pl of H,O. CL intensities of both the
two conditions were recorded and compared. CL profiles were
integrated at intervals of 0.1s. Voltage of the photomultiplier
tube (PMT) was set at 1.2 kV. CL spectrum was measured with
high-energy cutoff filters (400-640 nm), which were set between
the quartz cuvette and PMT as described in Cui et al. (2003).
Additional orders of the reagents were investigated to collect CL
kinetic curves. EPR measurements were operated at an X-band
frequency of 9.85 GHz. Irradiation was performed by using a
300-W Xe lamp (300nm < A < 1,100nm) with the output
radiation focused on the samples in the cavity by an optical fiber
(50 cm length, 0.3 cm diameter). All spectra were acquired at
298 K. DMPO (12.4 pl in 1 ml of H,O) was taken as the specific
detection reagent for -OH. AA (0.1 mM) was used as a scavenger
for O, . CL intensities of the LaF3:Ce NPs-NaNO,-H, O, system
with and without AA were recorded.

Nitrite Analysis

Experimental conditions were optimized with different H,SO4
concentrations (0, 0.02, 0.03, 0.04, 0.05, and 0.06 M), H,O,
concentrations (0.00, 1.00, 2.00, 3.00, 4.00, and 5.00 M), and
additional volumes of LaF5;:Ce NPs (0, 10, 20, 30, 40, 50, 60,
and 70 pl). The univariate method was adopted in systematically
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optimizing experimental parameters through changing one
parameter at a time while keeping others constant. At the
optimal experimental conditions, calibration curve was recorded
by detecting CL intensities vs. different nitrite concentrations.

RESULTS

Characterization of LaF3:Ce NPs

LaF3:Ce NPs obtained in this work exhibited hexagonal phase
and their average sizes were about 80 x 20 nm (Figure 1A). 4f
shells of lanthanides are partially filled and are effectively shielded
by outer 5s and 5p shells leading to satisfactory emissions. The
prepared LaF3:Ce NPs gave a bright blue color under ultraviolet
radiation (hex = 254nm) (Figure 1B, inset). The emission of
LaF;3:Ce NPs shifted to longer wavelength with the increase
of excitation wavelength revealing the distribution of different
surface energy traps of the LaF3;:Ce NPs (Figure 1B). UV-vis
absorption spectra of the LaF3;:Ce NPs-NaNO;,-H;O; system
were collected and are shown in Figure 1C. NaNO; gave an
absorption peak at 354nm, which decreased when acidified

H,0, was added. Another absorption peak located at 301 nm
appeared due to the isomerization of ONOOH, which was
generated in the mixture of acidified H,O, and NaNO;, (Lin
et al.,, 2011), while no new absorption peaks were found when
acidified H,O, mixed with LaF3;:Ce NPs. Except the absorption
peak of ONOOH, no other new absorption peak was found in
the LaF3:Ce NPs-NaNO,-H;,O; system, indicating that no new
compound was formed. UV-vis absorption spectra gave some
indications for the CL mechanism of this system, which was
illustrated in detail in the subsequent section. FT-IR spectrum of
LaF3:Ce NPs indicated that there were O-H groups on the surface
of LaF3:Ce NPs (Figure 1D).

CL of the LaF3:Ce NPs-NaNO,-H>0->

System

CL intensities of the NaNO,-H,O; system with and without
LaF3;:Ce NPs were sharply different. LaF;:Ce NPs addition
intensely enhanced CL intensity (Figure2A). As shown in
Figure 2B, the CL spectrum for the LaF3;:Ce NPs-NaNO,-H,0,
system was wide ranging from 375 to 500 nm and was centered
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FIGURE 1 | Characterization of LaF3:Ce NPs. (A) Transmission electron microscopy images of LaFz:Ce NPs. (B) PL spectra of LaF3:Ce NPs. The inset is the
photograph of LaFz:Ce NPs under a UV lamp (hex = 254 nm). (C) UV-vis absorption spectra of the reagent in the CL reaction. (D) FT-IR spectra of LaF3:Ce NPs.
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at 450 nm. The fluorescent emission of LaF3:Ce NPs is also wide,
which is similar to the CL spectrum of the LaF3:Ce NPs-NaNO,-
H,0; system. As a result, it is reasonable to refer that the CL
originates from the various surface energy traps existing on the
LaF3:Ce NPs. Compared with the PL peak of LaF3:Ce NPs, the
CL spectrum is red-shifted due to the energy separations of
LaFs3:Ce NPs surface states. PL was generated through excitation
and emission within the core of the LaF3:Ce NPs and the energy
gap between them is larger than the energy separations on NPs
surface (Ding et al., 2002; Myung et al., 2002).

CL Kinetic Study

As described in UV-vis absorption spectra, ONOOH was
generated when NaNO,; was mixed with acidified H,0,
(Equation 1) (Anbar and Taube, 1954). ONOOH easily
transforms to be nitrate via the stage of HOONO* and
give emissions during the process (Equation 2) (Houk et al.,
1996). The emission locates at 350-450 nm, which overlaps the
absorption spectrum of LaF3:Ce NPs. Hence, LaF3:Ce NPs can be
excited by the energy of transformation and cause CL emission.
However, the maximum of the transformation-derived CL was
obtained at the pH value of 6.5-7.0 while the maximum CL of
the LaF3:Ce NPs-NaNO,-H, O, system was recorded in a severe
acidic solution (Starodubtseva et al., 1999). As a consequence,
the transformation energy only partially contributed to the CL of
the LaF3;:Ce NPs-NaNO,-H,0, system. Various mixing orders
of reagents influenced the reactions between LaF3;:Ce NPs and
ONOOH and then affected the CL intensities (Figure 3A). The
highest CL was obtained when acidified H,O, was injected into
the mixture of LaF3:Ce NPs and NaNO,. At this condition,
the generated ONOOH adequately reacted with LaF;:Ce NPs
and gave enhanced CL. Mixing of NaNO, with acidified H,O,
without LaF3:Ce NPs gave weak and lasting CL while mixing of
LaF3:Ce NPs with acidified H, O, without NaNO, gave weak and

rapid CL (Figure 3B).
HNO,;+ H,0,— ONOOH+ H,0 (1)
ONOOH —ONOOH*— NOj + H" )

CL Mechanism

According to the CL kinetic study, it demonstrated that the
reactions between LaF3:Ce NPs and ONOOH or its related
species were the main cause accounting for the enhanced CL.
ONOOH was reported to be capable of producing reactive
oxygen species (Equations 3-5) (Alvarez et al., 1995; Gunaydin
and Houk, 2008; Lin et al., 2011). It was obvious that ONOOH-
produced reactive oxygen species include -OH, O5~, and 'O,
in this system. EPR was performed and DMPO was utilized
as the specific detection reagent for -OH to directly examine
the variation of -OH after LaF3:Ce NPs addition. Although CL
intensity of the LaF3:Ce NPs-NaNO,-H,O; system was greatly
enhanced, the production of -OH was almost not increased
(Figure 4A). 'O, was derived from -OH so it could refer that
there was no increase in 'O, quantity. Ethanol was reported to
react with -OH and yield an octet spectrum that was completely
distinct from the DMPO-OH spectrum (Finkelstein et al., 1980).
The octet spectrum in the LaF3:Ce NPs-NaNO,-H,O; system
rooted in the reaction between -OH and residual ethanol from
treatment process of LaF3;:Ce NPs. Furthermore, AA, which
was a scavenger for O, , obviously inhibited the CL of the
LaF;:Ce NPs-NaNO,-H,0, system (Figure 4B). All the results
indicated that O, was the critical reason for the enhanced
CL instead of -OH and '0,. O, acting as an electron donor
reacted with LaF3:Ce NPs to produce LaF3;:Ce NPs'~ (Equation
6) (Poznyak et al., 2004). ONOOH serving as a hole injector
converted LaF3:Ce NPs to LaF3:Ce NPs ™+ (Equation 7). Electron—
hole annihilation between LaF3;:Ce NPs~ and LaF3:Ce NPs't
resulted in CL emission (Equation 8) (Figure 5; Ding et al., 2002;
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FIGURE 3 | CL kinetic study of the LaF3:Ce NPs-NaNO,-H, O, system. (A) CL kinetic curves of the LaFz:Ce NPs-NaNO»-H>O, system with different reagent mixing
orders: 1. injecting LaF3:Ce NPs into the mixture of NaNO, and acidified HoOx; 2. injecting NaNOx into the mixture of LaF3:Ce NPs and acidified H2O»; 3. injecting
acidified H>O» into the mixture of LaFz:Ce NPs and NaNO,. CL signals of three repeated experiments were given. (B) CL kinetic curves of the NaNO,-H,O, system
and the LaF3:Ce NPs-H, O, system. Conditions: 3.00M HyO, in 0.04 M H2SO4, 50 i of LaFs:Ce NPs and 10 wM NaNO solution. Voltage of the PMT was set
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FIGURE 4 | CL. mechanism study of the LaF3:Ce NPs-NaNO,-H, O, system. (A) EPR spectra of -OH generated via the reaction of DMPO probe in the LaF3:Ce
NPs-NaNO,-H>O, and NaNO,-H,O, systems. (B) CL profiles of the LaFz:Ce NPs-NaNO,-H, O, system with and without AA. Conditions: 3.00M H, O, in 0.04 M
H2S04, 50 pl of LaFz:Ce NPs, 10 uM NaNO; solution, 12.4 pl of DMPO in 1 ml of HoO, and 0.1 mM AA. Voltage of the PMT was set at 1.2 kV.

Poznyak et al., 2004; Zheng et al., 2009; Dong et al., 2010).

ONOOH — -NO,+ -OH (3)

ONOOH + H,0,—0; + ‘NO,+H"+ H,0 (4)
O, + -OH —'0,4+O0H" (5)

LaF3:Ce NPs+0, —LaF3:Ce NPs ™ +0, (6)
LaF3;:Ce NPs+-ONOOH — LaF3:Ce NPs T +-NO,+H,0 (7)

LaF;:Ce NPs' T +LaF3:Ce NPs ~— LaF3:Ce NPs*

+LaF3;:Ce NPs — 2LaF;:Ce NPs+hv (8)

Nitrite Analysis

To establish the optimal conditions for nitrite analysis,
the volume of LaF3:Ce NPs added into the CL system
and concentrations of H;SO4 and H,O, were investigated,
respectively. As shown in Figure 6A, 50 pl of LaF3;:Ce NPs was
added into the CL system and provided the highest CL emission.
Less LaF3:Ce NPs inadequately reacted with ONOOH while
surplus LaF3:Ce NPs also consumed energy. Reactive substance
ONOOH was the product of NaNO;, and H,O; in acid medium,
so H,SO4 was indispensable for the CL system. No CL signals
could be observed in the absence of H,SO,4. The most intense
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CL signal was obtained with the HSO4 concentration of 0.04 M
(Figure 6B). CL signal increased with the concentration of H,O;
in the range from 0 to 3.00 M (Figure 6C). Hence, the optimal
analytical conditions for nitrite analysis were 3.00M H,O; in
0.04 M H,S0y injected into the mixture of 50 .l of LaF3:Ce NPs
and nitrite solution.

Under the optimal conditions, CL signals for different
nitrite concentrations were recorded and shown in Figure 7.
Good linear relationship between CL intensity and nitrite
concentration was obtained in the range from 1 to 100 pM with
a correlation coeflicient of 0.9981 (y = 256.3x + 42.72). The
relative standard deviation values of the analysis were 8.7, 1.2, and
4.8% for nitrite concentrations of 1, 10, and 100 M, respectively.
Relative standard deviation values demonstrated the satisfactory
reproducibility. The limit of detection (S/N = 3) for nitrite was
0.33 WM.

DISCUSSION

The eternal goals and challenges of analytical chemistry are
developing accurate, automated, selective, stable, sensitive,
high-speed, high-throughput, and in situ analytical methods
and protocols (Ju, 2013). The combination of analytical

HNO, Y % o5

ONOOH Hole injection

!

ONOOH*

NO,” i» H*

FIGURE 5 | Schematic illustration of the CL mechanism of the LaFz:Ce
NPs-NaNO,-H» O, system.

chemistry with new materials, especially nanomaterials, is the
current frontier research topics and exhibits greatly improved
analytical capacities. CL analysis is a traditional analytical
technology and possesses outstanding advantages, such as low
cost, simple instrument, fast response, and high compatibility.
The application of nanomaterials in CL analysis leads to
new CL sensing disciplines and offers a broad palette of
opportunities for analytical chemists. In 2004, Poznyak et al.
(2004) firstly reported the nanocrystal band gap CL derived
from CdSe/CdS core-shell QDs that acted as a novel class
of luminophores with the emission state originated from
quantum-confined orbitals. Superior emission properties in QDs
gave promises for developing QD-based nanoprobes for CL
analysis. Besides traditional semiconductor QDs, some novel
nanomaterials, such as carbon nanodots (Lin et al., 2011),
graphene QDs (Hassanzadeh and Khataee, 2018), graphitic
carbon nitride QDs (Zhu et al, 2019), and N-dots (Zheng
et al., 2017), were developed to be potential platforms for CL
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FIGURE 7 | Calibration curve for nitrite analysis based on the LaFz:Ce
NPs-enhanced CL. The standard error bars mean the variation of three
individual experiments. Conditions: 3.00 M HzO, in 0.04 M H>SO4 and 50 pl
of LaF3:Ce NPs. Voltage of the PMT was set at 1.2 kV.
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sensing. These nanomaterials are superior in terms of robust
chemical inertness, low toxicity, good aqueous solubility, high
resistance to photobleaching, and satisfactory biocompatibility.
Our work is an endeavor step during the development process
of nanomaterial-sensitized CL analysis methods. In this study,
LaF3;:Ce NPs were successfully synthesized and applied in
nitrite detection based on CL signals. The synthetic process
of LaF3:Ce NPs was simple and the products were fully
characterized to give indications for the CL mechanism study.
The enhancement of LaF;:Ce NPs for the NaNO,-H,0O, CL
system was efficient and the mechanism was systematically
and scientifically explained. The linear relationship between CL
intensity and nitrite concentration was found, although there
were spaces for improving the limit of detection. This work tried
to explore new CL nanoprobes and gave a new route for fluoride
applications. In the future, there is still a great demand for
developing novel CL nanoprobes especially metal-free QDs and
two-dimensional QDs.

CONCLUSIONS

In summary, LaF3;:Ce NPs were successfully synthesized and
demonstrated to intensely enhance ultra-weak CL of the
NaNO,-H,0; system. The CL mechanism was suggested
to be the electron-hole annihilation between hole-injected
and electron-injected LaF3:Ce NPs. The new CL system was
developed to be a novel, simple, and straightforward analytical
method for nitrite. All the experimental conditions were
optimized and a satisfactory linear relationship between CL
intensity and nitrite concentration was obtained. This work shed
anew light on the research and application of traditional fluoride
NPs doped with RE*T.
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Lanthanide-based upconversion nanoparticles can convert low-energy excitation to
high-energy emission. The self-assembled upconversion nanoparticles with unique
structures have considerable promise in sensors and optical devices due to intriguing
properties. However, the assembly of isotropic nanocrystals into anisotropic structures
is a fundamental challenge caused by the difficulty in controlling interparticle interactions.
Herein, we report a novel approach for the preparation of the chain-like assemblies
of upconversion nanoparticles at different scales from nano-scale to micro-scale. The
dimension of chain-like assembly can be fine-tuned using various incubation times. Our
study observed Y-junction aggregate morphology due to the flexible nature of amphiphilic
block copolymer. Furthermore, the prepared nanoparticle assemblies of upconversion
nanoparticles with lengths up to several micrometers can serve as novel luminescent
nanostructure and offer great opportunities in the fields of optical applications.

Keywords: lanthanide-doped micro-scale,

nanoparticles belt

nanoparticles, upconversion nanoparticle, self-assembly,

INTRODUCTION

In the last decade, lanthanide-doped upconversion nanoparticles have been widely studied because
of their unique optical properties including narrow emission bandwidth, large Stokes shift, long
luminescence lifetime and high photostability (Auzel, 2004; Lu et al., 2013; Bettinelli et al., 2015;
Li et al., 2015, 2017; Jalani et al., 2018; Liu et al., 2018; Wang et al., 2018). These nanoparticles
have the potential to be used in diverse applications such as biomedicine, data storage, solar energy
conversion (Chen et al,, 2015, 2019; Tsang et al.,, 2015; Zhou B. et al., 2015; Qi et al.,, 2017; Su
etal, 2017; Zhu et al., 2017; Chen B. et al,, 2018; Chen S. et al,, 2018; Gai et al., 2018; Zheng et al.,
2018; Ma et al., 2019). Particularly, the growing demand of lanthanide-doped nanoparticles using
in various applications has in turn greatly stimulated basic research to develop novel nanoparticles
with controlled size, shape, phase and desired properties (Wang et al., 2010, 2019; Du et al., 2016;
Liu D. et al,, 2016; Shi et al,, 2017; Kang et al., 2019; Sun et al.,, 2019; Wang, 2019; Wu et al.,, 2019;
Zhao et al., 2019; Zheng et al., 2019; Chen and Wang, 2020).
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The assemblies of colloidal nanoparticles with unique
structure and optical properties have considerable promise in
various applications (Nie et al., 2010; Singamaneni et al., 2011;
Boles et al., 2016; Ariga et al., 2019; Grzelczak et al, 2019;
Runowski et al., 2019). However, the assembly of isotropic
nanocrystals into anisotropic structures is a fundamental
challenge in nanochemistry (Liu et al., 2010; Chen and Wang,
2019). Methods have been developed for organizing inorganic
nanomaterials based on inherent anisotropy of magnetic (Zhang
and Wang, 2008) or electric dipoles (Si et al., 2007), external
magnetic (Hu et al., 2011) or electric field-induction (Rozynek
et al., 2017), spatial confinement using hard or soft templates.
Specific examples of templates include linear biomacromolecules
(Braun et al., 1998; Tseng et al., 2006), block copolymers (Li et al.,
2011; Kim et al., 2020), carbon nanotubes (Wang et al., 2006),
and so on. Despite the considerable progress made in the past
several years, self-assembly of nanoparticles into an anisotropic
structure is still a daunting challenge because subtle variations
in interparticle interactions can cause prominent morphology
changes (Su et al., 2018). Moreover, anisotropic upconversion
nanoparticle self-assemblies have been rarely reported (Liu X.
etal., 2016; Ren et al,, 2018; Yuan et al., 2018).

Here, we report a self-assembly method of upconversion
nanoparticles mediated by amphiphilic block copolymer
(Scheme 1). This approach can obtain chain-like assemblies that
span multiple length scales from nanometers to micrometers.
Our study reveals a time-dependent chain-like self-assembly
process. Besides, we observe Y-junction aggregate morphology
due to the flexible nature of amphiphilic block copolymer.
Importantly, this study provides a new route to prepare
anisotropic structures materials and offer exciting opportunities
for optical applications.

MATERIALS AND METHODS

Materials

Yttrium(III) acetate hydrate (99.9%), ytterbium(III) acetate
hydrate (99.9%), thulium(III) acetate hydrate (99.9%), oleic
acid (technical grade, 90%), 1l-octadecene (technical grade,
90%), Igepal CO-520, tetraethyl orthosilicate (TEOS, >99.0%),
ammonium fluoride (98%) sodium hydroxide (>98%), and
Pluronic F127 were purchased from Sigma-Aldrich. Methanol
(99.5%), cyclohexane (analytical grade), and ammonia solution
(25-28%) were obtained from Aladdin. All chemicals were used
as received without further purification.

Characterization

Low-resolution transmission electron microscopy (TEM)
measurements were carried out on a JEOL-JEM 2010F field
emission transmission electron microscopy operated at an
acceleration voltage of 200 kV. Powder X-ray diffraction (XRD)
data were recorded on a Bruker D8 Advance diffractometer
with a graphite monochromatized CuKo radiation (1.5406
A). Luminescence spectra were recorded at room temperature
with a DM150i monochromator equipped with an R928
photon-counting photomultiplier tube (PMT), in conjunction
with a 980-nm diode laser. Upconversion luminescence

microscopy imaging was performed on an Olympus BX51
microscope with the xenon lamp adapted to a diode laser.
Luminescence micrographs were recorded with a Nikon DS-Ril
imaging system. Digital photographs were taken with a Nikon
D700 camera.

Synthesis of NaYF4:Yb,Tm Nanoparticles

In a typical procedure, a solution of Ln(CH3CO;); (0.2M,
Ln = Y, Yb, Tm) in water (2mL), and oleic acid (4mL)
were added to a 50mL two-neck flask and then heated to
150°C for 30min to remove the water content from the
mixture. Then 1-octadecene (6 mL) was quickly added to the
flask and the resulting mixture was maintained at 150°C
for another 30min before cooling down to 50°C. Shortly
thereafter, 5mL of a methanol solution containing NH4F (1.36
mmol) and NaOH (1 mmol) was added and the resultant
mixture was stirred for 30min at this temperature. After
the methanol was evaporated, the solution was heated to
300°C under argon for 1.5h and then cooled down to room
temperature. The resulting nanoparticles were precipitated by
the addition of excess ethanol, collected by centrifugation at
6,000 rpm for 5min, and washed with ethanol several times
before dispersing them in 2 mL of cyclohexane for optical and
TEM measurements.

Synthesis of NaYF;:Yb,TmNaYF4; (UCNP+t,)

Nanoparticles

The as-synthesized NaYF,:Yb,Tm core nanoparticles were used
as seeds to epitaxial overgrowth of NaYF, layer. For the
preparation of shell precursors, 0.4 mmol of Y(CH3CO;); was
used. The synthetic procedure is similar to the synthesis of
core nanoparticles.

SCHEME 1 | Schematic illustration of amphiphilic copolymer mediated
self-assembly of silica-coated upconversion nanoparticles.

Frontiers in Chemistry | www.frontiersin.org

17

September 2020 | Volume 8 | Article 836


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Suetal.

Microscale Self-Assembly of Upconversion Nanoparticles

Preparation of Hydrophilic Ligand-Free
UCNPt, Nanoparticles

Ligand-free nanoparticles were prepared following a literature
procedure (Su et al., 2012). The as-synthesized oleic acid-
capped UCNPty,, nanoparticles were dispersed in a mixed
solution of HCl (1mL; 0.2M) and ethanol (1 mL) and then
sonicated for 5min to remove the surface-capped ligands.
The resulting ligand-free nanoparticles were centrifuged at
16,500 rpm for 20 min. The products were finally washed with
ethanol and DI water several times and then re-dispersed in
DI water.

Synthesis of NaYF;:Yb,Tm@NaYF4@SiO-»
(UCNPT,,@Si0,) Nanoparticles

The synthesis of silica-coated UCNPry, nanoparticles was carried
out following a literature procedure (Han et al., 2017). One
milliliter of Igepal CO-520 was mixed with 20 mL cyclohexane
in a flask and stirred for 1h. As-synthesized ligand-free
UCNPT, nanoparticles (1.5mL) was then added into the
mixture and stirred for 3h at room temperature. After that,
NH3-H,0 (150 pL, 30%) was added into the resulting mixture
and stirred for another 2h. A solution composed of TEOS
(0.2mL) and cyclohexane (0.8 mL) was introduced into the
flask within 1h by using a syringe pump. Subsequently, the
mixture was hermetically stirred for 24 h at room temperature.

The as-prepared products were precipitated by methanol and
then centrifuged at 12,000 rpm for 10 min. The nanoparticles
were then washed with a mixture of ethanol and cyclohexane
three times. Finally, the nanoparticles were dispersed in
deionized water.

Self-Assembly of Upconversion

Nanoparticles by F127

In a typical experiment, 100 pL UCNPt,@SiO; aqueous
solution (1 mg mL™!) was diluted in 3mL DI water. 0.6 mg
F127 was added to the solution and then heated to 60°C.
After stirring for 1h, the resultant suspension was incubated
at 60°C for a certain time (12, 24, 48h, and 7 days) without
agitation. A few drops of nanoparticle solution were dropped
onto the glass slide. Subsequently, the luminescence micrographs
were captured under a recorded with a Nikon DS-Ril color
imaging system.

RESULTS AND DISCUSSION

Characterization of Upconversion
Nanoparticles
In terms of efficient upconversion luminescence, the inherent

property of host materials and crystal nanostructure play key
roles (Chen et al, 2014; Zhou J. et al, 2015). Hexagonal
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FIGURE 1 | (A) TEM image of NaYF4:Yb,Tm nanoparticles in cyclohexane. (B) TEM image of NaYF,4:Yb, Tm@SiO, nanoparticles in water. (C) XRD patterns of
NaYF4:Yb,Tm and NaYF,:Yb, Tm@SiO, nanoparticles. (D) The corresponding emission spectrum of the as-prepared nanoparticles and their silica-coated counterpart.
Inset: luminescence photograph of SiO, coated-nanoparticles in water under irradiation of a 980 nm laser.
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NaYF, is regarded as ideal host materials because of the low
phonon energy and high photochemical stability (Wang et al.,
2010). Additionally, optical inert NaYF4 host materials can
avoid unwanted energy consumption, i.e., surface quenching
of the fluorescence (Su et al, 2012). Therefore, Hexagonal
NaYF; was chosen as the host matrix to obtain efficient
upconversion luminescence. To realize good water solubility,
we coated a layer of SiO, onto the surface of upconversion

nanoparticles and use them as an experimental model for the
self-assembly demonstration.

We began with the synthesis of oleic acid-capped
NaYF4:Yb,Tm@NaYF; (UCNPr,) and NaYF4:Yb,Er@NaYF,
(UCNPg;) core-shell nanospheres through an epitaxial growth
method (Abel et al., 2009; Wang and Chen, 2019). The as-
synthesized nanospheres were characterized using a transmission
electron microscope (TEM). Uniform UCNPry, nanoparticles
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O
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FIGURE 2 | (A) Schematic diagram of the amphiphilic copolymer mediated self-assembly process. (B) Luminescence micrograph of UCNP,@SiO, nanoparticles
incubated with and without F127 mediation for 7 days. The scale bars are 10 um (left and middle column) and 100 um (right column), respectively.
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respectively.

FIGURE 3 | TEM images of the as-prepared upconversion nanoparticle assemblies mediated by F127 under varied incubation time, 12h (A), 24 h, (B), 48h (C),

with an average diameter of about 36 nm for UCNPy,, were
obtained and shown in Figure 1A and Supplementary Figure 1.
After silica coating on the surface of UCNPTy, nanospheres, the
size of the nanoparticles reached about 76 nm (Figure 1B and
Supplementary Figure 2). The dynamic light scattering (DLS)
measurement show that the hydrodiameter of UCNP1,@SiO;
nanoparticles was around 90nm (PDI = 0.13), demonstrating
their mono-dispersion in water (Supplementary Figure 3).
X-ray powder diffraction (XRD) analysis was conducted to
confirm the phase-purity of UCNPry, nanoparticles, which can
be indexed as a hexagonal phase of NaYF4 (JCPDS file number
16-0334) (Figure 1C). A broad diffraction peak at 26 = 22°
appeared in UCNPt,, @SiO, nanoparticles pattern, which can be
ascribed to the peak of amorphous silica (Zhou et al., 2019).

We next studied the optical properties of as-prepared
upconversion nanoparticles. Upon 980nm excitation, Tm3*+
ions in UCNPTy, nanoparticles exhibit a characteristic emission
at 290nm (I — 3Hg), 345nm ('Is — *Hs), 360nm
('D; — SHg), 450nm (‘D — °Fy), 475nm (!G4 —
3Hg), 511nm (!D, — 3Hs) and 650nm (!Gy — 3Fy)
from ultraviolent to visible region (Wang and Liu, 2008),
respectively (Figure 1D). After silica coating, the luminescent
intensity was slightly weaker compared to oleic acid-coated
nanoparticles. The resulting nanoparticles were dispersed in
DI water prior to being used for self-assembly demonstration
(Figure 1D, inset).

As a proof-of-concept experiment, the amphiphilic copolymer
F127 was employed as a surfactant to mediate the self-
assembly process of UCNPT,@SiO, nanoparticles. The
procedure the UCNPr,@SiO; nanoparticles self-assembly
was shown in Figure 2A. In a typical experiment, we simply
mixed UCNP1,@SiO, and amphiphilic copolymer F127 in
aqueous solution and then heated to 60°C. Upon aging the
nanoparticles in amphiphilic copolymer aqueous solution
for 7 days without agitation, upconversion nanoparticles
long belts gradually generated. As shown in Figure 2B
(middle and right column), long upconversion nanoparticles
belts composed by horizontally arranged nanoparticle
chains were clearly observed and the nanoparticle belts
reach to micro-scale. However, we didn’t observe any
organized structure without the addition of copolymer
F127 (Figure 2B, left column). To our knowledge, this is
the first observation of a micrometer scale upconversion
nanoparticles belts by solution self-assembly of amphiphilic
block copolymers.

The formation of the upconversion nanoparticle chains
was then studied using TEM as shown in Figure 3A. The
nanoparticles connected in a one-dimensional tendency upon
short incubation time (12h) with amphiphilic copolymer
F127. TEM images revealed the presence of the short chains
composed by several to a dozen nanoparticles. The interparticle
separations between UCNPT,, @SiO;, nanoparticles in the chain
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were observed (Supplementary Figure 4), indicating that the
obtained nanoparticle chains are connected by the molecular
linker. Noted that hot water can etch away the SiO, shell by
breaking the internal Si-O-Si bonds (Liu et al, 2014). Our

nanoparticles were slightly etched due to the protection of F127
copolymer. When the incubation time was prolonged to 24h,
we observed long chains of UCNPT,, @SiO, nanoparticles which
reached microscale in length (Figure 3B). The nanoparticles

A Solution micellization of PEO-PPO-PEO

60 °C 60 °C
—_— ——
h h

B  Self-assembly process of UCNP_ @SiO,

60 °C . 60 °C
h h

w

19

UCNP,_@SiO,

in solution )
Adsorption of Polymer

at UCNP,_@SiO,

of F127, respectively.

Nano-sized
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FIGURE 4 | (A) Morphological transitions of amphiphilic block copolymers F127 as a function of time. (B) Schematic illustration of the self-assembly process for
SiO,-coated upconversion nanoparticles. Note that the green chain denotes hydrophilic segment PEO, and the orange chain represents hydrophobic segment PPO

60 °C
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Micro-sized
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FIGURE 5 | Luminescence micrograph demonstrates the existence of Y-junctions of UCNPy,@SiO, assemblies incubated with F127 mediation for 7 days. Arrows

/
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chains have an average width of 1-3 nanoparticles. Interestingly,
further prolonging the incubation time resulted in the formation
of upconversion nanoparticle belts. As shown in Figure 3C,
TEM images revealed the presence of the belts with an average
belt length of 40-50 nanoparticles and as wide as about 2.5-
4pm. Furthermore, these nanoparticles under the drive of
interfacial energy would spontaneously assemble in close-packed
arrangements during the extended incubation period. This
result is also consistent with the luminescence micrographs
of UCNPT,,@SiO, nanoparticle showing horizontally arranged
nanoparticle chains. By contrast, we observe a random pattern of
UCNPT, @SiO, nanoparticles without the addition of copolymer
F127 (Supplementary Figure 5).

The ability of amphiphilic block copolymers to drive
UCNP1,,@SiO; nanoparticles self-assemble into chain-like
nanostructures when dissolved in water is based on the specific
amphiphilic character of this block copolymer F127. These
amphiphilic block copolymers consist of a polar, hydrophilic
polymer block (PEO) and a non-polar, lipophilic polymer block
(PPO). In water, which is a thermodynamically good solvent
for the PEO block but a poor solvent for the PPO block, the
“insoluble” PPO block aggregates and forms a core while the
“soluble” PEO block forms a corona that interacts with the water
and stabilizes the polymer self-assembly (Alexandridis et al.,
1994; Liu and Li, 2015). As shown in Figure 4A, the formation
of one-dimensional chains may be induced by the transition
from spherical to long cylindrical micelles of the amphiphilic
block copolymer. It should be noted that the self-assembly of
amphiphilic block copolymers in specific block-selective solvents
generates morphologies such as spheres, cylindrical micelles, and
a variety of other architectures (Kang et al., 2005; Gilroy et al.,
2010).

SiO; coated upconversion nanoparticles exhibited durable
super-hydrophilic surface properties due to that the surface of
silica particles is covered with SiOH groups. The PEO-PPO-PEO
block copolymer can be absorbed on the hydrophilic surfaces. On
hydrophilic surfaces, these block copolymer surfactants adsorb
with their hydrophilic tail (PEO) toward the SiO, surface,
resulting in double-layer adsorption (Malmsten et al., 1992).
Furthermore, when the incubation time was prolonged, the
size of the cylindrical micelles became larger in width and
length, and thus micro-scaled nanoparticle assembly was formed
(Figure 4B). It should be noted that our results are also consistent
with the previous experimental evidence showing that the length
of cylindrical block copolymer micelles could reach up to
~200nm to 2pm (Gilroy et al, 2010). Taken together, we
suggest that UCNP, @SiO; nanoparticles prefer to assemble in a
chain manner might be caused by the mutual attraction between
the hydrophilic-hydrophilic interactions (Fukao et al., 2009) and
cylindrical micelles formed by the self-assembly process of block
copolymers F127.

In addition to chain-like assemblies spanning from the
nanometer to the micrometer length scale, we also observed
occasional Y-junctions of UCNPT,@SiO, assemblies incubated
with F127 mediation for 7 days by using the luminescence
microscope and the image was shown in Figure 5. To further
demonstrate the existence of Y-junctions, we carefully examined
the 24 h-incubation samples of UCNPT, @SiO, by TEM image.

- 100 nm
| —
FIGURE 6 | TEM analysis of Y-junctions of UCNP+,, @SiO, assemblies

incubated with F127 mediation for 24 h. Arrows indicate examples of
Y-junctions.

As expected, we observed the formation of Y-junctions, and
TEM images were shown in Figure 6. This morphology may
be ascribed to typical structural defects associated with the
formation of the cylindrical micelle (Fenyves et al, 2014).
It was reported that the formation of structural defects (i.e.,
Y-junctions) becomes prevalent when micellization kinetics
slow down (Tlusty and Safran, 2000). We observed some
Y-junctions (Supplementary Figure 6). We hypothesized that
such a behavior can be ascribed to the flexible nature of
F127 copolymer, which can accommodate packing frustrations
in structures that have significant deviations from the mean
curvature. This explanation was consistent with the previous
report indicating that the packing frustrations associated with
deviations from the mean curvature in the Y-junctions would be
alleviated by chain stretching of polymers with high molecular
weight (Jain and Bates, 2003). Moreover, our mechanism is
different from the DNA mediated self-assembly mechanism
reported by Jin and coworkers, which involves anisotropic
surface functionalization of upconversion nanoparticle that
directs the anisotropic pattern of upconversion nanoparticle self-
assembly (Ren et al., 2018).

CONCLUSIONS

In conclusion, we have presented a novel approach for
controlling the one-dimensional assemblies of upconversion
nanoparticles at different scales from nano-scale to micro-scale.
The results revealed time-dependent morphology, producing
chain-like and belt-like structures. Our study suggests that the
morphology is depending on the morphology of micelles of
amphiphilic block copolymers in specific conditions. And the
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driving force for the self-assembly of upconversion nanoparticles
is particle surface hydrophobic and hydrophilic force offered by
amphiphilic polymers. Furthermore, this work may lead to new
applications for upconversion nanoparticles and may provide
insightful ideas for the design of other functional nanomaterials.
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This report details spectroscopic characterizations of rare-earth, core-shell nanoparticles
decorated with the f-element chelator 3,4,3-LI(1,2-HOPQO). Evidence of photon
downconversion is corroborated through detailed power dependence measurements,
which suggest two-photon decay paths are active in these materials, albeit only
representing a minority contribution of the sum luminescence, with emission being
dominated by normal, Stokes’ shifted fluorescence. Specifically, ultraviolet ligand
photosensitization of Nd®* ions in a NaGdF,4 host shell results in energy transfer to a
Nd3+/Yb3+-doped NaGdF4 nanoparticle core. The population and subsequent decay
of core, Yb3+ 2F5/2 states result in a spectral shift of 620 nm, manifested in a NIR
emission displaying luminescence profiles diagnostic of Yb3* and Nd®* excited state
decays. Emphasis is placed on the generality of this material architecture for realizing
ligand-pumped, multi-photon downconversion, with the Nd3+/Yb3+ system presented
here functioning as a working prototype for a design principle that may be readily
extended to other lanthanide pairs.

