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Rare earth luminescence has attracted widespread attention for several decades, among which near-
infrared (NIR) light-related up-conversion luminescence and NIR-II luminescence are widely used in the
biomedical field. The NIR-related luminescence is widely studied due to the excellent performance, such
as good biocompatibility, deep tissue penetration depth, low self-fluorescence and minimal light damage
to organisms. In this review, we mainly introduce the mechanism for rare earth up-conversion lumi-
nescence, NIR-II luminescence and conclude their advantages compared with traditional luminescence.
Rare earth These excellent priorities provide the basis for NIR-related luminescence bioimaging in vivo. Additionally,
Up-conversion we hilglight the scheme for the sensitive detection of substances in organisms and various methods for
NIR-II biological therapy. In spite of the existing research, it is outlined that NIR-related luminescence has great

Keywords:

g,“agi“g potential to be applied in different aspects, expanding perspectives and future challenges of research in
T;loesr:;;or related fields. Based on the current scientific achievements, this review can provide reference for research

in the areas mentioned above, expand the research direction and arouse a broad interest in different dis-
ciplines to pay attention to rare earth luminescence.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Rare earth elements have unique spectroscopic properties due
to their electronic energy level structure [1]. The emitted lumines-
cence of rare earth covers from ultraviolet (UV) light, visible (Vis)
light to infrared light. They are widely used in lighting, display,
biological applications, and so on [2]. Up to date, because of the
unique advantage of near-infrared (NIR) light [3,4], the NIR-related
rare earth luminescence especially applicable in the biomedical
field, such as biosensors of pH, ion, and biomolecules detection [5],
bioimaging, and therapies of photodynamic therapy [6], photother-
mal therapy [7], drug delivery [8], and multimode treatment [9].

Up-conversion luminescence of rare earth elements is a signif-
icant luminescence mechanism, which can convert NIR light into
UV and Vis light [10]. It was first discovered in the mid-1960s.
Because the quantum yield was extremely low and there was no
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high-power excitation source at that time, it did not attract at-
tention. After that, the use of lasers has caused an upsurge in up-
conversion research. Until the late 1990s, nanotechnology has pro-
vided new opportunities for up-conversion luminescence, and rare
earth ions doped up-conversion nanoparticles (UCNPs) have been
prepared and widely used in biological field [11].

Near-infrared II (NIR-II, 1000-1700 nm) luminescence with
higher signal-to-noise ratio and a deeper penetration is another
important luminescence characteristic for rare earth [12]. It is re-
lated to both up-conversion and down-conversion luminescence
mechanisms. In recent years, NIR-related luminescence and the ap-
plication in biomedicine have become a new research hot spot, es-
pecially in NIR-IL

In this review, we will pay attention to the development of
rare earth up-conversion and NIR-II luminescence in biological ap-
plications. Firstly, we expound luminescence mechanism for up-
conversion materials and the mechanism for NIR-II luminescence
in rare earth-based nanoparticles. Secondly, we introduce the ap-
plication of them in bioimaging, biosensors, and biotherapy in
detail separately. Finally, the development trends and prospects
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of rare earth luminescence will be discussed roughly in different
apects.

2. NIR-related luminescence of rare earth materials

Rare earth elements are widely used in luminescent materials,
as the luminescence from rare earth is heat independent. There are
4f orbitals in the rare earth atoms. When 4f electrons leap from
high energy levels to low energy levels, electrons will emit light
with different wavelengths by radiation. Rare earth atoms have
rich electronic energy levels, creating conditions for multiple en-
ergy level transitions and various luminescent properties [13].

Rare earth materials possess lots of luminescent advantages, in-
cluding narrow spectral bands, high color purities, bright colors,
strong abilities to absorb excitation energy and high conversion ef-
ficiency [14]. The emission spectrum range is broad, from UV to
infrared light. The fluorescence lifetime spans six orders of mag-
nitude from nanosecond to millisecond, and the maximum phos-
phorescence lasts over ten hours. It is worth emphasizing that rare
earth materials possess NIR-related luminescence for bioapplica-
tions.

2.1. Mechanism for up-conversion luminescence

Generally speaking, light-emitting materials usually absorb pho-
tons with high energy and emit photons with low energy, which
is called down-conversion luminescence. The luminescence mech-
anism of up-conversion luminescence materials is different from
other materials in that the photon energy emitted is higher than
the photon energy absorbed. This type of luminescence is called
up-conversion luminescence. The outstanding performance of rare
earth elements in the field of up-conversion luminescence is
mainly due to their rich long-life metastable excited states and ex-
cellent energy conversion performance [15].

