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A B S T R A C T

Lanthanide nanomaterials have garnered significant attention from researchers among the main near-infrared
(NIR) fluorescent nanomaterials due to their excellent chemical and fluorescence stability, narrow emission
band, adjustable luminescence color, and long lifetime. In recent years, with the preparation, functional modi-
fication, and fluorescence improvement of lanthanide materials, great progress has been made in their application
in the biomedical field. This review focuses on the latest progress of lanthanide nanomaterials in tumor diagnosis
and treatment, as well as the interaction mechanism between fluorescence and biological tissues. We introduce a
set of efficient strategies for improving the fluorescence properties of lanthanide nanomaterials and discuss some
representative in-depth research work in detail, showcasing their superiority in early detection of ultra-small
tumors, phototherapy, and real-time guidance for surgical resection. However, lanthanide nanomaterials have
only realized a portion of their potential in tumor applications so far. Therefore, we discuss promising methods for
further improving the performance of lanthanide nanomaterials and their future development directions.
1. Introduction

With the advancement of science and technology, interdisciplinary
integration has become a prominent feature and an essential way of
modern scientific development [1–10]. Medical diagnostic technology,
as a crucial foundation for medical research and clinical treatment, in-
tegrates multiple new technologies, including computer science, biology,
and materials science. It has become one of the fastest-growing fields in
the medical industry over the last two decades [11–16]. The
non-invasive, rapid and efficient diagnosis enabled by medical imaging
technology has ushered in a new era of digital medicine, promoting the
digitization and intelligence of medical diagnosis. Medical diagnosis and
treatment aided by computer graphics and image processing technology
have significantly enhanced their accuracy and safety, becoming a
promising development direction of clinical medicine [17]. In the past
two decades, medical diagnostic technology has developed very rapidly.
The emergence of each new signal source, transmission mode and
calculation method will bring the innovation of medical diagnostic
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technology, which plays a crucial role in promoting the development of
biology and clinical medicine. Nowadays, several medical diagnostic
technologies have already been developed and implemented in clinical
practice, such as magnetic resonance imaging (MRI), computed tomog-
raphy (CT), Photoacoustic imaging (PA), positron emission computed
tomography (PET) and single-photon emission computed tomography
(SPECT). These imaging modes, combined with ingenious design of
various contrast agents, can carry out efficient diagnosis, treatment and
monitoring of different diseases [18–20]. Among them, the low resolu-
tion and dangerous ionizing radiation of tomography imaging technol-
ogy (CT, pet and SPECT), as well as the time-consuming imaging of CT,
MRI, pet and SPECT, limit their real-time visualization application in
disease treatment.

Fluorescence imaging has attracted more and more attention because
of its lower cost, faster feedback, higher sensitivity, non-radiation,
noninvasive and simpler operation compared with these medical diag-
nostic modes [21,22]. Since the advent of fluorescence microscopy, re-
searchers have been continuously advancing its development through
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Fig. 1. Application of NIR lanthanide doped nanomaterial.
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various variants and improved technologies. Until the emergence of
super-resolution fluorescence microscopy, the ultimate resolution of
fluorescence imaging reached tens of nanometers [23–25]. Fluorescence
imaging can be used to monitor the dynamic interaction between drug
molecules and cells. In particular, The NIR fluorescence imaging has
negligible tissue scattering, absorption, tissue autofluorescence and high
signal-to-noise ratio. It can monitor the real-time dynamic process in
biological tissue [26]. Because the absorption peak of DNA is located at
260 nm and that of hemoglobin is also less than 600 nm, the penetration
depth and signal-to-noise ratio in biological tissues are greatly improved
when the excitation or emission light is located in the NIR range above
700 nm [27]. In 1999, The NIR imaging was first applied to the diagnosis
of tumors in vivo, and the tissue penetration depth reached 1–2 cm [28].
The NIR region can be divided into NIR-I (700–900 nm) and NIR-II
(1000–1700 nm). Dai's research group first explored NIR-II in 2009
[29], and its research revealed that in the NIR-II, biological tissues such
as skin and fat can scatter and absorb fewer photons than the NIR-I, so
this window is currently considered to be the optimal biological imaging
window [30]. At present, many types of NIR-II nanomaterials have been
designed for biological imaging, including semiconductor quantum dots
(ZnS, PbS, PbSe, CdHgTe) [31], single-walled carbon nanotubes
(SWCNTs) [32], organic small molecule dyes [33], conjugated polymers
[34] and AIE materials [35]. However, some quantum dot materials
(mainly containing toxic heavy metal elements such as cadmium, sele-
nium, and lead) and single-walled carbon nanotubes have unavoidable
biological toxicity. Organic small molecule fluorophores are subject to
their quantum yield, and conjugated polymers and AIE materials lack
sufficient photostability.

The ideal NIR imaging material is expected to satisfy the following
conditions: 1) Both excitation and emission peaks are located in the NIR
region (preferably the emission peak can be located in the NIR-II region),
so that the photons can penetrate deep biological tissues and reduce the
damage of excitation to organisms. 2) It has sufficient biocompatibility to
meet the requirements of in vivo applications [36]. 3) For bioimaging
materials, it is important to have both strong fluorescence intensity and
long fluorescence lifetime, as well as high ion doping concentration and
low implantation dose. 4) In order to ensure that it will not be quickly
cleared from the kidney by renal clearance before imaging diagnosis and
does not remain in the body for too long, the particle size of contrast
material should be controlled between 5.5 and 150 nm. 5) It has efficient
and accurate targeting ability. 6) High luminescence stability sufficient to
meet the needs of long-term fluorescence monitoring in vivo.

Lanthanide nanomaterial is an ideal noninvasive biological imaging
contrast agent, which can be used to image tumor cells, tissues and
vessels in living bodies [37–39]. Since 2000, researchers have succes-
sively reported groundbreaking material science research that have lead
to the applicability of lanthanide nanoparticles in biological framework
[40–47]. The properties of Lanthanide materials greatly affect the
sensitivity, resolution and detection depth of biological imaging [48–51].
Because the rare earth ions are protected by 5s and 5p orbits, the influ-
ence of environment on the fluorescence of rare earth ions is very weak,
which makes its fluorescence emission spectrum sharp (high intensity,
narrow emission peak) and stable. Its full width at half maxima (FWHM)
is generally 10–20 nm, while the transition metal ions are generally 100
nm and the quantum dot materials are 25–40 nm, which will limit the
resolution of fluorescence imaging. Because the fluorescence emission of
rare earth ions belongs to atomic transition, it also has strong photo-
bleaching resistance. In addition, the doping of different rare earth ions
also makes the emission band of the contrast material more customizable,
and its fluorescence emission spectrum covers the ultraviolet, visible and
NIR regions [52,53]. Therefore, lanthanide nanomaterials can be used as
a powerful non-invasive biological imaging contrast agent to perform
high-resolution and highly sensitive fluorescence imaging in living
bodies [54–58].

Recently, lanthanide materials have not only been utilized for NIR
tumor diagnosis [59–61], but also combined with CT, MRI, and other
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imaging contrast agents to enable multi-mode tumor imaging detection
and obtain more comprehensive target tumor information [62–64].
Additionally, some lanthanide nanomaterials have greatly improved
fluorescence biological penetration depth and resolution, which can be
used for surgical resection guidance [65]. In order to achieve safer and
non-invasive treatment, some photothermal media or photosensitizers
have been physically or chemically connected to lanthanide nano-
materials to enable photothermal and photodynamic therapy for tumors
[66–68]. Moreover, Lanthanide nanomaterials can also be employed as
drug carriers for tumor therapy by ingeniously designing them to release
drugs in a controlled and efficient manner in response to various stimuli
such as pH, NIR light, and specific chemicals [69,70]. Overall, lanthanide
nanomaterials have shown immense potential in the diagnosis and
treatment of tumors, leading many researchers to study and make sig-
nificant application progress in recent years (Fig. 1) [3,4,71–74].

2. Principle of fluorescence diagnosis

In fluorescence diagnosis, excitation light interacts with the contrast
agents in biological tissues, organs or tumors [75]. The resulting fluo-
rescence signal is transmitted to a detector and processed by a computer
to generate morphological and structural information of the biological
tissue, organ or tumor [76]. However, visible light is significantly
absorbed or scattered by water, skin tissue, and blood, resulting in rapid
attenuation of the fluorescence signal. This attenuation effect is propor-
tional to the depth of the target detection position, and the tissue pene-
tration depth of visible light is usually only about 1–3 mm. Thus,
traditional visible light fluorescent contrast agents are inadequate for
imaging detection in deeper tissues. Fortunately, NIR-II fluorescence
imaging provides significant advantages over the visible region and NIR-I
imaging due to the special interaction mechanism between photons and
biological tissues. During the imaging process of biological tissues, the
excitation and emission photons mainly exhibit the following four
phenomena.
2.1. Absorption

Light absorption of biological tissue is a basic form of interaction
between light and biological tissue. It refers to the process of light in-
tensity attenuation caused by the conversion of some of its energy into



Fig. 2. Schematic diagram of light transmission in biological tissues.
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stimulated radiation, as well as the conversion of the remaining energy
into heat or molecular vibrations as it passes through tissue. The light
intensity decreases with the increase of the transmission distance of light
in the tissue, and the unabsorbed light passes out along the boundary of
the tissue (Fig. 2). The substances with absorption peaks from ultraviolet
to infrared in organisms mainly include water, hemoglobin, blood
glucose, pigment in skin, myoglobin in muscle and cytochrome.
Compared to the visible region, the absorption in the NIR region is much
lower, making it the preferred window for fluorescence imaging.