Keywords: sensitization, lanthanide, two-photon, downconversion, energy transfer

INTRODUCTION

Broadening the spectral bandwidth of conventional photovoltaics remains one of the chief
avenues for generating photocurrent at the detailed-balance limit described by Shockley and
Queisser (1961). Realization of such advanced single-junction devices mandates the address
of spectral mismatching between semiconductor absorption profiles and the terrestrial solar
spectrum. Despite a sizable body of scholarship devoted to light upconversion (UC), comparatively
little work has addressed the challenge of ultraviolet (UV) downconversion (DC) toward
the low-energy visible and near-infrared (NIR) regimes, where the photocurrent response
for bulk Si is highest. Currently, the practical implementation of downconverting lanthanide
(Ln) materials in solar arrays has largely been limited by the low absorption intensities
typical of f-f transitions (~ 10 M~! cm™!), resulting in low external quantum efficiencies
(Shavaleev et al., 2005; Werts, 2005; Zhang et al, 2007; Charbonniere et al., 2008; Moore
et al.,, 2008, 2009; Van Der Ende et al., 2009; Biinzli and Eliseeva, 2010; Janssens et al., 2011;
Li S. et al, 2012; Gauthier et al, 2013; Biinzli and Chauvin, 2014; Li S. W. et al,, 2014;
Binnemans, 2015; Irfanullah et al., 2015, 2016; Goetz et al., 2016; Song et al., 2016). Methods
previously explored include the relaxation of Laporte selection rules through the embedding
of Ln ions in low-symmetry crystal hosts, and the photosensitization of f-states through the
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use of either ligand-to-metal charge transfer transitions in
transition metal ions, or inter-band (d-f) charge transfer in
Ln such as Ce*™ or Eu** (Sun et al, 2017). By contrast,
the possibility of assisting spectral conversion yields in Ln
nanoparticles (NPs) through the use of organic ligands remains a
relatively novel method of enhancing f-block NP light absorption
(Garfield et al., 2018). Recent work by Meijerink et al. described a
dye-sensitized NP system showing successful Pr’*/Yb*>T energy
transfer, but excluded explicit proof of two-photon production
through power dependence or quantum yield determinations
(Wang and Meijerink, 2018). As a complement to an earlier
patent application disclosure (Agbo and Abergel, 2017), this
report relates the concept of UV-NIR nanocrystals featuring
the hydroxypyridinone-derived, metal chelator 3,4,3-LI(1,2-
HOPO) (343) as a UV photosensitizer of NaGd;_x_yNdxYbyF,4 |
NaGd;_xNdyF4 core|shell NPs. Our previous work demonstrated
the utility of sensitizing Ln excited states in nanocrystals through
energy transfer from the 343 triplet state following UV ligand
absorption. Aside from a demonstration of dramatic wavelength
shifts from the UV to the NIR, the material described here
achieves this spectral transformation through partial utilization
of decay channels that permit the production of two NIR photons
per UV photon absorbed, as illustrated by a detailed power
dependence study.

RESULTS AND DISCUSSION

Preparation of these core-shell structures proceeded through
the stepwise synthesis of doubly-doped Nd**/Yb3* nanocrystal
cores from Ln acetate precursors (Wang et al., 2014), followed
by a second synthetic round using only Nd** dopant to yield
the corresponding NaGd; —x—yNdxYbyF, | NaGd;_xNdyF4 NPs.
Successful synthesis was inferred from the results of transmission
electron microscopy (TEM) and powder x-ray diffraction (XRD).
Diffraction showed persistence of a single crystal phase consistent
with the Bragg diffraction lines expected for the hexagonal-form,
p-NaGdF, (Figure 1). NP morphologies interrogated through
TEM revealed monodisperse nanocrystals roughly 10nm in
diameter. High resolution imaging and electron diffraction
permitted resolution of lattice plane spacings consistent with
those observed in NaGdF; hosts (Supplementary Figures 1-
5). Modification of NP surfaces with 343 was found to
promote aggregation among NPs (Supplementary Figures 1-
4), consistent with earlier observations (Agbo and Abergel,
2016; Agbo et al,, 2016). and was also demonstrated by UV-vis
absorption (Figure 24, inset). Absorption measurements of the
unmodified particles are characterized solely by Rayleigh scatter.
343 surface chelation of these NPs results in the evolution of a
broad 7 — w* (e~17,000 M~ 'cm™1) transition between ca. 300
and 360 nm, with a maximum at 325 nm (Abergel et al., 2009).
NP luminescence reveals a ligand-sensitized emission in
the NIR that is a composite of Yb*" (CF5, — 2F;)
and Nd*>t (4F3/2 — 411:9/2,11/2) transitions (Figure 2B).
Specifically, excitation spectra of these materials indicate their
irradiation between ca. 300 and 360 nm results in an IR emission
representing a superposition of Yb>* radiative decay and peaks

diagnostic of Nd3* transitions at 860 nm (4F3/2 — 419/2) and
1059 nm (4F3/2 — 4111/2). Varying Yb3t content results in an
increased Yb>' luminescence until a 20% dopant concentration
is reached (Figure2B) (Lakshminarayana et al., 2008a; Li L.
et al.,, 2012; Wang et al.,, 2015), which was therefore used for all
subsequent measurements in this study.

These results are consistent with a deliberate nanocrystal
design where 343 functions as a terminal light absorber,
transmitting energy exclusively to Nd** ions in the adjacent NP
shell via Dexter transfer, followed by an energy migration
step between shell Nd3* ions and the nanocrystalline
core. Partial energy localization in the core is presumed to
result in the reversible energy transfer between Nd*>T “F;),
(~11,460 cm™!) and Yb>* ?Fs/; (10,400 cm™!), populating an
equilibrium mixture of Yb** excited states under steady-state
illumination; radiative deactivation of these states produces
an NIR luminescence centered around 979 nm. Inspection of
control data bolsters this narrative: NPs featuring a Nd>*/Yb3*-
doped core and an undoped shell (NaGd;_x—yNdxYbyF, |
NaGdF; -343) display no NIR emission (Figure 2B, inset).
Yb3*-free controls (NaGd; xNdyF; | NaGd; (NdyF; -343)
yield the intuitive result of an IR emission defined solely by Nd>*
transitions. UV illumination in the absence of the 343 ligand
yields no detectable luminescence under identical conditions
from either Nd** or Yb** lumiphores. Furthermore, ligand
incorporation is shown to significantly increase luminescence
yield upon excitation at 350 nm, with a resulting signal intensity
at 979 nm approximately 1100-fold greater for the 343-decorated
particles than observed for the unmodified nanostructures
(Figure 3). It is noteworthy that none of the higher energy
emissions that typically result from transitioning between Nd>*
stark levels are found in the visible range between 360 and
860nm (Koningstein and Geusic, 1964; Zhang et al., 2007,
2015; Chen et al, 2012; Li X. et al.,, 2013; Wang et al., 2015), a
surprising fact, given the high density of energetic states in Nd>*
electronic structure, and a standing precedent in the literature
of Nd**-doped, rare-earth hosts yielding emission spectra
reflective of the ion’s several f-f transitions (Li X. et al., 2013;
Mimun et al., 2013; Wang et al., 2015). One, or a combination,
of four likely possibilities may explain such phenomena: (1) the
overall equilibrium between Yb®' 2Fs; and the Nd** states
serving as acceptor states from the 343 triplet manifold favors
production of Yb3* excited states; (2) The resonant exchange
between Yb>* 2Fs/, and Nd*>" donor states largely favors Yb>+
2F;5 /2 production; (3) Nd3t states are rapidly quenched by
phonon-coupled effects involving either ligand or host lattice
vibrational states; (4) Rates of energy migration between Nd**
ions significantly outpace the rates of radiative decay from
individual Nd>* stark levels. The scope of data acquired in this
current study make assertions (1) and (4) difficult to confirm, as it
demands a comprehensive knowledge of the rates and efficiency
of all steps from the initial point of photon absorption by the
ligand to Yb** ion emission. However, the nature of energy
exchange between Nd** and Yb** is moderately exothermic,
with an energy gap that is sufficiently large to possibly make
phonon-assisted, energetic back-transfer from Yb** (*Fs/,) —
Nd*t+ (*F; /2) kinetically prohibitive in NaGd(Y)F, hosts (1060
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FIGURE 1 | Top: Powder XRD data confirm colloidal synthesis of the hexagonal NaGdF4:Nd,Yb | NaGdF4:Nd. Inset: 343 surface chelator. Bottom: TEM reveals
monodisperse nanocrystals of 10 nm in diameter in cases of unmodified (left) and 343-chelated (center) samples. Electron diffraction (right) provides evidence of
dominant Bragg diffraction from lattice planes of hkl indices: (100), (110) + (101), (201), and (300) + (121).
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cm ™! energy gap vs. ~ 400 cm ™! phonon energy), suggesting (2)
as a partial explanation. Finally, (3) also seems possible. Despite
numerous reports of Nd>* visible-frequency luminescence in
rare-earth fluoride particles featuring surface ligands bound via
Ln coordination by oxygen donors (Li X. et al, 2013; Wang
et al., 2015), such studies are generally conducted in nonpolar
solvents. In this work, the ethanol solvent needed for stabilizing
particles with 343 contain OH oscillators that are likely conduits
for non-radiative decays that may result in quenched visible
emission form Nd*T. Such a possibility is also consistent
with previous findings that the 343-Nd** molecular complex

dissolved in aqueous buffer only yields NIR Nd** luminescence
(Sturzbecher-Hoehne et al., 2011).

Excited State Dynamics and Energy

Transfer

Extraction of 343-Nd>*, Nd*>T-Yb>* energy transfer rates and
Nd>*/Yb** excited state lifetimes were achieved through time-
resolved luminescence measurements. Rates of energy transfer
between the ligand and shell-confined Nd** were found through
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FIGURE 2 | (A) Black: Excitation spectrum of 3% Nd®+t/20% Yb®+-doped NPs monitoring 980 nm Yb3+ emission. Orange trace: NIR emission under 355 nm
excitation. Inset: UV-vis absorption in ethanol. (B) Luminescence from Nd**, Yb3+ core-shell NPs upon excitation at 355 nm, showing increasing Yb®* emission
(normalized relative to Nd®+ emission at 1059 nm) as Yb3* content increases (0 to 20mol %). Nd**+ content is held constant at 3 mol %. Inset: Removal of Nd** from
the shell blocks energy transfer to terminal Yb®t acceptor ions, arresting photoemission.

cryogenic (77 K) monitoring of the 343 triplet luminescence
at 525nm (Supplementary Figure 6). Mean decay times for
the ligand triplet state in the presence of Nd** quenching
were calculated according to Equation (1) (where I(t) is the
time-dependent emission intensity, and Iy is its initial value),
yielding values of 626 =+ 48 js. 343 triplet deactivation displayed
tri-exponential behavior, occurring in decay phases with rates

of 2197 £ 392 s7', 382 £ 42 s7!, and 255 &+ 19 s7!
at respective amplitudes of 0.60, 0.34, and 0.06, consistent
with data previously reported for a 343-sensitized, Eu**-doped
system (Agbo and Abergel, 2016; Agbo et al., 2016). Extracting
mean lifetimes by calculating the weighted sum of these decay
rates (Equation 2) according to their respective contributions
toward the measured decay spectrum vyields a similar lifetime
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FIGURE 3 | Ligand sensitization significantly enhances Yb®+ luminescence
upon excitation at 350 nm (blue), relative to the case of NP illumination in the
absence of photosensitization by 343 (orange, inset). Sensitized NPs without
Yb3+ only show Nd®+ emission at 1057 nm (black).

of 694 £ 127 ps, a value within error of the integral method.
Ligand-Nd*" energy transfer efficiencies were then determined
according to Equation (3), where tps is the measured 343
donor lifetime in the presence of Nd** acceptor ions and tp
is the measured 343 donor lifetime in the absence of acceptor
quenching. Values for 7p were determined previously (1.61 ms)
(Agbo and Abergel, 2016; Agbo et al., 2016). Accordingly, energy
transfer between ligands on the NP surface and Nd** atoms
in the nanocrystalline shell was found to proceed with an
efficiency of 61 £ 3%.

1
<t>=— | I@{dt (1)
IO Iy
: ®)
<T> = ——r
ijjcj
<77>=1—7:’¥14 (3)
™

Quenching of Nd3*t excited states by Yb** ions was resolved
through monitoring of Nd3* transitions at 860 nm (*Fs 52—
419/2) and 1057 nm (4F3/2 — 4111/2), as the 4F3/2 state
in Nd** lies at a similar energy to the ?Fs), state of Yb*"
(Figure 4C). Transient luminescence of the 860 nm transition
proceeds in two phases, with treatments showing rates of
213 x 10° £ 6150 s7! and 798 + 67.7 s7!; “F3),
4111/2 decay at 1057nm displays quenching rates of 1.56
x 10° 4+ 2760 s~! and 4940 + 140 s~! (Figures4A,B).
Controls containing no core Yb**+ (NaGdF, : Nd|NaGdF,:Nd-
343 core|shell NPs) yielded Nd** decay rates of 4.14 x 10°
s7l at 860nm and 1.43 x 10° s~! at 1057 nm. These data
permit the calculation of Nd**-Yb** energy transfer efficiencies
(Equation 3) of 86.8 £ 2.0 and 82.4 =+ 1.4%, using the

—

respective 860nm and 1057 nm transitions as spectroscopic
handles (Supplementary Figure 7).

Downconversion Order via Power
Dependence

Luminescence measurements as a function of incident light
power were conducted to determine the order of photon
production by the coated nanocrystals featuring Nd** and Yb>*
doping levels of 3 and 20%, respectively (Figure5) (Suyver
et al., 2005; Zou et al., 2012; Lin et al., 2015). Luminescence
measured at light intensities over the range of 6.2-2.1 mW cm 2
(3.0 pW to 1.0 W as measured at the fiber optic) displays
linear correlations between the source power logarithms and
integrated emission intensity in the NIR regime, with an average
slope of 0.86 £ 0.04 (Supplementary Figures 8-9). Notably, this
behavior occurs under diffuse illumination conditions relevant
to the terrestrial solar spectrum (~100 mW cm™? total), a
stark contrast to the high excitation powers generally required
for Ln luminescence. Furthermore, the excitation powers used
here are far below the regimes for power saturation that are
generally observed in these and related materials (Suyver et al,,
2005; Chen G, et al,, 2009; Lin et al., 2015; Loiko et al., 2016;
Chen et al, 2017), demonstrating that our reported power
dependencies are not mere artifacts of excited state saturation.
The observed sub-unity slopes are diagnostic of a multi-photon
production process involving direct transitions from the *Go»
donor level in Nd** to the Fs/; level in Yb>". Generally, an
idealized two-photon DC process yields a theoretical slope of
n = 0.5, in contrast to the slope of 1 found in the power
dependence for a typical, 1:1 Stokes-shifted emission and the
n = 2 slope for two-photon UC (Suyver et al., 2005; Chen G,
et al., 2009; Zou et al., 2012; Lin et al., 2015; Loiko et al., 2016;
Chen et al., 2017). Here, the intermediate slope observed in the
NIR luminescence suggests a photoemission that is a function
of both 1:1 Stokes-shifted luminescence and 1:2 photon DC
pathways. Furthermore, while our slopes values are far from the
ideal two-photon slope, the small measurement error strongly
suggests the measured effect is a statistically significant one,
and that the multi-photon effect is therefore genuine (if minor);
this is bolstered by control power dependencies conducted with
Nd3*-only, 343 NPs, which yield a slope value of 1, for Nd**
luminescence detected at 1057 nm (Supplementary Figure 10).
The relative contributions of these various decay channels to the
overall photoluminescence are difficult to precisely quantify but
are estimated with the system described in Equation (4), where
terms aj are weights representing the respective contributions
of the k™ unique decay channel (i.e, 1:1 photon emission,
2-photon DC), my are the theoretical slopes for a photon
DC process of order 1/my and m is the total slope derived
from power dependence, a value in which the contributions
of all active luminescent decay channels are implicit. For our
particular case, where only two unique processes (one-photon,
m = 1 luminescence and m = 0.5, two-photon conversion)
are present, solving for the coefficients for m = 0.86 yields
a; = 0.72 and a; = 0.28, suggesting that, while two-photon
mechanisms are operative (28%), luminescence in the NIR
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FIGURE 4 | Time resolved Nd®** luminescence at both 860 nm (A) and 1057 nm (B) reveals quenching in the presence of Yb%* acceptors, confirming significant
energy transfer between Nd*+ and Yb®* ions. (C) Schematic Jablonski depiction of energy transfer processes in the sensitized Nd*+, Yb3+ core-shell particles.
Downconversion involves direct transitioning from the 469/2 donor level in Nd®* to the 2F5/2 level in Yb3.

remains dominated by single-photon processes (72%) (Strek
et al., 2001). These results are notable, as a handful of previous
reports had pointed to claims of ligand-sensitized, Stokes-
shifted luminescence in nanocrystals, however these studies
had not produced any explicit evidence of multi-photon DC
(Charbonniére et al., 2008; Cross et al., 2010; Chen et al., 2013;
Li S. et al, 2013, 2014; Irfanullah et al, 2015; Goetz et al.,
2016).

Quantum Efficiency of Sensitized Emission
343’s efficacy as a photosensitizer was further evaluated by
determining the internal quantum yields observed for Yb3*
infrared emission. Direct Nd** excitation was achieved through
laser excitation at 456 nm (419/2 — 4G9/2, SI). Direct
excitation pathways display the low external quantum yields
that are a natural consequence of the low f-f absorptivities
of Ln transitions, with direct generation of Nd*' excited
states yielding an average efficiency of 0.15, 0.14, and 0.34%
(0.21 4 0.11%) for Yb3* luminescence integrated over the

. range 940-1040 nm. Using the relation @343_v, = Pny— R

m=> amil=> a (4) g : Using the relation @45y = ®a—ypilsens

. . where 7,5 is the ligand-Nd°™ sensitization efficiency, allows
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plotted against the excitation power (inset). The power dependence of these material exhibits a sub-linear slope, with a total of 10 independent measurements yielding
an average slope of 0.86 + 0.04 among three replicates, confirming the presence of two-photon emissions.
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for determination of an approximate quantum yield of 0.13%
for Yb*>T emission originating from 355nm ligand excitation.
In addition to our measured quantum yields, we compare
these results to a treatment for calculating DC quantum yields
commonly employed throughout photon DC literature (Vergeer
et al., 2005; Lakshminarayana et al., 2008a,b; Ye et al., 2008,
2011; Chen X, et al.,, 2009; Van Der Ende et al., 2009; Li
K.-Y. et al, 2014; Zhu et al., 2014). As defined in Equation
(5), QYnd_yp is the quantum efficiency of DC from a Nd**
donor to an Yb®T acceptor, whereas 1y is the Nd** donor
quantum efficiency and is generally assumed to be 100% (no
non-radiative losses); (Vergeer et al, 2005; Lakshminarayana
et al., 2008a,b; Ye et al,, 2008, 2011; Chen X, et al., 2009; Van
Der Ende et al,, 2009; Li K.-Y. et al,, 2014; Zhu et al., 2014).
ETE is the Nd>*-Yb®>* energy transfer efficiency (0.87). Here,
such approach yields a maximum two-photon quantum yield of
182% for these nanocrystals in the case of luminescence driven
by photoexcitation of the Nd>* absorption band at 456 nm.
Determination of the ligand-sensitized Yb** quantum yields are
found by factoring in the additional ligand-Nd>* energy transfer
step according to Equation (6). Applying our experimentally
determined value of 61% for the ligand-Nd** sensitization
efficiency yields a maximum quantum yield of 114% for a two-
photon Yb** emission in these crystals, where the ligand is the

terminal light absorber, rather than Nd**. It must be stressed
that such values of two-photon emission that are calculated using
Equations (5, 6) only represent theoretical upper limits on the
two-photon quantum yields, as they assume the absence of non-
radiative decay paths (Vergeer et al., 2005; Lakshminarayana
et al.,, 2008a,b; Ye et al., 2008, 2011; Chen X, et al., 2009; Van Der
Ende et al., 2009; Li K.-Y. et al., 2014; Zhu et al., 2014). Here, we
have provided the actual quantum yields of these materials as a
comparison, with the substantial gap between the calculated and
experimental values reflecting the considerable degree of non-
radiative losses that exist in these nanocrystals. This observation
should prompt a conservative interpretation of any two-photon
quantum efficiencies determined through calculated methods
assuming an absence of non-radiative decays. Such approaches
run in stark contrast to physical measurements of two-photon
production, where an accounting of non-radiative excited-
state deactivation is necessarily an implicit feature of acquired
experimental data.

QYN4—vy = nna (1 — ETE) + 2(ETE) (5)
QY343_vp = Nsens X QYNng—vsp (6)
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CONCLUSION

This work demonstrates the value in considering not only
the respective energies of Ln donor/acceptor levels in the
design of multi-photon emitters, but also the role that core-
shell structures can play. Specifically, the use of layered crystal
domains permits the critical segregation of ligand absorber
and metal donors/acceptors (Nd>*/ Yb3H), enabling an efficient,
stepwise ligand-donor-acceptor energy transfer that mitigates
the possibility of quantum efficiency losses arising from the
direct sensitization of Yb>* by 343 (Sturzbecher-Hoehne et al.,
2011). Though availability of a resonant *Fs;;; donor level
in Nd>* facilitates energy transfer to the Yb3* excited state,
the high density of Nd*>* f-states falling between energies
of the 343 triplet (21,500 cm™!) and the Nd3+4F3/2 donor
(11,460 cm~') allows for significant losses through multi-
phonon relaxation during 343 — Nd* sensitization, a
physical basis for the low contribution of two-photon emission
to the overall Yb>" luminescence (while the measured energy
transfer efficiency for this step is 0.61, this is only a remark
on the total energy siphoned from 343 phosphors by Nd**
acceptor levels; it provides no information on non-radiative
losses incurred by excited Nd** ions during internal conversion
to yield the 4F, /2 intermediate). These results build on our
initial studies of ligand sensitization of Eu®t in NaGd(Y)F,
crystals (Agbo et al., 2016), extending the general principle
of sensitized Ln NP luminescence to the particular case of
two-photon generation in the NIR. The present findings detail
a material capable of shifting luminescence over a range of
600nm, from UV to IR, with a NIR emission profile that is
a partial function of two-photon processes. These results bear
significance to the challenge of addressing energetic mismatches
between terrestrial solar illumination and the spectral response of
commercial photovoltaics.
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Cancer has been threatening the safety of human life. In order to treat cancer, many
methods have been developed to treat tumor, such as traditional therapies like surgery;,
chemotherapy, radiotherapy, as well as new strategies like photodynamic therapy,
photothermal therapy, sonodynamic therapy, and other emerging therapies. Although
there are so many ways to treat tumors, these methods all face the dilemma that they
are incapable to cope with metastasis and recurrence of tumors. The emergence of
immunotherapy has given the hope to conquer the challenge. Immunotherapy is to use
the body’s own immune system to stimulate and maintain a systemic immune response
to form immunological memory, resist the metastasis and recurrence of tumors. At
the same time, immunotherapy can combine with other treatments to exhibit excellent
antitumor effects. Upconversion nanoparticles (UCNPs) can convert near-infrared (NIR)
light into ultraviolet and visible light, thus have good performance in bicoimaging and NIR
triggered phototherapy. In this review paper, we summarize the design, fabrication, and
application of UCNPs-based NIR photoimmunotherapy for combined cancer treatment,
as well as put forward the prospect of future development.

Keywords: upconversion nanoparticles, near infrared, immunotherapy, phototherapy, combined therapy

INTRODUCTION

Malignant tumor is one of the major diseases that seriously threaten human health. Because of the
metastasis and recurrence of tumor, it is still a great challenge to eliminate cancer completely. The
outcome of the persisting declination in cancer death rates since 1991 was an over drop of 27%
(Siegel et al., 2019). In the next 20 years, new cancer cases and deaths are expected to increase to
22 million and 13 million, respectively. Thus, great efforts have been devoted to developing new
approaches for the diagnosis and treatment of tumors. Modern oncology researches show that
tumor is not a simple local disease, but a local manifestation of systemic disease. It is difficult to
remove all tumor cells in the body by the existing tumor treatment methods. The conventional
strategies including chemotherapy and radiotherapy often lead to the tolerance of tumor cells to the
treatment. Consequently, the recurrence and metastasis of tumors are inevitable after treatment.
Immunotherapy has recently become an effective cancer treatment strategy. In 2018 the Nobel
Prize in Physiology or Medicine was awarded to the field of cancer for the discovery of cancer
therapy by inhibition of negative immune regulation (Hokland et al.,, 2018). The purpose of
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immunotherapy is to use the bodys own immune system to
stimulate and activate systemic immune response, specifically
eliminate minimal residual disease, resulting in inhibiting tumor
growth and breaking the immune tolerance (Shekarian et al.,
2015; Hu et al, 2019b; Chang et al, 2020). In other ways,
tumor immunotherapy is to overcome the mechanism of tumor
immune escape, so as to re-awake immune cells to clear cancer
cells. Because of its slight side effects and obvious therapeutic
effect, immunotherapy has gradually become the development
direction of tumor treatment in the future, which is regarded
as the fourth major tumor treatment technology after surgery,
radiotherapy and chemotherapy (Yang et al., 2016).

Although immunotherapy has made considerable progress,
the effect of immunotherapy is challenged by the immune
escape mechanism of tumor, which brings the establishment
of immunosuppressive microenvironment through the loss of
antigenicity and immunogenicity (Beatty and Gladney, 2015).
Moreover, immunotherapy has a wide range of targets, and side
effects are inevitable. For example, immune checkpoint blockade
raises the immune system to a high level while also attacking
normal cells (Sang et al., 2019). Therefore, immunotherapy is
generally used as an adjuvant therapy in combination with other
traditional therapies to improve the comprehensive therapeutic
effect and prevent recurrence and metastasis of the tumor. In this
case, the integrated cancer therapy will be the new development
direction of immunotherapy.

Phototherapy including photodynamic therapy (PDT) and
photothermal therapy (PTT) has always been a research hotspot
(Gai et al., 2018). PTT could employ PTT agents to convert light
energy into hyperthermia to precisely “cook” cancer cells (Zhang
et al,, 2016; Ding et al.,, 2017; Gao et al., 2017; Wang et al., 2017).
The three elements of PDT are photosensitizer (PS), oxygen, and
light. The principle of PDT is to irradiate the tumor site with
a specific wavelength to activate the photosensitive drugs that
selectively gather in the tumor tissue, and induce the production
of cytotoxic reactive oxygen species (ROS) by luminescent
chemical reaction, and induce tumor death (Henderson and
Dougherty, 1992; Sharman et al., 1999; Juarranz et al., 2008;
Lan et al,, 2019). The process of phototherapy can induce the
antitumor immune response by inducing apoptosis or necrosis of
cancer cells to induce immunogenic cell death (ICD) and release
tumor associated antigen (TAA). This “in situ vaccine” strategy
can stimulate “cold” tumor microenvironment (TME) to become
“hot” immunogenic TME (Wang et al., 2018b, 2020a; Duan et al.,
2019; Deng et al., 2020). Thus, the marrying of immunotherapy
and phototherapy provides new opportunities for the treatment
of tumors with high efficacy (Chang et al., 2019; Kobayashi and
Choyke, 2019; Ma et al., 2019).

However, the traditional PDT PSs are usually excited by
ultraviolet (UV) or visible light. In view of the challenges of these
wavelengths such as lower penetration depth of biological tissue,
higher background luminescence interference, and stronger light
damage to normal tissues, the application of PDT in biomedical
field is limited to some extent (Wang et al., 2004; Quail and Joyce,
2013; Zhou et al., 2016). In contrast, NIR light can address these
problems and be used as a good minimally invasive manner and
external stimulation style for light triggered delivery of various

therapeutic agents for the diagnosis and treatment of tumors
(Gai et al., 2014; Zheng et al., 2015; Guryev et al,, 2018; Wang
et al., 2018a, 2020b; Chen et al., 2019). Rare earth UCNPs can
effectively convert NIR light into UV, visible light even NIR
light under the excitation of 980/808 nm NIR as excitation light
source (Sun et al., 2014; Zhong et al., 2014; Dong et al., 2015;
Liu et al,, 2017; Gu et al,, 2019; Rabie et al., 2019). In light of
the special advantages of NIR light, UCNPs can serve as optical
probe for the tracking of in vivo treatment, but also as energy
transducers to indirectly activate PS to generate ROS for PDT
(Liu et al.,, 2014; Yang et al,, 2015; Hou et al,, 2016, 2019; Xu
et al, 2018a; Feng et al, 2019; Tang et al., 2019). In addition,
UCNPs make it possible to modulate photosensitive switches by
NIR light due to their unique upconversion luminescence (UCL)
ability (Zou et al,, 2012). The modulation of photosensitive
switches with UCNPs could overcome the penetration depth and
photoactivation efficiency challenged by UV and visible light.
Thus, NIR light has become an attractive tool for precisely
regulating the time and space of chemical and biological activities
(Kowalik and Chen, 2017; Ankenbruck et al., 2018).

Although PDT could generate certain levels of immune
responses, the immune effects from PDT alone are not enough
for inhibiting the remaining tumor growth (Castano et al,
2006). Thus, the combined PDT and immunotherapy would
achieve an enhanced cancer treatment outcome (Xu et al.,
2020). This is also consistent with the idea of multi-synergistic
therapy, that is, the use of two toxic drugs will lead to
superadditive effect, and the total effect of drugs (Ryp) is greater
than the arithmetic sum of constituent toxic effects (R,, Ryp),
making Ry, > R, + Rp (Gordon Steel and Peckham, 1979;
Seiwert et al., 2007). Although there exist pharmacokinetic
inconsistencies, long-term studies on combination therapy have
confirmed its effect (Wang et al., 2019b). In this review, focusing
on the combination between UCNPs mediated phototherapy
and immunotherapy, the current advancements and latest
breakthroughs have been summarized. Furthermore, the major
challenges in the combinatorial strategies and the future
prospects are also highlighted. The composition of UCNPs
combined with immunotherapy was summarized in Table 1.
Though the combination of phototherapy and immunotherapy
emerged early, the use of UCNPs with immunotherapy is just
springing up. In particular, we hope that this review could
shed light on the development of the combination between
UCNPs mediated phototherapy and immunotherapy for high
performance tumor therapy.

CLASSIFICATION OF IMMUNOTHERAPY

Concomitant with the development of the immunotherapy, it has
five kinds of representative treatment modalities.

First of all, antibody therapy has gradually become one of the
standard regimens for cancer treatment, which mainly includes
tumor targeted antibody drug therapy and immunomodulatory
antibody therapy based on the different ways of activating the
antitumor immune response. The mechanism of the former is
to target the cellular growth factor receptors and cell surface
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TABLE 1 | Summary of UCNPs combined with immunotherapy.

Nanocarrier UCNPs Immunotherapy References
agents

UCNP-PEG-PEI NaY/GdF4 (Y:Gd:Yb:Er = 58%:20%:20%:2%) OVA Xiang et al., 2015

Monodispersed macroporous B-NaYF,;:20%Yb,2%Er OVA/tumor cell Ding et al., 2018

mesoporous silica-coated fragment (TF)

upconversion nanoparticles (UCMSs)

SA-PEG-TK-PLGA (SPTP) B-NaYF,;:20%Yb,2%Er DOX and RB Jin et al., 2020

UCNPs

UCNP@SIO,
UCNPs

PDA@UCNP-PEG

AIE luminogen (AlEgen)-coupled

UCNPs (AUNPs)

UCNPs@porphyrin MOFs (UCSs)

UCNPs
UCNPs

UCNPs@mesoporous silica

UCNs-MnO

NaYF4:20%Yb,2%Er

NaYF4:Yb,Er

NaYF4:48%Yb/2%Er@NaYF,:30%Nd Core/Shell
Nanoparticles

NaGdF4:Yb/Er
NaYF4:Yb/Tm@NaYF,

NaGdF,:Yb,Er@NaGdF,
NaGdF4:Yb,Er@NaYF,@NaYF,:Yb,Tm@NaYbF,:Nd@NaYF,
NaGdF4:70%Yb,1%Tm@NaGdF, core-shell UCNPs
NaYF4:Er/Yb

NaYF4:Yb/Tm/Nd (30/0.5/1%)@NaYF4:Nd (20%)

R837 and CTLA-4
immune checkpoint
inhibitors

Xu et al., 2017a

Bi doped mesoporous upconversion
nanophosphor (UCNP)

Nao.g Bi0'800‘35 F1 91 :20%Yb,2%Er

Anti-CTLA-4 Lin et al., 2020
Anti-CTLA-4 Wang et al., 2019a
a-PD-1 Yan et al., 2019
a-PD-1 Mao et al., 2020
a-PD-L1 Shao et al., 2020
a-PD-L1 Di et al., 2020
CpG ODNs Chu et al., 2019
CCL21 Leeetal., 2013
HA Aietal., 2018
DOX and X-ray Qin et al., 2020

antigens, etc. At present, many tumor targeting antibodies have
been approved by Food and Drug Administration (FDA). For
example, Avastin can effectively block the binding of vascular
endothelial growth factor and receptor, inhibit the formation of
tumor blood vessels, and achieve antitumor effect (Sullivan and
Brekken, 2010). In contrast, the targets of immunomodulatory
antibodies are immune cells rather than tumor cells, which
can augment the antitumor immune response of the body by
blocking the immunosuppressive pathway or directly playing the
role of immune stimulation. Among various immunomodulatory
antibodies, antibody blockers for inhibitory receptors mainly act
on the immune checkpoints, which have shown encouraging
therapeutic effects (Pardoll, 2012). Cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and programmed death 1 (PD-1)
are two kinds of crucial inhibitory regulatory receptor that are
overexpressed on the activated T cells (Dariavach et al., 1988;
Francisco et al., 2010). Activation of T lymphocytes requires
two signals: the major histocompatibility complex (MHC)
peptide signal and costimulatory molecule signal. Costimulatory
molecules mainly include positive costimulatory CD27, CD28,
and CD137 pathways as well as negative costimulatory CTLA-
4 and PD-1/programmed death 1 ligand (PD-L1) pathways to
prevent T cells from being over stimulated. This inhibition
pathway can be hijacked by tumor to fight the immune system.
Therefore, the use of positive costimulatory factor agonists
or negative costimulatory factor antagonists can improve the
immune killing effect of T cells on tumor. Ipilimumab is the
first checkpoint antibody was approved by the FDA in 2011 for
treatment of melanoma (Cameron et al., 2011). Ipilimumab can
block the action of CTLA-4 molecules on the surface of activated
T cells, so that T cells can maintain sustained antitumor activity.

At present, antibody therapy has become a mature and widely
used cancer treatment method.

The second kind of immunotherapy therapy is biological
response modulators (BRMs), also known as immunomodulators
or immunopotentiators, which involves those components that
can improve the activity level of the immune system, thus
enhancing the effect of immunotherapy. BRMs include a variety
of cytokines, toll like receptor (TLR) signaling and non-coding
RNAs. Cytokine is one of the typical non-specific BRMs. Some
cytokines have been approved by FDA for cancer treatment.
For example, Interleukin 2 (IL-2) is a kind of representative
cytokines, which could regulate the survival, proliferation, and
differentiation of T cell and natural killer (NK) cell, which could
be put to use in the treatment of malignant melanoma and
renal cell carcinoma (Dranoff, 2004). In addition to cytokines,
TLR signaling is also an important biological response regulator,
which can be activated by pathogen-associated molecular
patterns or similar agonists, and then activate downstream
signaling to induce immune response to eliminate pathogens
(Kawasaki and Kawai, 2014). TLR agonists have been used in
different cancers. For example, in breast cancer, colorectal cancer,
and lung cancer, TLR3 agonists could induce tumor cell apoptosis
through caspase (Salaun et al., 2006). Non-coding RNA plays a
regulatory role in the development, differentiation, and activation
of infiltrating leukocytes in tumor tissue (Desgranges et al.,
2019). Non-coding RNA based therapy can regulate the TME
to improve the effect of tumor therapy. At present, MRX34, the
first miRNA-based tumor therapeutic agent, has entered phase I
clinical trials (Bouchie, 2013).

Tumor vaccine is also one of the methods of tumor
immunotherapy, which can be divided into preventive tumor
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vaccine and therapeutic tumor vaccine. Among them, the
therapeutic vaccine for tumor antigen has been developed
rapidly. The common tumor vaccines include protein/peptide
vaccines, cell vaccines, DNA vaccines, and so on (Hu et al,
2018b). Protein/peptide vaccines are the most common kinds,
which could be recognized by antigen-presenting cells (APCs)
and activate T cells to kill cancer cells expressing antigen proteins.
Cell vaccines could activate the immune response by injecting
inactivated tumor cells or dendritic cells (DCs) expressing tumor
antigens. DNA vaccines are prepared by injecting DNA into cells
by gene technology, which makes cells produce antigen directly
and cause immune protection. After years of development, many
therapeutic tumor vaccines have been put into clinical practice
and even to the market. For example, provenge vaccine and M-
vax vaccine have been approved for marketing and have achieved
good results in clinical applications (Berd, 2004; Anassi and
Ndefo, 2011).

Adoptive cell therapy is a new type of immunotherapy,
which depends on tumor specific T cells. The T cells cultured
and activated in vitro can be reinfused into the body to kill
the tumor (Kalos and June, 2013). Previously, adoptive cell
therapy also included the use of NK cells, cytokine induced
killer cells, and tumor infiltrating lymphocytes, and so on. The
earliest adoptive cell therapy strategy employed lymphokine-
activated killer cells, which use IL-2 to stimulate and activate
peripheral blood mononuclear cells in vitro. This method was
approved by FDA as early as 1984 (Mazumder and Rosenberg,
1984). With the continuous development and innovation of cell
engineering technology, T cells improved by cell engineering
have gradually become the focus of adoptive cell therapy. T-cell
receptor engineered T-Cell (TCR-T) can improve the recognition
and clearance of cancer cells with the antigen which express the
designed T cell receptor. Chimeric antibody receptor engineered
T Cell (CAR-T) could recognize a specific protein expressed on
the surface of tumor cells and lead to rapid activation and tumor
cell killing (Ikeda, 2016; June et al., 2018). Both of these cell-
engineered modified T cells have achieved good results in clinical
trials (Robbins et al., 2011; Maude et al., 2014).

Oncolytic immunotherapy is a newly developing kind of
tumor immunotherapy. Significant success has been achieved
through the use of oncolytic immunotherapy, which could
cause virus-induced tumor cell death and release of relevant
antigens. Oncolytic immunotherapy could induce of long-term
immune response formation, especially in combination with
other immunotherapies (Beug et al., 2014; Workenhe et al., 2014).
At present, there are 67 studies about oncolytic virus on the
official website of clinical trials (clinicaltrials.gov), indicating that
oncolytic virus has potential as one of the treatment methods
for cancer.