The luminescence process of rare earth ions generally consists
of three steps. First, the matrix lattice absorbs excitation energy.
Second, this excitation energy is transferred to the excited ions
through the matrix lattice. Finally, the excited rare earth ions emit
fluorescence and return to the ground state. From the perspective
of crystal composition, the nanomaterials often consist of three
parts of matrix, activator, and sensitizer [16,17]. The matrix is the
material’s main component, which is used to carry or fix the lu-
minescent center which is also called the activator. Activators are
the ions that can be excited and emit light in the matrix lattice,
determining brightness and color of emissions. Sensitizers absorb
excitation energy, and transfer energy to activator ions, which are
generally other impurities that enhance the luminescent intensity.

The up-conversion luminescent mechanism is based on the
two-photon or multiphoton process [18]. The activator absorbs two
or more low-energy photons successively, and transfers them into
an excited energy level. Then it reaches the luminescent energy
level through nonradiative relaxation, and transfers to the ground
state to emit high energy photons. For example, Yb3* is a common
sensitizer ion [19,20]. Therefore, Yb3* itself has no Vis emission to
the whole spectrum. Fig. 1 shows two examples of energy transfer
between Yb3* sensitizer and Tm3* or Er3* as activators.

Because of the special mechanism, up-conversion luminescence
shows unique advantages [21,22], such as low self-fluorescence,
deep tissue penetration depth, minimal light damage to or-
ganisms, etc. Some typical UCNPs of NaYF4:Yb,Tm@NaYF, [23],
NaYF,4:Yb,Tm@NaYF,:Yb@NaNdF, [24], and NaYbF,:Er,Ce@NaYF,:
Yb@NaYF4:Nd [25] are widely used for optical imaging, bioassay
and therapy. Appropriate structure and surface property of UCNPs
can be designed to show excellent luminescent properties. Accord-
ingly, the application research and development of UCNPs in the
biomedical field were fast in recent years.
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Fig. 1. Energy transfer process and up-conversion mechanism of Yb3*, Er3*, and
Tm3* doped nanocrystals excited at 980 nm.

2.2. Mechanism for NIR-II luminescence

The rare earth down-conversion luminescence mechanism has
a particular branch with NIR light as the excitation source to emit
NIR-II light. When comparing NIR-II with the classical Vis (400-
700 nm) and NIR-I (700-900 nm) luminescence, NIR-II provides a
higher signal-to-noise ratio and a deeper penetration, thus shows
great potential in disease detection and treatment [26]. Among
the widely studied NIR-II luminescent materials, rare earth-doped
nanocrystals have the advantages of better photostability, lower or-
ganism toxicity, more narrow emission band, lower photobleaching
rate and longer fluorescence lifespan [27]. There are some com-
mon used NIR-II materials of Er-doped persistent luminescence
nanoparticles [28], NaLnF4:Gd/Yb/Er [29], and Ag,Se:Nd/Yd/Er [30].

The NIR-II window is beneficial for bioimaging with a high
signal-to-background ratio because of lower tissues scattering, in-
take and spontaneous fluorescence. Rare earth doped nanoparticles
are always excited through NIR light to emit NIR-II light via the
down-conversion pathway.

3. Optical bioimaging application

The mechanism of optical imaging can be described as follows:
the intensity of the fluorescence signal emitted by the excited fluo-
rescent material has a linear relationship with the amount of fluo-
rescein in a certain range [31,32]. Fluorescent materials are widely
used in many fields because of their strong labeling ability. The
intensity of fluorescent materials is stronger than that of biolumi-
nescence. Their experimental cost is low, and the imaging process
is simple. Here we will introduce up-conversion and NIR lumines-
cence imaging.

3.1. Up-conversion luminescence imaging

UCNPs are excellent fluorescent imaging materials without bi-
ological background interference [33]. Under medium excitation
power, constant and cheap NIR sources can excite them. Besides,
the high light stability and non-flickering luminescence of UC-
NPs over a long period are instrumental. In addition, polychrome
luminescence properties between UV and NIR light can be used
for multiplexed imaging. The bottleneck of UCNPs-based biological
imaging is that the relatively low luminescent efficiency. Besides,
when absorbing the energy of 980 nm light, the temperature of
the sample and water may be high to cause a change in the sample
or surrounding environment. In order to overcome these problems,
researchers have explored different excitation modes [34]. For in-
stance, they explored wavelengths of 808 nm or 915 nm, reducing
the water absorption and inhibiting the temperature increase.
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Fig. 2. Transmission electron microscopy (TEM) images of (a) core-shell-shell UCNPs and (b) UPFE. (c) U14 tumor-bearing mice fluorescence images injected with UPF and
UPFB internal. (d) Organs and tumors fluorescence images injected with UPF and UPFB extracorporeal. Reproduced with permission [24]. Copyright 2021, American Chemical
Society. (e) Up-conversion luminescence images of tumor bearing mouse injected with UCCG and (f) the signal intensity of up-conversion luminescence. Reproduced with

permission [35]. Copyright 2021, Wiley-VCH GmbH.