2.2. Light scattering

We know that all substances are composed of molecules and atoms,
and at the atomic scale, there is no absolute uniformity. When there is a
significant difference in refractive index within a small part of tissue,
whose size is comparable to the wavelength of visible light, the light not
only reflects and refracts according to geometric optical laws but also
scatters. This strong scattering of light in biological tissue is due to the
micro-heterogeneity of refractive index. Research has shown that the
scattering of biological tissues generally follows an inverse relationship
with wavelength, but the scattering index varies with different tissues.
Thus, in fluorescence diagnosis, the longer the wavelength, the lower the
background noise generated by scattering. When both excitation light
and emission light are located in the NIR band, the better signal-to-noise
ratio and image quality can be obtained.

2.3. Reflection

The excitation light is partially reflected at the interface due to the
refractive index difference between the medium and the tissue. The
reflection process depends on the incident angle and refractive index
difference. According to Fresnel equation, since the refractive index
changes very little with wavelength, there is not much difference in
reflection between NIR excitation and visible excitation, and the
adjustable excitation power can also modify the process to a certain
extent. Due to the rough interface, the random reflection of emitted light
will produce a lot of background noise, which will interfere with the final
imaging signal-to-noise ratio.

2.4. Autofluorescence

The fluorescence emitted by the inherent fluorophores in biological
tissues that absorb a certain wavelength of light is called autofluorescence.
3

Because the ground state has different vibrational energy levels, different
tissues composed of different substances will emit characteristic fluores-
cence at different wavelengths. The autofluorescence emitted by the same
tissue irradiated by different wavelengths of laser is also different. Due to
the different types and quantities of fluorescent substances contained in
different tissues, even when excited by the same wavelength laser, they
will produce different autofluorescence [77,78]. Recent studies have
shown that the use of longer wavelength light can relatively reduce the
autofluorescence of some organs and body fluids [79]. In the NIR band,
especially in the NIR-IIb, the autofluorescence produced by the liver,
spleen and other organs can even be completely eliminated. Therefore,
using this band for imaging can significantly reduce the interference of
background signal, so as to greatly improve the tissue penetration depth of
imaging and realize the high-quality imaging detection of deeper biological
tissue.

3. Enhancement of fluorescence intensity

The improvement of the fluorescence intensity of lanthanide nano-
materials can significantly impact their range and effectiveness in bio-
logical applications [80–82]. Currently, the main methods reported to
significantly improve the fluorescence efficiency of lanthanide nano-
materials include core-shell structure, dye sensitization and surface
plasmon resonance (SPR) effect (Table 1).

3.1. Core-shell structure

Coating a shell on lanthanide nanomaterials can effectively inhibit
the surface quenching, passivate the lattice defects on the core surface
and isolate the interference of external adverse factors. As a result, the
coating of a shell on lanthanide nanomaterials can be an important tool
for enhancing their fluorescence properties [99].

Lanthanide core-shell structure materials consist of nano-sized par-
ticles as the core, which are then coated with one or more layers of
uniform materials to form the shell (Fig. 3I) [39]. The core and the shell
are connected by physical electrostatic attraction or chemical bond.
Depending on the activity of the shell (whether lanthanide ions are doped
in the shell), the core-shell structure can be divided into inert (undoped
lanthanide ions) core-shell structure [100,101] and active (doped
lanthanide ions) core-shell structure [88,89,102–104]. The inert shell
can also be classified into homogeneous core-shell [105,106] structure
and heterogeneous core-shell structure [83,107] according to whether
the main lattice of core and shell materials is the same. Core-shell
lanthanide nanomaterials can effectively reduce the quenching effect of
hanging bonds and polymer vibrating groups on the fluorescence of
nanomaterials, so as to effectively improve the fluorescence efficiency.

Compared with the uncoated nanoparticles NaYF4:Nd, the fluores-
cence intensities of core-shell nanoparticles NaYF4:Nd@NaDyF4 pre-
pared by Wang's research group at 1058 nm and 1332 nm were increased
by 3.46 and 1.75 times respectively (Fig. 3II) [83]. Using the same inert
shell strategy, Chen's team reported a new type of Er3þ sensitized
core-shell nanocrystal NaErF4:Yb3þ@NaLuF4 (Fig. 3III), which emits
efficient fluorescence at 1525 nm under 808 nm excitation without any
local heating. The inert shell can inhibit the concentration dependent
quenching and allow 100% Er3þ to be doped into the nanocrystal,
resulting in about 650 times higher SWIR fluorescence than that without
shell. Finally, the high-efficiency short wave NIR fluorescence with the
quantum yield of 11% was realized [84]. With the further study of the
core-shell structure, it is found that the thickness of the shell affects the
fluorescence efficiency of the nanomaterial to some extent [108]. Li's
research group designed a series of NIR nanoparticles with different
doping ratios (NaErF4:Ce@NaYbF4@NaLuF4) (Fig. 3IV). The existence of
the outermost inert shell NaLuF4 greatly inhibits the surface fluorescence
quenching of Er3þ. By changing the thickness of the intermediate layer
and the ion doping type of the active layer, the fluorescence intensity at
1525 nm was increased by 13.4 times, and the fluorescence lifetime was



Table 1
Summary of fluorescence enhancement methods and effects of lanthanide nanomaterials.

Composition Emission enhancement method Size/nm λex/
nm

λem/nm Emission increase
multiple

Ref.

NaYF4:Nd3þ Inert heterogeneous shell coated (NaDyF4) 12.6/15.7 808 1058/1332 3.46/1.75 [83]
NaErF4:Yb3þ Inert heterogeneous shell coated (NaLuF4) 25.5/40.7 808 1525 650 [84]
NaErF4:Ce3þ Inert heterogeneous shell coated (NaLuF4) 12.5 808 1525 13.4 [65]
NaGdF4:5%Nd Inert homogeneous shell coated (NaGdF4) 4.38/5.3 808 1060 – [85]
NaGdF4:3%Nd Inert homogeneous shell coated (aGdF4) 11/15 740 900 1.82 [86]
NaYbF4:Tm Active shell coated（(aGdF4:Yb) 13.23 980 800 7.2 [87]
NaErF4:Tm Active shell coated (NaGdF4:Yb) 29.8/32.1 980 654 20 [88]
NaYF4:Yb,Er,Nd Active shell coated (NaYF4:Nd) 24/48 808 658 20 [89]
NaGdF4:Yb,Er@NaGdF4:Yb, Nd Dye sensitization (IR-792) 28-29/32-33 808 545 4 [90]
NaYF4:20%Yb3þ,2%Er3þ@NaYF4:10%Nd3þ/10%Yb3þ Dye sensitization (IR-792) 19/31 785 541/654 135 [91]
NaYF4:Yb3þ/Er3þ@NaYbF4@NaYF4:Nd3þ Dye sensitization (ICG) 52 800 1530 4 [92]
NaYbF4@NaYF4:Nd Dye sensitization (CY7) 18.52 808 980 15 [93]
NaYF4:Yb/Tm@NaYF4:Nd Dye sensitization (IR-808) / 808 1340 28/5 [94]
NaYF4:Yb/Er/Ce@NaYF4:Nd Dye sensitization (Alk-pi) 49 808 1525 40 [95]
NYF@SiO2 SPR effect (Au) 120 980 475 7.35 [96]
Ag/YVO4:Yb3þ, Er3þ SPR effect (Ag) 15 980 500–600 30–36 [97]
NaYF4:Yb,Er,Gd SPR effect (Au) 100–150 980 665 10 [98]
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increased from 0.28 ms to 2.88 ms [65]. By changing the synthesis
conditions, Zhang controlled the thickness of the nanoparticle shell
(Fig. 3V), so that the fluorescence lifetime of the nanoparticle can be
adjusted according to the imaging needs. Finally, combined with the time
gate technology, the fluorescence imaging with high signal-to-noise ratio
was obtained [100].