FABRICATION AND DESIGN OF
UCNPs-BASED PHOTOIMMUNOTHERAPY
PALTFORM

In this review, all of the UCNPs are synthesized by thermal
decomposition method or urea coprecipitation method. In

general, the keys to a successful synthesis are carefully choosing
precursors, tuning of the coordinating behavior of the solvents
using coordinating and non-coordinating surfactants, and
maintaining balance between nucleation and growth stages (Mai
etal., 2006). Thermal decomposition method is to obtain UCNPs
by cracking rare earth salt precursors in high temperature and
shielding gas. While urea coprecipitation method could obtain
crystalline UCNPs directly by coprecipitation nanoparticles
within fluid solvent. These issues requiring attention could be
controlled by both of them to obtain nanocrystalline materials
with uniform, controllable, and single dispersion.

The design of the UCNP-based therapeutic nanoplatform
should give full play to the unique characteristics of UCNPs, and
combine multiple functional modules to achieve treatment and
diagnosis. How to realize the effective connection of functional
modules and maximize the role of functional groups is a
challenge (Yang et al., 2015). First of all, the synthesized UCNPs
should be well-shaped, monodisperse and homogeneous. High
quality UCNPs are essential for the synthesis of high-efficiency
therapeutic platform. Secondly, as kind of nanocomposites,
UCNP-based therapeutic nanoplatform needs to connect
different substances, which could be achieved through a variety of
ways, such as electrostatic force, hydrophobic force, and chemical
bond formation. Meanwhile, UCNPs need to be modified
according to the properties of immune functional modules,
so as to realize the construction of photoimmunotherapy
nanoplatform. Thirdly, the key to reasonable design is to perform
each function module. UCNPs can be used as carriers to carry
photothermal agents, chemotherapy drugs, immune adjuvants,
etc., and can also be used as activators to convert near-infrared
light into ultraviolet and visible light to activate PS. Finally,
UCNPs-based nanoplatforms need good biocompatibility and
targeting to achieve good results.

THE CORPRATION OF UCNPs AND
IMMUNOTHERAPY

In this section, we summarized the design strategy of UCNPs-
based nanomaterials in combination with immunotherapy for
synergistic therapy of tumors, as indicated in the Figure 1.

UCNPs With Vaccine and Vaccine-Like
Therapy

DCs are powerful antigen presenting cells in vivo. With
surface expressing MHC class I/II molecules and T-cells
activation costimulatory molecules, etc., DCs have antigen
uptake, processing, and presentation functions (Kapsenberg,
2003; Steinman, 2012). DCs can be divided into immature DCs
and mature DCs according to their functions. When antigen
was presented to DCs, immature DCs differentiated into mature
DCs. Then, DCs loaded with antigen peptide migrated to
lymph nodes and activated T cells (Banchereau et al., 2000;
Randolph et al., 2005). The migration process is the key process
to DC vaccine. However, traditional imaging methods cannot
achieve real-time imaging of DC migration. Xiang et al. used
UCNPs to load antigens to label and stimulate DCs (Xiang
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et al,, 2015). The location of DC vaccine can be traced through
UCL imaging in vivo during DC immunotherapy. Firstly, they
modified UCNPs (NaY/GdF4:Yb,Er) with polyethylene glycol
(PEG) and polyethyleneimine (PEI) to prepare UCNP-PEG-PEI
(UPP). Then, the antigen model OVA was loaded onto UPP
(UPP@OVA) by electrostatic interaction (Figure 2A). Mature
DCs were injected into tumor-bearing mice, and the location
of DCs could be traced by UCL imaging in vivo, revealing the
homing process of DCs from peripheral tissues to draining lymph
nodes (Figures 2B,C). Compared with OVA-treated DC vaccine,

the UPP@OVA treated DC vaccine elicited strong antigen-
specific immune responses (Figure 2D), such as enhanced T cell
proliferation, IFN-gamma (IFN-y) production, and cytotoxic T
lymphocyte (CTL)-mediated responses. This work is the first
to achieve highly sensitive in vivo DC tracing and prepare DC
vaccines with strong immune function using antigen-loaded
UCNPs, which is of great significance in the development of
traceable DC immunotherapy.

As mentioned above, phototherapy can induce anti-tumor
immune response by inducing apoptosis or necrosis of tumor
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FIGURE 2 | (A) Schematic illustration of antigen-loaded UCNPs for DC stimulation, tracking, and vaccination in DC-based immunotherapy. (B) Labeled DCs were
injected into the right footpad of a mouse; 48 h after injection, strong UCL signals from the draining lymph node were seen under in vivo UCL imaging. (C) Ex vivo
imaging of popliteal lymph nodes (white circles) before (top) and after (bottom) being dissected from the mouse. (D) Immunofluorescence images of the lymph nodes
dissected from the mouse injected with UPP@OVA-labeled DCs. T, T-cell zone (Thy1.2p); B, B-cell zone (B220p). Scale bar = 20 pm. Arrows point to UCL signals
from labeled DCs. Copyright 2015, American Chemical Society (Xiang et al., 2015). *P < 0.05.

cells to release TAA. It can be used as in situ therapeutic = the immune response of tumor antigen (Vermaelen, 2019).
tumor vaccine to activate immune response at the same time In order to achieve strong and lasting antitumor effects in
of phototherapy. This kind of in situ vaccine often needs some  cancer immunotherapy, it is very important to select appropriate
help to strengthen the immune response to ensure the effect immune adjuvants (Shao et al, 2015). Mesoporous silica
of immunotherapy. Immune adjuvant can improve the adaptive = materials have attracted extensive attention from researchers
immune response of the body to the antigen. It can make up  because of their high surface area, adjustable pore size, and
for the weak immunogenicity of tumor antigen and enhance  good biocompatibility (Lee et al., 2011). Recent studies have
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shown that mesoporous silica materials can be used as immune
adjuvants to enhance the host’s antitumor immune effects
(Wang et al,, 2016a,b). Based on the above studies, Ding et al.
prepared monodispersed macroporous mesoporous silica-coated
upconversion nanoparticles (UCMSs) with particle size <100 nm
and applied them as an immune adjuvant for the first time in
antitumor studies (Figure 3A) (Ding et al., 2018). Because of
the pore size structure of silica, UCMSs were loaded with PS
merocyanine 540 (MC540), chicken OVA or tumor cell fragments
simultaneously. Under 980 nm light irradiation, upconverted
green light activated MC540 to produce ROS. Furtherly, TAA
produced by PDT and released from nanovaccines can stimulate
DC maturation, resulting in effector T cell release from lymph
node. Finally, T cell activation and proliferation and relevant
cytokines release can dramatically kill tumor cells. In vivo
experiments demonstrated that UCMSs-MC540-OVA exhibited
the strongest Thl and Th2 immune responses and the highest
frequencies of CD4*, CD8%, and effector memory T cells
(Figures 3B-D). In addition, UCMSs-MC540-TF could more
effectively inhibit the tumor growth and prolong the life span of
CT26 tumor-bearing BALB/c mice. The successful construction
of this multifunctional UCMSs immune adjuvant opens the way
for the development of smart nanomedicines.

Both PDT and drug doxorubicin (DOX) can activate T cell
immune responses in TME by activating the ICD process, which
make it possible for PDT to be combined with chemotherapy
to activate immune response (Garg and Agostinis, 2014; Kuai
etal,, 2018). The ICD process mainly has adenosine triphosphate
(ATP) secretion, heat shock protein (HSP)-antigen peptide
complex, calreticulin (CRT) surface exposure, and release of high
migration protein Bl (HMGB1) (Garg et al., 2013). Jin et al.
loaded chemotherapy DOX and photosensitive rose-bengal (RB)
into ROS response micelles based on UCNPs (B-NaYF,4:Yb,Er),
and constructed the treatment nanoplatform (Jin et al., 2020).
The ROS response micelles were constructed from biocompatible
sialic acid (SA), PEG, thioketone (TK), and poly(lactic-co-
glycolic acid) (PLGA). TK is a sulfhydryl-based ROS reactive
bond that can trigger rapid drug release through PDT. In
addition, SA is a type of N-Acetylneuraminic acid that effectively
attaches to E-selectin highly expressed on the cell membrane
surface of tumor cells (Xu et al., 2018b), which can dramatically
enhance cellular and tumoral uptake of nanoparticles. The
micelles (SA-PEG-TK-PLGA, SPTP) loaded with UCNPs, DOX,
RB would specifically target overexpressed E-selectin on tumor
cells and produced cytotoxic singlet oxygen (1O,) from RB
activated by UCNPs under the irradiation of 980 nm. Furtherly,
10, can destroy the TK linkers and decompose the SPTP micelles
system, thus achieving the release of controllable chemotherapy
drugs (DOX). The mechanism of the antitumor immunity
in vivo demonstrated that the synergistic effect of chemo-PDT
could induce strong antitumor immune response by the ICD
process with enhanced CRT expression, HMGBI secretion, and
sequential activation of T lymphocytes especially CD8' T cells
infiltrated in tumors (Figure 4). This process has no addition of
immune checkpoint inhibitors or immunoadjuvants, resulting in
effective antitumor effects and inhibition of tumor metastasis.

UCNPs and Tumor Antibody Therapy

In many cases, the immune effect induced by PDT is not
enough to inhibit the growth of residual tumor. The use of
immunomodulatory antibodies such as anti-CTLA-4 and anti-
PD-1 has high significance in enhancing such immune response.
This in situ vaccine combined with immunomodulatory
antibody can produce immune memory effect and obtain
better therapeutic effect. Xu et al. constructed a therapeutic
nanoplatform loaded with PS chlorin e6 (Ce6) and immune
adjuvant R837 based on UCNPs [NaYF, (Y/Yb/Er = 78:20:2)]
(Xu et al., 2017a). As shown in Figure 5A, under 980 nm NIR
light irradiation, UCNPs destroyed primary tumors by activating
the PS Ce6 to produce cytotoxic singlet oxygen. After PDT
treatment, TAA released from tumor residues can effectively
promote the maturation of DCs and activate antitumor specific
immune responses with the assistance of immune adjuvant R837.
After PDT treatment, the levels of immune-related cytokines
(IL-12p40, IFN-y, and TNF-alpha) were significantly increased
in UCNPs-Ce6-R837 group. CTLA-4 checkpoint inhibitors can
inhibit the immunosuppressive regulatory capacity of regulatory
T cells (Wing et al., 2008). UCNPs-Ce6-R837 combined with
CTLA-4 immune checkpoint inhibitors not only inhibited the
growth of primary tumors, but also had therapeutic effects on
distal untreated tumors. It is well-known that immune memory
response plays an important role in protecting the body from the
second attack of pathogens such as tumor cells (Teixeiro et al.,
2009; Kinjyo et al., 2015). The experiment proved that UCNPs-
Ce6-R837 combined with CTLA-4 immune checkpoint inhibitor
had good long-term immune memory protection.

Besides, UCNPs often face serious problems of low emission
efficiency due to the characteristics of low absorption cross-
section, inherent structural defects, and prohibition of dipole
transition of rare earth ions (Bigall et al, 2012; Bao et al,
2019). UCL can be effectively enhanced by surface plasmon
resonance effect by combining gold or silver nanoparticles
with UCNPs (Cheng et al., 2017; Sharma et al., 2020). Lin
et al. prepared a spindle-like UCNP@SiO,@Au mitochondrial
imaging probe (Lin et al., 2020). As shown in Figure 5B, the
spindle structure made it easier for the probe to enter the
cytoplasm. Gold nanoparticles coated on the surface of layer-
by-layer enabled the probe to enhance red UCL under NIR
excitation. Spindle@SiO,@Au had good biocompatibility and
could realize real-time dynamic imaging of mitochondria. Under
NIR irradiation, UCNP@SiO,@AuNPs combined with ZnPc
(labeled as SPSZ) showed good UCL imaging ability as well
as PDT effect. In addition, SPSZ combined with anti-CTLA-4
effectively inhibited tumor growth through the synergistic effect
of PDT and immunotherapy. The resulting immune memory
effect protects the body from tumor reinvasion and inhibits
tumor recurrence.

Immune checkpoint inhibitors could also cooperate with PDT
and PTT to assemble multifunctional therapeutic nanoplatform.
In situ capture of TAA by nanoplatforms can greatly promote
the recognition and uptake of antigens by APCs and enhance
the tumor immune response. At the same time, dual modal
photothermal and photodynamic agents could be triggered by
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single wavelength laser to trigger PTT and PDT simultaneously
so as to shorten the treatment time (Wang et al, 2013;
Yang et al, 2017). Based on this, Wang et al. constructed
a multifunctional nanotherapeutic platform using UCNPs
(NaYF4:Yb,Er@NaYF,:Nd) as carriers, loaded with photothermal
agents indocyanine green (ICG) and PS RB, and surface-modified
lipid molecules (DSPE-PEG-mal) for functionalization (Wang
et al., 2019a). Unlike the combination therapy strategy described
earlier, the therapeutic nanoplatform UCNP/ICG/RB-mal can
capture tumor antigens in situ and promote the recognition
and uptake of APCs. Due to the large absorption cross-section
of ICG, UCNP/ICG/RB-mal produced significant 'O, and
heat, which could enhance phototherapy and cause more
tumor-derived protein antigens (TDPAs) released by ICD
(Figures 6A,B). TDPAs captured by UCNP/ICG/RB-mal are
taken up by APCs to activate tumor-specific immune responses.
Experiments demonstrated that UCNP/ICG/RB-mal+-anti-
CTLA-44+L treatment significantly inhibited the growth
of primary tumors and slowed the growth of distant tumors
(Figures 6C,D). UCNP/ICG/RB-mal combined with anti-CTLA-
4 synergistically enhanced the antitumor immune response,
regulated the tumor immunosuppressive microenvironment,
and effectively prevented tumor metastasis. UCNP/ICG/RB-mal
multifunctional nanoplatform realized the synergistic effect
of PTT, PDT and immunotherapy. This nanoplatform, which
selectively destroys primary tumors, increases the immune
response rate and eliminates metastatic lesions.

Besides CTLA-4, PD-1 is another crucial inhibitory regulatory
receptor that overexpressed on the activated T cells. Anti-PD-1,
or anti-PD-L1 are also familiarly used in enhancing the immune
effect of ICD derived from phototherapy. Yan et al. prepared
polydopamine (PDA) nanoparticles with NaGdF4:Yb,Er
upconversion shell coated on the surface and then grafted Ce6
molecules to obtain PDA@UCNP-PEG/Ce6 nanoparticles (Yan
et al, 2019). As shown in Figure 7A, under single 980 nm
NIR light irradiation, PS Ce6 and photothermal agent PDA
in nanocomposites were activated to produce excellent PDT
and PTT effects (Figures 7B,C), thereby killing tumor cells.
Controlled trials showed that the primary tumor was eliminated
by PDA@UCNP-PEG/Ce6 with light (Figures7D-F). In
addition, PDT and PTT can induce ICD and activate tumor-
specific immune response. PDA@UCNP-PEG/Ce6 combined
with immune checkpoint inhibitor «a-PD-1 synergistically
enhanced the antitumor immune response, not only eliminating
primary tumors, but also inhibiting the growth of distal tumors.
At the same time, the nanotherapeutics promoted the activation
of memory T cells and effectively prevented the recurrence of
tumors. The synergistic effect of PDT, PTT and immunotherapy
greatly enhances the antitumor effect and is of great significance
for the elimination of tumors. In a further work, the same group
designed a multifunctional immunostimulant by combining
aggregation-induced emission (AIE) PS TPEBTPy with UCNPs
to realize the controllable ROS production for PDT and
immunotherapy, as shown in Figure 8B (Mao et al., 2020).
TPEBTPy with AIE properties showed strong fluorescence
and ROS production in the state of aggregation (Qian and
Tang, 2017; Hu et al,, 2018a). As a NIR antenna, UCNPs can

transmit the energy of NIR photons to AIE PS, thus producing
a large amount of ROS in deep tissues. In addition, the design
of positively charged PS not only facilitated close contact
between oxygen and PS, and promoted the rapid diffusion of
ROS, but also ensured the subsequent antigen capture through
electrostatic interaction. AIE luminogen (AIEgen)-coupled
UCNPs (AUNPs) can regulate intracellular ROS levels by
controlling NIR irradiation. As shown in Figure 8A, on the
one hand, under high power NIR irradiation, a large amount of
ROS can effectively kill tumor cells and release TAAs. On the
other hand, under low power NIR irradiation, a small amount of
ROS activated local DCs and effective cross-presentation, thus
inducing the proliferation of stronger CD8" T cells. AUNPs
further combined immune checkpoint blockade therapy aPD-1
to improve immune memory, kill the primary tumor cells, and
inhibit the growth of the distant tumors (Figures 8C-G). The
dual-mode activated ROS strategy provided a reference for the
development of tumor immunotherapy.

In some PDT-based systems with porphyrin derivatives and
their analogs as PS, the lack of hydrophobicity and tumor
selectivity of porphyrin derivatives limits the clinical application
of PDT (Cheng et al,, 2014). The porphyrin-based metal-organic
frameworks (MOFs) have periodic structural ordering, which
makes PS molecules in the state of mutual separation, thus
avoiding the self-quenching caused by the molecular aggregation
of PS (Lu et al., 2014, 2015). In addition, the rich pore structure
of MOFs provides a channel for ROS production to spread
rapidly, which is conducive to improving the tumor killing effect
of PDT (Park et al., 2016). Since the effective energy transfer
from UCNP to PS is necessary to achieve NIR photoinduced
PDT (Xu et al., 2017b), the attachment of a sufficient number
of PSs near UCNP is crucial for the effective generation of 1O,.
Shao et al. designed the core-shell UCNPs@porphyrin MOFs
(UCSs) for the combined treatment of hypoxia tumors, as shown
in Figure 9A (Shao et al,, 2020). High yield synthesis of UCSs
was achieved through conditional surface engineering of UCNPs
(NaGdF4:Yb,Er@NaGdF,) and seed-mediated growth strategy.
The final structure TPZ/UCSs was obtained by encapsulating the
hypoxic activated prodrug tirapazamine (TPZ) in the nanopores
of the heterostructure MOF shell. They demonstrated that
TPZ/UCSs was a promising system for in vivo and in vitro cancer
treatment through NIR light induced PDT and hypoxic-activated
chemotherapy. In addition, the nanoplatform combined with
a-PD-L1 immunotherapy promoted complete inhibition of the
growth of the distal untreated tumor by producing specific
tumor-infiltrating cytotoxic T cells (Figures 9B,C). Compared
with the PBS control group, the proportion of CD4" and CD8* T
cells was significantly increased after TPZ/UCSs (+) + a-PD-L1
treatment (Figures 9D,E). TPZ/UCSs combined with a-PD-L1
therapy not only inhibited the growth of primary tumors but also
slowed the growth of distant tumors.

Immune checkpoint inhibitors could also corporate with light
controlled molecular nanodevices to enhance antitumor efficacy.
Di et al. designed an orthogonal upconversion nanoplatform,
which achieves NIR light deep tissue penetration and specific
target recognition of tumors by DNA nanodevices (Di et al,
2020). Therein, DNA is a highly programmable component
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(Yan et al., 2019). *P < 0.01, **P < 0.001, ***P < 0.0001 and ns: not significant (P > 0.05).

that can be used to design molecular nanodevices with specific ~ controlled drug delivery and release (Brodin et al, 2015; Hu
functions, such as biosensing and imaging (Chen et al., 2015), et al., 2019a). The adaptor module L-Apt (UV light-activatable
molecular information calculation (Amir et al, 2014), and aptamer modules) can be activated by UV light, releasing
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an adaptor that can recognize the overexpressed recognizes
nucleolin on the surface of cancer cells (Reyes-Reyes et al.,
2010; Li et al., 2014). Nanodevices (PT-UN) with orthogonal
UCL are constructed from PS on the surface of UCNPs
(NaGdF4:Yb,Er@NaYF;@NaYF4:Yb,Tm@NaYbF,:Nd@NaYF,)

and L-Apt. With the light regulators UCNPs, UV UCLs
obtained under 808 nm irradiation could cleave photocleavage
bonds and release aptamers at the required time and guide
nanoparticles to target tumor cells. And green UCLs obtained
under 980 nm irradiation can stimulate PS to produce cytotoxic
ROS, thereby killing tumor cells (Figures 10A,B). Under 808 nm
NIR illumination, the characteristic Tm>* emissions located
at UV (347 and 363nm) and blue (452 and 475nm) regions
were observed (Figure 10D). In contrast, visible green (522
and 541 nm) and red (656 nm) emission of Er’** occupied the
spectra under NIR excitation at 980 nm (Figure 10C). PT-UN-
mediated PDT combined with a-PD-L1 elicited a strong systemic
antitumor immune response by promoting the infiltration of

effector T cells. The combination of nanodevices with targeted
and killing effects and immune checkpoint inhibitors a-PD-L1
not only eliminated the primary tumors, but also inhibited the
growth of distal tumors (Figures 10E-G).

Of course, the application of rare earth nanomaterials in
second NIR window (NIR-II, 1,000-1,700 nm) is also involved.
Different from the upconversion luminescence of NIR region,
NIR-II region is usually down-shifting luminescence, which is
used for biological imaging research. In recent years, more
and more attention has been paid to the study of molecular
probes imaging in the NIR-II window (Hong et al, 2014;
Antaris et al., 2017). Imaging at the long wavelength end of the
NIR-II window (NIR-IIb, 1,500-1,700 nm) has been reported to
increase the penetration depth to subcentimeter and completely
eliminate self-fluorescence (Diao et al., 2015a,b; Zhang et al.,
2018). At present, clinical in vitro immunodiagnosis relies on
biopsy to analyze the expression status of tumor cells PD-
L1 and the presence/proportion of tumor-infiltrating immune
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FIGURE 9 | (A) Schematic illustration of the structure of TPZ/UCSs and their application to tumor treatment through a combination of NIR light-triggered PDT and
hypoxia-activated chemotherapy with immunotherapy. (B) Schematic illustration of NIR light-triggered combinational therapy. (C) Growth curves of primary tumors
(left) and distant tumors (right) in CT26 tumor-bearing mice after different treatments. Photographs of primary tumors and distant tumors collected from mice 14 days
after treatments: (1) PBS, (2) TPZ/UCSs(-), (3) TPZ/ UCSs(+), (4) a-PD-L1, (5) TPZ/UCSs(-) 4+ a-PD-L1, and (6) TPZ/UCSs(+) + a-PD-L1. Percentage of
tumor-infiltrating (D) CD4* T cells, (E) CD8* T cells in total tumor cells. Data are means & SD; N = 4. *P < 0.05, **P < 0.01. Copyright 2020, American Chemical
Society (Shao et al., 2020).

cells. In vivo imaging relies on positron emission tomography  and biocompatibility. They combined anti-PD-L1 mAb-labeled
to solve the problem of uneven distribution of PD-L1 (Mall ~ ErNPs (targeted at PD-L1) and anti-CD8 mAb-labeled PbS
et al., 2016; Chatterjee et al., 2017). However, no technology had ~ quantum dots (targeted at CD8" T cells) for bi-channel
been developed to detect two or more immune-related factors  molecular imaging to monitor two immune-related molecular
simultaneously in vivo with NIRIL. Zhong et al. developed the  targets in real time within the same NIR-IIb emission window
anti-PD-L1 mAb-labeled a-phase Er nanoparticles (ErNPs) with ~ (~1,600 nm). Both ErNPs-aPD-L1 excited by 980 nm and PbS-
zinc doping (Zhong et al.,, 2019). Compared with the brightest — aCD8 excited by 808 nm can emit fluorescence at the NIR-IIb
p-Phase ErNPs before (Zhong et al., 2017), the down-shifting  emission window (about 1,600 nm) (Figure 11C). The difference
luminescence is enhanced by about 11 times through enhancing  is that the fluorescence lifetime of ErNPs is millisecond and
the relaxation of multiple phonons in a-phase ErNPs over $-  that of PbS quantum dots is microsecond. Two fluorescent
phase, and the symmetry of the crystal field is reduced by  signals can be captured by setting the delay in the InGaAs
doping Zn2*. In addition, the designed hydrophilic polymeric =~ CCD camera. In addition, the PbS-aCD$ channel had higher
cross-linking network endows ErNPs excellent water solubility =~ peripheral signals in the tumor and extends inwards. It was
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photoactivation behavior of the DNA nanodevice in response to two NIR light of different wavelengths. (B) Sequential activation of the nanodevice with orthogonal
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combining PT-UN(+) with a-PD-L1 therapy to inhibit tumor growth at both primary and distant sites. Tumor growth curves of primary tumors (F) and distant tumors
(G) of bilateral tumor-bearing mice with different treatments. Data are means + SD (n = 5). Copyright 2020, American Association for the Advancement of Science
(Diet al., 2020). *P < 0.01, **P < 0.001.

demonstrated that tumors treated with anti-PD-L1 monoclonal ~ non-invasive biological distribution of tumor cells and immune
antibody produced a strong antitumor immune response and  cells throughout the body can complement ex vivo biopsy-based
had a high (T/spleen)_CDS8 ratio. The assessment of the in vivo  diagnostic methods.
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NIR light irradiation. In contrast to traditional CpG delivery system (CpG/UCs), PCpG/UCs is amenable to personalizing the antitumor modality with reduced systemic
toxicity. Copyright 2019, Nature Publishing Group (Chu et al., 2019).

UCNPs and Biological Response injection dose, otherwise it will cause serious side effects,
Modulators such as excessive immune response and excessive release of
In immunotherapy based on BRMs, systemic injection of cytokines (Morgan et al,, 2010; Sharma and Allison, 2015).
immunostimulants is usually required. However, systemic Therefore, it is of great significance to develop a highly
injection of immunostimulants requires precise control of the ~ Spatiotemporal control immune response strategy for tumor
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site. Chu et al. designed and constructed a NIR light-
controlled immunotherapy nanomaterial, which can remotely
control the activation of immunotherapy in vivo and reduce
the systemic toxicity of the nanomaterials (Chu et al., 2019).
CpG-ODNs (CpG oligonucleotides, an immunotherapeutic
agent) are hybridized with complementary ssDNA (PcDNA)
containing photocleavable (PC) bonds to form PCpG, which
prevents CpG-ODNs from binding to TLR9. They combined
UCNPs (NaGdF4:Yb/Tm@NaGdF4) with PCpG to construct
light activated immune devices. Under the NIR light irradiation,
the NIR light of UCNPs was transformed into ultraviolet. As
shown in Figure 11A, UV light can photolysis PC bond and
release CpG ODNSs, thus achieving NIR light controlled immune
response. CpG binds to TLRY in APCs, thus promoting the
maturation of DC and the production of inflammatory cytokines,
leading to T cell-mediated antitumor immune response (Adamus
and Kortylewski, 2018). Compared with the traditional CpG
delivery system (CpG/UCS), PCpG/UCS is more suitable for
individualized antitumor methods and reduces systemic toxicity
(Figure 11B).

In immunotherapy, the use of exogenous chemokines to
induce the infiltration of immune cells into tumor can improve
the antitumor activity (Homey et al., 2002; Lechner et al,
2011). C-C Motif Chemokine Ligand 21 (CCL21) can stimulate
the expansion of CD4" and CD8" T cells and promote
the polarization of Thl cells (Flanagan et al., 2004). In
addition, the specific binding of CCL21 to C-C chemokine
receptor type 7 (CCR7) expressed on the surface of tumor
cells can promote lymph node metastasis of tumor cells
(Mashino et al.,, 2002; Takeuchi et al., 2004). Zhang’s group
developed a therapeutic nanoplatform to induce the migration
of immune cells to tumor lesions and trigger antitumor immune
response (Lee et al., 2013). They used UCNPs (NaYF4:Yb,Er)
as carriers and coated mesoporous silica shell on the surface.
Meanwhile, UCNPs@mesoporous silica loads chemokine CCL21.
To improve the targeting of UCNPs@mesoporous silica to
tumor cells, folic acid (FA) was modified on the surface
of the core-shell structure. They developed an in vitro
endothelial-tumor cell bilayer model and demonstrated that
CCL21-FA-UCNPs@mesoporous silica could selectively target
folate receptor (FR)-expressing OVCAR-3 cells. In addition, it
was confirmed CCL21-FA-UCNPs@mesoporous silica effectively
induced T cell migration to tumor cell sites using the Transwell
system. On this basis, Zhang’s group used microfluidic system
to further study the effect of CCL21-FA-UCNPs@mesoporous
silica in simulating 3D tumor tissue (Wimalachandra et al.,
2019). In vitro imaging CCL21-FA-UCNPs@mesoporous silica
can be selectively absorbed by FR expressed OVCAR-3 cells.
Accumulating in the tumor, CCL21-FA-UCNPs@mesoporous
silica induced the migration of CCR7" DCs and Jurkat T cells.
This work proved that it is feasible for UCNPs loaded with
chemokines to regulate T cell migration.

In addition to the common BRMs such as cytokines,
there are also some chemically synthesized molecules with
drug properties, which can also be classified as BRMs
because of their potential immunomodulatory functions. Tumor-
associated macrophages (TAMs) play an important role in

tumor recurrence, invasion, angiogenesis, and metastasis (Quail
and Joyce, 2013; Georgoudaki et al., 2016). Tumor-associated
macrophages are mainly classified into antitumor and immune-
enhancing M1 type macrophages and M2 type macrophages
which inhibit immune response, promote angiogenesis, tissue
repair, and promote tumor growth (Mosser, 2003). The two
phenotypes of TAMs, M1 and M2, will undergo a transition,
and their M2 type can be reversely polarized into M1 type
TAM, thus triggering the body to produce a specific antitumor
immune response, the polarization process is reversible and
adjustable (Gordon and Martinez, 2010). The addition of BRMs
can affect the polarization process and regulate the immune
process. Ai et al. constructed a therapeutic nanoplatform to
alleviate tumor hypoxia and synergistically reprogram TAMs
population (Ai et al, 2018). They first synthesized UCNPs
[NaYF4:Yb/Tm/Nd (30/0.5/1%)@NaYF4:Nd (20%)], and then
prepared UCNs-MnO,-Ce6-HA (PUN) nanoparticles using
manganese dioxide (MnO;), PS Ce6 and hyaluronic acid (HA)
for surface functionalization. Under the acidic TME, MnO; can
react with endogenous H,O; to produce sufficient oxygen, which
is conducive to alleviating the hypoxic state of tumors. As shown
in Figure 12A, HA can reverse TAM-polarized tumor-promoting
M2 phenotype to antitumor M1 phenotype after PDT treatment,
which could stimulate tumor-specific immune response and
effectively inhibit tumor recurrence, shows the performance of
immune regulation (Tran et al, 2015). After PDT treatment,
the tumor cells continued to be cultured with PUN, and their
cell activity was significantly reduced. This work has reference
significance for improving the efficiency of PDT treatment and
solving the problem of tumor recurrence after PDT treatment.
On the other hand, TAMs have been reported to make
tumors resistant to radiotherapy with a poor prognosis
(Barker et al, 2015). After radiotherapy, increased TAMs
and secreted growth factors can enhance tumor cell
proliferation, invasion, and metastasis (Tsai et al, 2007).
The results have shown that nanodrugs can repolarization
TAMs and reverse polarize protumor M2-type TAMs
into antitumor Ml-type TAMs (Rodell et al, 2018). Qin
et al. constructed a Bi doped mesoporous upconversion
nanophosphor (Nag2Bipg0035F1.91:20%Yb,2%Er), which were
simultaneously loaded with DOX, a chemotherapy drug, and
combined with radiotherapy for the treatment of tumors
(Figure 12B) (Qin et al., 2020). Co-doping of bismuth ions
(Bi ions) in UCNP can enhance UCL, thus Bi-doped UCNP
can be used for in vivo computed tomography/positron
emission  tomography/upconversion  fluorescence  three-
mode imaging and radiosensitizer (Lei et al, 2017; Li
et al., 2019b; Liu et al, 2019). The radiosensitizer UCNP
is combined with chemotherapy drug DOX to enhance the
radiation effect, induce tumor ICD, and make protumor
M2-type macrophages polarized to antitumor MI-type
macrophages. In addition, after UCNP-DOX and X-ray
treatment, tumor tissue CD4/CD8 markers showed a large
number of CD8 positive T killer cells by immunofluorescence,
again confirming the activation of immune effects. The
combination of UCNP-DOX and X-ray with three modes of
imaging and three treatment methods showed a strong tumor
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(B) Mesoporous Bi-Containing radiosensitizer loading with DOX to repolarize tumor-associated macrophages and elicit immunogenic tumor cell death to inhibit tumor
progression. Copyright 2020, American Chemical Society (Qin et al., 2020).

inhibition effect. This work promotes the transformaton ~CONCLUTION AND OUTLOOK
of radiotherapy from local tumor treatment to systemic

treatment, and lays the foundation for the ultimate inhibition of =~ Taken together, we summarized the application of UCNPs-based
tumor metastasis. tumor photoimmunotherapy. It has been demonstrated that
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UNCPs-based PDT can induce ICD, promote dendritic
cells maturation, and activate tumor specific immune
response. Especially, the combination of UNCPs with
various immunity strategies can overcome the limitations
of single therapy, which can not only eliminate the primary
tumor, but also inhibit the growth of metastatic or recurrent
distal tumor.

UCNPs combined with immunotherapy has improved the
therapeutic effect of tumor, but it still has challenges and room
for growth as detailed below.

First, optimizing energy utilization rate of UCNPs can not
only reduce the toxicity from dosage, but also improve the
therapeutic effect of nanoparticles. UCNPs are usually combined
with PS to produce ROS (He et al., 2017; Shi et al.,, 2020).
However, most PSs can only absorb single emission light by
UCNPs with low energy utilization rate. When two PSs excited
by different wavelengths were modified to UCNPs, not only the
energy utilization rate would be improved, but also more ROS
could be produced to enhance the therapeutic effect of tumor. On
the other hand, it is also considerable to improve the quantum
efficiency of UCNPs by improving the symmetry of crystal field,
laser annealing, and doping concentration and surface interface
to gain higher energy utilization rate (Tan et al., 2011; Chung
etal., 2012).

Second, the most immune checkpoint inhibitors were
administered intravenously at a later stage, which act on immune
cells universally rather than specific tumor antigens with the
risks of inducing side effects (Shao et al., 2020). Linking UCNPs
with immune checkpoint inhibitors together in a nanoplatform
to release immune checkpoint inhibitors to tumor site through
the enhanced permeability and retention (EPR) effect would
be a promising strategy to improve the therapeutic efficacy
of immunotherapy and reduce immune-related side effects
(Li et al., 2019a).

Third, at present, there is no systematic biosafety evaluation
on the dispersion, excretion, toxicity, stability, surface loading,
and dosage of UCNPs in vivo and in vitro. In particular,
there are few reports on the distribution sites of UCNPs
in cells. The potential distribution sites of UCNPs include
plasma membrane, lysosome, and cytoplasm, but few in
nucleus, endoplasmic reticulum, or mitochondria. On the
other hand, the endocytosis of UCNP is complex, involving
many factors, such as electrical properties, ligands, culture
conditions, and so on (Jin et al, 2011; Zhou et al, 2012).
Targeting technology can change the biodistribution sites in vivo,
especially the cumulative proportion in tumors (Xiong et al.,
2009; Yao et al., 2020). The distribution site and UCNPs need
further investigation.

Forth, for the distribution of UCNPs in vivo after intravenous
injection, except for some ultra-small nanoparticles, regardless of
the size and surface ligands of UCNPs, the final deposition sites
are mainly liver and spleen. The distribution of these organs is
related to the injection dose ratio and the size, shape, surface
ligands, and time after injection of UCNPs. Recognition and

clearance of nanomaterials by cells in the liver, spleen, and
reticuloendothelial system may reduce the drug concentration in
tumor sites, and shorter blood circulation is also a challenge to
be overcome. At present, ligands such as PEG have been widely
used to prolong blood circulation (Moghimi et al., 2001). On the
other hand, arterial injection, as a method that has been studied
for a long time in clinical medicine, provides an opportunity to
improve the treatment efficiency of UCNPs by improving UCNPs
uptake of tumor.

Fifth, size of nanoparticles has a great influence on its
excretion efficiency and toxicity (Cheng et al., 2011). In general,
smaller sizes can reduce the in vivo elimination time of UCNPs
through renal excretion. However, the ultra-small size (such as
<5nm) UCNPs have poor UCL signal due to lattice defects.
However, large UCNPs cannot be eliminated by kidney, and
the elimination way is mainly through biliary tract, but this
way needs more time and has hepatotoxicity. Considering the
complexity of UCNPs scavenging process, in addition to the
development of UCNPs with both luminous efficiency and
scavenging efficiency, more studies on the excretion time of
UCNPs may be needed.

Finally, the researches of tumor therapeutic nanoplatforms
have sprung up in an endless stream. Most of the current
tumor researches are based on mouse model, which still
have some differences with human tumor. Some nanodrugs
have obvious effect in mouse model, but not in human
body. In addition, immunotherapy has shown excellent
inhibitory effect on metastatic and recurrent tumors, however,
further study is needed about controlling the dosage of
immunostimulants. Excessive immune reaction can cause severe
damage to the immune system of the patient and even the
normal tissues.