Our group designed UCNPs with the core-shell-shell struc-
ture of NaYF4:Yb,Tm@NaYF,:Yb@NaNdF,, then combined with zir-
conium porphyrin metal-organic framework of PCN-224(Fe) and
modified with biotin. UPF and UPFB were fabricated with Janus
nanostructures [24], among which UPF was formed by growing up
PCN-224(Fe) on UCNPs, and UPFB was the targeted UPF modified
with biotin. The dimension of the UCNPs was 52 nm x 45 nm and
UPF was asymmetric (Figs. 2a and b). The tumor signals became
strongest when 4 h after the injection of UPF and UPFB. The fluo-
rescence steadily decreased after 12 h (Figs. 2c and d). Li and co-
workers designed UCNPs@Cu-Cys-GOx (UCCG) system combining
natural enzymes of glucose oxidase (GOx) [35]. The up-conversion
luminescence intensity was 1.83 times higher at 60 min compared
with 10 min (Figs. 2e and f). Because of the reaction of Cu-Cy layer
with glutathione (GSH), the UCCG glutathione consumption capac-
ity is proved through its luminescence intensity.

Compared with traditional organic fluorophores, UCNPs can
provide more stable fluorescence signals and higher resolution
due to minor background interference, no light bleaching, and ad-
justable size and ligand. UCNPs can be used to prepare nanocom-
posites, for example, combining optical property and magnetic res-
onance imaging. Multimodal probes have great application poten-
tial in the future of internal imaging, since UCNPs exhibit good
photochemistry and thermal stabilization properties. Thus, up-
conversion luminescence imaging has high sensitivity and spatial
resolution, which shows great prospect to become unprecedented
photoluminescence imaging technology.

3.2. NIR-II luminescence imaging
As well known, fluorescent imaging can guide tumor resection

operation and phototherapy [36-38]. Conventional contrast agents
with emissions in the NIR-I window, such as indocyanine green,

are restricted by the low signal-to-noise ratio due to shallow tis-
sue penetration (~1 mm), photon tissue scattering and tissue aut-
ofluorescence [39]. The contrast agents with emissions in the NIR-
Il window are the potential materials for the next generation in
preoperative imaging and intraoperative guidance because of the
reduction of photon scattering and increase of the tissue penetra-
tion depth. As described by Yamanak et al. [40,41], the NIR-I light
emitted by indocyanine green is completely attenuated in 4 mm,
while NIR-II light can still pass 8 mm. The signal-to-noise ratio in
NIR-II (~7.8) is three times more than that in NIR-I (~2.1) at 4 mm
[41].

Ding and co-workers fabricated chiral rare earth-doped silver
selenide (R- or S-Ag,Se:Nd/Yd/Er) nanoparticles with NIR-II emis-
sion [30]. The luminescence reached a maximum at 6 h after the
injection of chiral Ag,Se:Nd/Yd/Er nanoparticles. The luminescence
of R-Ag,Se:Nd/Yd/Er and S-Ag,Se:Nd/Yd/Er nanoparticles reached a
maximum after 8 and 12 h. The minimum detection size was less
than 2 mm. Gao and co-workers reported NaErF,@NaYbF,@NaYF,
core-shell-shell manner and coated folic acid on particle to from
composites of nanoparticle/folic acid (NP-FA) [42]. The lumines-
cence signal in tumor issues reached the maximum at 5 h after
the injection of NP-FA. Meanwhile, the intraperitoneal tumor opti-
cal signal reached the highest values at about 3 h. The blood vessel
was clearly displayed. Due to the improvement of spatial resolu-
tion, a clear boundary of tumor site was also presented.