Another reason why core-shell strategy can be used as a commonly
used method to enhance the luminescence efficiency of lanthanide ma-
terials is that it can optimize the energy transfer process of lanthanide
ions between layers [109]. In 2017, Dai et al. designed a β-phase
core-shell structure nanoion NaYbF4:2%Er,2%Ce@NaYF4, in which Ce3þ

plays a key role. It inhibited the up-conversion luminescence of Er3þ, thus
enhancing the down-conversion luminescence of 1550 nm, and reached
9 times the intensity before doping. The maximum quantum yield
reached 2.73%, which was the highest among the conversion materials of
the same type at that time [110]. In another structure (NaYbF4:Tm@-
NaGdF4:xYb), the Yb3þ doped shell layer can serve as a sensitizer to
transfer the absorbed near-infrared light to the core layer, resulting in an
emission intensity twice that of the original. Therefore, NaYbF4:
Tm@NaGdF4:xYb exhibits stronger NIR emission [87].
3.2. Dye sensitization

The absorption cross-section of lanthanide ions is typically weak, but
this can be compensated for by the large and wide absorption bandwidth
of organic dyes. By combining lanthanide nanoparticles with organic
dyes, efficient energy transfer can be achieved through antenna action,
resulting in enhanced fluorescence [95,111–115]. Nowadays, there are
many kinds of organic dyes used to sensitize lanthanide nanomaterials,
most of which are small organic molecules excited and emitted in the NIR
region. Generally, their absorption peak is at 780–810 nm, and their
emission peak is at 750–1150 nm. This band range coincides with the
absorption peaks of Yb3þ (980 nm) and Nd3þ (740/808 nm) which
commonly used as sensitizers in lanthanide nanomaterials. Thereby
enabling the energy conversion from organic dyes to lanthanide mate-
rials without radiation [90].

Dye sensitization is actually more favor to improve the performance
of smaller size lanthanide nanomaterials. Ultrasmall lanthanide nano-
materials (10 nm) are suitable for biological applications due to their low
toxicity, but their quenching probability is high and their luminous ef-
ficiency is low. Fortunately, the dye sensitization strategy is particularly
useful for improving the luminescence intensity of small-sized lanthanide
nanomaterials, which is an ideal choice for their biomedical applications
[116]. Although dye sensitization is an effective strategy to enhance the
luminescence of lanthanide nanomaterials, the sensitization effect is
4

limited due to the possibility of dye aggregation [117]. In order to solve
this problem, the tetrastyrene groups were introduced into cyanine dyes,
which not only suppressed the close packing of cyanine dyes on the
surface of nanomaterials, but also improved the fluorescence quantum
yield (Fig. 4I). The results show that the luminescence of dye-sensitized
nanomaterials is enhanced 135 times under 785 nm excitation with a
power density of 5 W cm�2 [91].

ICG is a commonly used candidate for dye sensitization [118,119]. An
epitaxial NaYF4:Yb3þ/X3þ@NaYbF4@NaYF4:Nd3þ (X¼ null, Er, Ho, Tm,
or Pr) core/shell/shell (CSS) nanocrystals and indocyanine green (ICG)
constitute an efficient dye sensitization system. This system is able to
produce a set of narrow band emissions with a large Stokes-shift (>200
nm) in the second biological window of optical transparency (NIR-II,
1000–1700 nm), by transferring directional energy from light-harvesting
surface ICG, via lanthanide ions in the shells, to the emitter X3þ in the
core (Fig. 4II). ICG on the surface not only increases the NIR-II emission
intensity of the materials by 4 times, but also provides a wide range of
excitable spectra (700–860 nm), which promotes their application in
biomedical applications [92].

In recent years, a more efficient sensitizer Cy7 was considered to
replace the commonly used sensitizer ICG. Because the quantum yield of
Cy7 is higher, the sensitization effect is better than that of ICG (Fig. 4III).
Cy7 sensitized NIR lanthanide nanomaterials have been demonstrated to
have deep tissue penetration and low power excitation bioimaging. It has
been successfully applied in blood vessel imaging and fluorescence-
guided peritumoral lymph node dissection in a mouse model [93].
3.3. Surface plasmon resonance effect

SPR is an effective method to enhance the fluorescence efficiency of
nano materials [120,121]. This phenomenon occurs when the frequency
of incident light matches the vibration frequency of free electrons on the
surface of metal nanoparticles under electromagnetic radiation, leading
to their collective oscillation. As a result, SPR can significantly improve
the fluorescence of these nanomaterials.

There are two modes of free electron transmission: the first is the
transmission on the surface of metal film, which is called diffusion SPR,
the second is the transmission on the surface of metal nanoparticles,
which is called local SPR [122]. Metal nanoparticles can form a strong
electric field in the sub wavelength region of the metal surface, which can
greatly enhance the excitation light at the plasma resonance frequency.
At the same time, it can shorten the lifetime of the excited state, enhance
the radiation attenuation rate, and finally improve the fluorescence ef-
ficiency of the material. The phenomenon of metal enhanced fluores-
cence was first discovered and theoretically explained and verified by



Fig. 3. I) (a) Schematic illustration of the synthesis of NCs@GO. TEM images of (b) core NaYF4:Yb,Er, (c) core-shell NaYF4:Yb,Er@NaYF4, (e) NCs@GO. (d) AFM
image of GO, inset: corresponding height image of two marked GO nanosheets. (f) Amplified TEM image of NCs@GO (The arrows indicate GO shell). (g) High-
resolution TEM image of NCs@GO. Copyright 2019, Wiley-VCH. II) Luminescence emission spectra of OA-NaYF4:Nd NCs (black), OA-NaYF4:Nd/NaDyF4 NCs (red)
and Lipo-NaYF4:Nd/NaDyF4 NCs (green) under excitation of 785 nm. Copyright 2021, Royal Society of Chemistry. III) a) TEM images for nanocrystals of NaErF4 core
and NaErF4@NaLuF4 core/shell. b) SWIR luminescence spectra (1400–1700 nm) for NaYF4:X%Er3þ core and NaYF4:X%Er3þ@NaLuF4 core–shell nanocrystals doped
with various Er3þ concentrations (x ¼ 25, 50, 100 mol%). Copyright 2018, Wiley-VCH. IV) a) schematic illustration of prepared NaErF4:2.5%Ce@NaYbF4(0.9 nm)
@NaLuF4 nanoparticle and b) correspondingly proposed energy diagram showing the UC (655 nm emission) and DC (1525 nm emission) processes under 808 nm light
excitation; c) proposed energy diagram showing excitation energy trapping mechanisms of Yb3þ ions between Er3þ ions, and of A3þ (A ¼ Er, Ho, Tm) ions between
Er3þ ions; d) normalized emission intensities of 655 nm and 1525 nm of NaErF4 core, NaErF4@NaLuF4,NaErF4@NaAF4@NaLuF4(A ¼ Tm-0.4 nm, Ho-0.2 nm, Yb-0.9
nm), NaErF4:2.5%Ce@NaLuF4, and NaErF4:2.5%Ce@NaYbF4(0.9 nm)@NaLuF4 nanoparticles under 808 nm light excitation; e) TEM image, f) High-resolution TEM
image, g) HAADF-STEM image, and corresponding elemental maps of Ce, Er, Yb, and Lu of the as-prepared NaErF4:2.5%Ce@NaYbF4(0.9 nm)@NaLuF4 nanoparticles.
Copyright 2020, Elsevier. V) a,b) Upconversion and downshifting spectra of NaYF4: x%Tm3þ,y% Er3þ@NaYF4 nanocrystals with different Tm3þ and Er3þ doping
concentrations. The laser power density of 1208 nm laser is 10 Wcm�2. c) The 1525 nm emission of NaYF4:5%Tm3þ,50%Er3þ@NaYF4, NaErF4@NaYF4:20%
Tm3þ@NaYF4, NaGdF4@NaYF4:10%Tm3þ@NaErF4@NaYF4 nanocrystals under 1208 nm excitation. d) Luminescence spectra of NaYF4:5% Tm3þ,50%
Er3þ@NaYF4,NaErF4@NaYF4, NaYF4:2%Er3þ, 18%Yb3þ@NaYF4 nanocrystalsexcited by 1208 nm, 808 nm, and 980 nm lasers, respectively. The laserpower densities
are all 10 Wcm�2. Copyright 2019, Wiley-VCH. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Drexhage [123]. So far, the metal enhanced fluorescence (MEF) has been
mainly used in the preparation of biological probes with high fluores-
cence intensity, disease detection, DNA testing or other biological ap-
plications. Gryczynski found that the SPR effect of metal nanoparticles is
closely related to the morphology and size of metal nanoparticles, and
pointed out that when the absorption wavelength is greater than the size
of nanoparticles, the surface absorbance is only related to the dipole
resonance mode [124].