The occurrence of tumor is not overnight. And the factors
involved are complex and diverse. Similarly, the treatment
of cancer cannot be achieved overnight, we need to step
out of the dilemma and achieve greater breakthrough. The
limitation of single therapy cannot meet our demand for
cancer treatment, and the combination therapy is a general
trend in the further. How to build a simple and functional
treatment nanoplatform needs more enthusiasm and effort
of researchers.
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Since Ashkin’s pioneering work, optical tweezers have become an essential tool to
immobilize and manipulate microscale and nanoscale objects. The use of optical
tweezers is key for a variety of applications, including single-molecule spectroscopy,
colloidal dynamics, tailored particle assembly, protein isolation, high-resolution surface
studies, controlled investigation of biological processes, and surface-enhanced
spectroscopy. In recent years, optical trapping of individual sub-100-nm objects has got
the attention of the scientific community. In particular, the three-dimensional manipulation
of single lanthanide-doped luminescent nanoparticles is of great interest due to the
sensitivity of their luminescent properties to environmental conditions. Nevertheless, it
is really challenging to trap and manipulate single lanthanide-doped nanoparticles due
to the weak optical forces achieved with conventional optical trapping strategies. This
limitation is caused, firstly, by the diffraction limit in the focusing of the trapping light and,
secondly, by the Brownian motion of the trapped object. In this work, we summarize
recent experimental approaches to increase the optical forces in the manipulation of
lanthanide-doped nanoparticles, focusing our attention on their surface modification and
providing a critical review of the state of the art and future prospects.

Keywords: nanoparticle, lanthanide, rare-earth, optical trapping, optical force

INTRODUCTION

Optical trapping (OT) of nanoparticles (NPs) by the forces exerted by a tightly focused laser
beam has allowed innumerable advances in the study of single molecules and cells and the
characterization of photonic nanomaterials. OT stands out for its ability to isolate and manipulate
NPs for their study in a contactless and non-invasive way, and it has enabled the development
of different techniques, such as photonic force microscopy, the optical manipulation for assembly
or actuation in nanostructures, and diverse types of local contactless sensing (Marago et al., 2013;
Rodriguez-Sevilla et al., 2017a; Bradac, 2018; Bunea and Gliickstad, 2019). For the application of
optical tweezers in biological science, Arthur Ashkin, the inventor of the technique, was awarded
with the Nobel Prize in Physics in 2018.

The most commonly optically trapped inorganic particles are silica and polystyrene beads. They
are usually tracked to infer properties of the environment or employed as handlers for non-direct
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manipulation of, for example, biological molecules. However,
their detection can become challenging if their size is reduced
below the resolution limit of the optical setup. In contrast,
OT of luminescent particles has the advantage of enabling
their detection by their luminescence even if they are smaller
than the resolution limit of the imaging system. Moreover,
they have a great potential for sensing as most of them
show environment-sensitive luminescence. Several types of
luminescent particles have been already optically trapped:
quantum dots (Jauffred et al., 2008; Jensen et al, 2016),
nanodiamonds (Geiselmann et al., 2013; Neukirch et al., 2013,
2015), semiconductor nanowires (Reece et al., 2009; Wang et al.,
2011a), niobate nanowires (Nakayama et al., 2007; Dutto et al.,
2011), and lanthanide-doped nanoparticles (NPs:Ln) (Haro-
Gonzalez et al, 2013; Rodriguez-Sevilla et al,, 2015, 2016a;
Kang et al., 2019). NPs:Ln stand out due to their photostability,
long luminescence decay time, narrow and multiple emission
bands, and tailorable luminescence characteristics. Within the
NPs:Ln library, upconverting nanoparticles (UCNPs) are the
most frequently optically trapped particles because they show
low biotoxicity and present biocompatible excitation routes.
They can absorb light of low energy and emit photons of
higher energy through a non-linear process, e.g., emitting visible
light after the successive absorption of two or more infrared
photons (Labrador-Péez et al., 2018; Zheng et al., 2019). Thus,
the combination of infrared biocompatible laser wavelengths
with visible luminescence facilitates the detection and tracking
of the trapped particle, making them great candidates for bio-
applications as contactless local probes.

Multiple applications of NPs:Ln have been explored. Their
temperature-sensitive luminescence can be used for local non-
invasive temperature sensing of cells (Rodriguez-Sevilla et al.,
2016; Drobczynski et al., 2017). Moreover, their polarized
emission allows the measurement of the viscosity of the
cytoplasm and the detection of single cells (Rodriguez-Sevilla
etal., 2016b; Ortiz-Rivero et al., 2019). Other applications include
the measurement of the size of bacteria and the labeling of RNA
and cancer biomarkers for their quantification in bioassays (Li
etal., 2017, 2018; Xin et al., 2017).

For all the aforementioned outstanding characteristics and
the multitude of applications as remote contactless biosensors,
the use of NPs:Ln for OT has been growing in the last decade.
For these reasons, we have chosen to focus our attention on
the OT of NPs:Ln and the challenges that the community is
currently facing. In the next sections, we will firstly introduce
the fundamentals of OT and its limitations for single NP:Ln
manipulation. Then, we will discuss how these can be overcome,
and we will envision future fields of application of OT of NPs:Ln.

OPTICAL TRAPPING: FUNDAMENTALS

Optical manipulation is based on the optical forces that a
tightly focused laser beam can exert on a particle thanks to the
interaction between the electromagnetic field of the light and
matter. The magnitude of these optical forces depends on the
properties of the light (power, polarization, and beam shape), but

predominantly on the characteristics of the particle (size, shape,
and polarizability) (Ashkin et al., 1986; Rohrbach and Stelzer,
2001; Bendix et al., 2014).

From a simplified point of view, the optical force exerted on
a particle could be visualized as the combination of the gradient
and scattering forces. The gradient force acts as a restoring force
that attracts the particle toward the maximum intensity of the
laser beam, while the scattering force points in the same direction
as the beam propagates and destabilizes the trap, pushing the
particle away from the stable position. These forces should be
balanced for achieving stable trapping conditions.

In the case of particles much smaller than the wavelength
of the trapping light (Rayleigh regime), the scattering force can
be neglected and the dynamics of the trapped particle can be
described, taking into account only the action of the gradient
force (Spesyvtseva and Dholakia, 2016). This is only completely
true for nanoparticles with diameters smaller than some tens
of nanometers. Bigger nanoparticles are still pushed by the
optical scattering force, although its effect is usually neglected for
simplification, as NP stable trapping can only be achieved when
the gradient force overcomes the scattering force. The gradient
force acting on the NP can be expressed as

1
Fgrad = EQNPV<ETRAP2>s (1)

where Ergap is the electric field of the trapping light and anp is
the polarizability of the particle

ENP — €m
ENP + 2&m

2)

anp = 4meoVNp

which depends on the volume of the particle (Vp), and the
electric permittivity of vacuum (&), the surrounding medium
(¢m), and the nanoparticle (enp). Thus, in this situation, the
optical force decreases as the volume of the particle does. This
is the main limitation in OT of NPs.

For biological applications, NPs are manipulated in liquid
media. Thus, the trapped particle is subjected to the temperature-
dependent Brownian fluctuations which destabilize it and make
it oscillate around the equilibrium position. If the optical force
is not large enough to compensate this motion (ie., if the
optical potential does not exceed at least 10 times the thermal
energy kgT, where kp is the Boltzmann constant and T, the
temperature), the particle will escape the optical trap, making its
manipulation impossible.

For this reason, optical forces should be enhanced enabling
the manipulation of NPs in liquid media. From expression (1),
the magnitude of the optical force depends on the power of the
trapping beam (i.e., Foraa & Errap?). However, increasing the
trapping power in favor of higher optical forces would present
side effects related to the absorption of the trapping radiation
by either the particle or the medium. This could lead to a
deterioration of the sample, but more importantly, it can cause
an increase in temperature that would enhance the Brownian
fluctuations (Peterman et al., 2003; Rodriguez-Sevilla et al,
2017b). Therefore, this solution is usually ruled out.
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Other properties of the beam can also be tailored for the
enhancement of the optical force. Expression (1) shows that
the force depends on the gradient of the intensity of the beam
(i.e., Foraa V(Errap?)). For this reason, far-field optical
manipulation of small particles makes use of high numerical
aperture objective lenses to focus the laser beam to a small
spot comparable to the particle size (Bartlett and Henderson,
2002; Rohrbach, 2005). However, the diffraction limit (~ ﬁ)
restricts the smallest spot that can be generated for a given
trapping wavelength (A) and numerical aperture (NA). For this
reason, novel trapping strategies have been developed for OT of
entities much smaller than the trapping wavelength (see section
Optical Force Increase Based on the Reduction of the Optical
Trap Volume).

The properties of the particle can also be tailored to
enhance the optical force. The polarizability of the particle
depends on the material of which it is made but also on
the molecules that surround it (see section Optical Force
Increase Based on Surface Modifications). In addition, it depends
on the nanoparticle morphology. Anisotropic nanoparticles
may show a certain degree of polarization. Their effective
induced polarization is non-isotropic, which produced an
optical torque to align the electric field with the particle
polarization. Thus, the stable orientation inside the optical trap
is strongly dependent on the incident electric field and the NP
geometrical axis.

The trapped particle can add new functionalities to the optical
manipulation tool, since it not only is useful to control its
position and motion but also can be used as a force transducer.
For this purpose, the optical trap should be calibrated. This
can be done by different techniques that are based on the
analysis of the motion of the trapped particle (Sarshar et al.,
2014). These dynamics can be detected imaging the particle
(video-tracking) or from the intensity fluctuation produced
in the laser beam when it is scattered by the particle (Bui
et al, 2018). The luminescence of NPs:Ln is advantageous
since particles much smaller than the diffraction limit can
be detected. However, the emission should be intense enough
for a good signal-to-noise ratio. This is hard to achieve for
very small particles due to their weak emission and the short
acquisition times (high frame rates) required to effectively
detect the particle dynamics. Although techniques have been
developed for the use of limited frame rate (Wong and Halvorsen,
2006), NPs:Ln facilitate the use of this method thanks to
their outstanding resistance to photobleaching that permit, for
example, to track the particle for long periods of time. Single
NP:Ln luminescence has been reported by different groups
that managed to achieve the emission spectra of individual
trapped nanoparticles based on drop-casting a diluted suspension
(Schietinger et al., 2010; Gargas et al., 2014). However, for
most bio-applications, the interest falls on assessing single NP
emission in a colloidal suspension (Haro-Gonzalez et al., 2013;
Rodriguez-Sevilla et al., 2015). The luminescence of single
NP:Ln in solution has been spectroscopically characterized,
which enabled the comparisons of the performance between
different particles, and to study inter-particle interactions
(Roder et al., 2015; Zhou et al., 2020).

OPTICAL TRAPPING OF
LANTHANIDE-DOPED NANOPARTICLES

As explained in section Optical Trapping: Fundamentals, it is
challenging to manipulate NPs with conventional OT strategies
as the optical forces decrease with the particle volume. In
this section, we describe different strategies used to increase
the magnitude of the optical forces, which either modify the
particle surface (section Optical Force Increase Based on Surface
Modifications) or reduce the optical trap volume (section Optical
Force Increase Based on the Reduction of the Optical Trap
Volume). Table 1 summarizes the most relevant NPs:Ln used to
date, as well as the maximum optical forces achieved.

Optical Force Increase Based on Surface

Modifications

OT of NPs:Ln is challenging because they are dielectric particles
with low polarizability (enp) and the trapping force scale with
anp. Expression (2) shows that ayp depends on the dielectric
constants of the NP and that of the environment, so that anp
optimization can be achieved by modifying the NP material
and/or the surrounding medium. A large number of methods
for surface modification of NPs have been reported (Wang et al.,
2011b; Hirsch, 2020), which enhance the NPs:Ln luminescence
(i.e., easing the tracking) and their colloidal stability, while
providing the possibility of subsequent bioconjugation. However,
despite its interest, the optimization of the optical forces acting
on single NP:Ln through its surface modification is a route
that has not been thoroughly explored. Some synthesis/surface
modification strategies are included in Table 1.

Colloidal NPs present a superficial charge which interacts
with the solvent’s ions. These changes distribute around the
particle forming an electric double layer characterized by the
zeta potential, as depicted in Figures 1A,B, which influences
anp. The NPs may have a surface coating to improve their
colloidal properties and zeta potential. For the optimization of
anp, Rodriguez-Rodriguez et al. (2015) studied the influence
of the surface coating of 8-nm SrF;:Er,Yb NPs:Ln on the
trapping efficiency. They increased anp by replacing the cationic
species on the NP surface by more mobile ones in solution.
This modification led to an almost 50-fold enhancement in
the trapping efficiency, showing that the contribution of the
surface coating to the net polarizability dominates over that
of the NP:Ln core material. This study was continued by
Rodriguez-Sevilla et al. (2018), determining the optical forces
acting on NaYF4:Er,Yb NPs:Ln of different sizes (ranging from
5 to 100 nm). They experimentally demonstrated that the optical
forces (parameterized by the trapping factor Q) acting on a
NP:Ln depend on the electrostatic properties (zeta potential)
of the interface between the NP and the surrounding medium
more strongly than on their volume (see expression 2 and
Figure 1C). Alternatively, selecting the right medium (the solvent
molecules) can be essential to optimizing the zeta potential
value. Likewise, the temperature of the medium, which affects
its permittivity (Catenaccio et al., 2003) and conductivity (Cao
et al,, 2019) and indirectly anp, can lead to the enhancement
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TABLE 1 | Classification of the most relevant techniques used on NPs:Ln to enhance their optical force.

References Nanoparticle Size (nm) Synthesis method Max. trap efficiency Strategy used
(PN pm=" W)

Synthesis/surface modification

Anbharasi et al. (2020) LiYF4:Yb,Er 238 Hydrothermal 0.0055 Calcination

Rodriguez-Rodriguez et al. (2015) SrF:Yb,Egr 8 Hydrothermal 0.33 Surface charge tailoring

and Rodriguez-Sevilla et al. (2015)

Kang et al. (2019) NaYF4:Yb, Er 370 Thermal decomposition 1 Hydrophobic
encapsulation and
ligand exchange

Rodriguez-Sevilla et al. (2018) NaYF,:Yb,Er 8-200 Thermal decomposition 25 Core—shell

Reduction of the optical trap volume

Mor et al. (2014) NaYF,:Yb,Er 230 Flame-fusion and PFM

hydrothermal

Schietinger et al. (2010) NaYF4:Yb,Er 30 Microwave-assisted AFM tip

Xin et al. (2017) KLusF7:YDb,Er 120 Hydrothermal 141 Fiber tip

Leménager et al. (2018) NaYF,:Gd,Yb,Er 600-2,000 Solvothermal 4 Dual fiber tweezers

Kumar et al. (2020) NaYF4:Eu 1:220 0, Solvothermal 6 Dual fiber tweezers

d:120
LiY. etal (2017) NaYF4:Yb,Tm @ 28 Hydrothermal 448 (trapped E-coli Fiber tip 4+

SiO2-NH,

covered with NPs) bio-microlens

They are divided depending on the strategy used: synthesis/surface modification of the nanoparticle or reduction of the optical trap volume. Where “I" and “d” refers to lenght and

diameter, respectively. PFM, photonic force microscopy.

of the optical forces, though the Brownian motion increase may
be detrimental.

Optical Force Increase Based on the
Reduction of the Optical Trap Volume

An alternative strategy to improve the optical forces acting on
single NP:Ln consists of the reduction of the optical trap size to
increase the electric field gradient [see expression (1)]. When the
dimensions of a bulk material are reduced, new properties appear
such as the ability to confine light into a region much smaller than
the wavelength (Koya et al., 2020). With that purpose, plasmonic
effects and optical resonances have been employed to enhance the
trapping forces and luminescence of NPs:Ln.

Optical nanotweezers are metallic or dielectric nanostructures
that can generate strong electromagnetic field gradients as they
can confine the light to a subwavelength region using lower laser
powers than conventional OT (Shoji and Tsuboi, 2014; Huang
and Yang, 2015). Their development was mainly motivated by the
aim to suppress the scattering forces for NP trapping (Min et al.,
2013).

Nanotweezers have been proven to allow the manipulation
and detection of single NP and small molecules, controlling
their motion in the nanoscale. Different plasmonic and dielectric
nanostructures have been developed for OT of luminescent NPs
(e.g., polystyrene fluorescent beads or quantum dots Yoo et al.,
2018; Xu and Crozier, 2019; Kotsifaki et al., 2020). Furthermore,
the luminescence of the trapped particle can be excited by
an additional beam or through an upconversion process using
the trapping beam. Although the manipulation of sub-30-nm
dielectric nanoparticles by plasmonic optical tweezers has been

demonstrated, the manipulation of NPs:Ln by this technique is
yet to be achieved (to our knowledge), which would bring the
outstanding capabilities of these particles to the nanoscale.

In a different strategy, several studies have developed
innovative optical tweezers based on optical fibers, which was
firstly demonstrated by Fuh et al. (1987) and Constable et al.
(1993). As an alternative to bulky high-numerical aperture
objective lenses, optical fibers can create a sub-diffraction spot
at their tip if it is judiciously modified, i.e., providing it with
a lenticular shape (Li et al., 2015; Li Y.-C. et al., 2016; Li Y.
et al,, 2017). This has the advantage of compactness and high
manipulation flexibility due to their reduced size. Moreover, it
also results in different trapping and luminescence recording
configurations. The focusing capabilities of the optical fiber
can be optimized by modifying the shape of its tip and, for
example, overcome the diffraction limit (Berthelot et al., 2014;
Asadollahbaik et al., 2020; Zhao et al., 2020). Direct trapping
of NPs:Ln has been achieved with a single fiber-coupled laser,
reducing drastically the size of the experimental setup. H.
Xin et al. used a tapered fiber tip capable of tightly focusing
the output light resulting in a high-intensity gradient. As
shown in Figure 1D, they employed this strategy to measure
the length of single bacterium by co-trapping in a row a
KLuyF7:Yb,Er NP:Ln of 120nm (with a trap stiffness of 14.1
pN/m W), a single E. coli bacterium, and then a second NP:Ln
(12.8 pN/mW). In comparison with other Yb, Er co-doped
NPs:Ln included in Table 1, their trapping stiffness was several
orders of magnitude larger, demonstrating the efficiency of
this approach.

Another approach to optimize OT of NPs is based on dual
fiber tweezers. Counter-propagating traps based on two opposite
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FIGURE 1 | Optical trapping of a NP:Ln in a solvent by different systems based on the reduction of the optical trap volume. (A) A ligand-free lanthanide-doped
dielectric NP (permittivity enp) in @ medium (permittivity em). (B) A dielectric NP:Ln coated with ligands (coating permittivity e¢). The electric double layer is indicated by
the circles. (C) Optical trapping strength, represented by the Q-factor, as a function of the zeta potential for different types of NP:Ln. Adapted with permission from
Rodriguez-Sevilla et al. (2018). Copyright 2018 American Chemical Society. (D) Bright-field (top) and dark-field (bottom) images of two NPs:Ln (I and Il) and an E. coli
bacterium trapped in a row by optical fiber tweezers. Adapted with permission from Xin et al. (2017). Copyright 2017 John Wiley and Sons. (E) Schematic of a dual
optical fiber tweezer system. (F) Schematic and microscopy image of a single fiber tip trap including the auxiliary fiber tip used for particle emission recording of a
single NP:Ln. OSA Open Access License for OSA-Formatted Journal Article PDFs (Leménager et al., 2018). (G) Tip of an optical fiber with an array of coupled
spherical microlenses that are able to trap nanoparticles. The fiber probe also records the detection signal. The sequential growth, in backscattering signal, as different
nanoparticles are trapped by the microlenses is shown in (H). Adapted with permission from Li Y. et al. (2016). Copyright 2016 American Chemical Society.

fibers have been proven to be able to stably trap NPs:Ln for the  of the fibers in a counter-propagating arrangement. This novel
study of their luminescence. Although the optical forces exerted  miniaturized optical setup can produce a variety of NA with a
on the NPs have not been reported, their magnitude is expected  large working distance and a reduced trapping spot, increasing
to be higher than for conventional OT. For example, Leménager  the trap stiffness by a factor of 35-50 (1762.87 pN/pm W). On
et al. (2018) recorded the anisotropic emission of trapped  the other hand, a microlens can also be realized by a colloidal
NaYF4:Er,Yb,Gd nanorods in three orthogonal directions using  particle such as a dielectric microcylinder or microsphere.
distinct methods: through the microscope objective, by coupling When it is optically trapped, the particle focuses the light
it into one of the trapping fiber tip, and by coupling it into a third ~ and a nanosized photonic jet is generated at its shadow-
fiber (see Figures 1E,F). In a similar way, Kumar et al. (2020)  side surface. Photonic nanojets can propagate over a distance
studied nanorods of NaYF4:Eu, measuring their 3D orientation  corresponding to several optical wavelengths without significant
by europium ion polarization-dependent luminescence. divergence, and their waist size is below the diffraction
The dual-beam configuration can be further improved by its  limit, depending on the microlens diameter, diffraction index,
combination with the modification of the fiber tip, adding a  and laser wavelength (Chen et al, 2004; Neves, 2015).
micro-lens. The main advantage of using microscopic lenses over ~ In addition, the light backscattering and the nanoparticle
typically macroscopic ones is their considerably smaller focusing ~ luminescence can be enhanced and recorded, making fiber-
spot size and mobility inside the sample. This has been reported  coupled microspheres suitable for NPs:Ln optical manipulation.
to enhance the optical forces for nanosized polystyrene particles ~ Li et al. reported different types of cells as natural bio-
so it could also be used for NP:Ln. For instance, Asadollahbaik ~ microlens. Then, NPs:Ln were coupled to pathogenic bacteria,
et al. positioned 3D-printed diffractive Fresnel lenses at the tip ~ which then were subsequently trapped individually or in
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chains. The maximum trapping efliciency they obtained
was 448 pN pm~! W~! for an NP:Ln-covered E. coli
bacterium. More complex systems present a parallel photonic
nanojet array, produced by assembling and binding microlenses
on a single optical fiber tip, as depicted in Figures 1G,H
(LiY. et al, 2016; Schiffner et al., 2020).

FUTURE PERSPECTIVES AND
CONCLUSIONS

Lanthanide-doped nanoparticles present unique, environment-
sensitive,  selective, and  bio-compatible  spectroscopic
characteristics that stand out among other dielectric luminescent
nanoparticles. Hence, they are ideal for optical trapping, a
non-invasive and versatile tool used to manipulate small objects.
Their main drawback is their reduced size of nanoparticles,
which is below the diffraction limit of the optics system
and reduces the achievable optical forces. In this review,
we have analyzed the strategies that have been developed
or would be of potential use to overcome this limitation,
i.e., the modification of the lanthanide-doped nanoparticle’s
characteristics and the optimization of the optical tweezer setup.
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With the developing need for Iluminous materials with better performance,
lanthanide-doped nanocrystals have been widely studied for their unique luminescence
properties such as their narrow bandwidth emission, excellent chemical stability, and
photostability, adjustable emission color, high signal-to-background ratio, deeper tissue
penetration with less photo-damage, and low toxicity, etc., which triggered enthusiasm
for research on the broad applications of lanthanide-doped nanocrystals in bioimaging,
anti-counterfeiting, biosensing, and cancer diagnosis and treatment. Considerable
progress has been made in the past few decades, but low upconversion luminescence
efficiency has been a hindrance in achieving further progress. It is necessary to
summarize the recently relevant literature and find solutions to improve the efficiency.
The latest experimental and theoretical studies related to the deliberate design of
rare earth luminescent nanocrystals have, however, shown the development of metal
ion-doped approaches to enhance the luminescent intensity. Host lattice manipulation
can enhance the luminescence through increasing the asymmetry, which improves
the probability of electric dipole transition; and the energy transfer modulation offers
a reduced cross-relaxation pathway to improve the efficiency of the energy transfer.
Based on the mechanisms of host lattice manipulation and energy transfer modulation,
a wide range of enhancements at all wavelengths or even within a particular wavelength
have been accomplished with an enhancement of up to a hundred times. In this mini
review, we present the strategy of metal ion-doped lanthanide nanocrystals to cope with
the issue of enhancing luminescence, overview the advantages and tricky challenges in
boosting the luminescence, and provide a potential trend of future study in this field.

Keywords: metal ion doping, host lattice manipulation, energy transfer modulation, lanthanide doped
nanocrystals, enhanced luminescence

INTRODUCTION

Fluorescence imaging has attracted increasing attention for observing a vast number of
biological structures due to high sensitivity, superior subcellular resolution, and ultrafast
real-time imaging (Weissleder and Pittet, 2008). The frequent fluorescent probes that are
exploited in imaging include fluorescent proteins (Ben et al, 2006), metal complexes
(Zhao et al, 2010, 2011), organic fluorescent dyes (Terai and Nagano, 2008; Beija
et al, 2009; Yuan et al, 2013), and semiconductor quantum dots (Zhou J. et al,
2015; Xu et al., 2016; Hildebrandt et al., 2017). However, most of them are excited
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by ultraviolet or visible light, which leads to significant
background noise and low penetration depth (Fan and Zhang,
2019). Moreover, high-energy ultraviolet or visible light may
cause cell apoptosis or tissue damage.

Alternatively, lanthanide-doped nanocrystals (LDNCs) are
excited by near infrared (NIR) light, such as 980 or 808 nm,
offering lower scattering coefficients and autofluorescence, and
a higher penetration depth (Kobayashi et al., 2009; Yuan et al.,
2013). Besides the NIR light excitation, the LDNCs also have
several spectroscopic benefits: (1) a sharp emission band with a
full-width at half-maximum (FWHM) <10 nm and a long decay
lifetime (jus to ms) (Biinzli, 2010; Fan et al., 2018); (2) hundreds
of nanometers of anti-Stokes or Stokes shift (upconversion or
downshifting the luminescence process) (Su et al., 2017); and
(3) excellent photo and chemical stability (no photoblinking or
photobleaching) (Su et al., 2017). Although LDNCs possess such
excellent spectroscopic characteristics, the major drawback of
LDNC:s is their low quantum yield (QY) due to the low extinction
coefficient of lanthanide ions in the NIR region and energy lost
during multi non-radiative electronic transitions (Wang et al.,
2011). In recent years, researchers have been devoted to solving
this drawback, such as constructing core-shell structures (Chen
et al,, 2015; Zhuo et al,, 2017) and anchoring NIR dyes on the
surface of nanocrystals (Wu X. et al., 2016; Hazra et al., 2018).
Among countless methods for improving the QY (Zhang et al,,
2010; Yin et al.,, 2016), metal ion doping is the simplest since it
is carried out in fewer modulation steps (Niu et al., 2012; Ding
etal., 2015), and it only weakly changes the shape of the LDNCs.
Moreover, metal ion doping can integrate with other methods to
simultaneously improve the QY of LDNCs.

Here, we aim to provide a summary regarding the recent
progress in metal ion doping for improving the QY of LDNCs.
In this mini review, we first discuss the two mechanisms
of metal ion doping: host lattice manipulation and energy
transfer modulation. More cases outlining how to carry out
metal ion doping are also included. Finally, we discuss the
challenges and future applications of LDNCs with metal ion
doping. We also hope that this mini review can serve as a
guide for researchers who are involved in metal ion doping for
LDNC:s study.

MECHANISMS OF LUMINESCENCE
ENHANCEMENT BY DOPING METAL IONS

Host Lattice Manipulation

The optical characteristic of lanthanide NPs is derived from its
intrinsic trivalent lanthanide ions (Ln**), which are considered
the most stable state of lanthanides. Ln®T ions have the
configuration of [Xe]4f", n = 0-14, and the electronic transitions
in the 4f orbital are diverse, resulting in the emissions from these
electronic transitions being distributed within wide wavelengths
(Hatanaka and Yabushita, 2014). There are several decisive
factors for the energy levels of free Ln** ions in their 4f orbitals,
like the Coulombic interaction and the spin-orbit coupling
between f electrons (Han et al., 2014), which are rather sensitive
to minor changes of the host lattice.

':
“

- i
= S e
: v

@ Hostatom @ Small dopant 0 Large dopant

FIGURE 1 | The contraction (left) and expansion (right) of the host lattice after
adopting a small or large dopant. This figure was adopted from Han et al.
(2014).

As for metal ion doping, the lanthanide ions sites in the host
lattice are replaced, and the host lattice may be distorted and
its interplanar spacing will change due to the radius difference
between the metal ions and lanthanide ions. When using a
high metal ion concentration, the lattice gap will be filled with
metal ions (Dou and Zhang, 2011). Thus, the asymmetric host
lattice affects the environment of inner lanthanide ions, leading
to the increase of lanthanide luminescence. For example, the
probability of the electric dipole transition can be dramatically
increased by the asymmetric crystal field.

By disrupting the symmetric environment of the central ions,
the mixing of the opposite-parity configurations can break the
Laporte selection rule (Harris and Bertolucci, 1978), which was
applied to a centrosymmetric system where the electric dipole
transitions are barely allowed. Therefore, reasonably, with the
introduction of the asymmetric crystal field, the probability of
the electric dipole transition can be dramatically increased. Then
the luminescence intensity of the nanocrystal can be enhanced by
increasing the asymmetry around the lanthanides.

For doping metal ions with different radii, the host lattice
may undergo different changes. The host lattice will shrink
after doping metal ions with a small radius, whereas metal ions
with a large radius lead to the expansion of the host lattice
(Figure 1). The changing of the host lattice dramatically alters the
splitting of the crystal field and the coordination environment,
resulting in the increase of the probability of the electric
dipole transition, and then enhancing the luminescence intensity
(Han et al., 2014).

Energy Transfer Modulation
All fluorescence light usually follows the well-known Stokes’
law which illustrates that the energy level of the excitation
photons is higher than the emitted photons, whereas the
doping of lanthanides or transition metal ions can violate this
principle under a properly powered excitation, generating anti-
Stokes emission.

The anti-Stokes process is a multi-ions process. In principle,
the premise of energy transfer is that the absorption and emission
are not in the same center, and it can take place without
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charge transport. Moreover, energy transfer can be divided
into radiative, non-radiative, resonant, and phonon-assisted
energy transfer (Hatanaka and Yabushita, 2014). The energy
transfer process contains two steps, whose natural efficiencies
are <l. Therefore, finding a way to reduce the unwanted
cross-relaxation type of energy transfer and converting this
energy into a certain wavelength of emission improves the
luminescent intensity by energy transfer modulation. Higher
doping of activator ions could be a potential candidate that
can lead to the enhancement of luminescence, whereas the
quenching effect has been a hindrance in achieving this
goal. Therefore, owing to the macroscopic diffusion process,
the overall efficiency enhancement brought about by energy
transfer can only be obtained through spatial averaging
(Auzel, 2004).

The metal ion doping in the LDNCs can modulate the energy
transfer between the doped metal ions and other lanthanide ions
in the host lattice (Han et al., 2014). This modulation depends
on controlling the re-distribution of all ions in the host lattice
(Auzel, 2004). Specifically, the distance between activators and
sensitizers in the host lattice is changed by doping metal ions,
neither too long nor too short, which is crucial for boosting the
luminescence intensity. For example, the increase of doping ions
can facilitate the harmful cross-relaxation between dopants due
to their proximity (Qin et al, 2019). For another method of
manipulating the ion distribution reported by Qin et al. (2014),
they indicate that, in a particular host lattice, the lanthanide ions
tend to segregate in the form of chains or clusters upon host
cation substitution. As a result, the five-photon upconversion
(Wang et al.,, 2014) and single band emission (Wu M. et al.,, 2016)
can be achieved.

Moreover, the re-distribution of activators decreases the
probability of cross-relaxation, and a photon energy depletion
pathway arises from activators or between an activator and
a defect in the host lattice. Thus, the lower cross-relaxation
probability allows us to use a higher activator concentration so
that the luminescence intensity enhances, which is also called
breaking the concentration quenching effect (Auzel, 2004). Most
importantly, the d-d electronic transition of metal ions may be
involved in the energy transfer between activators and sensitizers
in the host lattice, and it is an effective energy transfer pathway
(Han et al,, 2014). So, if the energy transfer pathway produced
by the doped transition metal ions works out, the upconversion
luminescence of the LDNCs should be enhanced.

Unlike the normal f-f transition, the emission intensity of
the hypersensitive transition will change dramatically even if
its surrounding environment has a tiny change. By changing
the environment around the rare-earth ions, a hypersensitive
transition can be produced. The doping of different kinds of
metal ions should be an easy way to alter the environment around
the rare-earth ions. It is well-known that the upconversion
luminescence intensity of lanthanide ions is mainly dependent
on electronic transition probabilities (Hatanaka and Yabushita,
2014). Owing to their unique properties, increasing the
probability of hypersensitive transition will be beneficial in
increasing the luminescence intensity of LDNCs.

CASES OF METAL ION-DOPED
LANTHANIDE NANOCRYSTALS AND
THEIR BIOAPPLICATIONS

Li* lon Doping

The radius of metal ions has a significant impact on the
luminescent intensity of LDNCs through changing the symmetry
of its host lattice around the lanthanide ions (Figures 2A-D).
This impact was verified by doping ions, including Li*, Ca?"
(Zhao et al., 2020), and Bi** ions (Jiang et al., 2012; Niu et al.,
2012) into the host lattice. For example, the Lit ion owns
the smallest alkali ionic radius, around 0.73-1.06 A, enabling a
high doped concentration in the host lattice (Dou and Zhang,
2011). Chen et al. reported that 5% of Li*-doped Y,O3:Yb,Er
nanocrystals (NCs) (Chen et al., 2008) show 25 times and 8
times more luminescent intensity enhancements for the green
and red emissions, respectively, in comparison with Y,0O3:Yb,Er
NCs without Lit doping. The similar luminescence enhancement
was also found in Lit-doped ZrO, (Liu et al, 2011), and
NaGd(MoQy,), (Chen et al., 2020) host lattices. However, the
symmetry of the host lattice may undergo different changes
when using different synthesized temperatures. For example, at
1,073 K, the Er3t-Lit co-doped TiO, NCs showed an accelerated
phase transition from anatase to rutile when increasing the
Lit concentration, resulting in the decrease of luminescence
intensity. At 1,273 K, the phase structure of Er>T-Li* co-doped
TiO, NCs was unchanged no matter what the Li™ concentration
was, yet the crystal field symmetry decreased, resulting in
significantly enhanced emission intensities (Cao et al., 2010).

Besides, it was reported that the doping of Li™ can achieve the
enhancement of luminescent intensity at a particular wavelength
range. Yin et al. (2012) reported that GdF3:Er,Yb co-doped with
Lit*, with a color-tuned emission from yellow to red, showed a
slightly decreased green emission whereas the red emission had
a dramatic increase of up to 8-fold. And the red light displayed a
deep penetration depth, which was used for the in vivo imaging
(Figure 2E). This phenomenon can be attributed to the energy
back transfer process initiated by the doping of Li* ions.

As for host lattice materials, a fluoride-based host lattice
is an excellent candidate for co-doped Li* ions. In 2017, Hu
et al. (2017) reported 18 times and 7 times luminescence
enhancement of 478 and 804 nm emissions of NaLuF4:Yb,Tm
with a 7% LiT-doped concentration, respectively. Zhao C.
et al. (2013) developed 8 times luminescence enhancement of
the upconversion emission of 452nm in NaYF4:Yb,Tm NCs
with a LiT concentration of 7%. Furthermore, Ding et al.
(2015) studied different kinds of lanthanide ions co-doped
with Lit in an NaGdF, host lattice crystal, which all afford
large enhancement in lanthanide luminescence intensity. Dou
and Zhang (2011) have concluded the possible substitution
sites of Lit-doped and K*-doped ions in an NaYF; host
lattice, respectively, in which the substitution and the interstitial
occupation both exist, only related to the concentration of
the doping ion. As shown in Figures 2E,G, with an increase
in Li* concentration from 40 to 60%, the morphology of
nanocrystals changed from nanorods to nanospheres, and
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FIGURE 2 | The scheme shows the possible ways of doping alkali ions in the host lattice of NaYF,. (A) Substitution by a small atom. (B) Interstitial occupation by a
small atom. (C) Combination of substitution and interstitial occupation. (D) Substitution by a large atom. From Dou and Zhang (2011). (E) The digital image of an
anesthetized mouse under the irradiation of a 980 nm laser. The mouse was injected the GdFs:Er,Yb co-doped with Li* dispersion in the back muscle. (E) was
adopted from Yin et al. (2012). And (F,G) are TEM images of Na _xLixYF4:Er,Yb NCs. (F) x = 40 mol%, (G) x = 60 mol%. (F,G) were adopted from Dou and Zhang

the phase changed from a hexagonal to a cubic phase
as well.

What also needs to be considered is the doping efficiency.
Wang et al. studied the doping efficiency of Li* in the KSc,F7
host lattice, they indicated that Li* doping efficiency is highly
related to its initial concentration (Wang et al., 2017). In general,
the actual amount of Li* doped into the host lattice is much lower
than its initial concentration.

Fe®t ion Doping
Similar to Li*, Fe*™ doping can also alter the symmetry of
the host lattice in LDNCs. In an NaGdF, host lattice, the Fe3*
doping can meet the goal of boosting the luminescent intensity
through altering the asymmetry around the lanthanide ions, and
this enhancement is a general improvement for all emission
ranges around the luminescence center (Ramasamy et al., 2013).
Interestingly, the synthesis method of LDNCs influences the
crystal structure, and thus affects the symmetry of the host
lattice after doping Fe>*. For example, the hexagonal NaYFy
became tetragonal after increasing the Fe>™ concentration when
using a hydrothermal method (Tang et al, 2015). However,
the crystal structure of the NaGdF, host lattice is inert to the
thermal decomposition even using a high Fe** concentration
(Figures 3A,B) (Ramasamy et al., 2013). In addition, the doping
of Fe’* can tailor the crystal field environment of Er**, which
helps the hypersensitive transition, leading to the enhancement
of upconversion luminescence (Ramasamy et al., 2013).