Pei and co-workers designed nanoparticles doped by lanthanide
having a prolonged emission lifespan in NIR-II when being acti-
vated by X-ray [28]. They found core-shell nanoparticles realized
tunable NIR-II persistent luminescence that possessed a four times
signal-to-noise ratio in distinguishing deep mouse tissue (about 2-
4 mm). As shown in Fig. 3, the cross-sectional intensity profile in
NIR-II persistent luminescence imaging was 0.83 times more inci-
sive than NIR-II fluorescence imaging.
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Fig. 3. (a) Schematic illustration of NIR-II imaging of blood vessels. (b) Blood vessels NIR-II persistent luminescence (PL) and fluorescence (FL) images after injection of
Er-PLNPs. (c) Tumors NIR-II PL and FL images injected by Er-PLNPs. (d, e) Time-dependent NIR-II PL (center) and NIR-II FL (right) images of a ureter injected with Er-PLNPs.
(f) Full-width at half-maxima of the ureter shown in (e) (dashed lines) as a function of time. Reproduced with permission [28]. Copyright 2021, Springer Nature.

Rare earth-based NIR luminescence is worth studying in
biomedical imaging [43]. Similar ion radius and characteristics of
rare earth elements, multimode biological imaging can be achieved
by doping different ions in materials. Materials with regulatable
sizes and unique luminescent properties have become effective
substitutes for traditional organic dyestuffs and quantum dots in
biological imaging. Because of no spontaneous fluorescence of or-
ganisms under NIR radiation, rare earth nanomaterials have low
optical background noise, and can be as sensitive as other probe
system with no backgrounds. It is suitable for isochronic detec-
tions and multi-objective analysis in vivo or in vitro. Their appli-
cations in siRNA [44] and DNA microarray technology [45] have
been deeply explored. Besides, immunoassay and electrolumines-
cence/chemiluminescence were widely used in microarray expres-
sion [46].

4. Biosensors application

Biosensor is a unique chemical sensor, which is an advanced
technology integrated with biological, chemical, physical, medical,
and electronic technologies. It generates a signal proportional to
the concentration of the substance to be measured through the
specific recognition of some active biological units [47]. Rare earth
up-conversion materials have rich emissions in different color re-
gions, which is instrumental to fluorescence detection under differ-
ent physical and chemical conditions. Furthermore, they still main-
tain good chemical stability under most acid, alkali conditions, and
wide temperature range without pollution.

The unique up-conversion luminescence can be used as the out-
put signal, which is not only applicable to the construction of
nanoprobes for metal ions, anions, neutral molecules, DNA, and
proteins detection, but also can be used to build a variety of sen-
sors [48,49]. UCNPs have many emission bands, which provide the
basis for designing biosensors. In addition, UCNPs are applied to
construct biosensors by using the fluorescence resonance energy
transfer (FRET) process [50].

Recently, the research on UCNPs-based FRET has proved its po-
tential to be applied in biological analysis without background in-
terference. In general, FRET system includes donor fluorophore and
receptor fluorophore. When the distance between the two fluo-
rophores is very small, the fluorescence emitted by them will inter-
fere with each other, resulting in the quenching of the donor flu-
orophore or other excitation of the receptor fluorophore [51]. Tao
and co-workers designed a FRET-based sensor to detect Staphylo-
coccus aureus with low limit of detection of 2 cfu/mL [52]. Li and
co-workers produced a ratiometric fluorescent hybrid nanoprobe
to detect arginine through FRET and electrostatic attraction process
with low limit of detection of 6.5 x 108 mol/L [53].

4.1. pH detection

pH value plays a crucial role in regulating cell behavior [54].
Abnormal (acidic) pH may indicate cell dysfunction and diseases.
Therefore, in the field of molecular biology and medical research,
people need high-sensitivity detection and accurate quantitative
measurement of pH value. Compared with electrochemical sen-
sors, fluorescence-based pH sensors have obvious advantages: (1)
No reference element is required; (2) The sensor size can be very
small; (3) Realize non-contact sensing and imaging; (4) It can op-
erate even in strong electromagnetic fields. So far, various pH de-
tection methods based on fluorescence have been developed [55].

Because the probe based on UCNPs is excited by NIR light,
it can effectively avoid the organisms autofluorescence, so as to
accurately measure the pH value in organisms. Michael and co-
workers reported a new core-shell structure pH detector, which
used NaYF4:Yb,Er core and silicon shell to play a monitoring
role [56]. The pH sensor has good light stability excitation under
980 nm, which can avoid autofluorescence generated by biological
samples because of used NIR light.