Fluorescence enhancement based on noble metal SPR is a promising
method to improve the fluorescence intensity of materials [125,126]. In
2020, Tian's group designed a core-shell structure of nanoparticles
NaYF4@SiO2@Au. With the increase of coated gold nanoparticles, the
fluorescence of the material was significantly enhanced. By means of
DDA simulation, three layers of LBL gold particles were coated on the
surface of the nanomaterial, and the fluorescence intensity of the nano-
material was increased by up to 7.35 times [96]. Song group used
5

annealing method to compound Ag particles with YVO4:Yb3þ,Er3þ. By
controlling the coupling and effective distance between SPR and exci-
tation light, the fluorescence intensity is finally increased by 30–36 times
[97].

The strategy of obtaining enhanced fluorescence emission by
designing the structure of noble metal nanoparticles to produce SPR has
been widely studied [127]. However, due to the inherent electronic
configuration of these metals, they often lack good selectivity. Huang's
research group achieved 10 times selective fluorescence enhancement by
combining the UV-SPR of cheap non noble metal InNCs with NaYbF4:Tm.
This work enriches the basic research of SPR enhanced fluorescence
emission [128]. Since the distance between the metal coating and the
luminescent particles is a significant factor affecting the SPR effect, this
law can also be used for some biological detection [129,130]. Chen's
group prepared a novel fluorescent probe for detecting alpha fetoprotein
(AFP) by coating NaYF4:Yb,Er, Gd with nano gold. When AFP was added



Fig. 4. I) Schematic design and energy transfer in dye-sensitized CS-UCNPs with enhanced upconversion emission under 785 nm excitation. Copyright 2022, Royal
Society of Chemistry. II) Schematic illustrations of (a) energy transfer pathway from ICG on the surface of NaYF4:Yb

3þ/X3þ@NaYbF4@NaYF4:Nd
3þ nanocrystal, to the

Nd3þ ions in the outer shell, then to the Yb3þ in the inner shell, and finally to the Yb3þ/X3þ (X ¼ null, Er, Ho, Tm, or Pr) in the core, producing large Stokes-shifted
NIR-II emissions; (b) the functions of ICG (providing excitation between 700 and 860 nm, 40 μg/mL in DMF), the core/shell/shell structure (spatial isolation of the
core from surrounding quenching center, and directing energy transfer to the core), and the activator of varying type (entailing defined narrow band emission in the
NIR-II range). Copyright 2016, American Chemical Society. III) (a) The proposed structure of the dye-sensitized core/shell nanoparticles. (b) The energy transfer
pathway between dyes and lanthanide ions when using two kinds of dye, marked as Type I and Type II respectively. (c) The schematic spectra of the two types of
nanomaterial. Copyright 2018, Royal Society of Chemistry.
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to the system, the binding affinity between AFP and anti alpha fetopro-
tein resulted in the shortening of the distance between gold and NaY-
F4:Yb,Er, Gd nanoparticles (Fig. 5). The SPR effect of gold nanoparticles
enhanced the fluorescence intensity of the system, thus realizing the
detection of AFP [98]. In order to achieve efficient SPR fluorescence
enhancement in colloids, Song's group increased the fluorescence in-
tensity by 25 times by increasing the thickness of the intermediate layer
to 7.5 nm in the Au–Ag nanocage@NaYF4@NaYF4:Yb nanomaterials,
which is due to the inhibition of the energy transfer from Er3þ to Ag
Fig. 5. Schematic illustration of SPR assays based on the gold NPs coated
NaYF4:Yb,Er, Gd UCNPs. Copyright 2017, Royal Society of Chemistry. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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particles and the thermal expansion of Ag particles to Er3þ [131]. In
addition, the non-metallic SPR can also be used to enhance the fluores-
cence of nanomaterials [132]. Li synthesized a hybrid material
RENPs/WO3-x by using a simple layer method. Under 980 nm excitation,
the fluorescence intensity of the material is enhanced by more than 500
times, which is attributed to the strong SPR absorption and thermal effect
produced by WO3-x plasma [133].

4. Recent application

4.1. NIR-II detection of Tumor

NIR fluorescence imaging technology provides a new noninvasive
detection and imaging method for tumor detection and research because
of its high sensitivity and high temporal and spatial resolution. It plays an
important role in biomedical and clinical diagnosis [134,135]. However,
traditional NIR fluorescent contrast agents still face some challenges in
vivo, such as shallow tissue penetration and low signal-to-noise ratio. In
recent years, the NIR-II lanthanide NPs are considered as a promising
biological imaging contrast agent (Table 2). By changing the Ln3þ dopant
and material structure, the emission wavelength, excitation wavelength
and fluorescence lifetime of materials can be accurately controlled,
making them an ideal candidate material for various tumor imaging
diagnosis [59–61,136]. The development of new high-sensitivity NIR-II
lanthanide NPs will be of great significance to achieve efficient early
diagnosis of tumor and high-quality monitoring of tumor blood vessels
[137]. A pure hexagonal, uniformly sized, strongly NIR–II–emitting
polyacrylic acid (PAA) modified nanorods (PAA-NRs) NaLuF4: Gd/Nd
has being explored for highly sensitive bioimaging and NIR light-guided
tumor detection. The NIR-II emission of this material can be tuned by
doping Nd3þ, and the emission centers are located at 1056 nm and 1328
nm. The results of animal experiments show that NIR-II optical imaging
guided tumor diagnosis has been successfully achieved (Fig. 6I). Notably,



Table 2
Summary of application of lanthanide nanomaterials.

Type of LnNPs Coating/modifier Application
stage

Bio-application Sensitizer/
activator

Ref.

β-NaErF4:0.5%Tm@NaLuF4 PEG-b-PCL In vivo NIR-II imaging of Brain -/Er3þ [108]
NaYF4:Nd@NaDyF4 phospholipid In vivo NIR-II imaging and MRI of HeLa cells -/Nd3þ [83]
NaErF4:Ce@NaYbF4@NaLuF4 angiopep-2 peptide (ANG) In vivo NIR-Guided surgical resection -/Er3þ [65]
NaYF4:Gd,
Yb,Nd,Er,Ce@NaYF4:Nd

PAA In vivo Imaging-guided resection surgery of tumor/
vascular visualization

Nd3þ/Er3þ [104]

NaYF4:Yb/Tm@NaYF4 peptides RGD10-NGR9 In vivo Tumor (A549 cells)-Targeting Imaging Yb3þ/Tm3þ [106]
NaYbF4:Tm@NaGdF4:Yb PVP In vivo NIR-to-NIR UCL/MRI/CT trimodal imaging

probes for tumors
Yb3þ/Tm3þ [87]

NaErF4@NaYF4 antibody to the squamous cell carcinoma antigen In vivo early-stage squamous non-small-cell lung
cancer diagnosis

-/Er3þ [135]

NaGdF4:5%Nd@NaGdF4 an endogenous tripeptide (Glu-Cys-Gly) with two
carboxyl groups

In vivo Inflammation bioimaging -/Nd3þ [85]

NaGdF4:Nd3þ@NaGdF4 – In vitro NIR imaging of HeLa cells -/Nd3þ [86]
NaGdF4: 5% Nd@NaGdF4 DNA and targeting peptides In vivo improve the image-guided surgery for

metastatic ovarian cancer
-/Nd3þ [139]

NaYF4:5%Nd@NaGdF4 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000]

In vivo multimodal imaging of tumor vasculature -/Nd3þ [140]

NaErF4@NaYF4 PAA In vivo A new NIR-II biological contrast agent -/Er3þ [141]
CaS:Ce3þ,Er3þ a layer of amphiphilic phospholipids In vitro Detection of biomarker Ce3þ/Er3þ [142]
NaYbF4: 2%Er,2%Ce,10%
Zn@NaYF4

anti-PD-L1 (programmed cell death-1 ligand-1)
antibody

In vivo Imaging of PD-L1 in a mouse model of colon
cancer

Ce3þ,Yb3þ/
Er3þ

[134]

NaErF4@NaYF4 anti-SCCA In vivo Accurately identify lung squamous
carcinoma

-/Er3þ [135]

NaGdF4:Yb/Er/
Ce@NaYF4:Nd@NaGdF4

DSPE-PEG-DBCO In vivo Real-time, in vivo tumor visualization Ce3þ,Yb3þ/
Er3þ

[59]

NaLuF4: Gd/Nd PAA In vivo NIR-II optical imaging-guided small tumor
detection

-/Nd3þ [138]

NaLuF4:Yb/Er/Gd/Ce PAA In vivo High sensitivity tiny tumor detection, tumor
vessel visualization and brain vessel
imaging.

Ce3þ,Yb3þ/
Er3þ

[143]
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small vessels (~105 μm) with high spatial resolution can be clearly
detected in vivo [138].