Besides, the Yb®>"-Fe>* dimer was formed in the host lattice,
which can be applied to modulate the energy transfer between
activators and sensitizers, in particular modulating the energy

transfer for the red emission (Tang et al, 2015; Du et al,
2019). For the Fe3*-doped NaYF,:Yb,Er NCs (Figure 3C), the
existence of a Yb>*-Fe?* dimer can be deduced from the much
lower n value (n represents the number of phonons process)
of green/red emissions of the hydrothermal method-synthesized
LDNCs compared with the traditional two-phonon process. The
energy level of [*F7/5, *T1g > of the Yb**-Fe’* dimer receives
the photon energy from the energy level of 2Hy, /2 of Ert, and
the received photon energy can partially return to the energy
level of 4F7/2 and 483/2 of Ert. After the photon energy in
4F7/2 and 4S; /2 relaxes to the 4R, /2 level, the probability of the
electronic transition between 4F9/2 and *I;5 /2 of Er’t increases,
which contributes to increase the intensity of the red emission
of Er**. Meanwhile, the green/red emission of Fe’*-doped NCs
synthesized by the thermal decomposition method has been
confirmed as a two-phonon process (Ramasamy et al., 2013),
which has less correlation with the Fe>* concentration. However,
the Fe’*-doped NCs synthesized by the hydrothermal method
show the potential relationship between the concentration of
Fe*T and the phonon process, suggesting that the formation of
the Yb3*-Fe>* dimer might be related to the synthesis method
of the LDNCs. Furthermore, the Fe>*-doped NCs were used
in the upconversion luminescence (UCL) imaging of HeLa
cells (Figures 3D-F), which demonstrates a potential application
in bioimaging.

Mn2* ion Doping

It was discovered that the Mn?* ion can also modulate the energy
transfer between activators and sensitizers in the host lattice of
LDNCs (Wang J. et al., 2011). With the example of Mn2+—doped
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(F) The merging of (D,E). (D,E) were adopted from Ramasamy et al. (2013).

FIGURE 3 | TEM images of NaGdF,:Yb,Er,Fe NCs, (A) 0mol % Fe®* doping; (B) 30 mol% Fe®*. Adopted from Ramasamy et al. (2013) (C) lllustration of the
proposed energy transfer mechanism of Fe3t co-doped NaYF,:Yb,Er NCs and NaYF,:Yb,Er NCs without Fe®+ doped. The color arrow in the below indicates the
Fe®* content varied from O to 5-40 mol%. (C) was adopted from Tang et al. (2015); (D-F) NaGdF4:Yb,Er,Fe NCs were used for cellular luminescence imaging. (D)
The bright field image of Hela cells incubated with NaGdF4:Yb,Er,Fe NCs. (E) The confocal fluorescence image. The Hela cells were irradiated with a 980 nm laser.

NaYF4:Yb/Er NCs (Figures 4A,B), the single red emission can
be ascribed to the energy transfer from the 2H9/2 and 483/2
energy level of Er’t to the 4T, energy level of Mn?t, and then
the received photon energy in 4Ty transfers back to the *Fg /2
energy level of Er*T, which contributes to the red emission of the
NaYF4:Yb/Er NCs (4F9/2 — 4115/2) (Tian et al., 2012). The single
red emission phenomenon was also confirmed in the Mn?*-
doped NaYF, (Zeng et al,, 2014), NaGdF, (Li et al.,, 2015), and
NaLuFy (Zeng et al., 2014) host lattices.

Owing to the sensitivity of Mn?T to the ligand field (Zhou
et al., 2018), the energy level state of 4Ty is different in different
host lattices, such as NaGdF, or LiYF,. The higher energy level
of *T; of Mn?* in an LiYF4 host lattice matches the green
luminescence energy level of *S3/, of Er’™, and the lower energy
level of #T} of Mn2* matches better with the red emission energy
level of *Fg /2 of Er’t in the NaGdF, host lattice, and thus explains
that the ratio of green and red emission intensity is not a fixed
value (Zhou et al., 2018). Thus, the sensitivity of Mn?* endorses
the potential application of Mn?* in modulating the energy
transfer of different lanthanide ions. Moreover, Mn?* doping
can induce the phase transition of the NaYF, host lattice, from
hexagonal to cubic, when using the hydrothermal method. In
spite of the fact that the cubic NaYF, lattice was confirmed to
have a lower luminescence efficiency than the hexagonal one,
the asymmetry of the NaYF4 changed because the Y37 sites
were replaced by Mn?* ions with a smaller radius, then the
luminescence intensity increased. Fig. 4a shows the cubic phase of
NaYF4:Yb,Er doped with 30 mol% Mn?* ions. The red emission

has a higher signal-to-noise ratio and lower autofluorescence
than the green emission. Therefore, lanthanide NCs with a single
red emission are beneficial for in vivo small-animal imaging
(Figures 4C-E).

RARE EARTH IONS DOPING

Besides activators and sensitizers, doping other rare earth
ions into a host lattice is also an efficient way to boost the
luminescence intensity. For example, Sc** has been widely
studied because it has the smallest radius among all the rare earth
ions, meaning it can be easily doped into a host lattice. With
a similar host lattice manipulation mechanism, the symmetry
of an NaYF4 host lattice was broken when doping Sc**
into NaYF4:Er,Yb NCs; thus, the overall emission intensity of
NaYF4:Er,Yb NCs showed a 2-fold enhancement when doped
with 10% mol Sc** (Huang et al., 2010).

And other lanthanide ions, for example, activator ions with a
high doping concentration such as Er**, Tm**, and Ho*, have
been used to accept photon energy from sensitizer ions. However,
the high concentration activator ions lead to the concentration
quenching effect that is generated from cross-relaxation between
activator ions. Zhao J. et al. (2013) built a combined system
with micro-structured optical fiber (Figure 5A), which confines
the high-power laser into a micrometer-sized circle. They
demonstrated that a 70-fold enhanced luminescence intensity
was obtained with high concentration doping of 8% mol Tm>*.
This method solved the quenching effect using a high-power

Frontiers in Chemistry | www.frontiersin.org

n

December 2020 | Volume 8 | Article 610481


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Pei et al.

Metal-ion Doping for Enhanced Luminescence

Energy (-10°cm™) ——>

the LDNCs dispersion. (A-E) were adopted from Tian et al. (2012).

N
w
1

N
o
1

-
w
L

[y
o
n

wn
1

o
n

g o S 1! 25T
o 4 b N
I —— ]
‘_p_ s;n‘\ YN "
' : \ B e "
' —W
1
: 1 ‘F9/1 ? i : \\|‘
0 . ! i Ay |
¢ ) £ 4 L - \
1 4, | 2,
- S Lo T i f ,l K Fs
] T A P | ]
g ! Ay '!‘ [ i
‘i . i 13 980 nm
' : ' ' )
£ ' 1 P
' o, | : ' :

FIGURE 4 | (A) The TEM image (inset: HRTEM image) of NaYF4:Er,Yb NCs doped with 30 mol% Mn?* ions. (B) Schematic illustration of the mechanism of single red
emission of Mn®*-doped NaYF,: Yb/Er NCs. (C-E) Small animal imaging of Kunming mouse with irradiation of a 980 nm laser. The arrow indicates the injected site of

pump up to 2.5 10° W/cm?. The quenching effect is mainly
caused by the cross-relaxation of the 1G, to 3H, and 3Hg to
3H; transitions, which usually occur under low-power irradiation
(Figure 5B). For the high-power laser, the *Hy energy level is
more likely to be promoted to a higher level, which leads to
the absence of cross-relaxation and the enhanced upconversion
emission intensity as well. Other similar results were illustrated,
like the high doping level of Yb**, to enhance the luminescence
of a sub 10 nm matrix, and the authors claimed that the enhanced
upconversion emission intensity was endorsed by the energy
transfer from Yb**+ to Tm>** (Zhai et al., 2014).

In addition, the overlap between the energy levels of different
rare earth ions was studied. Cheng et al. (2018) demonstrated
an energy level overlap of Ert and Ho**, which lead
to enhanced upconversion luminescence. Figures 5C,D show
the TEM images of different concentrations of Ho>*-doped
NaYF4:Yb,Er. Because of the similar ion sizes of Er’T and
Ho®*, the host lattice manipulation should be excluded. Under
excitation at 1,532nm (the energy can only be absorbed by
Er’T), part of the energy is accumulated at the 2H, /2 and 4R, /2
energy levels of the over-doped Er’™ ion, then the energy could
be transferred to the °F4/°S, and °Fs energy levels of the co-
doped Ho>* ions. Then the emissions at 544/550 and 648 nm,
which are produced by Ho®*, overlapped with the emissions
of Er*t at 525/545 and 660 nm (Figures 5E,G). Therefore, the

enhanced upconversion emissions of Er** and Ho** co-doped
nanocrystals can be ascribed to the dual contribution from both
Ho’*t and Er** ions.

As for the downshifting luminescence of lanthanide ions, the
gadolinium-based host lattice has been widely studied due to
its optically active Gd** sublattices (Wang F. et al., 2007). The
energy transfer between Ce’* and Ln3* (Ln = Tb, Eu, Sm, or
Dy) can be quickly achieved by a Gd** sublattice over a long
distance. One of the benefits that the Gd*>* sublattice affords
is that migrating energy can be trapped at a rather low doping
concentration. Also, Gd** can act as an intermediary state to
solve electron transfer quenching like the energy transfer from
Ce** to Eu*t (Wang F. et al,, 2007). Ce*T can also promote the
energy transfer between activators and sensitizers. In 2019, Li
etal. (2019) reported an enhanced downshifting emission located
at ~1,525 nm by doping Ce** into NaLuF4:Gd/Yb/Er nanorods.
The ~1,525nm second near-infrared (NIR-II) emission was
produced from the electronic transition between the excited state
4113/2 to 4115/2 of Er¥t. However, the energy gap between the
ground state 2Fs /2 and the excited state 2F7/2 of Ce3t matches
well with the energy difference between the electronic transition
0f4111/2 — 4113/2 of Er¥T. The excited state 4111/2 of Er** could
suffer an efficient non-radiative phonon-assisted cross-relaxation
process, resulting in the significantly accumulated excited state
45 /2 of Er3*. Therefore, the electronic transition of *I;3 /2
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FIGURE 5 | (A) Schematic illustration of the integrated system with the micro-structured optical fiber with NaYF,:Yb/Tm nanoparticles and (B) the simplified
mechanism of the energy transfer between Yb3t and Tm3+ under 980 nm excitation, 1 and 2 represent two subsequent energy-transfer processes from Yb®+ to
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FIGURE 5 | Tm®* ions. From Zhang and Liu (2013). TEM images of (C) NaYF,:Er/Ho (10/0.2 mol%) NCs, (D) NaYF,:Er/Ho (10/1 mol%) NCs. (C,D) were adopted
from Cheng et al. (2018). (E) Schematic illustration of energy transfer in Ce®*-doped NaYbF,:Ce,Er NCs for boosting the ~1,525 nm emission. (C) were adopted from
Cao et al. (2020). (F,G) llustration of the scheme of the energy transfer process of Er*+ and Ho®* under the irradiation of 1,532 and 1,150 nm, respectively. From
Cheng et al. (2018). (H) Blood vessels imaging using NaYbF,:Er,Ce@NaYF4:Yb@NaYF,:Nd NCs. (I) NIR region luminescence collected from different time points
(10min, 4 h, 10h). The emission light was collected between the 1,490-1,580 nm regions, with the excitation of an 808 nm laser. (H,l) were adopted from Cao et al.
(2020).

TABLE 1 | The summary of doping different metal ions into suitable host lattices and their possible mechanism for enhanced luminescence.

Metal ions Host lattice Crystal phase Synthesized methods Possible mechanism
Lit ZrOo (Liu et al., 2011) Monoclinic phase Sol-gel process Host lattice manipulation
Tetragonal phase
BaTiOz (Sun et al., 2011) Cubic phase Sol-gel process
Y203 (Chen et al., 2008) Cubic phase -
NaYF,4 (Dou and Zhang, 2011; Zhao C. etal.,  Hexagonal phase High temperature thermal-decomposition method
2013)
NaGdF, (Ding et al., 2015) Hexagonal phase Co-precipitation method
NaLuF4 (Hu et al., 2017) Hexagonal phase Solvothermal method
TiO, (Cao et al., 2010) Anatase phase Sol-gel process
Rutile phase
GdFj3 (Yin et al., 2012) Orthorhombic phase Hydrothermal procedure
Fest NaBiF4 (Du et al., 2019) Hexagonal phase Chemical precipitation method Host lattice manipulation,
energy transfer modulation
NaGdF, (Ramasamy et al., 2013) Hexagonal phase High temperature thermal-decomposition method
NaYF, (Tang et al., 2015) Hexagonal phase Hydrothermal method
Cubic phase
Mn?+ NaYF4 (Tian et al., 2012; Zeng et al., 2014) Hexagonal phase Solvothermal method Host lattice manipulation,
Cubic phase energy transfer modulation
NaLuF4 (Zeng et al., 2014) Hexagonal phase Hydrothermal method
Cubic phase
NaGdF, (Li et al., 2015) Cubic phase Thermal decomposition
NaYbF, (Zeng et al., 2014) Hexagonal phase Hydrothermal method
Cubic phase
NaMnF3 (Zhang et al., 2012) Cubic phase High temperature thermal-decomposition method
KMnF3 (Ning et al., 2020) Cubic phase High temperature thermal-decomposition method
LiYF4 (Zhou et al., 2018) Tetragonal phase Thermal decomposition
Zn2t NaYbF4 (Zhong et al., 2019) Cubic phase High temperature thermal-decomposition method Host lattice manipulation
Ca?t+ NaYF, (Zhao et al., 2020) Cubic phase Co-precipitation method Host lattice manipulation
Hexagonal phase
Bid+ NaYF, (Niu et al., 2012) Cubic phase Facial microwave reflux method Host lattice manipulation
Hexagonal phase
Ce?t NaYF, (Lietal., 2019) Hexagonal phase Hydrothermal process Energy transfer modulation
NaYbF, (Zhong et al., 2017; Liet al., 2019; Cubic phase Thermolysis method
Cao et al., 2020)
NaLnFy4 (Li et al., 2019) Hexagonal phase Hydrothermal process
NaGdF, (Wang F. et al., 2007; Liet al., 2019)  Hexagonal phase Hydrothermal process
Eudt NaErF,4 (Shang et al., 2018) Hexagonal phase High-temperature co-precipitation method Energy transfer modulation
NaGd(MoQg). (Chen et al., 2020) Tetragonal phase Solid-state reaction method
To3+ NaYbF4 (Zhou B. et al., 2015) Hexagonal phase Co-precipitation method Energy transfer modulation
Ho®+ NaYF4 (Cheng et al., 2018) Hexagonal phase High-temperature co-precipitation method Energy transfer modulation
LiYF4 (Cheng et al., 2018) Hexagonal phase High-temperature co-precipitation method
Scit NaYF,4 (Huang et al., 2010) Hexagonal phase Hydrothermal method Energy transfer modulation
Tm3+ NaErF,4 (Chen et al., 2017; Shang et al., 2018;  Hexagonal phase High-temperature co-precipitation method Energy transfer modulation

Zhang et al., 2019)
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— 4115/2 of Er¥t is also promoted, which helps enhance the
~1,525nm emission intensity (Figure 5E). Cao et al. (2020)
reported a similar result when they synthesized a core-shell
structure of NCs, NaYbF4:Er,Ce@NaYF4:Yb@NaYF4:Nd. Under
808 nm excitation, the NaYbF4:Er,Ce@NaYF4:Yb@NaYF4:Nd
NCs showed a 10 times luminescence enhancement at 1525 nm
than the NCs without doping Ce>*. As the light in the NIR-II
window affords a superior signal to noise ratio and lower
autofluorescence than the light in the first NIR window,
the NIR-II emission gets increasing attention in deep tissue
imaging. In Figures 5H,I, the blood vessels can be clearly
observed by using the NaYbF4:Er,Ce@NaYF;:Yb@NaYF,:Nd
NCs, and the resolution can remain up to 0.25mm
even 10h after the injection. Therefore, these excellent
properties provide a potential application for LDNCs in the
bioimaging fields.

SUMMERY AND PERSPECTIVES

Through summarizing the recent studies on how to improve
the luminescence of LDNCs, breakthroughs have been made in
some aspects. In this review, we summarize the recently reported
methods on how to boost the upconversion and even downshift
luminescence by doping metal ions, and introduce the related
two mechanisms of doping in detail (Table 1).

Through the manipulation of the host lattice, the metal
ions play a significant role in increasing the asymmetry around
the lanthanides, therefore, leading to the increase of dipole
transition. And for the energy transfer modulation, metal ions
improve the overall energy transfer efficiency and decrease the
quenching effect by providing an effective pathway in the process
of energy transfer.

On the basis of improving emission intensity, some problems,
still have not been explained clearly. For example, when
introducing metal ions into the main lattice, especially for the
mechanism of energy transfer regulation, the influence of the host
lattice manipulation should not be ignored, which may disrupt
the accuracy of the results. To resolve this effect, it can only be
reduced by introducing metal ions with a small difference in the
ion radius between the doping and occupied ions. And for ions
like Fe**, the enhancement of luminescence is the result of the
combination of the two mechanisms. At the same time, how
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Persistent luminescence phosphors (PLPs) are largely used in biomedical areas owing
to their unique advantages in reducing the autofluorescence and light-scattering
interference from tissues. Moreover, PLPs with long-lived luminescence in the
near-infrared (NIR) region are able to be applied in deep-tissue biocimaging or therapy
due to the reduced light absorption of tissues in NIR region. Because of their abundant
election levels and energy transfer channels, lanthanides are widely doped in PLPs for
the generation of NIR persistent emissions. In addition, the crystal defects introduced
by lanthanides-doping can serves as charge traps in PLPs, which contributes to the
enhancement of persistent luminescence intensity and the increase of persistent time.
In this paper, the research progress in the synthesis and biomedical applications of
lanthanides-doped PLPs with NIR emissions are systematically summarized, which can
provide instructions for the design and applications of PLPs in the future.

Keywords: lanthanides, persistent luminescence, near-infrared, bioimaging, therapy

INTRODUCTION

Persistent luminescence phosphors (PLPs) are photoluminescent materials that will remain
luminescence after the excitation light is extinguished (Yang et al., 2016; Feng et al., 2018). It
is generally accepted that the crystal defects in PLPs can store photogenerated electrons and
holes during excitation. After the excitation light is closed, the electrons and holes in the defects
can escape from the defects under stimulation, and their recombination generates the persistent
luminescence phenomenon (Wang et al, 2018). The delayed luminescence in PLPs enables
researchers to completely avoid the interference of autofluorescence in biological samples, which
greatly improves the signal-to-noise ratio (SNR) of bioimaging (Rosticher et al., 2016; Gong et al.,
2017). In addition, PLPs with near-infrared (NIR) emissions provides the possibility for bioimaging
in deep tumor tissues. In 2007, Chermont et al. first applied PLPs to bioimaging, and they realized
long-term in-vivo imaging for more than 1 h by using the delayed luminescence of PLPs (Chermont
et al., 2007). Nowadays, persistent luminescence materials are widely studied in biomedical fields,
including biosensing, bioimaging, and tumor therapy.

Generally, PLPs consist of host materials and the doped ions (Hu et al,, 2018). The host
materials usually display broad emission peaks at 350-600 nm, so their applications in bioimaging
and so on are limited. Doping is an effective way to generate narrow band emission at different
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wavelengths in PLPs (Hai et al, 2020). Lanthanides have a
lot of electron energy levels and long-lived excitation states,
which can generate a variety of radiation absorption and
emission (Zhao L. et al, 2019). Lanthanides-doping is often
used to generate the desired visible or NIR emissions in PLPs.
Moreover, the doped lanthanides can participate in the charge
trapping and detrapping processes. These doped lanthanides
may enhance the persistent luminescence intensity and prolong
the persistent time (Zhang et al., 2019). In 1996, Matsuzawa
et al. reported the milestone SrAl,O4:Eu®t, Dy** PLPs with
bright and durable persistent luminescence (Matsuzawa et al.,
1996). In SrAl,O4:Eu?t, Dy**, the Eu?' is the emission
center, and Dy>" participates in the charge trapping/detrapping
processes. Inspired by Matsuzawas work, many different
lanthanides-doped PLPs have been synthesized, whose
applications in biomedical areas have also been investigated
(Zhang et al., 2015).

Recently, there are several good reviews on PLPs (Singh,
2014; Liang et al,, 2019; Lin et al., 2020). In these reviews,
the luminescence mechanisms, the different kinds of PLPs, the
controlled synthesis of persistent luminescence materials, and
the design of persistent luminescence nanoprobes for biomedical
applications have been systematically reviewed (Lin et al., 2019;
Ma et al., 2019). Whereas, the design of lanthanides-doped PLPs
with NIR emissions and their biomedical applications have not
been overviewed. In this review, the development of lanthanides-
doped PLPs in recent years is systematically introduced from two
aspects: synthesis and biomedical application. This paper mainly
reviews the controlled synthesis of lanthanides-doped PLPs with
emissions in the NIR region, and the applications of PLPs in
biosensing, bioimaging, drug delivery, and phototherapy, which
may provide instructions for the future studies on lanthanides-
doped PLPs.

SYNTHESIS OF LANTHANIDES-DOPED
PLPs WITH NIR EMISSIONS

Fluorescence imaging in the NIR window (650-1,700 nm) has
been widely used in the field of biotechnology, such as bioimaging
and targeted disease therapy (Gong et al., 2019). Generally, NIR
biological window can be divided into NIR-I (650-1,000 nm)
region and NIR-II (1,000-1,700 nm) region according to the
wavelength (Liu Y. et al, 2019). Some PLPs whose emission
located in the NIR biological window will have deep tissue
penetration depth in bioimaging (Zhao H. et al., 2019). Due
to having various electron energy levels, lanthanides are highly
efficient in producing emissions in the NIR region. This section
will introduce the methods for the design and synthesis of
lanthanides-doped PLPs with NIR emissions.

Lanthanides-Doped PLPs With Emissions
in NIR-1 Region

In the process of NIR luminescence, the doped ions can be
used as the luminescence centers to generate corresponding
emissions (Zhang et al., 2018). Lanthanides atoms have abundant
electron energy levels, long-lived excited states, and more

than 200,000 transition channels, which can produce various
radiation absorption and emission. Therefore, lanthanides-
doping is widely used in the design of NIR luminescence
materials, including PLPs. Li et al. prepared lanthanides-doped
SrZrO3:Yb>*t PLPs by high-temperature solid-state reaction
(HTSSR) (Li Z. et al., 2018). This phosphor could produce
stable luminescence at around 986nm under UV excitation.
Calculations showed that the luminescence at 986nm was
originated from the doped Yb3t:2F, /5-2F2 /7. The NIR persistent
luminescence at 986nm was also detected in SrZrOs:Yb*,
and the electrons stored in oxygen vacancies was proved to
generate the persistent luminescence. Additionally, they showed
the persistent luminescence intensity in SrZrO3:Yb>* was related
to the concentration of the doped Yb*>". The NIR persistent
luminescence intensity increased with raising the concentration
of Yb**, whereas a high concentration of Yb>* resulted in
quench of the NIR luminescence. The optimal concentration of
the doped Yb>T in SrZrO;:Yb’T was determined to be 2.5%.
This work showed the good promise of lanthanides in the
generation of NIR persistent luminescence by serving as the
luminescence centers.

In addition to being luminescence centers, lanthanides can
also serve as defects to regulate the energy storage and transfer
process. Li et al. directly synthesized ZnSn;04:Cr, Eu PLPs
by a hydrothermal reaction (Figure 1A) (Li et al, 2017). In
ZnSn;04:Cr,Eu, Cr3t acts as the NIR luminescence center
with emission at 800 nm (Figure 1B), and Eu?t acts as the
trap center to capture photo-generated electrons and generate
persistent luminescence after excitation ceases (Figure 1C). The
ZnSn,04:Cr,Eu PLPs can effectively avoid the light scattering
interference and show deep-tissue penetration in bioimaging.
Moreover, the authors realized the covalent modification
of folic acids on the ZnSn;O4:CrEu surface for target
tumor imaging.

Generally, PLPs need to be charged by UV light, and
this largely limits their biomedical applications. Considering
the deep penetration of NIR light, the PLPs which are
excited by NIR light have a better promise in biomedical
areas. Qin et al. successfully synthesized a upconversion PLPs
Zn;3Ga4Sng304:Yb* T Er¥t,Cr3t by HTSSR (Qin et al., 2019).
Due to the tailored energy transfer (ET) between doping ions,
this phosphor shows the NIR emission of Cr>*. In these PLPs,
Yb3* first absorbs NIR (980nm) photons and transfers the
energy to Er** by upconversion (UC) emission, and then Er®*
transfers the energy to Cr’" by ET to realize NIR persistent
luminescence emission of Cr3* at 694nm. Due to the special
luminescence property, these PLPs will reduce photodamage to
biological tissues as well as improving the penetrability of the
excitation light, which provides the possibility for deep tumors
imaging and therapy.

Lanthanides-Doped PLPs With Emissions
in NIR-Il Region

As previously introduced, a longer emission wavelength of PLPs
can effectively improve the penetration depth of bioimaging
(Zhang et al., 2018). Therefore, the PLPs in NIR-II have a better
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application prospect in biomedical fields. Xu et al. synthesized the
Y3Al,Ga3O12:Er’t,Cr3t PLPs with emissions in NIR-II region
by HTSSR (Xu et al, 2018b). Due to the ET from Cr** to
Er®*, these PLPs have the persistent luminescence of both Cr**
(690 nm) and Er*t (1,532 nm). The authors also proved that
PLPs did have deep penetration depth in tissues, which improved
SNR of bioimaging. In addition, by doping Ho*" in LaAlO;
and LaGaOj perovskite, Xu et al. also successfully developed two
kinds of persistent luminescence perovskite particles with multi-
wavelength emissions (NIR-I and NIR-II) (Xu et al, 2018a).
This work indicated that the method of lanthanides doping can
be used to adjust the emission wavelength of various types of
PLPs. Therefore, this lanthanides co-doping method provides
a reference for the synthesis of other PLPs with emissions
in NIR-II.

Recently, Xu et al. synthesized a Y5AlLGaz0;5:Nd>T,
Ce’,Cr** PLPs with multi-wavelength emissions at about
880, 1,064, and 1,335nm by HTSSR (Xu et al, 2015).
Calculations showed that the multi-wavelength luminescence

was originated from the doped Nd3+:4F3/2 to 419/2, 4111/2,
and “I;3/5, respectively. Since its emissions match with
the NIR-I and NIR-II region, PLPs with long persistent
luminescence have promising applications in bioimaging and
tumor therapy.

In addition to inorganic materials, organic lanthanides
co-doped system also shows the persistent luminescence
phenomenon. Li et al. synthesized an organic Er’* complex
Er(F-TPIP); [tetrakis(pentafluorophenyl)imidodiphosphinate]
successfully (Li H.-F. et al., 2020). This complex had the NIR
emission at around 1,500 nm due to the *I;3 /2—411 5,2 transition of
Er3*. The lifetime of the Er(E-TPIP); is 2.65 ms, which was the
longest Er** lifetime in the hydrogenous organic environment.
The authors realized the enhancement of Er’t emission
through the co-doping of a photosensitizer (phosphororganic
molecule), whose enhancement effect was up to 1,600 times. This
photosensitizer and lanthanides co-doped method is expected
to realize the design and synthesis of organic lanthanides system
with strong NIR persistent emissions.
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BIOSENSING BASED ON
LANTHANIDES-DOPED PLPs

PLPs are ideal materials for building fluorescent probes for
biosensing due to their delayed luminescence properties (Kumar
et al, 2017; Zhang X. et al, 2018). Li et al. synthesized
the PLPs nanoprobe Ir(III)@SiNPs-Eut with 653 nm emission
for tetracycline (TC) detection (Li X. et al, 2020). Since
TC will enhance the emission intensity of doped Er’"
and quench the original Ir(III)@SiNPs luminescence, this
nanoprobe could realize the ratiometric analysis of the TC
in complicated tissues. The authors demonstrated that the
nanoprobe was sensitive to TC in the serum background,
and the TC-nanoprobe complex could also detect Hg?t
sensitively through the ratiometric luminescence mode. In
addition, the nanoprobe had low cytotoxicity. The developed
nanoprobe has a great application potential in biological
detection, including the detection of TC and Hg?™ in
biological samples.

Recently, Dou et al. synthesized a La,0,COj3:Eu**,Ho>* PLPs
with emission at around 704nm, whose size and persistent
luminescence could be adjusted by changing the reaction
conditions such as time and reaction power (Dou et al,
2019). They found that the PLPs had good stability in water,
which can achieve long-term preservation in liquid environment
for more than 1 week. In addition, they demonstrated
the La;0,CO5:Eu’t,Ho®t nanoprobe could achieve highly
sensitive detection of H,O; in the serum environment because
the HO, can quench the luminescence of this probe.
Glucose, on the other hand, can produce H,O; through
enzymatic (glucose oxidase) reaction in vivo, so this probe
can determine the serum glucose concentration. Different from
traditional detecting methods based on enzymes, this PLP-
based method isn’t sensitive to the change of temperature
and pH. Therefore, this probe will have a broader prospect
in the clinical monitoring of patients with hyperglycemia
or diabetes.

The application of PLPs has also been extended to the
field of food safety. Liu et al. successfully synthesized a
kind of persistent luminescence nanophosphors (PLNPs,
ZnGa,04:Ga,Er,Yb)@MIP  (molecularly imprinted) with
700 nm emission, which can selectively adsorb the biological
toxins such as ochratoxin and aflatoxin in vivo and in vitro
(Liu J. et al, 2019). In this material, MIP has specific
recognition ability for three biotoxins (sterigmatocystin,
ochratoxin, and aflatoxin), and PLNPs act as fluorescent
probes to eliminate background interference. In mice, the
PLNPs@MIP in the tissues that contained biotoxins will
have a brighter luminescence and a slower rate of being
cleared out. In addition, the characteristic of persistent
luminescence enabled PLNPs@MIP to realize the tracking of
biological toxins, so as to explain the damage mechanism of
biological toxins to human body. This work showed had a
good application prospect in the detection of biological toxins
in food.

BIOIMAGING BASED ON
LANTHANIDES-DOPED PLPs

As mentioned in the first part, PLPs are ideal materials
for bioimaging since they can effectively avoid spontaneous
fluorescence of biological tissues (Abdukayum et al., 2013; Li
et al,, 2020). However, the PLPs synthesized by traditional high-
temperature reactions lack appropriate modifiable group on the
surface (Du et al., 2017). Moreover, the persistent luminescence
of PLPs will diminish over time in vivo, and they cannot be
effectively reactivated by UV light due to the limited penetration
of UV. Shi et al. proposed a synthesis method for the preparation
of amino functionalized ZnGa,O4:Cr,Eu PLPs with emission
at 700 nm (Figures 2A-C) (Shi et al.,, 2016). The particle size
and persistent luminescence of the PLPs can be controlled
by changing the reaction conditions including time, pH, and
so on. Due to the surface amino groups, the PLPs can be
easily modified with biological molecules, such as folic acid
for bioimaging. Lanthanides-doping in the PLPs significantly
enhanced the persistent emission of Cr®* at 700nm. As a
result, a high SNR (>4.0) was achieved in tumor imaging
(Figure 2D). The authors also demonstrated that the PLPs
can be re-excited in vivo to restore the signal intensity by
NIR stimulation at 808 nm. This work paves the way for the
development of PLPs with easy surface modification and in-vivo
reactivation, showing a great application prospect in sustainable
biological imaging.

Recently, Li et al. proposed a hydrothermal method for the
synthesis of monodisperse Zn125Ga; 5Geg2504:Cr3T,Yb3H Er3 T
PLPs with a broad emission from 650 to 850 nm (Li and Yan,
2016). These triple-doped PLPs had high quantum yields (9.86%)
and long persistent luminescence time (>20 days). They found
that after modifying folic acid on the surface, the particle that
was low in biotoxicity can achieve targeted imaging of the
tumor. Moreover, the therapy effect of oral administration was
better than intravenous administration. The oral administration
imaging based on this lanthanides-doped PLPs can improve
the imaging time window while avoiding the injection step.
These PLPs were expected to achieve effective optical imaging of
oral drugs.

Terminal cancer is often difficult to treat because of the
metastasis of cancer cells, so it is necessary to develop an
imaging method to track the cancer metastasis in order to achieve
more accurate treatment (Sengar et al., 2019). Lanthanides-
doped PLPs have good promise in tumor tracking and
metastasis imaging due to their bright and rechargeable persistent
luminescence. Zhao et al. synthesized alginate containing PLPs
Zn1.1Gay 8Geo.104:Eug.009,Cro o9 with the emission at around
698nm, and they covalently modified the PLPs with 4-
carboxyphenylboric acid to target breast cancer cells (Zhao
et al., 2020). The PLP probe was not interfered by spontaneous
fluorescence and could achieve long-term tumor imaging.
They found that the composite PLPs could target breast
cancer cells precisely in mice by endocytosis. In addition,
with the increase of labeled cells, the SNR increased as well.
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FIGURE 2 | (A) Schematic diagram of synthesis and bioimaging application of the PLPs, (B) emission and excitation spectra of the PLPs, (C) decay curve of the
PLPs of excitation at 2564 nm and the inset is PersL spectrum, (D) bioimaging in mice after injection of PLPs. Reproduced from a literature Shi et al. (2016) with
permission from Royal Society of Chemistry.

When the number of labeled cells was 10, the SNR is up
to 3.0 = 0.1. They also showed that these PLPs can be
covalently modified with other targeted agents to achieve long-
term tracking of other cancer metastasis. This tailored composite
PLPs can solve the problems of cancer metastasis monitoring
and provide a common platform for the accurate detection
of cancer.

In bioimaging, the penetration depth of excitation light
directly affects the imaging sensitivity in deep tissues (Rosticher
et al, 2015; Zhong et al, 2019). Although X-rays have high
energy and deep penetration, they are harmful to the human
body (Song et al., 2017). So researchers hope to develop PLP
probes that can be directly excited by NIR light. Xue et al.
synthesized a kind of UC PLP (Zn3Ga,;GeOg:Yb/Er/Cr). The
PLPs have a NIR persistent luminescence emission at around
700 nm under NIR excitation and a duration of up to 15h (Xue
et al, 2017). Different from previous X-rays and UV excitation,
NIR excitation shows less toxic effect on biological samples. The
authors found can be recharged by stimulating light to recover
the persistent luminescence in vivo for long-term bioimaging.
This dual-mode NIR charging/emission imaging PLPs greatly
improves the sensitivity and penetration depth of bioimaging,
and the PLPs are expected to achieve long-term imaging of
deep tissues.

DRUG DELIVERY BASED ON
LANTHANIDES-DOPED PLPs

In addition to bioimaging, PLPs can also be used as drug
carriers to construct a bioimaging-guided drug delivery system
(Zhang D. et al., 2018). Previous studies have shown that folate-
modified PLPs can precisely target tumor cells, so the researchers
attempted to load the PLPs with anti-tumor drugs to treat tumors
in situ (Jabalera et al., 2020). Shi et al. synthesized the PLP probe
Zn; 1Ga; sGep104:Cr3t Eu’t@SiO, with a 696nm emission
(Shi et al, 2015). The PLPs were covalently modified with
folic acid and further loaded with anticancer drug doxorubicin
to achieve targeted drug delivery. The PLP probe had strong
NIR luminescence and long persistent time (>10 days). The
authors showed that the probe was sensitive enough to tumor
cells and could deliver drugs in situ. In addition, the PLPs can
be readily recharged by excitation light, which can be applied
in monitoring tumor cells for a long time for exploring the
therapeutic mechanisms of antitumor drugs. This targeted drug
delivery system has a good promise in tumor detection and
cancer therapy.

Most PLP-based drug carriers have poor biocompatibility,
so they are easy to be swallowed by macrophages in delivering
drugs. In order to solve this problem, Liu et al. combined
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7Zn125Ga; 5Gep2504:Cr2T Er¥t,Yb3T PLPs with membrane
structure to prepare a new type of nanocarrier with biological
characteristics (Liu et al., 2018). This nanocarrier has the NIR
emission at around 700nm, and displayed long persistent
luminescence for over 20 days. In a proof of concept study, the
erythrocyte membrane-coated nanocarriers effectively evaded
the body’s immune system and delivered drugs efficiently. The
erythrocyte membrane-coated nanocarriers also retained the
excellent luminescence performance of PLPs. Additionally,
the authors found that the nanocarriers not only have good
biocompatibility and bright persistent luminescence but also can
achieve the release of drugs guided by bioimaging. This new drug
carrier has a great prospect in targeted tumor therapy and other
biological fields.

Addition to the poor biocompatibility, the drug-loading
amount of PLPs is usually limited, which will affect the
efficiency of drugs delivery and cancer therapy. Recently, Li
et al. synthesized porous PLPs GdAlO;:Cr’*,Sm** for drug
delivery (Li J. et al., 2018). These PLPs showed strong persistent
luminescence at around 732nm under UV excitation. They
modified the surface of the PLPs with carboxymethyl chitosan to
reduce their biotoxicity. The drug carriers based on this porous
PLPs had high drug-loading efficiency. They also demonstrated
in this composite that PLPs can achieve slow drug release when
loaded with ibuprofen, an anti-inflammatory drug. These porous
PLPs have a broad application prospect in drug delivery guided
by bioimaging and can serve as a potential platform to explore
the kinetics of drug release in vivo.