In recent years, the ratiometric fluorescence sensing strategy
based on two fluorescence signals has also been widely used
in pH detection. Yang and co-workers developed a pH sensor,
namely two-photon emission (TPE)-based ratiometric fluorescence
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Fig. 4. (a) The detection process of nanoprobe. (b) Fluorescence intensity of TPE nanoprobe in different pH groups. (c¢) pH reversibility curves of the TPE nanoprobe in a
controlled pH range. (d) The fluorescence emission ratio with different pH values. (e) Images of TPE fluorescence intensities ratio of cells co-cultured with nanoprobe in
different pH values. Reproduced with permission [57]. Copyright 2019, American Chemical Society.

nanoprobe (UCNP@DMI-mSiO,@8CD) [57]. UCNPs were coated
with beta-cyclodextrin (8CD) decorated mesoporous SiO, (mSiO,)
shell and dyestuff molecules (DMI), with a ratiometric emission
between 610 nm and 810 nm (Fig. 4a). As shown in Fig. 4b, the
DMI fluorescence at 610 nm rose with increased pH, while the UC-
NPs fluorescence at 810 nm did not change, thus, the intensity ra-
tio of Ig10/lg1o increased. The sensor showed reversibility fluores-
cence intensity ratio from pH 4.0 to 6.5. The pH showed a lin-
ear relationship with fluorescence intensity [R = 0.21 x pH — 0.57
(R? = 0.993)], as shown in Figs. 4c and d. TPE fluorescence images
of MCF-7 cells co-cultured with UCNPs (300 pg/mL) in pH range
from 4.0 to 7.5 showed the highest sensitivity from pH 4.0 to 6.5
(Fig. 4e).

Researchers have studied the pH detectors using UCNPs to elim-
inate background signals [58]. UCNPs-based pH sensors have been
used in the accurate determination of environment, biomedicine
and industrial fields. The error of this pH-detecting probe is min-
imal. Compared with the traditional sensing method, it omits the
image post-processing based on software, and reduces the possi-
ble impact of measurement conditions, such as fluctuating light

source, probe concentration and optical path, thus, improving the
measurement accuracy greatly.

4.2. lon probe

The human body contains various inorganic or metal ions,
which play essential roles in human physiological activities [59].
For example, if the content of Cu?* ion is too high or too low, it
may lead to severe diseases, such as Alzheimer’s disease. The ab-
normal content of Zn?* ions in the body is one of the important
physiological indicators of breast cancer. Therefore, it is essential
to find a simple and efficient method to detect various ions in en-
vironmental and biological samples.

Yang and co-workers designed nanoprobes of NaYF,:Yb,
Tm@NaYF, (UCNPs) modified with DMSA (A-DMSA-UCNPs) [23].
The curve of A-DMSA-UCNPs up-conversion luminescence in
HgZ+ solutions (24-120 umol/L) showed a linear correlation
(R2 = 0.9968) with a limit of 2.47 umol/L. The detection
can be finished in 1 min. In addition, A-DMSA-UCNPs can
be used as Hg?* nanoprobes in cells and lysosomal locations.
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Copyright 2018, American Chemical Society.

Liu and co-workers developed ratiometric fluorescence sensor
for detecting the concentration of Cr3* [60], namely, modi-
fied LiYF4:Yb3*/Ho3*/Ce3*+@LiYF, with Rhodamine derivatives. The
concentration of Cr3* can be easily measured by colorimetry.

In recent years, bifunctional nano-sensors using small
molecules have been applied because of simply operated
molecules, excellent sensitivity, and good exclusivity. Sun and
co-workers used Cd?t and glutathione to influence the FRET
process in UCNPs and gold nanoparticles for detecting glutathione
in mankind plasma and Cd?* in drinkable water [61]. A general,
simple and sensitive FRET system is proposed. More importantly,
it is proved that the system can be used to detect the activity of
acetylcholinesterase in complex environmental samples.

4.3. Biomolecules detection

In addition to the application in the analysis and detection of
inorganic substances, the sensing system based on UCNPs has also
been applied to detect of biomolecules [62]. Early detection of can-
cer using UCNPs is conducive to therapeutic intervention in the
initial stage of the tumor, improving the cure rate and quality of
patients’ life.