The detection of small tumors in vivo plays a very important role in
the early diagnosis of tumors. However, so far, due to the low uptake and
easy degradation of macromolecular drugs, the diagnosis of micro tumors
(less than 5 mm) is still a great challenge [144]. Recent studies have
shown that NIR-II fluorescent lanthanide nanoparticles can be used to
accurately identify micro tumors [145]. Zeng's research group designed a
lanthanide doped NIR-II fluorescent nanomaterial. By changing the
doping concentration of Ce ions, the emission intensity and quantum
yield of the nanomaterial at 1525 nm were significantly improved. It is
applied to optical guided high-quality and high-resolution tumor angi-
ography to reveal the distribution of blood vessels around the tumor.
Moreover, the NIR-II optical guided detection of micro metastases (~4
mm) is also realized (Fig. 6II), which is an important step towards real-
izing high sensitivity and early diagnosis of tumors [143]. Among various
types of tumors, the early detection of liver related tumors is more
difficult. Because a large number of intravenous nanoparticles will be
captured by the liver, resulting in extremely high fluorescence intensity
background signal interference. In view of this problem, Zhang proposed
a precise detection method for orthotopic liver tumors based on fluo-
rescence lifetime imaging (Fig. 6III). He constructed the Nd doped
nanoparticles with NIR-II luminescence as energy donor and the dye
MY-1057 responsive to reactive nitrogen species in tumor microenvi-
ronment as energy acceptor. The fluorescence lifetime of the nano-
particles was determined by the number of MY-1057 receptors on the
surface, and the fluorescence lifetime was linearly restored in the pres-
ence of active nitrogen species in the tumor microenvironment. It is
noteworthy that, unlike the fluorescence intensity recovery curve, the
fluorescence lifetime recovery curve remains highly consistent at
different tissue penetration depths. Therefore, these nanoparticles can
quantitatively detect the active nitrogen species in the tumor microen-
vironment. Compared with fluorescence intensity imaging with low
signal-to-noise ratio, fluorescence lifetime imaging can accurately
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distinguish liver tumors from normal liver tissues, and its results are
highly consistent with clinical standard MRI and anatomical results
[146].

The current use of existing NIR-II nanomaterials for imaging detec-
tion of brain tumors presents several challenges. These include limited
imaging depth and spatial resolution, as well as poor blood-brain barrier
permeability. These limitations significantly impact the imaging perfor-
mance of brain tumors and hinder the application of surgical resection.
Liu designed a kind of lanthanide doped nanoparticles coated by brain
tumor cell membrane for brain tumor imaging and surgical navigation
(Fig. 6IV). The coating of brain tumor cell membrane enables the mate-
rial to have the ability of immune escape, blood-brain barrier crossing
and homologous targeting, which are inherited from the brain tumor
cells. In addition, compared with indocyanine green, a clinically recog-
nized imaging agent, this material has higher temporal and spatial res-
olution, higher stability and lower background signal, and can clearly
distinguish brain tumor boundaries. With the guidance of NIR-IIb fluo-
rescence, the glioma tissue (size<3 mm, depth>3 mm) could be clearly
visualized and completely removed as a proof of concept [147].

Temperature is one of the most basic physiological indicators of or-
ganisms. For example, somatic cell can respond to environmental tem-
perature through their own temperature receptors and complete a series
of physiological processes. Some diseases show different temperatures
from normal tissues due to their abnormal metabolic rates, which makes
temperature monitoring important in medical diagnosis and treatment
[148,149]. Lanthanide proportional thermometers can calculate and
measure temperature changes in tissues or cells in the body based on the
intensity ratio of different emission peaks. This can provide a new
approach for the diagnosis of diseases such as tumors [150]. When using
lanthanide proportional thermometers, the fluorescence emitted can not
only discriminate the tumors from healthy tissues, but also monitor the
temperature changes in tumor areas in real-time to guide the process of
photothermal therapy [151,152]. In addition to the function of temper-
ature measurement, lanthanide nanomaterials can also serve as a



Fig. 6. I) (a) In vivo optical bioimaging of small tumor-bearing mouse after intravenous injection with PAA-NRs at different time intervals; (b) digital photographs of
mouse and tumor indicated by red arrow; (c) the corresponding digital photograph of the dissected tumor and ex vivo NIR-II bioimaging; (d) average optical signal
intensity in tumor site. Copyright 2019, Elsevier. II) (a) Non-invasive optical imaging-guided tumor metastasis/vessel imaging. Tumor site 1 was the original cultured
tumor, tumor site 2 was the metastasis tumor from site 1. (b) In situ digital photograph of the LLC tumor-bearing mouse with skin dissected. (c) Ex vivo NIR-IIb
bioimaging (right panel) and the digital photograph (left panel) of the metastasis tumor. Copyright 2016, American Chemical Society. III) In situ HCC tumor
detection by noninvasive NIR-II luminescence-lifetime imaging after administration of DSNP@MY-1057-GPC-3 nanosensor. a) Imaging setup for noninvasive lifetime
imaging in NIR-II region. b) Noninvasive intensity-based imaging, lifetime-based imaging, and MRI of HCC bearing mice and optical photo of dissected livers. Tumor
lesions and normal hepatic tissues are marked as indicated. c) Luminescence lifetime distribution, d) measured size and e) calculated ONOO� amount of Tumors 1–5.
f) Noninvasive intensity-based imaging, lifetime-based imaging of a mouse bearing multiple HCC lesions and optical photo of the dissected liver. ROI A: normal hepatic
tissue; ROI B–D: tumor lesions distinguished from lifetime imaging. g) Lifetime extracted from ROI A–D of (f). Copyright 2020, Wiley-VCH. IV) a) In vivo fluorescence
imaging of tumor-bearing mice treated with LnNPs, CC-LnNPs, L02-LnNPs, HE-LnNPs (200 μL, 5 mg mL�1) and free ICG (200 μL, 0.1 mg mL�1). The fluorescence
signals of LnNPs, CC-LnNPs, L02-LnNPs, and HE-LnNPs were collected under 980 nm excitation (112.5 mW cm�2, 300 ms exposure time) with a 1300 nm long-pass
(LP) filter. ICG fluorescence signals were collected under 808 nm excitation (75 mW cm�2, 50 ms exposure time) with a 1100 nm LP filter. The first image in each row
shows bioluminescence imaging of mice after intraperitoneal injection of D-luciferin sodium salt. b) Quantitative analysis of the fluorescence signals of different
nanoparticles and free ICG in the brain tumor region at different time (n ¼ 3). c) Ex vivo images and d) corresponding quantitative fluorescence analysis of brains at 4
h post-injection. e) Quantitative biodistribution of different nanoparticles and free ICG in nude mice determined by the average fluorescence intensity of each organ. f)
Ex vivo fluorescence images of major organs dissected from mice injected with different nanoparticles and free ICG at 4 h post-injection. Copyright 2022, Wiley-VCH.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sensitive chemical sensor to detect tumor biomarkers, thereby clearly
distinguishing the location of tumors. Li has constructed a nanomaterial
NaErF4:Ce@NaYbF4@NaLuF4 that can efficiently emit light in the NIR-II
region. And further modified its surface with a tumor targeting
angiopep-2 peptide, which could target the glioma in a mice model.
Finally, They obtained a high tumor-to-background ratio (TBR¼ 12.5) in
the targeted NIR-IIb fluorescence imaging of small orthotopic glioma
(size<3 mm, depth>3 mm) through intact skull and scalp [65]. Sialic
acid (SA) is a biological molecule that is overexpressed on tumor cell
membranes, and increased serum SA concentration has been observed in
tumor-bearing patients. The efficient detection of it will help improve the
diagnostic ability of tumors. Zheng has designed a series of lanthanide
coordination complexes with fluorescence properties as sensors for SA.
Among them, TDA�Co�Eu has the highest sensitivity to SA. The depo-
sition of Eu3þ on tumor cell membranes has been successfully used to
inhibit tumor growth. Therefore, TDA�Co�Eu may be used as an inte-
grated diagnostic and therapeutic reagent for tumors [153].
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4.2. Multimode imaging

In the past decade, several technologies have emerged as powerful
tools for biomedical research and clinical diagnosis, such as MRI, CT, and
ultrasound imaging (USI) [62–64]. Each imaging mode has distinct
characteristics in terms of sensitivity, resolution, penetration depth, and
cost. However, due to equipment and light source limitations, they will
have shortcomings in some aspects, resulting in an inability to provide
effective and accurate information about biological structure and phys-
iological processes, hindering clinical diagnosis. Therefore, a noteworthy
strategy to improve the quality of biological imaging is to leverage the
advantages of various imaging technologies and build a multimodal
imaging system to compensate for each other's limitations [154].