PHOTOTHERAPY BASED ON
LANTHANIDES-DOPED PLPs

Phototherapy has great advantages in tumor therapy because
it has little toxicity to normal cells and can effectively
kill cancer cells (Yang et al, 2018; Hu et al, 2019). The
traditional photodynamic therapy (PDT) platform is usually
composed of a fluorescent probe and photosensitizers. Due
to its delayed luminescence, PLPs do not require long-term
excitation light irradiation. Therefore, PLP-based fluorescent
probes can effectively reduce the light damage to biological
tissues and have a good application prospect in PDT. Most
porphyrin-based photosensitizers are excited by UV light,
but the long irradiation of UV is damage to biological
tissues. To reduce the time of UV irradiation, Wang et al.
synthesized Znj »5Ga; 5Geg2504:Cr®T,Yb*> T, Er** PLPs for PDT
(Wang et al, 2017). These PLPs had strong persistent
luminescence at about 690 nm. They found that the persistent
luminescence of these PLNPs can effectively activated the
photosensitizers aluminum phthalocyanine to generate 'O,.
They coated PLNPs with mesoporous silica to reduce its
biotoxicity and conjugated photosensitizer to this the PLNPs
to build the platform for PDT (The PLNPs were coated
with mesoporous silica to reduce their biotoxicity and were
further modified with the photosensitizer to construct the
PDT platform). The authors demonstrated that the PDT
platform can effectively eliminate cancer cells under short

periods of UV irradiation. Therefore, the PLPs show good
promise in UV-based PDT as the second excitation source to a
photosensitizer and can provide possibilities for low-dose UV-
excited PDT.

PLPs are often applied in phototherapy as fluorescent probes,
but some PLPs do not have good water solubility, which affects
their application in phototherapy. Homayoni et al. prepared
Sr,MgSi; O7:Eu?t,Dy** PLPs with good water solubility by
the sol-gel method, and used APTES to modify their surface
(Homayoni et al., 2016). These PLPs had emission at around
660nm under the X-ray excitation due to the 4F9/2—6H13/2
transitions of Dy**. The PLPs were covalently modified with
folic acid and were further modified with protoporphyrin, a
photosensitizer, to achieve targeted PDT. The protoporphyrin
was excited by the emission of PLPs in this PDT system, which
enhanced the luminescence of protoporphyrin by 10 times. By
integrating in-situ biological imaging and photodynamic therapy,
this PDT system was able to produce 'O, continuously upon
the primary X-ray excitation to achieve efficient tumor therapy.
This work showed the good promise of these PLPs in tumor
phototherapy and radiotherapy.

Besides PDT, photothermal therapy (PTT) is also an effective
phototherapy method, and the traditional PTT platform is
usually composed of fluorescent probe and photothermal agent
(Zheng et al, 2016; Zhao et al., 2017; Zhen et al., 2018).
Different from the previous method of carrying photothermal
agent, Wu et al. synthesized a Zn3Ga,SnOg:Cr’* Nd**,Gd>*
PLPs with photothermal effect (Wu et al., 2016). These PLPs
had strong persistent luminescence at about 700 nm because of
the 2E-*A, transition of Cr’*. This use of PLPs that don’t need
the prolonged exposure of high-energy excitation light could
effectively reduce light damage in PTT. The doped Nd** can
absorb the energy of excitation light at 808 nm and convert it into
heat energy for ablating the tumor cells. Due to the combination
of persistent luminescence and photothermal effect, this PLP-
based integrated platform is expected to realize efficient PTT
guided by bioimaging, which can effectively reduce the side
effects of PTT. This work provides a reference for the designing
of non-composite PTT platform.

CONCLUSION

Lanthanides ions are often doped as luminescence centers or
defects to regulate the persistent luminescence of PLPs. With
proper lanthanides doping, the researchers have synthesized
many kinds of PLPs with NIR persistent luminescence. These
PLPs can effectively avoid spontaneous luminescence in tissues,
and NIR luminescence allows PLPs to have deeper penetration.
Therefore, the lanthanides-doped PLPs are ideal materials for
biosensing, bioimaging, and cancer therapy. Various synthetic
methods and modification strategies were proposed to improve
the water solubility and biocompatibility of the PLPs. The
PLP-based composite platforms have a broader prospect in
biomedicine applications. In this paper, the synthesis and
biomedical applications, including biosensing, bioimaging, drug
delivery, and phototherapy of lanthanides-doped PLPs with NIR
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emission, are reviewed, aiming to provide instructions for the
further studies on lanthanides-doped PLPs.

Although PLPs with NIR emission have great promise in
biomedicine, great challenges are still confronted by PLPs before
their practical applications. Currently, PLPs with NIR emission
are generally synthesized with “top-down” methods, such as wet
grinding, particularly for PLPs with emission in the NI-II region.
Such PLPs usually show irregular size/shape, poor dispersibility,
and surface modification. The “bottom-up” methods need to
be developed for the controlled synthesis of PLPs with NIR
emission. On the other hand, the PLPs with NIR emission are
usually activated by UV light. The UV light has shallow tissue
penetration and usually causes serious photo damage to tissues.
Developing PLPs that can be directly charged by NIR light is
highly desired for deep-tissue imaging and therapy. Last but
not the least, research about the biosafety of the PLPs with
NIR emission is rather limited. Many efforts have to be made
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Upconverting phosphors (UCPs) convert multiple low energy photons into higher energy
emission via the process of photon upconversion and offer an attractive alternative to
organic fluorophores for use as luminescent probes. Examples of biosensors utilizing
the apparent energy transfer of UCPs and nanophosphors (UCNPs) with biomolecules
have started to appear in the literature but very few exploit the covalent anchoring of
the biomolecule to the surface of the UCP to improve the sensitivity of the systems.
Here, we demonstrate a robust and versatile method for the covalent attachment of
biomolecules to the surface of a variety of UCPs and UCNPs in which the UCPs were
capped with functionalized silica in order to provide a surface to covalently conjugate
biomolecules with surface-accessible cysteines. Variants of BM3Heme, cytochrome C,
glucose oxidase, and glutathione reductase were then attached via maleimide-thiol
coupling. BM3Heme, glucose oxidase, and glutathione reductase were shown to
retain their activity when coupled to the UCPs potentially opening up opportunities for
biosensing applications.

Keywords: lanthanides, upconversion, luminescence, protein conjugation, energy transfer, enzyme kinetics

INTRODUCTION

Lanthanide-doped upconverting phosphors (UCPs) have attracted considerable attention in recent
years as an important and versatile class of luminescent nanoparticles (Zhou et al., 2015b).
Upconversion (UC) is an anti-Stokes process involving the sequential absorption of multiple low-
energy photons and subsequent emission of one higher-energy photon, facilitated by the ladder-like
arrangement of long-lived energy levels found in lanthanide ions (Haase and Schéfer, 2011). This
means that, in contrast to conventional fluorophores, upconverting materials can achieve visible
emission with excitation in the near-Infra-Red (nIR) region of the electromagnetic spectrum.
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While the upconversion phenomenon has recently been
observed in discrete molecular complexes (Aboshyan-Sorgho
et al., 2011; Blackburn et al., 2012; Suffren et al., 2013; Nonat
et al., 2016; Charbonniére, 2018; Golesorkhi et al., 2019, 2020;
Woodward et al., 2019; Nonat and Charbonniére, 2020), UC is
most efficiently achieved by doping lanthanide ions into a low-
phonon crystalline matrix (e.g., NaYF,4, Gd;0,S), where non-
radiative decay can be minimized (Haase and Schéfer, 2011). The
past two decades have seen the successful translation of these
materials from the bulk solid to nanocrystals with controlled size,
morphology and surface-properties, enabling an increasingly
diverse range of applications (Zhou et al., 2015a). In particular,
the ability to modify the surface of UCPs in a stable aqueous
dispersion lends itself well to biological applications including
bio-imaging, sensing, and photodynamic therapy (Wang et al,,
2005; Chatterjee et al., 2008; Idris et al., 2012).

In biological media, excitation in the nIR enables deeper
penetration through tissue and an improved signal-to-noise
via the avoidance of background auto-fluorescence (Haase
and Schifer, 2011). In addition to these merits, UCPs also
offer negligible photobleaching, no photoblinking and low
cyto-toxicity (Haase and Schifer, 2011; Gnach et al., 2015).
Furthermore, excitation at a single wavelength can produce
simultaneous emission from a number of different doped
lanthanide ions, with characteristic emission bands easily
resolved by wavelength or by lifetime (typically ps-ms) (Wang
and Liu, 2008; Eliseeva and Biinzli, 2010).

Many UCP biosensing systems developed in the literature
to date utilize luminescence resonance energy transfer (LRET).
This is a distance-dependent energy transfer process that only
occurs when a donor and acceptor moiety are within the Forster
radius (<10nm) of each other (Lakowicz, 2006). For example,
UCP donor emission can be quenched by an LRET acceptor that
is brought into range by the presence of the target analyte, as
with labeled antibodies in a sandwich immunoassay (Wang et al.,
2009). Alternatively, UCP donor emission can be restored by
separation from an LRET acceptor by analyte-induced cleavage
of a connection between the two (Wang et al., 2012).

Rather than modulating the separation distance of donor and
acceptor, we have recently reported the development of systems
that exploit a change in the spectral overlap of a biomolecule
acceptor with the UCP. This approach has often been applied to
the detection of metal ions, whereby the absorption maximum
of a moiety on the UCP surface is modulated by complexation
of a metal ion (Liu et al., 2011; Peng et al., 2015). Interestingly,
there are a number of active biomolecules with chromophoric co-
factors that could be monitored in a similar way (Burgess et al.,
2020).

Our initial work showed that UCPs could be used to monitor
enzyme turnover for pentaerythritol tetranitrate reductase
(PETNR), a flavin-dependent enzyme with spectrally distinct
redox states, and we later expanded the scope to the detection
of a number of PETNR substrate analytes (Harvey et al,
2014; Oakland et al., 2017). In these earlier studies where the
enzyme was added to the UCP containing solution, we were
unable to conclusively assign the mechanism of apparent energy
transfer (AET) between the UCP donor and PETNR-flavin

mononucleotide (FMN) acceptor. However, in order to maximize
the energy transfer efficiency in such systems, it is advantageous
for the biomolecule acceptor to be attached to the UCP surface,
thereby placing the donor and acceptor within (or close to) the
Forster radius. Our more recent work has therefore reported the
covalent attachment of PETNR to UCPs, showing that catalytic
activity is retained upon attachment, and that it is still possible
to ratiometrically monitor the enzyme redox state and reversibly
detect substrates (Natrajan et al., 2020).

In considering the covalent attachment of active biomolecules
to UCPs, it is important to acknowledge the dependence of
activity on a highly specific structure, such as the shape of
an enzyme active site, or the position of an active cofactor
(Sapsford et al., 2013). Bioconjugation must therefore ensure
minimal structural disruption and take into account the resulting
orientation of the bound enzyme or biomolecule on the
UCP surface.

Methods that have been used to attach active enzymes have
appeared in the literature, such as using a DNA linker to attach
horseradish peroxidase (Lu et al., 2015). Parallels can also be
drawn with the attachment of non-catalytic proteins, such as
the use of carbodiimide chemistry to attach a folate binding
protein (Arppe et al,, 2015), and a number of different antibodies
(Sedlmeier and Gorris, 2015). However, although commonly
utilized bioconjugation strategies should be feasible with UCPs,
studies in this area are lacking and there remains no reliable
bio-toolbox for the attachment of active enzymes to UCPs,
particularly when looking to optimize separation distances for
efficient LRET.

Here we expand on our reports of covalently bound active
PETNR by screening a number of conjugation methods to
contribute to the aforementioned bio-toolbox. Starting with
organic dye models, we establish the importance of using
several characterization methods in analyzing the success of
a reaction. We then use a green fluorescent protein (GFP)
to screen bioconjugation methods, before selecting one robust
and versatile method for the attachment of a variety of active
biomolecules. Finally, we prove that the activity of these proteins
is retained upon conjugation, thus presenting an opportunity for
the development of highly sensitive UCP-biomolecule sensors.

MATERIALS AND METHODS

Materials

Hexagonal phase Gd202S:Yb,Tm (PTIR475) and Gd202S:Yb,Er
(PTIR545) upconverting phosphors were donated by Phosphor
Technology Ltd. See Supplementary Figure 30 for powder
X-ray diffraction spectra. Enhanced GFP was prepared as
described previously (Natrajan et al., 2020). The heme domain
of cytochrome P450 BM3/CYP102A1 and N-palmitoylglycine
(NPG) were prepared as described previously (Brenner et al.,
2007) and donated by the Munro group (The University of
Manchester). Glucose oxidase and glutathione reductase were
purchased from Sigma-Aldrich. Sulfo-SMCC was purchased
from Thermo-Fischer Scientific. 6-maleimidohexanoic acid
(MHA) was purchased from Alfa Aesar. SAMSA fluorescein
(SF) was purchased from Life Technologies Limited. Fluorescein
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maleimide was purchased from Vector Laboratories Limited.
Carboxyethylsilanetriol di-sodium salt was purchased from
Fluorochem Limited. All other solvents, reagents and
biomolecules were purchased from Sigma-Aldrich. All reagents
and solvents were used as received. Deionised (DI) water was
obtained from a Millipore Synergy water purification system.

Characterization Methods

Emission spectra were recorded in 1 cm’ quartz cuvettes
using an Edinburgh Instrument FP920 phosphorescence lifetime
spectrometer (with single 300 mm focal length excitation and
emission monochromators in Czerny Turner conﬁguration)
equipped with a 45 mW continuous wave (CW) 980nm
diode laser (Edinburgh Instruments) and a red sensitive
photomultiplier in peltier (air cooled) housing (Hamamatsu
R928P). No detector correction files were used when collecting
the emission spectra in order to observe the 475nm blue
emission band and the nIR emission band at 800 nm of the
upconverting phosphors on the same intensity scale and to
observe the quenching of the 475 nm emission band during the
experiments (i.e., without having to expand the blue region of the
spectra manually).

TEM images were obtained on a 200 kV Phillips Microscope
on carbon coated copper grids and were analyzed using the
Gatan3 Digital Micrograph Software Package. The TEM grids
were purchased from Agar Scientific Limited and were prepared
by the drop cast method using a dilute sample of the UCPs
and air-dried.

Fourier transform Infrared (FTIR) spectra were obtained
using solid samples on a Bruker alpha FT-IR spectrometer and
the data was analyzed using the OMNIC software.

Raman Spectra were recorded on a Horiba Xplora plus
confocal Raman spectrometer on glass microscope slides, data
were analyzed using the LabSpec software.

The dynamic light scattering (DLS) size and zeta potential
analysis was performed on a 1 mg/mL aqueous solution of the
UCPs. Both measurements were recorded in disposable folded
capillary cells (DST1070) using a 633 nm laser as the excitation
source on a Malvern Zetasizer nano ZS instrument. The data were
analyzed using the Zetasizer programme and the results quoted
are the average of three measurements.

UV visible spectra were recorded on a 1 mg/mL aqueous
solution of UCPs on a Cary 60 Spectrophotometer (Aglient)
using a 1 cm® quartz cuvette, the data were analyzed using the
Cary WinUV software.

Enzyme kinetic studies were carried out in a Belle glovebox
under an Ny atmosphere, using a Cary 60 bio UV-Vis
spectrometer and the Cary kinetics program.

Reflectance spectra were recorded using a Perkin Elmer
Lambda 1050 UV/Vis/nIR spectrometer with a tungsten lamp
and a 150 mm InGaAs integrating sphere. Data were analyzed
using the Perkin Elmer UV WinLab programme.

The microanalytical department at The University of
Manchester carried out thermogravimetric analysis (TGA) from
35 to 600°C on dry UCP samples in air using a Mettler Toledo
TGA/DSC1 Star System.

3

Synthetic Procedures
General Procedure for the Synthesis of Silica Capped
Industry Upconverting Phosphors

Silica capped (silicad75 and silica545); (3-
aminopropyl)triethoxysilane ~ capped = (APTES475 and
APTES545);  (3-mercaptopropyl)trimethoxysilane  capped

(MPTMS475 and MPTMS545).

Industry procured gadolinium oxysulfide of hexagonal
(B-) phase GdyO,S (Supplementary Figure 30) upconverting
phosphors (PTIR-UCPs) (15 mg) were dispersed in a mixture of
cyclohexane (40 mL) and Igepal CO-520 (1.5mL, 3.39 mmol)
before 25% ammonium hydroxide (0.5mL) was added. After
stirring for 60 min TEOS (60 L, 0.00039 mmol) was added. After
a further 60 min, APTES (60 wL, 0.00029 mmol) or MPTMS
(60 pL, 0.00031 mmol) was optionally added to give further
functionalisation as appropriate. The reaction mixture was then
stirred for 48h in a sealed flask at room temperature. Acetone
(I5mL) was added to cause the nanoparticles to precipitate.
The precipitate was collected by centrifugation (60 min, 4,000
rpm). The pellet was washed with acetone (2 x 25mL) and then
with ethanol:water (2:1, 30 mL) and collected by centrifugation
(60 min, 4,000 rpm).

Triethoxysilane-PEG-maleimide capped (MPS475)

As prepared above, silica475 (20mg) were dispersed
in deionized water:ethanol (22mL, 1:10 v/v) before 25%
ammonium hydroxide (1mL) was added. Triethoxysilane-
PEG-maleimide (20mg, 0.004 mmol) was then dissolved in
deionized water:ethanol (1.5mlL, 2:1 v/v). The two solutions
were combined and the reaction mixture was stirred overnight in
a sealed flask at room temperature. The UCPs were collected by
centrifugation and washed with ethanol (2 x 20 mL) then water
(1 x 20 mL).

General Procedure for the Solvo(hydro)Thermal
Synthesis of Functionalized NaYF4:Yb,Tm
Upconverting Nanopatrticles
According to modifications of our previous works (Oakland
et al., 2017), an aqueous solution of NaOH was combined with
solutions of organic ligands in either ethanol or water. Oleic
acid was then added (if required), followed by 10 min of stirring
to form a homogenous solution. Two further additions were
each followed by 10min of stirring: (a) an aqueous solution
of lanthanide salts; (b) an aqueous solution of NaF (dropwise).
The resulting mixture was transferred to a Teflon lined reaction
vessel and heated at 120°C for 30 min, before increasing the
temperature to 200°C for 5h. After cooling, the solution was
centrifuged to obtain the product, and washed with ethanol
three times.

Exact reagent quantities are given below:

6-aminohexanoic acid, 6-maleimidohexanoic acid and oleic
acid capped (AHAMHAOAYbTm): 5mL aqueous solution of
NaOH (1 g, 24.4 mmol) and AHA (5 g, 38 mmol); 8.5 mL ethanol
solution of MHA (2 g, 9.5 mmol); 17 mL of OA; 1.2 mL aqueous
solution of LnCl3.6H,0 (0.5M, 20 % Yb, 0.2 % Tm, 79.8 % Y);
4 mL aqueous solution of NaF (168 mg, 4 mmol).

6-maleimidohexanoic acid capped (MHAYbTm): 4mL
aqueous solution of NaOH (1g, 24.4 mmol); 25mL ethanol
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solution of MHA (11.4 g, 54 mmol); 1.2 mL aqueous solution of
LnCl3.6H»0 (0.5 M, 20 % Yb, 0.2 % Tm, 79.8 % Y); 4 mL aqueous
solution of NaF (168 mg, 4 mmol).

Dimercaptosuccinic acid capped (DMSAYbTm): 2mL
aqueous solution of NaOH (0.2g, 5 mmol); 5mL ethanol
solution of DMSA (0.7697 g, 4.22 mmol); 0.24 mL aqueous
solution of LnCl;3.6H,0 (0.5M, 20 % Yb, 0.2 % Tm, 79.8 % Y);
1 mL aqueous solution of NaF (33.58 mg, 0.8 mmol).

Cysteine capped (cysteineYbTm): 3 mL aqueous solution of
NaOH (0.940 g, 7.76 mmol); 18.5 mL ethanol solution of cysteine
(4.9273 g, 40.5 mmol); 1.2 mL aqueous solution of LnCl3.6H,0
(0.5M, 20 % Yb, 0.2 % Tm, 79.8 % Y); 4 mL aqueous solution of
NaF (168 mg, 4 mmol).

Polyethylenimine capped (PEIYbTm): Y(NO3);.6H,O
(0.0715g, 0.1868 mmol), Yb(NOs3)3.6H,O (0.0281g, 0.0625
mmol) and Tm(NOs3)3.6H,O (0.0033g, 0.0075 mmol) were
dissolved in deionised water (9 mL) before PEI (340 mg, 0.0034
mmol) was added and the reaction mixture stirred for 5 min.
Then an aqueous solution (9 mL) of NaF (126 mg, 3 mmol) was
added with vigorous stirring. Ethanol (9 mL) was added and the
reaction mixture stirred for 10 min before a second addition of
ethanol (9 mL) was added and the contents were transferred to
a Teflon lined reaction vessel and heated at 120°C for 30 min
before increasing the temperature to 200°C for 17 h. The solution
was centrifuged after cooling. Washed with ethanol (3 x 10 mL).

General Procedures for the Covalent Attachment of
GFP to the Surface of Functionalized UCPs

An aqueous solution of functionalized UCPs (1 mL) was diluted
with PBS buffer (1 mL, 100 mM, pH 7.4), before the addition of
GFP. Mixtures were left under gentle agitation at 4°C for 24 h.
Products were collected by centrifugation (10 min, 10,000 rpm)
and washed three times with PBS. The mass of UCPs in the initial
1 mL dispersion is given in brackets below for all conjugations.

The following were all reacted with 0.004 pmol of GFP
(300 WL of 13uM stock solution): AHAMHAOAYbTm_GFP
(12.1mg); MHAYbTm_GFP (18.6mg); DMSAYbTm_GFP
(8.3 mg); CysteineYbTm_GFP (17.7 mg).

The following were both reacted with 0.01 pwmol of GFP
(500 pL of 33uM stock solution): MPS475_GFP (1.8 mg);
MPTMS475_GEP (10.6 mg).

The following were reacted with 0.02 jumol of GFP (400 pL of
40 uM stock solution), which had previously been combined at
room temperature for 30 min with 100 pL of sulfo-SMCC cross-
linking reagent (1 mg, 2.3 pmol): APTES475_GFP (52.1 mg);
PEIYbTm (39.3 mg).

General Procedures for the Covalent
Attachment of Other Biomolecules to the
Surface of Functionalized UCPs

Sulfo-SMCC (2 mg, 4.6 pumol) was dissolved in deionized water
(200 L) then diluted with PBS buffer (1 mL, pH 7.4, 100 mM).
After addition of the biomolecule (see quantities below), the
mixture was left at room temperature for 30 min. An aqueous
solution (1 mL) of APTES475 or APTES545 (10 mg) was added,
and the mixture left under gentle agitation at 4°C for 24h.

Products were collected by centrifugation (10 min, 10,000 rpm)
and washed three times with PBS.

Quantities of biomolecule added were as follows:

0.04 umol BM3Heme (500 L of 75 wM solution); 0.4 pmol
CytC (5mg); 0.014 pmol glucose oxidase (2.3 mg); 0.006 pmol
glutathione reductase (500 L of 1.5 mg/mL suspension).

RESULTS AND DISCUSSION
Preliminary Screening With Organic Dyes

Given the large, variable size and complexity of biomolecules,
covalent attachment methods were first investigated using a
range of structurally more simple organic dyes that absorb
visible light (structures shown in Supplementary Figure 1). Five
dyes were selected based on their spectral overlap with UC
emission (Supplementary Figure 2) and on the presence of
functional groups ideal for different conjugation methods. We
have previously demonstrated the ability of these organic dyes to
act as apparent energy transfer (AET) acceptors in non-covalent
systems with UCPs (Burgess et al., 2020).

Reactions  are  summarized in  Tablel,  with
further experimental details provided in the
Supplementary Information. All reactions used Gd;SO4

upconverting phosphors, referred to by the wavelength of their
key upconversion emission band as PTIR475 and PTIR545 for
Tm3* and Er’* doped crystals, respectively. Functional groups
were introduced via silica capping as indicated in Table 1.

The four conjugation methods were all found to be successful
and, most importantly, this screening process enabled us to
identify the most appropriate characterization methods for
determining this success. Full characterization was conducted
using UV-vis solution spectroscopy, reflectance spectroscopy,
fluorescence  spectroscopy, IR  spectroscopy, = Raman
spectroscopy, thermogravimetric analysis (TGA), dynamic
light scattering (DLS), transmission electron microscopy (TEM),
and visual inspection. A comprehensive summary of all data
can be found in Supplementary Figures 4-12, with highlights
illustrated in Figures 1, 2.

Visual inspection gave the first indication of successful
attachment; the white UCP precursors became highly colored
after the reaction workup (as seen for SF475 in Figure 1A,
and other dyes in Supplementary Figure 4). Note that pellets
were washed repeatedly until the supernatant was shown
to contain no free dye by UV-vis absorption spectroscopy
(Supplementary Figure 3), so the color is most likely to originate
from organic dye covalently attached to the UCP surface.

Solution UV-vis spectra of the re-dispersed SF475 and SF545
products, as an example, clearly show absorption maxima
corresponding to the dye molecule (Figure 1B). However,
the absorption maximum is slightly shifted to lower energy
compared to the starting material SF dye, which can be
rationalized in terms of the coupling reaction used. Given
the thiol ether was first deprotected then coupled with sulfo-
SMCC (sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-
1-carboxylate) in a thiol-malemide coupling, slight changes
in the electronic structure of the aromatic system and
solvatochromism in solution would account for the observed
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TABLE 1 | Summary of initial methods screened for the attachment of organic dyes to the surface of functionalized PTIR475 or PTIR545 upconverting phosphors.

Dye

Further dye functionalisation

Functionalized silane capping
on PTIR475 or PTIR545

Coupling Method

Fluorescein isothiocyanate (FITC)
Rhodamine B isothiocyanate
(RBITC)

Methyl red (MR)

SAMSA fluorescein (SF)

Fluorescein maleimide (FM)

n/a

Carbodiimide activation of
carboxylic acid

Basic deprotection of thiol (acety!
group)
n/a

3-aminopropyl! triethoxysilane
(APTES)

3-mercaptopropyl
trimethoxysilane (MPTMS)

Isothiocyanate + amine

Carbodiimide coupling

Thiol + maleimide (with a
sulfo-SMCC crosslinker)

Thiol + maleimide
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FIGURE 1 | A selection of characterization data for the attachment of SAMSA fluorescein (SF) to PTIR475 or PTIR545 (A) photograph of the SF475 product, (B)
solution UV-vis spectra for SF, SF475, and SF545, (C) reflectance spectra for SF, SF475, and SF545.
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red shift. In addition, the UV-vis solution spectra also featured
scattering attributed to the UCPs (~1-2uM in size). In
most other reactions, this obscured the identification of any
dye absorption bands (Supplementary Figure 5). Scattering
effects in solution can be avoided by conducting reflectance
spectroscopy, where samples are drop cast and dried onto
glass slides. The resulting spectra are inversely proportional
to absorbance, and characteristic reflectance bands were
observed for both SF475 and SF545 (Figure 1C) and all other
dye reactions (Supplementary Figure 6). We concluded that
reflectance offered superior characterization to solution UV-vis
spectroscopy for these UCP dispersions.

Further characterization should be possible using IR
spectroscopy by identifying key absorption bands in the
reaction products. However, although correct functional group
vibrations were present in the UCP-dye conjugate spectra, the
overall poorer resolution prevented full spectral assignments,
particularly in the fingerprint region (Supplementary Figure 8).
Raman spectroscopy also yielded little useful information
regarding conjugation, primarily due to the free dye spectra
being reasonably featureless and pronounced lattice vibrations
from the UCPs (Supplementary Figure 9).

Rather than identifying the dye itself, we also looked to
characterize the resulting energy transfer from the UCP to
the surface-bound dyes. It is clear from emission spectra
(Figure 2) that the UC band is quenched in almost all dye-
UCP conjugates when compared to the precursor APTES475 or
APTES545 UCPs. Of note, the spectra of FM475 and FM545
(Figure 2) are bathochromically shifted by ca. 12nm with
respect to the parent MPTMS475 and MPTMS545 UCPs (See
Supplementary Figure 29) and those functionalized with all the
other dye molecules in this study. The exact reason behind
this is not immediately obvious, but one possible reason is that
in the FM conjugated systems, additional crystal field effects
imposed by the different surface functionalisation with FM is
more pronounced (Eliseeva and Biinzli, 2010; Hatanaka and
Satoshi, 2014). Additionally, the upconverted emission spectrum
of SF545 shows an apparent increase in intensity compared to
the APTES545 precursor. Given that the corresponding spectra
in the SF475 system show the expected decrease in emission
intensity, this observation suggests that the normalization (to the
UCNP 660 emission band) is giving an artificially inflated signal
due to a small degree of spectral overlap of the FM dye with both
550 and 660 nm emission bands in the UCP (Burgess et al., 2020)
(Supplementary Figure 2).

The success of the dye-attachment to the UCPs was
additionally examined by DLS, TEM and/or TGA. However,
negligible differences between the starting materials and products
were observed in the DLS and TEM data, whilst the presence of
several different organic moieties hindered accurate assignment
of weight losses by TGA. Because the addition of a layer of
organic dye will only impart a small effect on the hydrodynamic
ratios in solution (DLS) and not significantly add to the
scattering observable by TEM, these observations are not
surprising. Conducting these measurements are nevertheless
important to show that there has been no change to the bulk
morphology and dispersion of the UCPs following conjugation

reactions (Supplementary Figures 10-12). In different systems,
the attachment of larger or more charged molecules, it may be
possible to identify the presence of an additional capping layer
via DLS or TEM. It may also be possible in some cases to quantify
the amount of dye attached using TGA.

From this preliminary work, we demonstrated that the
success of covalent attachment to UCPs requires analysis
using the combination of several spectroscopic techniques.
Here, reflectance UV-vis absorption spectroscopy, emission
spectroscopy alongside visual inspection were found to be most
useful. We note, in the case of IR spectroscopy, however, that the
data may not always be as conclusive as expected, highlighting
the importance of a comprehensive approach to characterization.

From here we moved on to screening coupling methods with
a range of suitable proteins.

Screening With GFP

Although proteins do not naturally contain either isothiocyanate
or maleimide groups for bioconjugation reactions using these
functional groups, the natural amino acids present include
thiol, amine and carboxylic acid groups, which are available
moieties for a variety of bioconjugation reactions. However,
the prevalence of carboxylic acid and amine groups makes it
unfeasible to target a single residue, leading to issues with
non-specific orientation of the conjugated protein on the UCP
surface. More specific conjugation can be achieved by targeting
the thiol side-chain of cysteine residues. While these are often
engaged in disulfide bridging within the tertiary structure of
a biomolecule, certain surface cysteine residues are readily
accessible for functionalization and the proteins herein, were
chosen so as to take advantage of this fact. In cases, where
the protein has no available surface cysteine group, protein
engineering can be utilized to introduce an accessible surface
cysteine residue at a specific location that can be optimized for
bioconjugation with retention of catalytic activity.

Therefore, we next screened the potential of a variety of UCPs
in coupling to proteins with surface cysteine residues (Scheme 1).
Enhanced GFP was chosen for the conjugation screening because
it is a stable and well-characterized protein whose absorption
profile overlaps with the 475nm band of thulium doped UCPs
(Burgess et al, 2020). In total, eight different UCPs and
UCNPs were screened, as summarized in Scheme 1. Three
UCPs possess surface thiol groups (DMSAYbTm, MPTMS475,
and cysteineYbTm), three have surface maleimide groups
(AHAMHAOAYbTm, MPS475, and MHAYbTm), and two
have surface amine groups (PEIYbTm and APTES475). The
surface amines were further functionalized with a sulfo-SMCC
linker to convert the amine into a maleimide group. All
reactions are classified as either thiol-thiol couplings, or thiol-
maleimide couplings.

For all GFP conjugation reactions, the
phosphor/nanophosphor was suspended in PBS (100 mM,
pH 7.4) and left to react at 4°C under gentle agitation for
48h. The reaction must be carried out at a pH between pH
6.5-pH 7.5 for it to be selective for the surface cysteine group
(thiol containing side chain) over the lysine residues (amine
containing side chain) in GFP. In this pH range, the thiol group
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of the cysteine is nucleophilic and will react with the maleimide
group whereas the amine groups are protonated and unreactive.
Outside of this pH range, the amines may be nucleophilic enough
to compete with the thiol groups.

The product was then collected by centrifugation and washed
with PBS until the supernatants were shown to be clear
(free of unbound GFP) by solution UV-visible spectroscopy
(Supplementary Figure 13). The color of the resulting pellet gave
the first indication of whether the reaction has been a success,

as shown in Figure3. A green pellet is consistent with GFP
being bound to the UCPs; therefore MHAYbTm, APTES475,
PEIYbTm, AHAMHAOAYbTm, and DMSAYbTm are the most
likely to have been covalently attached to GFP successfully. The
pellets for cysteineYbTm, MPTMS475, and MPS475 remained
white after work up, indicating attachment of either a very small
amount of GFP, or none at all.

Based on these observations, maleimide capped phosphors
are likely to be superior for bioconjugation. This is also seen
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FIGURE 3 | The products obtained from the covalent attachment of GFP reactions (from left to right): MHAYbTm_GFP, APTES475_GFP, PEIYbTm_GFP,
AHAMHAOAYbTm_GFP, CysteineYbTm_GFP, DMSAYbTm_GFP, MPTMS475_GFP, and MPS475_GFP.

in wider protein chemistry; commercial routes for labeling of
biomolecules focuses on this maleimide-thiol chemistry and not
thiol-thiol chemistry. This is due to the reversible formation
of the thiol-thiol bond rendering this method less robust
than desired.

The UCP-GFP conjugates were fully characterized using
methods as with UCP-dye studies; a comprehensive summary is
provided in the Supplementary Figures 13-21.

As observed with the UCP-dye conjugates, the quality of the
data obtained for the UCP-GFP conjugates varied depending
on the system in question, so that no single technique could
be used to verify the success of the bioconjugation reaction.
This point is highlighted in Table 2. Certain data show changes
likely originating from successful GFP attachment ([J[I); some
data show changes but cannot reliably be attributed to GFP (00);
some data show no changes at all (x). Notably, the spectral data
do not always align with the color changes observed by eye,
which renders robust analysis of the relative success of UCP-GFP
conjugation reactions challenging.

Nevertheless, we believe that the characterization data for the
reaction with APTES475 (highlighted row in Table 2) provides
compelling evidence for a successful bioconjugation reaction.
Our previous work with the covalent attachment of PETNR
(Natrajan et al., 2020) utilized this same coupling method, and
our results here are an encouraging indication of its suitability
in comparison to other screened systems. From here, we moved
on to studying the attachment of other active biomolecules
(truncated heme domain of cytochrome P450 BM3/CYP102A1
(BM3Heme), cytochrome ¢ (cytC), glucose oxidase (GO) and
glutathione reductase (GR).

Covalent Attachment of Active Proteins
Four proteins possessing surface exposed cysteine residues and
suitable co-factors for energy transfer studies were selected for
covalent attachment to the surface of the UCPs. These are the
truncated heme domain of cytochrome P450 BM3/CYP102A1
(BM3Heme), cytochrome ¢ (cytC), glucose oxidase (GO) and
glutathione reductase (GR). Figure4 shows the overlap for
the absorption spectra of each of these biomolecules with the
emission from the UCPs: BM3Heme and cytC with the Er(III)-
centered emission at 545 nm, and GO and GR with the Tm(III)-
centered emission at 475 nm.

BM3Heme and cytC are heme proteins whose function
depends upon the iron-porphyrin complex within the active site
(Paoli et al., 2002). P450s enzymes such as BM3 are a family of
enzymes that catalyse the oxygenation of a number of substrates
(Girvan et al., 2007) and are responsible for the metabolism
of drugs within the body (Ogu and Maxa, 2000). cytC is a
small (12 kDa) redox active protein that is important for life
(Hiittemann et al., 2011). It is the final electron carrier in the
electron transport chain of the mitochondria during respiration
(Huttemann et al,, 2011). It is also an important component in
apoptosis (cell death). The electron transport capabilities of cytC
lies in its heme cofactor, which is bound to the enzyme by two
thioether bonds to cysteine residues from the protein (Bertini
et al., 2006; Hiittemann et al., 2011).

GO and GR are flavoenzymes from a group of enzymes
that catalyse the oxidation of a variety of different substrates
(Walsh and Wencewicz, 2013). They contain either FMN or FAD
(flavin adenine dinucleotide) redox active cofactor. GO is a FAD
containing enzyme that catalyses the oxidation of B-D-glucose to
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TABLE 2 | An overview of the results obtained from the analytical analysis of all the UCP-GFP conjugates.