Nguyen et al. used NaLuF,:Gd3*Yb3* Er3t to combine Rho-
damine B derivatives (RBD), forming a highly sensitive and selec-
tive glutathione optical sensor [63]. After glutathione is added, the
RBD have a ‘ring opening’ structure which can produce a FRET
process with NaLuF,:Gd3+,Yb3+ Er3+, realizing the purpose of de-
tecting glutathione. The detection limit can reach 50 nmol/L. Jin
and co-workers reported Er3t- and Tm3*-co-doped UCNPs [64].
The compact device to activate some highly doped 50 nm UCNPs

and a plastic holder were used in the report (Fig. 5a). Both UC-
NPs were uniform as shown in TEM images (Figs. 5b and c). Then
the two-color lateral flow strips (LFS) were used to detect prostate
specific antigen (PSA) and ephrin type-A receptor 2 (EphA2) mark-
ers (Fig. 5d). As shown in Figs. 5e and f, the LFS system approved
a minimum value of 89 pg/mL for PSA and a minimum value of
400 pg/mL for EphA2.

In the human body, some biomarkers related to cancer, such as
acidic pH, mercaptan [63], changes in protease expression, exces-
sive H,0, [65], and nucleic acid mutation, are the focus of bio-
logical detection research. By adjusting the luminescent character-
istics of UCNPs and doped detection units, fluorescent nanoprobes
are applied to detect internal cancer markers, cells and tissues. The
FRET effect is widely applied in organism detection due to sensi-
tivity, reliability and material selectivity.

5. Tumor therapy application

As well known, cancer induces great harm to human health
[66,67]. Using carriers with diagnosing and treatment effects to
treat tumors is an important strategy [68,69]. Phototherapy is a
prospective technology for treating cancers, which benefits from
high treatment efficiency and low toxicity. Notably, the NIR ex-
citation characteristics of UCNPs can be used to design pho-
todynamic therapy and photothermal therapy, or light-triggered
drug carriers. Some methods can improve the penetration abil-
ity of nanomedicine in tumor, such as tumor penetrating peptide-
mediated trans-cell transport [70]. Physical properties such as
shape and structure also affect the properties of nanoparticles [71].
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Fig. 6. (a) Reactive oxygen species generation process from the photosensitizer and Tm3+. Reproduced with permission [74]. Copyright 2022, American Chemical Society. (b)
UCNPs implant process in NIR photodynamic therapy in the mouse glioblastoma multiforme mode. (c) Standardized changes of tumor loaded in different groups. (d) The
imaging of immunohistochemistry staining with nestin (green). Reproduced with permission [75]. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

5.1. Photodynamic therapy

Recently, photodynamic therapy was used to treat various dis-
eases, especially superficial tumors [72]. It uses high energy light
triggers medicine (photosensitizers) gathered in tumor tissues to
generate reactive oxygen species to eliminate cancer cells. Laser
irradiation in photodynamic therapy plays the role of activating
photosensitizers. Photosensitizers largely determine the efficiency
of photodynamic therapy. Conventional organic photosensitizers
are unfavorable for biomedical applications due to their poor hy-
drophilicity, photobleaching, premature leakage, and other safety
problems. To address these issues, some researchers are committed
to explore inorganic photosensitizer, especially the ones combined
with NIR-excited UCNPs.

We designed a new type of core-shell structure UCNPs@g-C3N4-
PEG system [73], where PEG is polyethylene glycol. Assisting with
UCNPs, photons in NIR regions can be absorbed and converted into
high energy emitted light in regions with a shorter wavelength
(UV-vis). The energy emitted by UCNPs can stimulate sensitive g-
C3N4 medicine to produce reactive oxygen species and heat for
photodynamic and photothermal treatment. Tao and co-workers
proved that Tm,03 nanoparticles can generate reactive oxygen
species stimulated by NIR [74]. Tm3* has rich energy levels which
can be excited under NIR below 1305 nm. When combined with
organic photosensitizers, the energy transfer was shown in Fig. 6a.
A huge absorption-cross-sections under 685 nm and 808 nm could
be seen in Tm3*. By using electron-shift or energy-shift, the ex-
citation happens, generating free radicals (Type I) or singlet oxy-
gen (Type II). Teh and co-workers fabricated the UCNPs constructed
with poly ethylene glycol diacrylate (PEGDA) cored fluorinated
ethylene propylene (FEP) [75]. A chronic brain UCNPs implant un-
der photodynamic therapy with glioblastoma multiforme (GBM)
was shown in Fig. 6b. The 5-aminolevulinic acid (5-ALA) was used
as a photosensitizer precursor, as conversions to photosensitive
metabolite protoporphyrin-IX (PpIX). Tumors in mice treated by
photodynamic therapy shrank after 16 days transplantation, while
tumors without treated continued growing (Figs. 6¢ and d).