NIR-II fluorescence imaging has shown great advantages in the field of
biological imaging due to its many characteristics [155]. However, to
achieve further breakthroughs in imaging resolution and depth, it is no
longer sufficient to rely solely on the design and improvement of the ma-
terials themselves [156]. In order to obtain more comprehensive and
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high-resolution biological tissue structure information, various imaging
methods are demanded to collect as many signals as possible. Therefore, it
is urgent to combine NIR-II fluorescence imaging technology with other
imaging technologies to form multimode biological imaging in order to
improve the quality of bioimaging [157]. High-resolution CT imaging re-
lies on the high X-ray attenuation coefficient of the contrast material,
which depends on the atomic coefficient and electron density. Lanthanide
nanoparticles have high X-ray absorption capacity in CT imaging due to
their atomic coefficient, which is much higher than that of biological tis-
sues [158]. Therefore, the NIR-CT dual-mode imaging with high quality
can be achieved based on such materials, providing more accurate infor-
mation for medical imaging detection [159–161]. The nanoparticles con-
taining Lu3þ can be used as an efficient CT imaging contrast agent. Even
the Hu value of the NaLuF4 nanoparticles solution with the same concen-
tration can reach 5 times that of standard iodine solution.

MRI is a type of tomography that offers unique advantages over other
imaging technologies. While its spatial resolution may be lower than that
of CT, MRI is highly flexible and capable of providing a wealth of infor-
mation [162,163]. When combined with the NIR-II imaging mode, the
strengths of both technologies can be leveraged to their fullest potential. It
can show the structure and physiological process of biological tissue in
more detail [162,164–167]. Among many lanthanide ions, the para-
magnetic Gd3þ exhibits bright T1-weighted MRI characteristics due to the
presence of seven unpaired 4f electrons. In addition, Gd3þ are widely used
Fig. 7. I) In vivo UCL imaging of mice (power density, 150 mW; irradiation time, 3
PVP UCNPs. (d) UCL images of dissected mouse and organs, respectively, after intrav
24 h after intravenous injection of NaYbF4:Tm@NaGdF4:Yb-PVP solution. III) T1-wei
injections. Copyright 2017, Elsevier.
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as sensitizers to activate adjacent Ln3þ emitters (Er3þ, Ho3þ, Tm3þ and
Nd3þ). By doping Gd3þ into nanoparticles, the integration of NIR imaging
and MRI can be realized. Liu reported the application of bioorthogonal
nanoprobes NaGdF4:Yb/Er/Ce@NaYF4:Nd@NaGdF4 with high tumor tar-
geting specificity in NIR imaging and MRI in vivo. Compared with
nonbiological orthogonal nanoprobes, these bimodal nanoprobes can
enhance NIR-IIb emission by 20 times and MRI signal by 2 times in sub-
cutaneous tumors of mice, and can clearly realize in situ imaging of brain
tumors [59]. Multimodal imaging nanomaterials can integrate different
imaging functions into a single nanoplatform, providing more compre-
hensive and accurate information for biological imaging diagnosis. How-
ever, it is challenging to design a single type of contrast agent suitable for
various imaging modes at the same time. And simply integrating different
components into a singlematrix can not guarantee the performance of each
component [168]. Lanthanide nanomaterials are considered as a promising
nanoplatform for multimode imaging [169]. The fluorescence emission
intensity of the active core-shell structure nanomaterials NaYbF4:Tm@-
NaGdF4:Yb-PVP at 800 nm was increased by 7.2 times after plating with
NaGdF4:Yb active shell. The nanomaterials have good longitudinal relax-
ation (r1 ¼ 3.58 L/(mmol s)) and strong X-ray attenuation (58.84 Hu L/g).
After intravenous injection of this material in vivo, small tumors were
clearly distinguished in T1-weightedMRI and CT imaging mode, indicating
that the modified material can be used as a three modality (NIR/MRI/CT)
imaging probe (Fig. 7I-12III) [87].
s) after intravenous injection (b) without and (c) with NaYbF4:Tm@NaGdF4:Yb-
enous injection with UCM for 24 h II) CT view images of mice in vivo before and
ghted MRI before and at different time points (0.5, 1, 6, 24 h) after intravenous
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4.3. NIR-Guided surgical resection

NIR fluorescence guided surgical resection is a promising develop-
ment in the treatment of cancer [170]. However, traditional NIR fluo-
rescence contrast agents are unable to clearly delineate the boundaries of
tumors due to their low specificity, insufficient light stability and poor
tissue penetration depth [171]. Shi et al. designed an improved dual
targeting lanthanide NIR nano contrast material by coating polydop-
amine on the surface of nanomaterials and coupling it with double tar-
geting peptide RGD10-NGR9. The targeting peptide can target integrin
αvβ3/αvβ5 and aminopeptidase N receptor on A549 tumor cells. The
imaging study of transplanted tumors in BALB/c nude mice shows that
the tumors can be distinguished from the surrounding normal tissues by
the strong NIR fluorescence of the nano contrast material. This dual
targeting nano contrast material has great clinical application potential
in NIR fluorescence guided surgery of lung cancer [106]. Accurate sur-
gical resection of tumor plays a vital role in the complete cure of tumor.
Clearly defining the tumor edge is very important. Therefore, the
development of a high-sensitivity contrast agent to accurately outline the
tumor edge is of great significance for accurate and complete resection of
the tumor. Zeng's research group has developed a novel nano contrast
material NaYF4:Gd/Yb/Er/Nd/Ce@NaYF4, which can significantly
improve the NIR-IIb emission above 1500 nm and eliminate the over-
heating effect. It can easily delineate the edge of the tumor at 24 h after
injection. Then, based on NIR-IIb dynamic fluorescence imaging, they
completed the resection of the tumor and verified it by the H&E staining
analysis (Fig. 8I) [104]. In 2020, Li's research group made new progress
in brain glioma surgery guided by NIR fluorescent nano contrast agent.
Based on Er3þ doped nanoparticles with NIR fluorescence characteristics,
they realized the efficient delivery of NIR fluorescent nanomaterials and
tumor resection under the guidance of fluorescence imaging by
Fig. 8. I) (A) Schematic illustration of the NIR-IIb optical imaging-guided tumor
intravenously injected with PAA-C/S nanoprobes. (C) Representing images of the dyn
(E) digital photograph and (F) NIR-IIb imaging of the colorectal tumor-bearing mous
the normal tissue and tumor was marked by the black dashed line. Copyright 2020, N
IIb fluorescence imaging guided resection of deep-seated and small-sized orthotopi
fluorescence images of the resected brain after cardiac perfusion (right); c-d) the cor
images acquired at 25 min post injection of nanoprobes and FUS treatment; e) preope
in diameter; f) NIR IIb fluorescence images of resected brain, after the mice were intra
and subjected to cardiac perfusion (scale bar: 5 mm); g-h) the corresponding NIR II
nohistochemical assay of blood vessels and Arsenazo III staining of rare earth ions in t
and rare-earth ions (scale bar: 50 μm). Copyright 2019, Elsevier. (For interpretation o
version of this article.)
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combining the specificity of targeted peptides and the strategy of focused
ultrasound to open the blood-brain barrier (Fig. 8II). This also proves the
potential of this kind of NIR fluorescent materials in clinical tumor
resection [65].
4.4. Phototherapy

Tumor is one of the important diseases threatening human health.
Early diagnosis and treatment of tumor is crucial to improving the quality
of life and cure rate of patients. However, the existing clinical treatment
methods, such as radiotherapy and chemotherapy, often come with sig-
nificant toxic and side effects, which limit their therapeutic effectiveness.
The rapid development of lanthanide nanomaterials has brought about
new strategies for tumor treatment that have garnered extensive atten-
tion [66–68,172]. Compared with the traditional nanomaterials, multi-
functional lanthanide nanomaterials possess unique physical and
chemical properties that enable them to realize both the diagnosis and
treatment of tumors simultaneously [173–175].