UCP used (avg. diameter of product by TEM) Color Emission Solution UV-Vis Reflectance IR Raman DLS TEM TGA
AHAMHAOAYbTm (170nm) oo X oo aad 0 ] ] 0O ]
APTES475 (0.8 um) og oo og oo O O O oo -
PEIYbTm (80 nm) 0o X X 0o 0 O O O O
DMSAYbTm (640 nm) oo O oo X 0 O o O O
MHAYbTm (360 nm) og 0 X od 0 O O O X
CysteineYbTm (1.5 um) X O X X X O ] O O
MPS475 (1.2 um) X X X X O X ] O -
MPTMS475 (1.0 um) X m] X X u] X a m] -

A double tick indicates that there has been a change in the observable behavior of the system after the GFP attachment reaction and that it is likely to be due to GFP attachment, a
single tick indicates that there has been a change in the observable behavior of the system after the GFP attachment reaction but that it cannot be conclusively determined to be due to
GFP attachment, a cross indicates that there has been no change in the observable behavior of the system after the GFP attachment reaction and a dash means that this measurement

could not collected for this system.
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FIGURE 4 | (A) The overlap of the absorption bands of BM3Heme (8 wM) in 100 mM PBS pH 7.4 and oxidized cytC (10 wM) in 100mM TRIS pH 7 with the emission
bands of PTIR545 (1 mg/mL) in 100 mM PBS pH 7.4. Excitation at 980 nm. (B) The overlap of the absorption bands of GO (10 wM) and GR with the emission bands
of PTIR475 (1 mg/mL). Excitation at 980 nm. All spectra were recorded in 0.1 M sodium acetate buffer pH 5.1.

p-D-glucono-1,5-lactone and H,O; (Gibson et al., 1964). GO is
most commonly used as an electrochemical blood glucose sensor
for monitoring/diagnosing diseases such as diabetes (Heller
and Feldman, 2008; Harper and Anderson, 2010; Bruen et al.,
2017). GR is an NADPH dependent enzyme containing a FAD
cofactor (Mavis and Stellwagen, 1968; Mittl and Schulz, 1994)
that catalyses the reduction of oxidized glutathione disulphide
(GSSG) to reduced glutathione (GSH) (Nimse and Pal, 2015).
Reduced glutathione is used as an antioxidant in human tissues
and can act as a biomarker for diseases such as Parkinson’s,
Alzheimer’s, diabetes and HIV (Timur et al., 2008; Liu et al,,
2017).

Based on the results from our screening studies with GFP,
these 4 proteins/enzymes were all attached to UCPs using the
method illustrated in Scheme 2. PTIR475 and PTIR545 UCPs
were first capped with silica using a reverse microemulsion
synthesis, with IGEPAL® CO-520 used to stabilize the procedure
during the polymerization of tetraethyl orthosilicate (TEOS)

(Muhr et al,, 2014). The silica layer is important as it protects
that UCP surface against solution quenching processes, it adds
biocompatibility and provides the ability to easily functionalize
further. In addition to TEOS (3-aminopropyl)triethoxysilane
(APTES), was added to the reaction mixture to produce an
accessible surface layer of primary amines within the silica shell.

The resulting APTES-coated UCPs can be coupled to the
proteins with surface cysteines using a sulfo-SMCC cross-linker.
This linker contains both an NHS ester and a maleimide and
was first allowed to couple (via maleimide-cysteine conjugation)
to the protein before the addition of APTES545 or APTES475
(via NHS-ester-amine conjugation). The reaction mixture was
gently agitated under mild conditions to allow the coupling to
progress and after each stage of this multi-step procedure the
UCPs were centrifuged and washed several times to remove
unreacted reagents.

As with dye-UCP and GFP-UCP conjugation reactions,
visible color changes were an initial indication of reaction
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success (Figure5). Again, the pellets were washed until no
free biomolecule (protein or cofactor) could be observed
in the supernatants by UV-vis absorption spectroscopy
(Supplementary Figure 22). Note that the presence of
biomolecule absorption in the first of these washes indicates that
they were added in suitable excess in all cases. The reactions with
BM3Heme and cytC produced pellets with a strong red color,
and with GO, a yellow pellet was obtained. The reaction with GR
did not result in an observable color change by eye, but it should
be noted that the quantity of enzyme in this reaction was far
smaller due to availability of the stock suspension. Therefore, it is
quite possible that the concentration of GR conjugated is simply
too low to be seen with the naked eye.

As with the initial organic dye studies, UV-vis spectra
(Figure 6) were dominated by scattering from the UCP
dispersion. BM3Heme545 (Figure 6A) did, however, show a
distinct peak at 418nm corresponding to the absorption
maximum of BM3Heme (Munro et al, 2007). Furthermore,
cytC545 exhibited small peaks at 280 and 410 nm, which do align
with the absorption peaks of cytC, albeit with different relative
magnitudes. Reflectance measurements were also conducted
(Supplementary Figure 27), and also show features centered at
280 nm from BM3Heme545, cytC545, and GR475, which is likely
to originate from the aromatic residues in these proteins.

The IR spectra for all bioconjugates show the characteristic
profiles of proteins, with the amide (NH, CO), carboxylic acid
and CH fundamental stretching modes apparent, consistent with
the presence of BM3Heme, cytC, GO, and GR on the surface
of the UCPs (Figure 7). The GR475 spectrum exhibits weaker
intensity than the other protein-UCP conjugates. This suggests,
as indicated by visual inspection, that there is a low concentration
of protein present in this system.

If the protein has successfully been attached to the surface of
the UCPs, it is expected that a decrease in the emission intensity

of the UCP emission bands will be observed due to AET from
the UCP to the protein cofactor (heme or flavin). Therefore, a
comparison of the emission profiles of the UCP-biomolecule to
the precursor UCPs can be used to determine if the intact protein
is present on the surface of the UCPs. The expected decrease in
emission intensity was observed for cytC545, GO475, and GR475
(Figures 8B-D). The same was not found for BM3Heme545
(Figure 8A), which instead shows an increased emission; the
reason for which remains unclear, but may indicate that this
protein is acting as an extra hydrophobic layer preventing extra
quenching of the UCPs with the surrounding water molecules
and/or that surface coverage of the UCP has changed during
manipulation. However, the data generally support a successful
attachment of proteins/enzymes.

The analysis of the UV-vis, IR, fluorescence and color change
of the UCPs, strongly suggests that the method described can be
used to attach a range of proteins and enzymes that possess a
surface/solvent-exposed cysteine residue. We have demonstrated
the versatility of this method, having attached four different
proteins; BM3Heme, cytC, GO, and GR (in addition to GFP).
However, in order for future applications of UCP-protein systems
as biosensors, it is necessary to prove that activity is retained
upon conjugation.

Cytochrome P450 catalyses the oxidation of a variety of
substrates within the body such as N-palmitoylglycine (NPG)
(Zhang et al., 2020). Within the enzyme, the BM3Heme domain
is responsible for substrate binding but requires the partner redox
domain in order to be catalytically competent. Substrate binding
causes a change in the relative intensities of the absorption
bands (Figure 9A). This 10 nm shift in the absorption band of
BM3Heme upon binding to NPG is also observed in the UV-
vis spectrum of BM3Heme545 (Figure 9B) suggesting that the
BM3Heme bound to the surface of the UCP has maintained its
ability to bind to substrate in a way that is similar to the protein
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FIGURE 5 | Photograph of the: (A) BM3Heme545 product obtained from the covalent attachment of BM3Heme to APTES545, (B) cytC545 product obtained from

the covalent attachment of cytC to APTES545, (C) GO475 product obtained from the covalent attachment of GO to APTES475, (D) GR475 product obtained from
the covalent attachment of GR to APTES475.
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FIGURE 6 | Solution UV-vis spectra of biomolecule-UCP conjugates (solid lines), overlaid with the UV-vis spectrum of each relevant biomolecule (dashed lines): (A)
BM3Heme545 and BM3Heme (10mM PBS, pH 7.4), (B) cytC545 and cytC (100 mM PBS pH 7.4), (C) GO475 and GO (100 mM PBS, pH 7.4), and (D) GR475 and
GR (10mM PBS pH 7.4).

free in solution. Like BM3Heme, the UV-vis spectrum of cytC  unable to repeat this experiment to see if cytC had maintained its
differs depending on whether the enzyme is in its oxidized or  activity when bound to the UCP surface.
reduced form (Supplementary Figure 24). However, as we were

GO is an FAD containing enzyme that catalyses the oxidation
unable to obtain a reliable UV-vis spectrum of cytC545 we were

of p -D-glucose to B -D-glucono-1,5-lactone and H,O; (Gibson
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et al., 1964). During the reaction, the cofactor FAD accepts
an electron from the glucose substrate resulting in reduced
GO. Then oxygen or an artificial oxidant acts as an electron
acceptor, accepting the electron from reduced GO, resulting in
oxidized GO. This oxygen then reduces to produce the H,O, by-
product (Leskovac et al., 2005). In order to determine if GO has
retained its catalytic ability when covalently bound to the UCP
surface, the steady state turnover and kinetics were measured.
Figure 10 below shows a Michaelis-Menten plot for the D-
glucose concentration dependence of the activity of free GO and
for GO475. Both GO and GO475 show typical Michaelis-Menten
(saturation) behavior when using D-glucose as the limiting
substrate and an excess of benzoquinone as the electron acceptor.
These data were fitted to the Michaelis-Menten equation:

= kcut [E]O

giving a ke value of 1,139 & 29 s™! and a Ky value of 49.5
+ 4.8 mM for GO, which is close to the literature value of Ky

= 33-110mM (Gibson et al., 1964). A Ky of 14.5 £+ 1.4mM
and Ve of 195 + 05uM s~! were found for 1 mg/mL
GO475. The difference in Ky, values suggest changes to the
kinetics of glucose binding and/or dissociation perhaps through
some modest alteration or occlusion of the enzyme active site.
Nevertheless, the Ky values for the GO475 system is of the same
order of magnitude as the free GO, suggesting that there is an
appreciable quantity of GO bound to the UCP that has retained
its catalytic function after covalent attachment.

GR is an NADPH dependent, FAD containing enzyme that
catalyses the reduction of oxidized glutathione disulfide (GSSG)
to reduced glutathione (Nimse and Pal, 2015). The first step is the
reduction of the FAD by NADPH before binding of the substrate
GSSG in the active site. The enzyme then catalyses the reduction
of the disulfide bond in GSSG to produce two glutathione
molecules and the re-oxidized GR enzyme (Nimse and Pal, 2015).
Again, to assess whether GR has retained its catalytic ability when
covalently bound to the UCP surface, the enzyme kinetics of GR
and GR475 were measured (Figure 11). Both GR and GR475
show typical Michaelis-Menten type behavior with the oxidizing
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substrate GSSG when NADPH consumption is measured. A kcy
value of 70 & 3 s~ ! and Ky value of 39.4 + 6.2 uM was obtained
for GR, with the Ky similar to the literature value of 53.1 =+
3.4uM (Can et al, 2010). 1 mg/ml GR475 gives a Ky value
of 30.9 £ 9.6 M, which is not significantly different to that
measured for free GR and a Vi, value of 0.67 £ 0.01 uM s~ L.
These data suggest that binding of GR to the UCP is successful
and the enzyme maintains its activity.

CONCLUSION

In summary, we have demonstrated that a variety of different
conjugation methods can be used to covalently attach a
wide variety of different molecules including organic dyes,
enzymes and proteins to the surface of UCPs. Several thiol-
thiol and thiol-maleimide coupling methods were screened for
the attachment of enhanced GFP as a model protein with

surface exposed cysteine residue to the surface of a range
of UCPs (80nm to 1.5pM in diameter). One particularly
successful method was identified and demonstrated to be
a robust and versatile method for the covalent attachment
of proteins containing an accessible surface cysteine group
to the surface of upconverting phosphors. This method was
used to attach the proteins and enzymes: BM3Heme and
cytochrome C to YbEr doped UCPs (PTIR-545), and glucose
oxidase and glutathione reductase to YbTm doped UCPs (PTIR-
475). The significance of this conjugation method is that
the proteins remain catalytically active when coupled to the
UCP surface. This opens up the opportunity to develop UCP-
biomolecule biosensors with increased sensitivity due to the
close proximity (within AET distance) of the UCP donor and
biomolecule acceptor, particularly with smaller UCNPs where
Forster resonance energy transfer of the majority of emitting
ions within the entirety of the nanoparticle can be exploited.
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Studies toward this (to enhance the luminescence response) are
in progress.
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Deshmukh A. Hakeem*

Key Laboratory of Clean Chemistry Technology of Guangdong Regular Higher Education Institutions, School of Chemical
Engineering and Light Industry, Guangdong University of Technology, Guangzhou, China

Detection of the Cu?t ions is crucial because of its environmental and biological
implications. The fluorescent-based organic sensors are not suitable for Cu?* detection
due to their short penetration depth caused by the UV/visible excitation source.
Therefore, we have demonstrated a highly sensitive and selective near-infrared (NIR)
excitable poly(acrylic acid) (PAA) coated upconversion nanoparticles (UCNPs) based
sensor for Cu?t detection. We construct the PAA modified Na(Yb, Nd)F4@Na(Yb,
Gd)F4:Tm@NaGdF, core-shell-shell structured UCNPs based sensor via a co-
precipitation route. The upconversion emission intensity of the PAA-UCNPs decreases
linearly with the increase in the Cu?* concentration from 0.125 to 3.125 uM due to the
copper carboxylate complex formation between Cu?t and PAA-UCNPs. The calculated
detection limit of the PAA-UCNPs based sensor is 0.1 uM. The PAA-UCNPs based
sensor is very sensitive and selective toward detecting the Cu®* ions, even when the
Cu?t co-exist with other metal ions. The EDTA addition has significantly reversed the
upconversion emission quenching by forming the EDTA-Cu?t complex based on their
greater affinity toward the Cu*. Therefore, the PAA-UCNPs based sensor can be a
promising candidate for Cu?* detection because of their higher sensitivity and selectivity
under 980 nm NIR excitation.

Keywords: energy transfer, copper ions, fluorescent probe, poly(acrylic acid) (PAA), upconversion nanoparticles
(UCNPs)

INTRODUCTION

To detect the trace elements, both essential (Cr, Co, Cu, Fe, Li, Mg, Mn, Ni, Se, and Zn) and
non-essentials (P and S), developing highly selective and sensitive sensors is a crucial, useful
and challenging task in the fields of medical, environment, and biology (Helal et al., 2011).
These elements are essential for numerous biological processes in living organisms; however,
their excessive accumulation in the human body may lead to detrimental effects. A trace of these
elements plays a crucial role by acting as a cofactor of enzymes in biological activities, e.g., the
Mn ions regulate the physiological processes, including electron transport, oxygen transportation,
protein modification, and neurotransmitter synthesis (Chen P. et al., 2016). These elements can
accumulate in the brain, which affects the nervous system and catalyzes cytotoxic reactions at
high concentrations. These ions anomaly could result in neurological disorders, heart attack,
breathing problems, pseudotumor cerebri, and cranial nerve palsy related to Fe ions deficiency
(Chen P. et al., 2016).
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Among these elements, the copper (Cu?*), being the
third most essential and abundant micronutrient, exists in
very low concentration and participates in various organism’s
physiological processes (Becker et al, 2005; Sikdar et al,
2018). Mostly, Cu?" resides in the brain, particularly in
basal ganglia, hippocampus, cerebellum, and numerous synaptic
membranes (Vishal Desai, 2008). Several enzymes require
Cu?t for their functioning, such as tyrosinase, peptidyl
glycine amidating monooxygenase, copper/zinc superoxide
dismutase, ceruloplasmin, hephaestin, dopamine-hydroxylase,
and cytochrome ¢ oxidase (Vishal Desai, 2008). The anomaly
in Cu?* concentration may lead to multiple disorders (Jiang
and Meng, 2013). The deficiency of Cu?" could cause anemia,
coronary heart diseases, and bone abnormalities (Fu et al,
2019). Simultaneously, the excess Cu?* can initiate oxidative
stress, leading to neurodegenerative diseases such as Menkes
syndrome, Indian childhood cirrhosis, and Wilson’s, Alzheimer’s,
Parkinson’s, and prion diseases (Vishal Desai, 2008; Chen P. et al.,
2016; Sikdar et al., 2018). Excessive Cu** consumption could
cause kidney/liver damage, amyotrophic lateral sclerosis, and
vomiting (Sikdar et al., 2018). On the other hand, Cu?* generated
as industrial waste is responsible for the marine environment
pollution, thereby contaminating marine organisms, ultimately
affecting human health through poisoning if the polluted marine
organisms are consumed (Fu et al, 2019). Therefore, it is
necessary to develop a highly sensitive and selective fluorescent
probe for Cu?* detection and quantification in environmental
and biological samples.

The presence of trace amount of Cu?* can be quantitatively
estimated via traditional analytical techniques such as atomic
absorption spectrometry (AAS) (Tokay and Bagdat, 2015),
atomic emission spectrometry (AES) (Atanassova and Russeva,
1998), inductively coupled plasma mass spectrometry (ICP-MS)
(Becker et al., 2005), colorimetry (Liu et al., 2018), solid-phase
extraction (SPE) (Liu et al., 2020), voltammetry (Liu et al., 2020),
and fluorescence spectrometry (Zhang et al., 2014). Colorimetry
is mostly applied in paper-based analytical devices (PADs) for
low-cost, fast, and simple analysis (Cate et al., 2015; Ostad
et al., 2017). However, the detection capability or sensitivity
of the colorimetric technique is not good (Liu et al, 2018).
In voltammetry, the generally used toxic mercury and mercury
coated electrodes (Sonthalia et al., 2004) are interchanged with
non-toxic platinum (Bu et al., 2015), and screen printed carbon
(Chaiyo et al., 2016) electrodes, which produce high background
current during the detection, thus become un-appropriate for
accurate detection (Liu et al., 2020). The above techniques relied
on expensive equipment, complex testing procedures, and poor
sensitivity, limiting its bio-application (Xu et al., 2016).

Fluorescence spectroscopy uses fluorescent probes as a
detection tool to develop highly sensitive, selective, low cost, and
simple methods for detecting Cu**. Up to now, most of the
reported fluorescent probes are organic such as rhodamine-based
derivatives (Tang et al., 2011), BODIPY-based derivatives (Loudet
and Burgess, 2007), coumarin-based derivatives (Sheng et al.,
2008), and naphthalimide-based fluorogenic probe (Xu et al,
2005; Zhang et al., 2014; Fu et al., 2019). These organic fluorescent
probes absorb high energy UV/blue light, which resulted in low

detectability due to the background fluorescence interference and
shallow penetration depth (Jiang and Meng, 2013; Ostad et al.,
2017). The nominal concentration of the Cu’* in blood and
drinking water allowed by the U.S. Environmental Protection
Agency (EPA) is around 100-150 pg/dL (15.7-23.6 M) and
1.3 ppm (~20 wM), respectively (Helal et al.,, 2011; Jiang and
Meng, 2013; Sikdar et al., 2018). Similarly, the World Health
Organization (WHO) has announced that the oral intake of
Cu?" could not exceed more than a few milligrams (2 or 3
mg/day) in adults (Fu et al., 2019). Recently, the fluorescence
whitening agent was used in paper-based sensors to achieve 160-
fold improved Cu?* detection with 69 nM detection limit (Liu
et al., 2018). At the same time, the separation of the metal ions
and the complication entities through a reaction boundary on
a paper-based sensor achieve a detection limit of 10 mM. The
Cu?T ions with a detection limit of 12.5uM can be detected
via a reaction between metal ions and color developing agents.
Another sensor for the Cu?t detection was developed based
on fluorophore (dansyl moiety) and a multidentate ligand. The
reaction between the probe with Cu?t produces a stable Cu>*
complex that quenches the fluorophore’s emission. This method
detects the Cu?" up to 2 ppb (Zhang et al., 2014).

Upconversion nanoparticles (UCNPs), which convert the
near Infrared (NIR) light (generally 808 or 980nm) into
visible light, have been become a promising candidate for
the bio detection application. Compared with the dyes and
quantum dots, the UCNPs exhibit several benefits: sizeable anti-
Stokes shift, low toxicity, high chemical/photostability, lower
photodamage, and deeper light-penetration depth (Zhang S.
et al., 2018), establishing themselves as a promising candidate
for bio detections application. Lanthanide (Ln>*) doped UCNPs
exhibit several intra 4f—4f transitions producing strong tunable
emissions of different colors with longer lifetimes by changing
the size and morphology of the UCNPs. Also, the UCNPs
can produce tunable multi-color emissions via controlling
the dopants concentrations. Low energy NIR light excitation
provides a high sensitivity detection system with negligible
auto-fluorescence and light scattering. In this regards, different
research groups have developed UCNPs based sensors for
the detection of organic and inorganic entities such as
toluene/phenol (Ma et al., 2014), organophosphorus (Wang et al.,
2016), Zinc (Han et al., 2010), Mercury (Li et al., 2014; Wu et al.,
2016), Cyanide (Liu et al., 2011), and other entity (Huang et al.,
2017).

Most of the UCNPs are hydrophobic because they are
generally prepared by the thermal decomposition of the
precursors (metal trifluoroacetate) in organic solvents (oleic
acid (OA)/oleylamine/1-octadecene). Besides, the bare UCNPs
induces the quenching effect due to the surface defects and
vibrational deactivation from solvents (Wang et al., 2009; Zhu
et al,, 2013). Therefore, hydrophilic UCNPs with minimum
quenching effect is desirable for efficient bio-detection. The
surface modification overcomes the above limitations through
well-known core-shell strategy and coating reactive functional
moieties layer on UCNPs, which are excellent methods to
minimize the quenching effect thereby significantly improving
the luminescence intensity of UCNPs via the reduction in
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surface defects and non-radiative loss (Chen et al, 2012).
Various groups have reported the core-shell UCNPs, such
as NaYF4:Yb,Er@NaGdF; and NaYbF4:Er/Tm@NaGdF; (Su
et al, 2012; Zhang et al, 2012; Jin et al., 2013). Recently,
Chen et al. (Chen X. et al, 2016) investigated the hexagonal
phase NaYF;@NaYbF4:Tm@NaYFy core-shell structure with
Yb3T ions enclosed in the inner shell layer. The emission
increased up to five-photon upconversion of Tm3t due to
the confined energy migration in NaYF,@NaYbF4: Tm@NaYF,
core-shell structure. Yb* sensitizer highly absorbs NIR light
(~980nm) and Yb** concentration can reach up to ~100%
in hexagonal NaYF,:Yb**/Tm** @NaYF, core/shell nanocrystals
after overcoming concentration quenching of Yb3* (Ma
et al, 2017; Pliss et al, 2017). Homann et al. (2018)
investigated the quantum yields of the NaYF4;:Yb/Er@NaYF,
nanoparticles by changing the NaYF; shell thickness. The
increase in the thickness of NaYF, shell from 15 to 45nm,
increases the quantum vyield from 3.4 to 9%. A similar
study was performed by Wiirth et al. (2018) on hexagonal
NaGdF4:0.2Yb/0.02Er UCNPs upon altering the NaYF, shell
thickness. Recently, Zhou et al. (2020) developed a core-
shell-shell triple-layered NaYF,:Er@NaYbF,@NaYF, structure.
Compared to NaYF,:Yb,Er@NaYF,, the upconversion emission
intensity of the a-NaYF4:10%Er@NaYbF,;@NaYF,, where the
Er*t and Yb3* were doped separately in the core and
intermediate layer, was significantly increased, ~100 times.

In UCNPs based sensors, the UCNPs serve as the energy
donors, while, the target chromophores act as energy acceptors
(Huang et al, 2017). Until now, the UCNPs are employed
as energy donors and the family of rhodamine B (RhB) as
energy acceptor in the Forster resonance energy transfer
(FRET) based Cu?* detection. Jiang and Meng (2013)
made a sensor by combining B-NaYF,:Yb3*/Er’*t (UCNPs)
and 2-amino-3',6 -bis(ethylamino)-2',7 -dimethyl-3",9a -
dihydrospiro[isoindoline-1,9 -xanthen]-3-one  (a rhodamine
derivative) based on energy transfer process between UCNPs
and rhodamine derivative. The rhodamine derivative was
excited by the UCNPs, and detected Cu?* in the 2-14 uM
range with good selectivity and high chemo stability. The
core-shell technology also helps to improve the sensitivity
of Cu’* detection. Zhang Y. et al. (2018), reported Cu’*t
detection using core-shell NaYF;@NaYF4:Er’T/Yb’>T @NaYF,
UCNPs and RhB hydrazide as donor and acceptor, respectively.
NaYFE4@NaYFE4:Er¥t/Yb>T@NaYF;  has higher  emission
intensity than the bare NaYF4:Er’T/Yb** UCNPs, which has
enhanced the selectivity and specificity of the Cu?* detection.
Li et al. (2012) used RhB hydrazide doped porous SiO; shell
to protect UCNPs. The addition of Cu?* ions in UCNPs
dispersion showed the color change and improved emission of
RhB hydrazide-Cu?" complex under 980 nm excitation, also,
the green emission of the UCNPs decreased. However, these
sensors exhibit low emission when dispersed in water, using
RhB-hydrazide dye, silica shell and most importantly, the sensors
involved are not reusable.

In this study, we construct a new upconversion sensor for
Cu?t detection using water-dispersible poly(acrylic acid) (PAA)
functionalized Na(Yb,Nd)F,@Na(Yb,Gd)F4:Tm@NaGdF,

core-shell-shell structured UCNPs, where the UCNPs work
as the energy donor and Cu?" ions as the acceptor. The
reversible process of Cu?* detection comprising the fluorescence
quenching and recovery upon adding Cu?* ions and EDTA,
respectively, is schematically illustrated in Scheme 1. Efficient
Na(Yb,Nd)F4@Na(Yb,Gd)F4:Tm@NaGdFs UCNPs, composed
of NaYb0_5Nd0_5F4 core, NaYb0_5Gdo.49Tm0_01F4 first shell and
NaGdF, second shell were prepared by using co-precipitation
method. At first, the OA ligand, attached during the preparation,
was removed, followed by functionalization with PAA to form
PAA-UCNPs for realizing efficient Cu’*™ detection (Process
I and II). With Cu?t (Process III), the carboxylate group of
PAA-UCNPs can bind selectively to the Cu?" ions owing to
the electrostatic interaction between Cu?T and carboxylate
anion of PAA, forming copper carboxylate complex to quench
the UCNPs fluorescence. Upon 980nm NIR light excitation,
in the presence of Cu®", the emission intensity of the UCNPs
was quenched linearly as the Cu?" concentration increased
from 0.125 to 3.125 wM with the detection limit of 0.1 wM. The
upconversion emission intensity of the UCNPs was recovered
up to 90% after further addition of EDTA (Process IV). Besides,
the current UCNPs based nano-platform showed high sensitivity
and selectivity of Cu?™ ions over the range of other metal ions
(AP, Ba?t, Ca?t, Co**, KT, Lit, Mg*", Mn?*, Na*, Ni**,
and Zn®*).

EXPERIMENTAL SECTIONS

Material and Reagents

Following chemicals with appropriate purities were used as
received without further purification. Nd(CH3CO;)s - xH,O,
99.9%; Yb(CH3CO,)3-4H,0, 99.9%; Gd(CH3CO;)s-xH,O0,
99.9%, Tm(CH3CO3)3-xH,0, 99.9%; NaOH, >98%; NH4E
>98%; 1-octadecene, 90%; oleic acid, 90%; poly(acrylic acid)
(PAA), MW =~ 1800; HCIl, >98%, were purchased from
Sigma—Aldrich. C10H14N208Na2 -2H20 (EDTA) (>98%) were
purchased from Sangon Biotech, China. Ethanol (99.5%),
cyclohexane (99.5%), diethylene glycol (DEG) (>99%) were
purchased from Macklin, China. The solutions of metal
cations were performed from their corresponding salts of
analytic grade or molecular biology grade, such as LiCl, NaCl,
KCl, MgCl,-6H,0, CaCl,-4H,0, AlCl3-6H,0, BaCl,, ZnCly,
MnCl,-4H,0, CoCl,-6H, O, NiCl,-6H,0, and CuCl,-3H,0. The
water used in this work is ultrapure water (18.2 M cm)
deionized by the Milli-Q system.

Sample Synthesis

Preparation of Core UCNPs

The core UCNPs were synthesized by using a modified co-
precipitation method, as reported elsewhere (Wang et al., 2011;
Wen et al,, 2013). In a typical procedure to the synthesis
of NaYbgsNdgsFs core nanoparticles, 2-mL water solution
of Nd(CH3C02)3 (O.ZM) and Yb(CH3C02)3 (0.2M) was
mixed with 4mL of oleic acid and 6 mL of 1l-octadecene
solution in 50-mL flask. The mixture was heated at 120°C
for 30min, then heated at 170°C for 40min to form the
lanthanide-oleate complexes and then cooled down to room
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SCHEME 1 | Principle of Cu®* detection based on energy transfer mechanism using core-shell-shell upconversion nanoparticles (UCNPS).

temperature. Thereafter, mixed methanol solution of NH4F
(1.5 mmol) and NaOH (1 mmol) was added to the above
mixture and heated at 45°C for 30min. After methanol
evaporation at 110°C, the solution temperature was raised
to 295°C and maintained for 1.5h under argon. Post 295°C
heating, the solution was cooled to room temperature and
then the resulting nanoparticles were washed with ethanol
and cyclohexane for several times and re-dispersed in 6.5mL
of cyclohexane.

Preparation of Core-Shell UCNPs

In a typical procedure to the shell growth of
NaYbg5Gdo49Tmoo1Fs layer, the shell precursor were
synthesized by adding 2mL water solution of Ln(CH3CO,)3
(0.2 M, Ln = Yb,Gd,Tm), 4 mL oleic acid and 6 mL 1-octadecene
to a 50mL flask, and heated at 120°C for 30min, then
heated at 170°C for 40min to form the lanthanide-oleate
complexes, and then cooled down to room temperature. The
preformed core nanoparticles dispersed in 3 mL of cyclohexane
with methanol solution of NH4F (1.5 mmol) and NaOH (1
mmol) were added and heated to 45°C for 30min. After
methanol evaporation, the reactant was heated at 295°C for
1.5h under argon atmosphere followed by cooling to room
temperature. The resulting nanoparticles were washed several
times with ethanol and cyclohexane, and re-dispersed in 4 mL of
cyclohexane. The procedures were repeated for the preparation
of core-shell-shell nanoparticles.

Preparation of Uncapped UCNPs (Kong et al., 2017)
The oleate capped UCNPs (denoted as OA-UCNPs) dispersed in
2mL of cyclohexane were precipitated by ethanol and dispersed
again in 2mL of HCI solution (0.1 M). The mixture was then
sonicated at 35°C for 1h to remove the OA ligands. After the
reaction, the uncapped UCNPs were collected via centrifugation
for 0.5h (at 15,000 rpm), followed by washing twice with
deionized water and re-dispersed in deionized water (2mL,
0.25 M).

Preparation of PAA Capped UCNPs (Kong et al.,
2017)

Typically, 30mg of poly acrylic acid (PAA) was added to
the deionized water (9 mL) with NaOH (0.1 M in deionized
water) to adjust the pH at 8 under robust stirring at room
temperature, followed by the addition of uncapped UCNPs
(ImL) dropwise, and the mixture was stirred for another
2h. This solution was then mixed with DEG (10mL) and
heated at 105°C for 1h under stirring for water evaporation.
The resultant solution was then heated at 160°C for 2h
in a 20mL Teflon-lined autoclave. Next, the PAA capped
UCNPs (denoted as PAA-UCNPs) were collected through
centrifugation at 15,000 rpm for 0.5h. PAA-UCNPs were
washed several times with deionized water and ethanol, re-
dispersed in deionized water (1 mL, 0.25M), and stored at 4°C
in fridge.
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Characterization

To investigate the morphology/size of UCNPs, the samples were
characterized by a HT7700 transmission electron microscope
(TEM) with the working voltage of 100 KV (Hitachi, Japan).
The crystal phase of UCNPs was identified by DY735 X-ray
diffractometer (XRD) (Malvern Panalytical company, UK) with
20 range from 10 to 80° at a scanning rate of 5° per minute, with
Cu Ka irradiation (A = 1.5406 A). Fourier transform infrared
(FT-IR) spectra of UCNPs using KBr pellet technique were
recorded between 400 and 4,000 cm ™! at a resolution of 1 cm™!
using a Nicolet 6700 FT-IR Spectrometer (Thermo-Fisher
Scientific, USA). Ultraviolet-visible (UV-Vis) spectra were

measured on SHIMADZU UV2700 spectrophotometer.
Upconversion luminescence spectra were recorded by
FluoroMax-4 fluorescence spectrometer (HORIBA Jobin

Yvon, USA) at the same condition, except using an external
980 nm CW laser at 3W or 808 nm laser at 2W (Fiber coupled
diode laser, BWT Beijing Ltd.). The photoluminescence intensity
was obtained by integration the upconversion emission spectra in
wavelengths range of 330-850 nm. Thermogravimetric analysis
(TGA) was performed using Netzsch DTA-TG STA449F5
instrument under N, atmosphere at a heating rate of 10°
per minute.

Sample Preparation for Metal lon Sensing
The metal ion stock solutions with a concentration of 5 x 107> M
were prepared in deionized water using the corresponding metal
salts and diluted in deionized water at concentrations of 5 x 10~%
M and 5 x 107° M, respectively. The PAA-UCNPs dispersion
with concentrations of 0.25 and 0.025M were prepared in
deionized water. The PAA dispersion with a concentration of 5
x 1073 M was prepared in deionized water. The EDTA stock
solution with a concentration of 5 x 107> M was prepared in
deionized water.

In the UV-Vis experiment of Figure 2A, 2 mL PAA-UCNPs
dispersion (0.025 M) was diluted to 4 mL in deionized water; 8
pwL PAA-UCNPs dispersion (0.025M) was mixed with 160 pL
Cu?t solution (5 x 10~* M) and diluted to 4 mL in deionized
water. In the UV-Vis experiment of Figure 2B, the PAA (5 mM),
Cu?t (5uM) and PAA (40 uM) chelating with Cu?* (40 uM)
were prepared in deionized water by diluting corresponding
bulk solutions. The mixture was filled in a quartz cell with an
optical path of 1.0 cm to achieve an absorption spectrum. For the
upconversion emission experiment with 980 nm laser excitation,
40 nL PAA-UCNPs dispersion (0.025M) was added to a 4 mL
bottle, then the Cu?* solution (5 x 10~° M) was added by means
of a micro-pipette and diluted to 4 mL. The mixture was filled in
a quartz cell with an optical path of 1.0 cm for testing. For the
upconversion emission experiment with 808 nm laser excitation,
100 pL PAA-UCNPs dispersion (0.25M) was added to a 3mL
bottle, then the Cu®* solution (5 x 10~ M) was added by means
of a micro-pipette and diluted to 3 mL. The mixture was filled
in a quartz cell with an optical path of 1.0cm for testing. For
upconversion emission spectra of the selective experiment with
980 nm laser excitation, 40 pL PAA-UCNPs dispersion (0.025 M)
was added to a 4 mL bottle, then the metal ion solution (5 x
107 M or 5 x 10~* M, respectively), was added by means

of a micro-pipette and diluted to 4 mL. The mixture was filled
in a quartz cell with an optical path of 1.0cm for testing. For
upconversion emission spectra of the reversibility experiment,
EDTA was added dropwise to the solution of PAA-UCNPs whose
fluorescence has been quenched by copper ions. After mixed well,
filled it into a quartz cell with a 1.0 cm optical path for testing.
After recovery experiment through addition of EDTA, the PAA-
UCNPs were collected via centrifugation, followed by washing
several times with deionized water and ethanol, re-dispersed in
deionized water, and stored at 4°C in fridge for another Cu’**
sensing test.

Calculation of Limit of Detection

The limit of detection, LOD, of UCNPs chelating with Cu?* was
determined using the following equation (Peng et al., 2009; Guo
etal., 2017):

LOD = 3x3§/S (1)

[ Exi-x)?
8_‘,T (2)

where § is the standard deviation of the blank solution, S is the
slope of the calibration curve, x; is the average value from the
calculation, x is the measured data point, and N is the number of
readings employed for obtaining average.