As a new therapeutic strategy, photodynamic therapy is used
for treatment of cancer and other diseases in recent years. How-
ever, the UV or Vis light used to activate the photosensitizer has
a lower tissue penetration depth, which limits the therapeutic ef-
fect of photodynamic therapy. UCNPs can convert NIR light with
strong tissue penetrating ability into UV or Vis light, providing a

light converter for realizing NIR-activated photodynamic therapy.
It is expected to solve the problem of shallow tissue penetration of
traditional photodynamic therapy.

5.2. Photothermal therapy

Recently, photothermal therapy by using high penetrating NIR
excitation is developed because of advantages of low side effect,
nontoxic, targeting and effectively for tumor treatment [76]. Pho-
tothermal therapy employs a light absorber to transfer optical
energy to thermal energy, directly causes thermal cells ablation,
thereby killing cancer cells. Potential photothermal materials of-
ten exhibit superior NIR light absorption and conversion capaci-
ties.

Commonly, gold and silver nanomaterials with plasmon reso-
nance are widely used as photothermal agents. However, expen-
sive noble metals are not conducive to the popularity of treat-
ment strategies. Graphene has many excellent physical and chemi-
cal properties because of its special surface structure and size, es-
pecially its high photothermal conversion efficiency. When it is in-
tegrated with UCNPs, a good way to achieve multifunctional di-
agnosis and treatment platform is realized. Our group constructed
the core-shell UCNPs and polyethylene glycol modified graphene
oxide to form diagnosis and treatment nanosystem. The conju-
gated system can be used for NIR imaging, photodynamic therapy
and photothermal therapy of tumor cells [77]. Xu and co-workers
proposed theranostic lipid-aptamer nanostructrure (UCILA) by con-
structing UCNPs and dye IR-1048 into lipid aptamer, which can vi-
sually observe lung cancer and achieve photothermal therapy and
specific immunotherapy [78]. In 6 min, the temperature rose to
54.8 °C in the tumor site for UCILA treated group, and almost all
tumor cells were eliminated.

To obtain disease information or functional components, a com-
bination of photothermal agents with UCNPs has been widely stud-
ied. Almost all the imaging methods supply their features, espe-
cially in NIR-II, which is important for more accurate analysis and
treatment response to obtain excellent treatment effect and post-
operative recovery of patients.

5.3. Drug delivery

For traditional chemotherapy, in general, in order to improve
treatment efficiency and reduce toxic side effects, an effective drug
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Fig. 7. The method of multidrug resistance tumors clearance by combining nitric oxide with a drug. Reproduced with permission [83]. Copyright 2020, American Chemical

Society.

carrier is essential for targeting the delivery of drugs. Meanwhile,
it is necessary to ensure the release of the appropriate dose of the
drug at the precise part of the organ to control toxic drug doses
reasonably. However, because of the cytotoxicity of chemical drugs,
traditional chemotherapy used in the clinical treatment of cancer
usually produces many toxic side effects. Researchers proved that
the overall toxicity can be reduced by increasing tumor specificity
from targeted drug delivery and maximizing the partial concentra-
tion [79]. In recent years, UCNPs based carrier systems have been
reported because of their luminescent properties and inherent high
ductility [80], which are used to conduct the tracking and evalua-
tion method of drug delivery efficiency.

Ma and co-workers synthesized an organic-inorganic hybrid
nanosystem based on UCNPs to enhance the delivery of cis-
platin (IV) and doxorubicin depending on thermal and pH stim-
uli [81,82]. Li and co-workers fabricated a nanocarrier of yolk-shell
UCNP@MgSiO; (U@Mg) for NIR light-switchable nitric oxide re-
lease and multidrug resistance reversal in cancer therapy (Fig. 7)
[83]. U@Mg eliminated the toxicity of UV light excitation by con-
verting NIR to UV or Vis emissions which activate the loaded ni-
tric oxide precursor (BNN6) and DOX. Further studies showed ni-
tric oxide down regulated ubiquitin proteasome system and nu-
clear factor kappa-B (NF-«B) signaled, reversed medicine resis-
tance under multidrug resistance cells, and led to cell apoptotic
process.

Although UCNPs have been widely applied in the diagnosis and
treatment for small animal tumors in vivo, most of the currently
used UCNPs tend to accumulate in the reticuloendothelial system
after drug delivery [84]. Therefore, some minor changes in UCNPs,
such as size, appearance, coating, and surface regulation, will im-
pact their behavior in the biological system, such as medicine de-
livery efficiency, excretory pathway, and internal circulation lifes-
pan. Researchers still need to further develop UCNPs with better
performance and surface functionalization to reduce their aggre-
gation in the reticuloendothelial system and enhance their tumor
targeting capacity.