Photodynamic therapy (PDT) is a new developing research field for
the treatment of malignant tumors [176–178]. It is a kind of light excited
chemotherapy. Firstly, the photosensitizer absorbs the energy of photons
and reaches its excited state, and produces some oxidative active mole-
cules. Then the oxidative active molecules make the cells begin to die
through a series of reactions [179]. In the past ten years, PDT has made
remarkable progress in the application of tumor therapy. It stands out for
its effectiveness, safety, low side effects, synergy, repeatability and low
cost, adding a new treatment method for intermediate and advanced
tumors or the tumors that cannot be treated with traditional therapy
[180]. Compared with traditional tumor therapies such as surgery,
chemotherapy and radiotherapy, the advantage of PDT is that it can
selectively eliminate local primary and recurrent tumors without
resection. (B) NIR-IIb bioimaging of the colorectal tumor-bearing mouse after
amic NIR-IIb optical imaging-guided resection of tumor. (D) A bright field image,
e and the resected tumor. (G) H&E analysis of the resected tumor, the margin of
ational Center for Biotechnology Information. II) a) Schematic illustration of NIR
c glioma; b) T2-weighted MRI images of large sized glioma (left), and NIR IIb
responding tumor diameter measured from the NIR IIb fluorescence intensity of
rative T2-weighted MRI diagnosis of small deep-seated orthotopic glioma 2 mm
venously injected with Er-DCNPs-Dye-BP-ANG, treated with focused ultrasound,
b fluorescence intensity of the glioma area before and after resection; i) immu-
he resected tumor tissue, with the black and red arrows indicating the capillaries
f the references to colour in this figure legend, the reader is referred to the Web
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damaging normal tissues [181]. The excitation light source used for PDT
is preferably in the NIR band and is located near the photosensitizer
absorption peak at the same time. The selection principle of photosen-
sitizer is that it has no side effects on the body [182]. Second, it is
selectively ingested by tumors and can be quickly excreted by normal
tissues. Third, it has strong photosensitivity, long service life and high
yield of reactive oxygen species. At present, the PDT treatment strategy
based on lanthanide nano materials can give full play to the imaging
advantages of lanthanide materials and the therapeutic ability of pho-
tosensitizers at the same time, which has made significant application
progress in imaging guided PDT treatment [183,184]. Yan constructed
Er3þ-doped nanoparticles, whose luminescence overlapped well with the
absorption of Zr based porphyrin MOF, effectively transferring energy
from NaLnF4 to MOF shell to generate 1O2. At lower excitation power,
the position and distribution of heterostructures can be tracked by NIR II
imaging. And antiprogrammed death-ligand 1 (α-PD-L1) immunotherapy
was introduced synergistically to improve antitumor immunity efficacy.
The combined use of NaLnF4@MOF and α-PD-L1 can not only inhibit the
primary tumor, but also inhibit the distal one, with an effective tumor
inhibition rate of 95% (Fig. 9I) [185].

Photothermal therapy (PTT) is a promising method for treating tu-
mors that has gained significant attention in recent years. This novel
approach has great potential for clinical application due to its low
toxicity and lack of drug resistance. Tumor cells become fragile at 42–45
�C and start apoptosis and necrosis. This process is called thermal abla-
tion. PTT uses photothermal conversion agents (PTAs) to obtain energy
from NIR light and convert it into heat to increase the temperature of the
surrounding environment of the tumor, thereby causing tumor cell death
[186,187]. Combining PTAs with lanthanide materials can realize the
synergistic effect of NIR fluorescence imaging localization and tumor
photothermal therapy [188–190]. Chen invented a lanthanide based
therapeutic agent, Prussian blue (PB) coating NaErF4@NaYF4@NaNdF4
core/shell/shell nanocrystals encapsulated in phospholipid polyethylene
glycol micelles (PEG-CSS@PB). The Er3þ rich core nanocrystals (NaErF4)
can emit NIR-IIb light (1525 nm) that can penetrate deep biological tis-
sues under 980 nm light excitation, so it can perform high-resolution
optical imaging on blood vessels and tumors. The introduction of high
Fig. 9. I) (a) Tumor growth via different treatments. (b) The photos and (c) mass o
mice and excised organs after PDT. (e) H&E-stained images and (f) TUNEL-stained ima
Elsevier. II) (A) Thermographic images of the tumor-bearing mouse during PTT treatm
was recorded at 0, 7, and 14 days post photothermal treatment. (C and D) The ave
control groups (intratumorally injected with saline or a PEG-CSS@PB solution) and
laser irradiation). All of the PTT treatment groups utilized an 808 nm light dose of
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concentration neodymium (Nd3þ) in the outer layer NaNdF4 maximizes
the cross relaxation process and can efficiently convert the absorbed NIR
light (similar to 808 nm) into heat, thus providing the ability of photo-
thermal therapy. Importantly, the coated Prussian blue (PB) increased
the light absorption by about 10 times compared with the composite
without PB, and thus had a high photothermal conversion efficiency of
50.5%. This is comparable to the performance of gold nanorods. PTT
treatment experiments were completed in BALB/c mice. Compared with
untreated tumors, the size of tumors irradiated by NIR light was reduced
by about 12 times (Fig. 9II) [191]. Wang developed a new DNA-mediated
lanthanide material-gold nanoparticle hybrid hydrogel. An ultrastrong
photothermal effect was observed due to the confined and concentrated
environment caused by the interaction between adjacent DNA strands
and the NPs. The photothermal efficiency of 42.7% was achieved in the
hydrogel, which was superior to the original inorganic particles. After
direct injection of hydrogel around the tumor and treatment with 808 nm
laser irradiation, the tumor was eradicated without recurrence. At the
same time, local treatment has no side effects on normal tissues [192].

When using lanthanide nanomaterials for phototherapy, simulta-
neous treatment and fluorescence tracing can pose significant challenges
for practical applications. For instance, if lanthanide nanomaterials are
used for tumor treatment but have not yet been delivered to the tumor
site, stimulating them for tracing purposes can result in unwanted pho-
tothermal or photodynamic effects, which can harm normal tissues. To
address this issue, Vetrone proposed a decoupled RENPs material that
can be orthogonally excited at 980 and 806 nm, resulting in conversion
and downshifting emissions, respectively. The conversion emitting light
can stimulate photosensitizers to produce singlet oxygen to induce
therapeutic effects. And the downshifting emitting light can be used as a
non therapeutic optical tracer and nano thermometer. This strategy uti-
lizes the advantages of conversion and downshifting respectively,
achieving a reasonable separation between treatment and diagnosis in a
most direct and effective way [193]. Another method to avoid the
harmful effect of photodamage caused by the “always on” UV-blue light
during diagnosis is to design a nanostructured NaErF4@NaYF4@-
NaYbF4:0.5%Tm@NaYF4. It undergoes monochromatic red emission
when excited at 800 nm, and strong ultraviolet and blue emissions in
f excised tumor after 14 days post-injection. (d) NIR-II images of tumor-bearing
ges of tumors slices for the different groups. Scale bars: 100 μm. Copyright 2022,
ent. (B) Monitoring the tumor treatment outcome through NIR II imaging, which
rage tumor volume and weight in three groups of BALB/c mice, including two
the PTT-treated group (both with the PEG-CSS@PB nanocomposite and 808 nm
1 W cm�2 for 10 min. Copyright 2019, Royal Society of Chemistry.
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addition to red emission when excited at ~980 nm, which guarantees the
UV-blue emission coming solely from the UC emission of Tm3þ. This
strategy offers an alternative strategy for imaging guided “off-on” pho-
totherapy [194].

There is another tumor treatment method based on lanthanide ma-
terials. In this method, a core-shell nanoparticle NaYF4:Yb/
Tm@NaYF4:Nd with up conversion and downshifting emission was first
constructed, and the surface was modified with SO2 gas prodrug mole-
cule ATD and NIR-II organic dye molecule IR-808. The up-conversion
luminescence of this nanoparticle is enhanced by 28 times, which can
effectively activate ATD molecules to achieve the on-demand release of
SO2 gas, while its down-conversion luminescence was enhanced by 5
times, which can be used for NIR-II fluorescence imaging of orthotopic
glioblastoma. Li further explored the killing mechanism of SO2 gas
released in response to light on tumor. The results showed that SO2 gas
could induce apoptotic autophagy of tumor cells by down regulating p62
protein expression and up regulating the ratio of LC3-II/LC3-I, and finally
inhibit the tumor growth [195].

4.5. Drug carrier

With the continuous development of nanotechnology and pharma-
ceutics, lanthanide nanomaterials as a new drug delivery carrier have
attracted widespread attention of researchers due to their non-toxic,
excellent optical properties, good biocompatibility and other advan-
tages [196]. However, as lanthanide nanomaterials are typically solid
structures without microcavities or mesoporous structures to carry or
load functional molecules, the main approach to achieving multifunc-
tional applications including drug release is to combine lanthanide
nanomaterials with other matrix materials that possess mesoporous
microcavity structures. This approach has garnered widespread attention
from researchers [197]. Chen et al. developed a multifunctional lantha-
nide nano material with hollow core-shell structure. The material con-
sists of the β-NaLuF4:Gd/Yb/Er nanoparticles core and porous silica shell.
The introduction of phenyl skeleton and the design of hollow core-shell
structure are conducive to the loading of photosensitizer, reducing the
agglomeration of photosensitizer, and shorten the distance between
photosensitizer and lanthanide nanoparticles. Using this material to load
photosensitizer monocarboxy phthalocyanine zinc, the loading amount is
7.7 wt% and the energy transfer efficiency is as high as 98%. Under 980
nm laser irradiation, the lanthanide nanoparticles can sensitize photo-
sensitizers to produce singlet oxygen to enable photodynamic treatment
of human lung cancer cells. The effect is significantly better than that of
common core-shell drug carrier materials or single silica shell materials
[198].