RESULTS AND DISCUSSION

Structural Characterizations and
Morphology

The structure and morphology characteristics of the as-prepared
NaYby 5Ndg 5F4s@NaYbg 5Gdg 49Tmg g1 F4@NaGdF, UCNPs
were validated by XRD, FT-IR and TEM techniques. The XRD
pattern of the as-prepared OA-UCNPs, as shown in Figure 1A,
matches well with the standard JCPDS No. 16-0334, which
corresponds to the pure hexagonal structure of NaYF4. FT-IR
technique validates the successful surface functionalization (i.e.,
the replacement of the OA with PAA) of the UCNPs. The FT-IR
spectra of the OA-capped, un-capped, and PAA-capped UCNPs
measured in the range of 500-4,000 cm™! are presented in
Figure 1B. The capping of the PAA molecules onto the surface
of the UCNPs not only makes them water-dispersible but also
provides multiple binding sites for detection of metal ions,
specially Cu?t ion. The FT-IR spectrum of the as-prepared
OA-capped UCNPs exhibits five prominent peaks at 1,463, 1,558,
2,851, 2,921, and 3,443 cm~!. The presence of the doublets at
(1,463, 1,558 cm™1) and (2,851 and 2,921 cm™!) attributes to
the [symmetric (vs) and asymmetric (vys)] stretching vibrations
of the carboxylic group (-COO) and methylene group (-CH),
respectively, which indicates the presence of OA ligand on
the surface of the UCNPs (Chen et al., 2008; Dai et al., 2016;
Wang et al., 2019). Also, a broad singlet observed at 3,443 cm™!
originates from the stretching vibration of the hydroxyl (-OH)
group (Sarkar et al., 2015). For bare UCNPs (without OA on
the surface), these doublets are disappeared from the FT-IR
spectrum (black line in Figure 1B) of the uncapped UCNPs,
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FIGURE 1 | (A) XRD pattern of OA-capped NaYbg sNdg sF4@NaYbg s Gdo 49 TMo.01 F4@NaGdF4 UCNPs in comparison with standard JCPDS No. 16-0334, (B) FT-IR
spectra of the OA-capped, un-capped, and PAA-capped NaYbg sNdg sF4@NaYbg s Gdg 49 TmMo 01F4@NaGdF4 UCNPs, and (C,E) TEM images; and (D,F) size
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indicating the successful removal of OA ligand from UCNPs
surface after weak acidic treatment. Post OA removal, the UCNPs
are further functionalized by the PAA and the FT-IR spectrum
of the PAA-capped UCNPs is presented in Figure 1B (blue line),
which clearly shows the characteristics doublet at 1,560 and
1,636 cm™! assigned to asymmetric stretching vibrations of
CO (vco), and CO; (vco,) groups of PAA ligand, respectively
(Liu et al., 2013; Feng et al., 2015; Kong et al., 2017). Another
doublet at the higher wavenumber region, i.e., 2,926 and 2,959
cm™! arises due to the symmetric and asymmetric stretching
vibrations of CH, (vch,), respectively. The intensity of the
doublet caused by the CH, (vch,) group decreases significantly
in comparison to the OA capped UCNPs. Thus, we conclude
that the capping of the PAA group onto the surface of the
UCNPs is successful. This is consistent with the TGA results. The

TGA plots of PAA-UCNPs and un-capped UCNPs are shown
in Supplementary Figure 1 (Supporting Information). The
TGA curves clearly show that the decomposition temperature
for PAA-UCNPs at ~400 °C is higher than that of the pure
PAA molecules at ~200 °C (Sarkar et al., 2015), indicating the
strong affinity of PAA molecules to the UCNPs. TEM images
of both OA-UCNPs and PAA-UCNPs confirm the formation of
hexagonal morphology (see Figures 1C,E). Irrespective of the
capping agent used, the particle size (estimated 27 4= 2.2 nm) and
the morphology of the UCNPs are hardly affected, as evident
from Figures 1C-F. The replacement of the OA by PAA onto the
surface of UCNPs significantly improves the water dispersibility
without any particle aggregation in PAA-UCNPs (Figure 1E).
Supplementary Figure 2 (Supporting Information) shows the
TEM images and size distribution of the as-prepared core of
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NaYbg5NdosF4 and core-shell structure with the composition  to decline due to the formation of copper carboxylate complex.
of NaYbgsNdg5Fs@NaYbg5Gdo49Tmgo1F4  nanoparticles,  This could be explained either by FRET, inner-filter effect or an
respectively. The core and core-shell particles exhibit the particle  effect of the heavy metal ion. In order to rule out the FRET and
size of 18 & 0.5 and 25 £ 2.1nm, respectively. Thus, the inner-filter effect, the comparison between the UV-Vis spectra
thickness is ~7nm and ~2nm for the inner shell and outmost  of the PAA, Cu?*, PAA+Cu?", and upconversion emission

shell layer, respectively. spectrum of PAA-UCNPs has been presented in Figure 2B.
Cu?" ions exhibit a strong absorption band peaking at 234
UV-Vis Absorption Spectra nm. The interaction between the Cu?* with PAA resulted in

The UV-Vis measurements were carried out to understand the  a strong, broadband at 260 nm along with a very weak broad
sensing mechanism and the possibility of the interaction between  band in the 600-800 nm region, which ascribe to ~-COO~-Cu?"
the Cu®?* and PAA-UCNPs. The UV-Vis spectrum (Figure 2A)  charge transfer (Ma et al., 2008; Sarkar et al., 2015), and the
of the PAA-UCNPs does not show any absorption. In contrast, — complexation of PAA with Cu?* (Tatridi et al., 2008), respectively,
a noticeable absorption peak around 258 nm upon the addition ~ with the latter band overlapping with the 645, 695, 723, 801 nm
of Cu?* into PAA-UCNPs dispersion is due to the formation  emission of the UCNPs. However, the intensity of overlapped
of the copper carboxylate complex based on PAA-UCNPs and  peaks is very weak, in addition, the prominent emission peaks
Cu?* interaction, in line with the reported literature (Schuetz ~ of UCNPs (i.e., at 344, 360, and 450, and 474nm), are not
and Caruso, 2003; latridi et al., 2008; Ma et al., 2008). This  overlapped. Hence, the FRET and inner-filter effect can be ruled
confirms the chelation between the Cu?* and the carboxyl group ~ out as a preferred fluorescence quenching mechanism (Wang
of PAA on the surface of UCNPs. When mixing Cu?t in PAA- et al, 2017). In these circumstances, we believed that the effect
UCNPs solution, the emission intensity of the UCNPs is expected ~ of heavy metal ion is the main reason for the fluorescence
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FIGURE 2 | (A) UV-vis spectra of PAA capped NaYbg sNdg 5F2@NaYbg s Gdo 49 Tmo 01 F4@NaGdF, UCNPs and PAA capped UCNPs chelating with Cu?*; (B) UV-vis
spectra of PAA, Cu?t, and PAA chelating with Cu?*, in comparison with upconversion emission spectra of PAA-capped NaYbg sNdo 5F2@

NaYbg 5Gdo.a9 TMo.01 Fa@NaGdF, UCNPs under 980 nm excitation; and (C) Normalized upconversion emission spectra of PAA capped

NaYbg sNdo 5Fs@NaYbg s Gdo.a9 TmMo.01 F4@NaGdF, UCNPs under 980 and 808 nm laser excitation, in comparison to PAA capped

NaYbF;@NaYbg 5Gdg.a9TmMo 01 F4a@NaGdF, UCNPs under 980 nm laser excitation.
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FIGURE 3 | Upconversion emission spectra of PAA-NaYbg sNdg 5F4@NaYbg 5 Gdg.49 Tmo o1 F4@NaGdF, UCNPs with various concentration of Cu?t under (A) 980 nm
and (C) 808 nm laser excitation, respectively; (B) The plot of emission quenching efficiency (1-F/Fo) vs. the Cu?+ concentration in (A); (D) Upconversion emission
spectra of PAA-NaYbF;@NaYbg 5Gdo 40 TMo.o1 F4 @NaGdF, UCNPs with various concentration of Cu?t under 980 nm laser excitation.

quenching of the UCNPs (Saleh et al, 2011; Liang et al,
2016).

Upconversion Emission Spectra

Figure 2C shows the upconversion emission spectra of the PAA-
capped Na(Yb,Nd)Fs@Na(Yb,Gd)Fs:Tm@NaGdF, (excited at
980 and 808 nm, respectively), and NaYbF;@ Na(Yb,Gd)E,:
Tm@NaGdF4 UCNPs (excited at 980 nm) UCNPs. The emission
spectra displayed several sharp characteristics peaks of Tm** at
344, 360, 450, 474, 645, 695, 723, and 801 nm, which can be
attributed to the 'Is — °F4, 'D; — *He, 'D; — °F4, 1G4 —
3Hg, 1G4y — 3Fy, 3F3 — 3He (Wang et al., 2010; Liu et al., 2017;
Zhan et al., 2017), 'D,— 3F2,3 (Zhao et al., 2013; Zhan et al,,
2017) and *Hy— *Hg transitions of Tm3*, respectively (Kenyon,
2002; Wang et al., 2010, 2011; Zhou et al., 2013). All the emission
spectra shown in Figure2C are identical, except for their
emission intensity. The appearance of UV/blue upconversion
emissions indicates that the core-shell structure has successfully
suppressed the deleterious cross-relaxation processes (Wen et al.,
2013). Among the Tm3" transitions, >Hys— 3He (801 nm)
transition shows significant higher emission intensity than the
1G, — 3Hg (474nm). The higher emission intensity of the
3H,— 3Hg transition originates due to the depletion of 3H,

level by surface quenching, which will supress the population
of !G4 by subsequent excited state absorption or energy transfer
(ET) (Wang et al., 2010). We have investigated the pump power-
dependent upconversion luminescence with 980 nm excitation
to figure out the actual number of photons involved in
the upconversion process. Supplementary Figure 3 displays
the plot of log(Intensity) vs. log(Laser power) (Supporting
Information). The slope of the plot for 344 nm emission was
4.15, showing that the upconversion is five photon process.
Under the 808 nm excitation, in comparison to the 980 nm
excited Na(Yb,Nd)F4@Na(Yb,Gd)F4:Tm@NaGdF,, the emission
intensity of the peaks below the 460 nm (UV and blue emissions)
has increased with decrease in the 474 nm (!G4— 3Hg) emission
peak, which agrees with the result as reported by Wen et al.
(2013).

Detection of Cu?*

The emission spectra of PAA-
NaYbg 5NdgsF4s@NaYbg 5Gdg49Tmg g1 F4@NaGdF, UCNPs
under 980 nm excitation with different Cu** were measured
and presented in Figure 3A. With the increase in the Cu?"
ions concentration, the emission intensity of the PAA-UCNPs
decreased monotonically. To comprehend the effect of the
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Cu?™ on the luminescence quenching, a plot of emission
quenching efficiency, 1-F/F;, where Fy and F denote the
emission intensity of UCNPs without and with Cu®*" ions
vs. the concentration of Cu?* ions, respectively, is displayed
in Figure 3B. The Cu?' concentration and 1-F/Fy of PAA-
UCNPs presents a linear relationship with R? = 0.9814 within
0.125-3.125 M range (Figure 3B), indicating the dynamic
nature of the photoluminescence quenching (Sarkar et al,
2014). The fluorescence quenching efficiency reaches a plateau
at higher concentration of Cu?" after 4 M, indicating the
saturation of the chelating sites after Cu?* binding (Wang et al.,
2017). The LOD is calculated using the formula 3§/S where
8 denotes standard deviation and S is the slope. The LOD of
Cu?* ions using current PAA-UCNPs based sensor is as low
as 0.1 M, which is superior to that of existing upconversion
Cu?" detection methods (Sarkar et al., 2014; Huang et al.,
2017). Also, the LOD of the current PAA-UCNPs platform is
comparable with the values reported in the literature (Wang
et al, 2014). The meso-tetra(4-sulfonatophenyl)porphine

dihydrochlorid (TSPP) on SiO;-encapsulated NaYF4:Yb,Er,Gd
UCNPs based platform for the detection of Cu?" ions with a
LOD of 2.16 uM was reported by the Huang et al. (2017). These
results indicate that the current PAA-UCNPs based platform
exhibits superior sensitivity for Cu?t detection. The PAA-
NaYbg 5NdgsF4s@NaYbg 5Gdg49Tmg g1 F4@NaGdF, UCNPs
based platform has also shown quite high sensitivity even at
808 nm laser excitation within 0.66-2,000 wM range, indicating
that the Cu?* ions can also be effectively detected by using
808 nm laser, as shown in Figure 3C. In addition, the Cu?* can
also be detected by using the PAA-UCNPs having 100% Yb®" in
the core (NaYbF4;@NaYbg5Gdg49Tmg o1 F4@NaGdF; UCNPs)
under 980 nm excitation within 0.1-5 uM range, as can be seen
in Figure 3D. The obtained results i.e., different probes, LOD,
and linear range monitored at specific excitation wavelength in
this study are compared with that of the reported literature for
the Cu?* detection using different nanoplatforms (probes), see
Supplementary Table 1. To the best of our knowledge, the exact
mechanism underlying the cause of quenching is still very much
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unclear because of highly complex nature of the upconversion
luminescence. However, we can speculate about the quenching
mechanism based on the observations reported in previous
reports, i.e., dynamic and static quenching (Saleh et al., 2011).
At low metal ion concentrations, the collisions between heavy
metal ions and the UCNPs cause the dynamic quenching and
form a complex between excited-state UCNPs and ground-state
heavy metal ion during the excited-state lifetime of UCNPs. The
excited state complex then loses its energy non-radiatively and
falls to the ground state. On the other hand, the static quenching
can also occurs at higher concentrations. In static quenching,
the complex forms between the UCNPs and the heavy metal
ions at ground state. Such a complex is very different from the
excited-state complex and is temporally stable.

Selectivity
The selectivity of the PAA-
NaYbg5NdgsFs@NaYbg 5Gdg49Tmg o1 F4s@NaGdF, UCNPs

under 980nm excitation toward Cu’* ions was further
investigated by testing the PAA-UCNPs response toward a wide
range of metal ions, particularly, equimolar A+, Ba?*, Ca’*,
Co?*, K, Lit, Mg?T, Mn?T, Na™, Ni**, and Zn*". Figure 4A
shows the response of the PAA-UCNPs toward these metal
ions, shown by individual red column for each metal ion, in
comparison to the PAA-UCNPs (blank) and Cu®* ions response
in Figure 4B. It is evident that the emission intensity of blank
sample after the addition of various metal ions has not been
significantly altered, except for the Cu?", indicating that the
current PAA-UCNPs based sensing platform is most sensitive
toward the Cu?* ions. Furthermore, to confirm the competitive
selectivity of the Cu?" ion by PAA-UCNPs, the upconversion
emission spectra of PAA-UCNPs in presence of mixed metal
ions i.e., AI*T, Ba?t, Ca?T, Co?", KT, Lit, Mg?", Mn?*, Na¥,
Ni?*, and Zn?*t at different concentrations (1, 5, 10 LM) were
measured and presented in Figure 4C. It can be seen that the
mixture of the metal ions in absence of the Cu?* do not show
substantial difference in the emission intensity, however, as
the Cu?* ions were added to the solution containing other
metal ions, the emission intensity was significantly decreased
monotonically with increase in the Cu®>" concentration, see
Figure 4D. The decrease in the upconversion emission intensity
can be ascribed to the chelation of Cu?* and PAA-UCNPs that
leads to the efficient fluorescence quenching of PAA-UCNPs.
These results demonstrate that the PAA-UCNPs based platform
can serve as an upconversion detector for the detection of
the Cu?" with high sensitivity and selectivity. The preferred
selectivity of the Cu?* ions can be explained by considering the
binding constants of the multi-valent ions to the PAA. Many
researchers have measured the binding constants of the different
multivalent metal ions and reported in the literature (Mandel and
Leyte, 1964; Porasso et al., 1999; Giesecke et al., 2016). According
to these reports, the selectivity of the metal ion not only depends
on the pH of the solution but also on the ionic radii and their
concentration. The reported trend for the different multivalence
metal ions based on their binding constants is as follows,
Lit <Nat <KTaBa?t <Ca?taMg*t <APT <Co** < Ni?"
< Zn*t <Mn?* < Cu?*. Since the Cu?* shows the highest
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FIGURE 5 | (A) Photoluminescence spectra of
PAA-NaYbg sNdp 5F4@NaYbg 5 Gdo.49 TmMo.01 F4a@NaGdF, UCNPs without
Cu?t, with Cu?* (2.0 wM), and further addition of EDTA (2.0 juM) under 980 nm
laser excitation; (B) The proposed energy transfer mechanism between
NaYbg.sNdp sFs@NaYbg 5 Gdo 49 TMo 01 F4@NaGdF4,UCNPs and copper ions.

binding constant values, it forms stronger coppercarboxylate
complex and thus greatly quenches the luminescence.

Reversibility

We also checked the reversibility of the Cu?™ ions detection
using PAA-NaYbg 5NdgsFs@NaYbg 5Gdg 49 Tmg g1 F4@NaGdF,
UCNPs. After addition of the Cu?T to the PAA-UCNPs,
post copper carboxylate complex formation, EDTA was added
gradually for this purpose. Upon 980 nm excitation, the emission
spectra of the PAA-UCNPs before (black line) and after (red line)
the Cu?* addition with obvious emission intensity difference, are
shown in Figure 5A. Upon the gradual addition of EDTA to the
copper carboxylate complex, the emission intensity of the PAA-
UCNPs is gradually recovered (green line) up to 90%, suggesting
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the PAA-UCNPs based platform for the Cu?* detection is
reversible. It is also noted that the PAA-UCNPs based platform
responds very quickly within a minute for both the Cu** ions
to quench the emission and the EDTA solution to recover the
quenched emission. We believe that the strong affinity of the
Cu?* toward EDTA is responsible for the dissociation of the
copper carboxylate complex thereby recovering the emission
intensity of the PAA-UCNPs.

Proposed Energy Transfer Mechanism
Figure 5B demonstrates the energy level diagram depicting
plausible mechanism of upconversion emission quenching
caused by the addition of Cu?" to PAA-UCNPs. Generally,
upon 980 nm excitation, the Yb** ions are excited from their
2F7/2 ground state to the 2F, /2 excited state, subsequently, the
cooperative ET from Yb>*-trimer to the different level of the
Tm3t produces the visible emission (Jean-Claude and Claude,
2002; Saleh et al.,, 2011; Wen et al., 2013; Qin et al., 2014).
However, in presence of the Cu?* ions, the cooperative ET from
Yb3*-trimer to Tm>" is hampered by the quenching processes
caused by Cu?*, which leads to the upconversion emission
quenching of the PAA-UCNPs (Saleh et al., 2011). We strongly
believe that the significant quenching of the upconversion
emission of PAA-UCNPs upon Cu?" addition, is caused by the
disturbance of the Yb>*— Tm>" ET by the heavy metal ion.
Upon adding EDTA, the Cu®" ions leave the copper carboxylate
complex to bind with the EDTA because of their higher affinity
toward EDTA than the PAA and thus the upconversion emission
gets recovered.

CONCLUSIONS

We have developed a simple water-dispersible PAA-UCNPs
based nanoplatform for the detection of Cu?>* ions. With increase
in the Cu?* concentration, the upconversion emission intensity
of the PAA-UCNPs is quenched monotonically within the 0.125-
3.125 uM range due to the ET between PAA-UCNPs and Cu**.
The LOD for the Cu?T is calculated to be 0.1 WM. It has been
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Fluorescent probes have attracted special attention in developing optical sensor systems
due to their reliable and rapid fluorescent response upon reaction with the analyte.
Comparing to traditional fluorescent sensing systems that employ the intensity of only
a single emission, ratiometric fluorescent sensors exhibit higher sensitivity and allow fast
visual screening of analytes because of quantitatively analyzing analytes through the
emission intensity ratio at two or more wavelengths. Lanthanide metal-organic
frameworks (LnMOFs) are highly designable multifunctional luminescent materials as
lanthanide ions, organic ligands, and guest metal ions or chromophores are all
potential sources for luminescence. They thus have been widely employed as
ratiometric fluorescent sensors. This mini review summarized the basic concept,
optical features, construction strategies, and the ratiometric fluorescent sensing
mechanisms of dual-emitting LnMOFs. The review ends with a discussion on the
prospects, challenges, and new direction in designing LnMOF-based ratiometric
fluorescent sensors.

Keywords: lanthanide, luminescence, dual emission, ratiometric sensing, metal-organic frameworks

INTRODUCTION

Fluorescent probes have attracted special attention in developing optical sensor systems due to their
reliable and rapid fluorescent response upon reaction with the analyte (Vendrell et al., 2012). The
strategy to develop effective fluorescent probes has become one of the hottest research areas in recent
years. Various kinds of fluorescence probes based on organic dye molecules, semiconductor
quantum dots (QDs) have been developed (Wu et al, 2020a; Yang et al.,, 2020a; Pfeifer et al.,
2020). However, these probes have several limitations in detecting or sensing. For example, organic
dyes suffer from several drawbacks such as poor chemical stability and rapid photobleaching, making
it impossible for long-term fluorescence sensing. Compared with organic dye molecules, QDs exhibit
better chemical and photostability. QDs are usually composed of heavy metals and suffer from
toxicity and environmental hazards, which limit their practical applications. Lanthanide-based
fluorescent probes can surpass the aforementioned inherent limitations of organic dyes or quantum
dots due to their excellent properties, including low toxicity and better stability. Moreover,
lanthanide luminescence features rich linelike emission bands, large Stokes shift, and high
resistance to photobleaching, making the lanthanide-based luminescent materials superior in
sensing applications.
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Traditional fluorescent sensing system that employs the
intensity of only a single emission for quantitative analysis of
analytes can be difficult and might yield unreliable results. A
number of analyte-independent factors such as instrumental
drift, the microenvironment and local concentration variance
of probes, and photobleaching of the probes, all interfere with the
quantification of the analyte and lower the sensing reliability. To
circumvent these drawbacks, a ratiometric approach has been
adopted in the design of fluorescent sensors (Chen et al., 2020;
Zhao and Li, 2020). Ratiometric fluorescent sensors allow the
simultaneous measurement of emission intensities at two or more
wavelengths, and their emission intensity ratio is calculated and
then correlated to analytes. In particular scenarios, change in
emission color output could be observed upon reaction with the
analyte, allowing for fast visual screening of analytes (Chen et al.,
2018; Su et al, 2018; Bigdeli et al., 2019; Zhang et al., 2020).
Perceiving the variation in the color brightness is much harder
than visualizing the color change. Therefore, the ratiometric
fluorescence sensing method is a clear winning strategy over
the traditional single emission intensity-based sensing approach.

The search for novel lanthanide-based dual- or multi-emitting
materials that suitable for developing a ratiometric sensor is
currently an emerging field (Yin and Yin, 2020). Lanthanide
metal-organic frameworks (LnMOFs) combine the lanthanide
luminescent features with the MOFs’ characteristics such as high
porosity, large surface-to-volume ratio, diverse structures have
been proved to be a powerful candidate in sensing application
(Zhang et al., 2018; Liu et al., 2019). The permanent porosity and
large surface area provide the potential to effectively concentrate
analytes at higher levels within MOFs (Han et al., 2012), thus
improve the sensitivity. Comparing to other conventional
lanthanide hybrid platforms such as lanthanide-QDs or
lanthanide-dye, LnMOFs present superior emission tuning
capability as lanthanide nodes, organic linkers, the ligand to
metal energy transfer, all of which can be “tailor-made” or
modulated (Yan, 2017; Yang et al., 2020b; Wu et al., 2020c).
Moreover, the intrinsic porosity of MOFs provides a pathway to
encapsulate guest materials, which may also contribute to
emission. Furthermore, the host framework-guest interactions
such as coordination bonds, n-m interaction, and hydrogen
bonding provide excellent sensing sensitivity toward the
analyte (Xu and Yan, 2017). Therefore, all these features make
LnMOFs promising in developing ratiometric sensing systems.

In this mini review, we provide a general overview of the
design principles of LnMOFs with multiple luminescent centers.
To further discuss the details in design and the working
mechanisms of these ratiometric fluorescent sensors, very
recent progress in the development of LnMOFs for sensing
ions, trace-water, gas and temperature, molecular decoding
and biosensing will also be discussed. Our efforts here are to
highlight the prospects of LnMOFs as ratiometric fluorescent
sensors and briefly discuss the desired properties for future
development.

The Construction of Dual-Emitting LnMOFs
The prerequisite of ratiometric assays is to generate dual or multi
emission signals by one excitation. By virtue of the inherent
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hybrid nature, LnMOFs can mostly generate luminescent from
the following component (Figure 1A): 1) Ligand usually
conjugated organic compounds can generate emission upon
excitation with UV or visible light. 2) Lanthanide metal nodes
can give emission through antenna effect promoted by the
ligands. 3) Lanthanide ions as guest species that incorporated
into MOF structures could also yield luminescence. 4) Other
chromophore guests, such as dye molecules or QDs. Figures
1B-D summarizes three typical scenarios by which dual emission
has been generated and utilized for the construction of
ratiometric sensor, namely a Ln (I)-Ln (II) bimetallic system,
a Ln-Ligand system and a Ln—Chromophore system.

Ln (I)-Ln (ll) Bimetallic System in LnMOFs
The traditional method of physically mixing two types of
LnMOFs doped with different lanthanide ions, as illustrated in
(i) of Figure 1B, is the most straightforward way to obtain dual
emission (Chen et al, 2019). Due to the similar chemical
properties of lanthanide ions, LnMOF structures can also
allow for the incorporation of different types and ratios of
lanthanide ions into the same host materials and thus generate
characteristic emissions of each lanthanide ion at the same time
((ii) of Figure 1B) (Xia et al., 2017; Su et al., 2018; Ji et al., 2018;
Gao et al,, 2018; Li et al., 2019a; Othong et al., 2020; Zeng et al.,
2020a). Once incorporated into the MOF structure, lanthanide
ions can generate emission covering the spectrum region from
ultraviolet to near-infrared. Among which, Eu** and Tb>" ions
exhibit strong red and green luminescence, respectively, that can
be easily perceived by the naked eye. Therefore, Eu**/Tb>" based
MOFs have been widely employed for the construction of dual
emission ratiometric fluorescent sensor. For example, chemical
fine-tuning the Tb/Eu ratio of raw materials in the synthetic
process of Tb/Eu (TATB) results in tunable dual emission from
Tb*>* and Eu’* ions (Zeng et al., 2020a). Besides serving as the
metal nodes, multiple types of lanthanide ions can also be
encapsulated into the pore of MOFs as emissive guest species
[(iii) of Figure 1B] (Li et al, 2019¢; Qiao et al., 2019). For
instance, Tb/Eu@bio-MOF-1 material was fabricated via ion
exchange between Tb** and Eu’" cations into the pores of the
anionic framework, also resulting in dual emission from Tb>" and
Eu’" ions (Zhang et al, 2016b). Noted that the porous
microstructure around Tb>* and Eu’* ions also facilitate the
absorption and the transportation of analyte and therefore
contribute to the effective sensing.

Ln-Ligand System in LnMOFs

Luminescent behavior of LnMOFs is highly dependent on the
efficiency of the antenna effect. The perfectly matched energy
levels of ligand and metal result in emission from lanthanide ions
dominantly, while poor energy matching leads to almost no
lanthanide emission. In the case of partial energy transfer
from the ligand to lanthanide ions, both characteristic
emissions from lanthanide ion and ligand can be recorded.
Such dual emissive Ln-Ligand LnMOF system can be helpful
in constructing ratiometric sensors once exposed to analytes
(Yang et al., 2017; Yue et al,, 2018; Li et al., 2019b; Yin et al.,
2019). For example, Qian et al. prepared ZJU-136-Ce,_Eu, with
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1,1'; 4',1"-terphenyl-2’,4,4" 5" -tetracarboxylic acid (TPTC) and
Ce** and Eu’" ions (Yue et al., 2018). ZJU-136-Ce;_.Eu, exhibits
dual emission from TPTC ligand at 390 nm and Eu’* ions at
617 nm under 320 nm excitation. The introduced Ce*" ions were
intended to regulate the energy transfer from TPTC to Eu** ions.
Due to the specific redox reaction between ascorbic acid (AA) and
Ce**, the emission intensity of TPTC increased significantly with
the simultaneous quenching of Eu ions. Therefore, ZJU-136-
Ce;_,Eu, was proved to be useful in ratiometric fluorescence
sensing for AA determination.

Ln-Chromophore System in LnMOFs

MOFs possess pores and channels with highly tunable sizes and
shapes. Apart from the intrinsic lanthanide luminescent from the
frameworks and the encapsulated Ln’" ions, there are plenty of
chromophores such as metal-complex, organic dyes, QDs that
can be encapsulated into MOF as chromophore guest (Cui et al.,
2015; Gao et al,, 2017; Hao et al., 2017; Qin and Yan, 2018; Wang
et al,, 2019; Yu et al.,, 2019). For instance, Yu and coworkers
developed a water-stable RhB@Tb-dcpcpt host-guest composite
by trapping the cationic rhodamine B (RhB) into the anionic
framework of [Me,NH,][Tb; (dcpcpt);(HCOO)]-DMEF-15H,0
via an ion exchange process (Yu et al.,, 2019). The composite
exhibit dual emission from RhB and Tb ions, and therefore allows
the realization of sensitive and selective detection toward

ciprofloxacin and norfloxacin antibiotics via a luminescent
color-changing process. Wang et al. reported a dual-emitting
carbon dots@Eu-MOFs for the ratiometric fluorescent detection
of Cr(VI) (Wang et al,, 2019). Upon reacting with Cr(VI), the
fluorescence of carbon dots was quenched while the emission
intensity of Eu-MOFs remains unchanged. Therefore, the
prepared composites can be employed as self-calibrated probes
for Cr(VI).

Ratiometric Fluorescent Sensing

Mechanisms

In a dual-emitting ratiometric fluorescent sensing system, the
sensor-analyte interaction can be categorized into the following:
analyte modulates by either suppressing (i) or enhancing (ii) the
energy transfer from the ligand to lanthanide ions, resulting in
reduced or enhanced emission from lanthanide ions. (iii) Analyte
modulates the coordination interaction of lanthanide ions. (iv)
Analyte modulates the Ln-Ln energy transfer. In general, dual-
emitting properties of LnMOF-based sensors show a quick
response once in reaction with analyte through the above-
mentioned interactions. And the intensity ratio of dual
emission can be calculated and then correlated to analytes. In
particular scenarios, changes in output emission color can be
observed, allowing for fast visual screening of analytes.
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The modulation of antenna effect to quench the lanthanide
luminescence is probably the most commonly employed sensing
approach by LnMOFs (Cui et al., 2019; Moscoso et al.,, 2020; Yu
et al., 2020). For example, Yu et al. (2020) developed a trace water
sensor based on Eu-MOF with the mixed ligand of dipicolinic acid
(DPA) and 2-aminophthalic acid (PTA-NH,). DPA functioned as
the sensitizer for Eu®* ions, while PTA-NH, provides a second
emission besides Eu®*. The exposure of DPA to water leads to the
occurrences of efficient intramolecular charge transfer (ICT) in
DPA, which weakens the antenna effect from DPA to Eu’*
(Figure 2A). And they observed a “turn-on” blue emission of
PTA-NH, with the water content in the MOF and a “turn-off” red
emission from Eu’" under 254 nm UV light excitation (Figure 2B).
The increase of PTA-NH, blue emission was ascribed to the water-
induced ICT fluorescence of PTA-NH,. This ratiometric
fluorescent sensor exhibits a linear and sensitive response to
water in the range of 0-100% (v/v). Therefore, a one-to-two
decoder logic device for water assay can be designed

(Figure 2C). Based on this dual-emitting ratiometric sensing
technique, a paper-based water microsensor was fabricated for
portable, longer-term stable, and rapid sensing. In 2017, Yang et al.
developed a boric acid functional Eu-MOF probe for the
recognition of fluoride ion, which is also based on the
suppressed antenna effect (Yang et al., 2017). The insufficient
ICT from ligand to Eu®* results in the dual emission from ligand at
366 nm and Eu’" ions at 625 nm under 275 nm excitation. With
the presence of fluoride ions, the binding of fluoride to the boron
center disrupted the p,—7 conjugation of 5-bop and decreased the
intersystem crossing efficiency, and therefore enhance the ligand
emission while decreasing the Eu’* emission with increased
fluoride concentration. An excellent linear relationship can be
observed between the intensity ratio of the dual emission and
fluoride concentration in the range from 4 to 80 M. Moreover, the
boric acid exhibits a strong affinity to fluoride ions, while its
interaction with other anions is relatively weak, making it
perfect for fluoride selective sensing.
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Reports on enhancing antenna effect resulted in “turn-on”
sensing are rather few comparing to the “turn-off” mechanism
discussed above (Karmakar et al., 2019; Fueyo-Gonzdlez et al.,
2020; Min et al, 2020; Wang et al, 2020; Yue et al., 2020).
However, it is obvious that “turn-on” sensors have advantages
over the “turn-off’ sensors, especially in the quantitative
determination of an analyte in low concentration (Luo et al,
2020). For the “turn-off” sensor, the signal decrease against an
already bright background makes it hard for sensitive and
accurate sensing. By contrast, “turn-on” luminescent behavior
can significantly enhance a weak emission or even create a new
emission, reducing the likelihood of false-positive signals while
providing much higher sensitivity. Yang et al. developed a “turn-
on” ratiometric fluorescent sensor for H,S by encapsulating Tb**
ions within the pores of MOF [Cu(HCPOC),]n to form b @
Cu-MOF (Zheng et al., 2017). The composite exhibits weak Tb**
emission and strong H,CPOC ligand emission because the
unsaturated electronic state of Cu’* tends to have a negative
effect on the energy transfer from ligand to Tb>* ions. Serving as a
strong electron donor, H,S can decrease the binding energies of
the metal center through its strong affinity for Cu®" ions.
Therefore, the luminescence of Tb>* recovered as the result of
the restored antenna effect between ligand and Tb>*. Meanwhile,
the ligand showed a slight decrease in emission with the increase
of H,S concentration. Therefore, Tb>*@Cu-MOF sensor showed
excellent sensitivity and selectivity toward H,S with a linear
response range from 13.25 to 1.6 mM. Another example of
enhancing antenna effect-based ratiometric sensing was
proposed by Xu and Yan, 2018. They developed a sweat CI
sensor based on Ag'/Eu’*@UiO-67 platform. As shown in
Figure 2D, Ag" was deliberately introduced into the system
via a Ag-N coordination bond to reduce the efficiency of the
energy transfer from UiO-67 to Eu®*. Upon reaction with Cl°, the
strong electronic affinity between Ag" and CI” leads to a “turn-
on” luminescence of Eu’". By employing DUT-101 as a reference
signal, an obvious output color shift from dark green to bright red
can be observed, and a 0.1 mM CI” limit of detection was claimed
(Figure 2E). They further load the two LnMOF-based sensors to a
cotton piece and attach it to a band-aid for the demonstration of a
wearable CI™ monitoring device (Figure 2F).

Molecules with different coordination capability could cause
changes in the coordination environment of lanthanide ions in
MOF structures and further affect their emission (Cui et al., 2014;
Zeng et al., 2020b). Based on this phenomenon, Zeng et al.
developed fast and facile decoding of a broad range of
molecules, including homologues, isomers, enantiomers, and
deuterated isotopomers by employing Tb/Eu(BTB) as the
probe (Zeng et al, 2020b). 1,3,5-benzenetrisbenzoic acid
(HsBTB) was chosen as the ligand, together with mixed Tb>*
and Eu®*, to construct Tb/Eu(BTB) probe by a simple one-pot
synthesis procedure (Figure 2G). Under 302 nm UV excitation,
the probe exhibits red (Eu’*), green (Tb>"), and blue emissions
(BTB) in a single host. Therefore this probe should be ideal for
molecular decoding as it involves wide coverage in the visible
spectral range. They found out that the ultrahigh decoding
capability was realized by fine-tuning the energy transfer
pathway in multiple ways, including changing the

LnMOFs for Ratiometric Fluorescent Sensing

coordination environment of lanthanide ions within Tb/
Eu(BTB) probe. For example, molecular with high
coordination capability such as acetic acid could destroy the
crystalline structure of LnMOFs and further eliminate the
antenna effect. The binding of target molecules to Eu**/Tb>*
could change the coordination symmetry of the LnMOFs and
modulate the energy of singlet or triplet excited states of BTB,
affecting the energy transfer from BTB to Eu’*/Tb>*. As shown in
Figure 2H, this ratiometric molecular decoding strategy enables a
full-color readout and visual decoding capability. Conventional
molecular decoding strategy requires a tailor-designed probe for a
specific sensing target, which is time-consuming and labor-
intensive. The reported probes can accommodate a diverse
range of molecules, while each gives a different output signal
as the result of specific host-guest interaction (Figure 2I). This
decoding strategy allows for multiple-target differentiation by
using only a single probe, significantly promoting its widespread
usability.

Modulating the Ln-Ln energy transfer is a straightforward way
to tune the emission ratio of two lanthanide ions and correlate with
the concentration of analytes (Zhang et al., 2016a; Zhao et al., 2019;
Wu et al, 2020b; Feng et al., 2020). For example, Zhang and
coworkers developed a dual-emitting Tb/Eu(BTC) probe for the
rapid detection of dipicolinic acid (DPA) biomarker (Zhang et al.,
2016a). Since DPA can chelate with Tb’", the energy transfer from
DPA to Tb’" becomes dominant while the Tb-to-Eu energy
transfer is interrupted (Figure 2J). The concentration of DPA
can be linearly correlated well with the ratio Isss/Is; in the
50-700 nM concentration range with the estimated detection
limit of 4.55nM (Figure 2K). And the color output of Tb/
Eu(BTC) sensor changes from orange-red to yellow-green after
adding DPA in the solution or dropping onto test strips
(Figure 2L). Another great example of using an analyte to
modulate Ln-Ln energy transfer is for ratiometric temperature
sensing (Yang et al., 2020c; Feng et al., 2020). Feng et al. developed
Eug 0025Tbg.9975-BABDC-PBMA membrane. H,BABDC is an ideal
“antenna chromophore” to sensitize both Eu’* and Tb’", and
therefore generate dual emission (Feng et al., 2020). They found
that the intensity ratio of *Dy—"Fs(Tb**)/’Dy—"F,(Eu>") can be
linear related to the temperature from 90 to 240 K. And the energy
transfer from Tb>" to Eu’" was responsible for the unique
temperature-dependent luminescent behavior. Benefiting from
the tunable architectures of this probe, they then developed a
free-standing and homogeneous membranous ratiometric
luminescent thermometer with excellent mechanical properties.
And the thermometer was tested to be stable even under harsh
conditions, pushing forward the real application of LnMOF-based
thermometers.

CONCLUSIONS AND PERSPECTIVE

This mini review provides a brief overview of the strategies to
construct a dual-emitting LnMOF-based ratiometric fluorescent
sensor. By virtue of the structural versatility, luminescent
turnability, unique sensor-analyte interaction, and the possible
fabrication into smart-devices make LnMOF an excellent
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candidate for efficient ratiometric fluorescent sensing. This
technique relies on the change in the emission intensity of two
emission bands, allowing for precise, quantitative, and real-time
analysis. And the direct witness of the color change by the naked
eye could be a more facile way for the determination of analytes.
Despite the undeniable merits of LnMOF-based ratiometric
fluorescent sensors, there are still many challenges to
overcome. The stability, especially the water stability of the
LnMOF-based sensors, needs to be further enhanced to avoid
the structural breakdown before completing the sensing in the
aqueous environment or other sensing media. Most of the
LnMOFs sensing experiments were still conducted in solution.
The development of LnMOF films or membranes as portable
devices while maintaining the original stability and ratiometric
sensing capability can be meaningful during the exploration of
their practical applications. The design and fabrication of
LnMOFs in nanometer scale is still in their infancy. Further
effort can be devoted to preparing nanostructured LnMOFs,
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which holds great promise in bioimaging, diagnosis, and
therapy. Most of the LnMOF-based sensors are still based on
the quenching mechanism. Research endeavors are preferred to
devote toward the rational design of “turn-on” especially “turn-
on” ratiometric fluorescent sensors.
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