5.4. Multimode treatment

Integrating of photodynamic therapy and photothermal therapy
through multiple mechanisms makes tumor treatment more effi-
cient since both therapies are light-activated [85]. Besides, multi-
mode treatment integrates cancer diagnosis and synergistic treat-
ment, and provides references to explore UCNPs as an important
system for cancer therapy.

Ding and co-workers fabricated Ks3ZrF;:Yb/Er UCNPs (ZrNPs),
which can release a lot of K* and [ZrF;]3~ ions to lead to the
increase of reactive oxygen species, caspase-1 protein activation,
gasdermin D (GSDMD) cleavage, and interleukin-18 (IL-18) ma-
turity causing cell lysis [86]. ZrNPs increased dendritic cells ma-
turity, effector memory T cells frequency, and slowed down dis-
ease growth and lung metastasis, as shown in Fig. 8a. Ding and
co-workers prepared a large pore mesoporous-silica-coated UCNPs
(UCMSs) with high loading capacity of photosensitizers merocya-
nine 540 (MC540), protein models (chicken ovalbumin, OVA) and
neoplasm antigens (tumor cell fragment, TF) [87]. The TEM image
of the UCMSs is shown in Fig. 8b. The obtained UCMSs-MC540-
OVA without 980 nm light inhibited vaccine delivery in vivo. How-
ever, the highest mice immunized frequency of CD4* and CD8*
was observed in the UCMSs-MC540-0VA group with NIR light ir-
radiation (Figs. 8c and d).

Zheng and co-workers designed a multichannel Ca?+ nanomod-
ulator by doping calcium carbonate nanoparticles with cisplatin
and curcumin to improve mitochondrial dysfunction in Ca2t-
overload-induced cancer treatment [88]. When the balance of Ca%*
in mitochondria is broken, cells will apoptosis [89].

UCNPs as multifunctional immune adjuvants can significantly
increase the loading of photosensitizers and antigens. It solves the
problems of low cell uptake, poor cytocompatibility, excessive par-
ticle size, single function, and poor treatment efficiency of immune
adjuvants. Combined treatment with multiple modes can signifi-
cantly improve therapeutic efficiency and effectively eliminate can-
cer cells [90].
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Fig. 8. (a) The process of ZrNPs inhibits tumor growth. Reproduced with permission [86]. Copyright 2021, American Chemical Society. (b) TEM image of UCMSs. (c) Popula-
tions of CD4* and (d) CD8" after treatments. Reproduced with permission [87]. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

6. Conclusions and outlook

UCNPs have broken through the limitations of current biolumi-
nescent materials and have excellent luminescence and biological
application performance. There are still some challenges and ob-
stacles to overcome, such as stability, concentration quenching, re-
absorption and toxicity. All of them require many efforts in mul-
tidisciplinary research fields. First of all, the quantum yield of UC-
NPs is low, and it gets lower as the size decreases than traditional
dyestuff agents, which significantly hinders their progress in opti-
cal imaging. In addition, the UCNPs obtained from oil phase prepa-
ration are usually hydrophobic rather than water-soluble. UCNPs
prepared by one pot method tend to have the bad appearance and
wide size distribution. Although surface modification can improve
their ability of soluble in water and compatibility with biology,
the process may affect the luminescent efficiency of materials and
takes a long time. Furthermore, before using these UCNPs in clini-
cal treatment, we need to understand the toxicity.

Rare earth NIR-II luminescent probe has many advantages, such
as strong light stability and chemical stability, narrow emission
half peak width (10-20 nm), large Stokes shift, adjustable NIR-II
emission wavelength and fluorescence lifetime. However, for clin-
ical applications, there are still some problems to be solved. (1)
How to improve the quantum yield of rare earth NIR-II lumines-
cent probe. (2) A new fluorescence probe with both excitation and
emission light in NIR region needs to be developed. (3) Develop a
new scheme to improve the biosafety of rare earth NIR-II lumines-
cent probes.

In the future, we expect to see the combination of different
schemes. For example, by adjusting the characteristics of nanopar-
ticles and their attached identification units, rare earth nanoprobes

realize detection of internally cancerous markers, cells, and tissues.
In this regard, scientists need to work together to promote the clin-
ical application of multi-functional diagnosis and treatment inte-
grated rare earth preparations, to achieve clinical precision treat-
ment.
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