In order to further improve the efficiency of tumor treatment, it is
necessary to help the loaded drugs to be accurately delivered to tumor
and other focal tissues and completely released. However, the current
situation is that most loaded drugs are gradually leaked or decomposed
during delivery, and only a very small amount of loaded drugs can be
released to the target area for therapeutic use [199]. A clever strategy to
solve this problem is to control the release of drugs and build a nano-
carriers that can release loaded drugs only under the stimulation of pH,
NIR light or other conditions. Lanthanide nanomaterials have been
gradually developed for this strategy because of their high photosensi-
tivity, easy customization of structure, good stability and large loading
rate [69,70].

The NIR nano core-shell structure material NaYF4:Yb/Tm@SiO2-
doxorubicin (Dox)/curcumin (Cur)-chitosan (CS)/2-Octen-1-ylsuccinic
anhydride (OSA) designed by Liu's research group, whose CS/OSA re-
sponds to a low pH environment to release cancer drugs, including Dox
and Cur for chemotherapy through breaking a free carboxyl group. The
results show that this nano material could continuously release Dox and
Cur at a pH value of 6.5 within 6 h after the excitation of a 980 nm-
wavelength CW laser (Fig. 10I) [200]. Lv combined hydrophobic
lanthanide nanomaterials with biocompatible mPEG-PLGA to design a
12
pH sensitive degradable nanoprobe for NIR-IIi imaging guided tumor
chemotherapy. The degradable nanoprobe increased the imaging sensi-
tivity, allowed the slow release of internal anti-tumor drugs, and reduced
the loss of drugs during the delivery process. After hydrolysis, the probe
can discharge about 6 nm ultra-small lanthanide nanoparticles, reducing
the enrichment of inorganic materials in vivo [201]. The use of NIR light
responsive drug loaded nanoparticles for controlled release can not only
prevent the leakage of drugs before delivery to the target location, but
also increase the light control depth and avoid local overheating of tis-
sues [202–205].

A strategy based on ultra-small lanthanide nanoparticles (~10 nm) is
to coat mesoporous SiO2 on the surface of nanoparticles to load tumor
chemotherapy drug DOX, and then connect ruthenium as a molecular
valve on its surface. When excited at 808 nm, the cleavage of ruthenium
and uncaping of the pores will be triggered to release DOX for tumor
treatment (Fig. 10II) [206]. Through other target response sources,
Zhang developed an intelligent manganese dioxide based lanthanide
nanotherapy platform ErNPs@MnO2-siS100A4-RGD. It has the ability to
respond to the tumor microenvironment due to the presence of MnO2.
MnO2 can be degraded by glutathione (GSH) in the tumor area, release
siRNA and generate Mn2þ at the same time, so as to achieve precise gene
therapy and a Fenton-like reaction-mediated chemokinetic therapy
(CDT) for malignant triple negative breast cancer (TNBC) (Fig. 10III).
The results of in vitro and in vivo experiments showed that the smart
nanoplatform had high siRNA delivery efficiency and GSH-responsive
siRNA releasing ability. Compared with individual gene therapy,
GSH-depletion-enhanced CDT effect further reinforced the TNBC inhi-
bition [207].

5. Conclusion and outlook

In recent years, NIR fluorescence imaging has shown great potential
in various fields due to its high sensitivity, high signal-to-noise ratio, and
deep tissue penetration ability. This imaging technique has been widely
used in tumor diagnosis, biological small molecule detection, biosensor
development, immune analysis, and anti-counterfeiting. During the
development of NIR fluorescent probes, lanthanide nanomaterials have
garnered significant attention due to their strong optical and chemical
stability, narrow emission half peak width (10–20 nm), tunable emission
wavelength, and fluorescence lifetime. A variety of lanthanide nano-
materials with different doping ion ratios, shell structures, and modifi-
cation methods have been developed, which not only enhances their
luminous efficiency but also expands their potential applications in the
biomedical field. However, despite these advancements, there are still
some challenges that need to be addressed before these materials can be
applied clinically.

(1) Further improvement of the fluorescence intensity of lanthanide
nanomaterials

The further improvement of the fluorescence intensity of lanthanide
nanomaterials will determine the possibility of future clinical applica-
tions. The lanthanide nanomaterials with high fluorescence performance
can not only improve the penetration depth of biological tissues, but also
minimize the power of excitation light and the amount of material used
on the premise of ensuring the imaging quality, so as to reduce the
damage to organisms. However, although some strategies (including:
coating, dye sensitization, surface plasma enhancement, doping and
adjusting the size and morphology) have been used to improve the
fluorescence performance of materials, the improvement degree is
limited. It can only play some roles in vitro or in mice, and it is still far
from clinical application. Therefore, in order to obtain lanthanide
nanomaterials with high fluorescence performance that can meet the
clinical needs, it is necessary to further explore and develop new stra-
tegies to greatly improve the fluorescence performance. A promising
strategy is to search for chemically stable host materials with lower



Fig. 10. I) Measurements of the drug release from the NaYF4:Yb/Tm@SiO2-Dox/Cur-CS/OSA nanoparticles. (a) Normalized absorption spectra of Dox and Cur drugs
released from the NaYF4:Yb/Tm@SiO2-Dox/Cur-CS/OSA (I), NaYF4:Yb/Tm@SiO2-Dox-CS/OSA (II), and NaYF4:Yb/Tm@SiO2-Cur-CS/OSA (III) with pH ¼ 6.5. (b)
Normalized absorption intensities of Dox and Cur drugs released from the NaYF4:Yb/Tm@SiO2-Dox/Cur-CS/OSA nanoparticles as a function of time with pH ¼ 6.5
and pH ¼ 7.4. II) Schematic illustration of functionalization of NaGdF4:Yb,Tm,Ca@NaYbF4:Ca@NaNdF4:Gd, Ca UCNPs with mesoporous silica and DOX for chemo-
drug loading and release. Copyright 2021, IOPscience; Copyright 2016, American Chemical Society. III) Schematic Illustration of GSH Stimuli-Responsive Lanthanide-
Doped NIR-II Luminescent Nanoprobes for TNBC Precise Gene Therapy in Synergism with CDT. Copyright 2021, American Chemical Society.
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phonon energy, while assisting in doping with foreign ions to disrupt the
lattice symmetry of Ln3þ in the NPs host lattice, thereby relieving the
electric dipole transition limitation in the f configuration and improving
the fluorescence intensity of lanthanide nanomaterials. Another strategy
is to enhance the fluorescence lifetime of lanthanide nanomaterials under
the current bottleneck of their fluorescence intensity. Because this
strategy avoids signal loss and distortion issues that occur during in-
tensity based imaging in deep tissues, and is not affected by biological
tissue scattering. In future research, there is still much work to be done to
explore more preferred strategies.

(2) Exploration of new strategies for biocompatibility modification of
lanthanide nanomaterials

Before applying the material to the living body, it must be ensured
that it has good biocompatibility, because this is the guarantee that it can
flow through the biological vein to the target area for fluorescence im-
aging diagnosis and will not produce toxic and side effects on the or-
ganism. Although numerous studies have shown that lanthanide
nanomaterials have good biocompatibility and no significant toxicity in
animal models, their potential long-term toxicity should be systemati-
cally and rigorously evaluated in the future, including water solubility,
cytotoxicity, blood toxicity and where they can be discharged from the
body. Scientists now use various modifiers and modification methods to
functionalize or coat NPs to improve their water solubility and
13
biocompatibility, such as PAA, PVP, PEI, SiO2, PEG, and so on. However,
this strategy will inevitably affect the fluorescence intensity of the ma-
terial and reduce its quantum yield. Therefore, it is of great significance
to explore a method that can not only maintain the fluorescence per-
formance but also improve the biocompatibility of lanthanide nano-
materials. More importantly, given the dose-dependent toxicity of
lanthanide nanomaterials, further research is needed on their safe dosage
to guide the in vivo applications.

(3) The development direction of tumor application

Lanthanide nanomaterials hold great promise for application in tu-
mors, and we believe that their potential can be further developed in the
following directions: 1. Integrating multimodal imaging and therapeutic
functions into a single nano platform to construct the stimulus responsive
lanthanide nanomaterial therapeutic agents. 2. Development of NIR II-
NIR II lanthanide nanomaterials with lower tissue self-fluorescence
interference and scattering (e.g. the NaErF4:2%Ho@NaYF4 lanthanide
nanomaterials with both excitation (1530 nm) and emission (1180 nm)
located in the NIR-II window). In addition, the water absorption window
(1400–1500 nm) located in the NIR II can also be utilized to attenuate the
scattering photons with a long optical path and thus restrain the image
background [208]. 3. Develop matching optical medical equipment, such
as minimally invasive stimulation fibers, detectors with higher quantum
efficiency in the NIR region, and so on. 4. Design lanthanide
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nanomaterials with stronger targeted binding properties for specific tu-
mors. Overall, we believe that these developments will further enhance
the potential of lanthanide nanomaterials for tumor imaging and therapy.
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