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Abstract: Near-infrared-Ilb (NIR-1Ib) fluorescence exhibits exceptional deep-tissue penetration, low scattering
characteristics, and a high signal-to-noise ratio. By effectively suppressing tissue autofluorescence and photon scat-
tering, NIR-IIb fluorescence has achieved unprecedented spatial resolution and signal-to-noise ratio, thereby emerg-
ing as a research frontier in precision medical imaging. Rare-earth luminescent nanocrystals with lanthanide ele-
ments as core components, serving as unique optical probes, leverage the distinctive 4f electronic transitions to gen-
erate narrowband emission through upconversion/downconversion luminescence mechanisms under near-infrared exci-
tation. Their millisecond-scale luminescence lifetime further establishes them as an ideal solution for NIR-II b imag-
ing. Recent advances in energy-level engineering and surface modification strategies have successfully integrated
multifunctional therapeutic capabilities, including photothermal therapy, photodynamic therapy and immunothera-
py, establishing integrated theranostics as an innovative paradigm in tumor treatment. This review systematically
summarizes groundbreaking progress in NIR- Il b-emitting rare-earth nanocrystals for biomedical imaging and onco-

therapy, aiming to inspire innovative research directions for next-generation precision medicine.
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Fig.1 Advantages of NIR-II in bioimaging. (a) The scattering coefficient of different biological tissues decreases with increasing

wavelength”®’. (b) Autofluorescence spectra of ex vivo mouse liver (black) , spleen (red), and heart tissues (blue) under

808 nm excitation light, showing the absence of autofluorescence in the NIR-IIb window. (¢) Comparison of attenuation

lengths between the NIR-1 and NIR-Il windows using 5% Intralipid fat emulsion as a brain tissue phantom in mice
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Fig.2 Design strategies and imaging verification for NIR-I[b-excited/emitting rare-earth nanocrystals. (a) Design strategy for or-

thogonal upconversion nanoparticles enabling dual-color switching between red/green, blue/red, and blue/green™. (b)

Core-shell nanocrystals based on Yb™ reverse energy transfer for NIR-IIb vascular fluorescence imaging’
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tionalized LDNPs for subcutaneous tumor imaging™. (f) Photoluminescence spectrum and corresponding photograph of LnNP
under 808 nm (150 mW +cm™) irradiation. (g) Fluorescence imaging of C6 tumors at different time intervals using LnNP. (h)

Pseudocolor images of tumor-bearing mice after intravenous injection of nanoprobes
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Fig.4 NIR-IIb nanosensor CSR-DSNP for monitoring tumor immunotherapyr‘m. (a)In vivo imaging of mice at representative time

points after injection of CSR-DSNPs and NK-92 cells. (b) Noninvasive longitudinal imaging of NK-92 cell therapy, show-

ing corresponding NIR-Il images under 980 nm and 808 nm excitation at 4-8 h post-injection. H: high fluorescence inten-

sity, L: low fluorescence intensity. (¢) Multiplexed NIR-II images showing NK-92 cells (red) within tumor vasculature

(green) at different regions and time points. White arrows indicate extravasated NK-92 cells. (e) Migration tracking

(white dashed line) of individual NK-92 cells (red) from tumor vasculature (green) to parenchyma. Scale bar: 50 um
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Fig.5 NIR-Il b-emitting rare-earth nanocrystals enable real-time multiplexed imaging of hepatic ischemia-reperfusion injury,
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cerebrovascular hemodynamics, and neutrophil responses during inflammation”””. (a) Schematic illustration of the re-
sponsive mechanism of REPOMs, a NIR-IIb fluorescent probe for reversible imaging of reactive oxygen species (ROS)
during HIRT. (b) NIR-IIb fluorescence images and corresponding ratio images of cells treated with varying concentrations
of PMA. Time-lapse NIR-IIb fluorescence images of mice in the (¢)sham-operated group and (d) HIRI group. (e)Intravi-
tal imaging of cerebral vasculature labeled with a-Tm NPs (veins) and a-ER@AF633 (arterioles). Scale bar: 100 nm.

(f) Real-time visualization of distinct neutrophil behaviors within vasculature: free-flowing (orange arrows) , adherent

(cyan arrows) , and migration (red arrows). Scale bar: 50 um
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Fig.6  Application of NIR-1II b-emitting rare-earth nanocrystals for vascular imaging visualization. (a)In vivo NIR-II'b optically-
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struction of the vascular system using onion-like NaYF,: Yb/Er/Ce/Nd@NaYF,: Nd rare-earth nanocrystals in vivo ™"
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Fig.7 Visualization of vascular imaging using rare-earth nanocrystals in the NIR-IIb window. (a) In vivo imaging after intrave-

nous injection of Tm-NPs@liposome probes'®". (b) Vascular visualization imaging of REOF NCs in the NIR-IIb window"*”
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(a) Simultaneous structural control and NIR- II responsive single-band red UCL emission
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Fig.10 Combined PDT and chemotherapy using NIR-II b rare-earth nanocrystals for tumor therapy and bioimaging. (a)Function-

al mechanism schematic of LnNP-Ce6@CaP/Mn-DOX"7", (b) In vitro validation of ROS generation efficacy. (¢) Lumi-
nescence photographs of tumor sites using a 1 500 nm long-pass filter. (d) NIR-II b imaging of vasculature, liver, and
tumors under 800 nm excitation after intravenous injection of the nanoplatform. (e) Photographs of primary and distal
tumors following nanoplatform treatment. () Synthesis and mechanism schematic of the NIR-II b-triggered PDT/chemo-
therapy platform RENP@C/D-FA'™
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tion only, G8: RENP@C/D-FA + NIR-I b irradiation. All nanomaterials were injected intravenously at 75 mg-kg ', fol-

tumor volume curves, and photographs of mice in different

lowed by 1 550 nm laser irradiation at 4 h post-injection
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Fig.11 pErNP-OVA-CpG B vaccine for tumor immunotherapy and NIR-IIb imaging *"'. (a)Schematic illustration of vaccine com-
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position strategy. (b) NIR-IIb luminescence images (975 nm excitation, 50 mW +cm ™) of C57BL/6 mice subcutaneously
injected with pErNP-OVA-CpG B nanovaccine at the tail base on days 0, 7 and 14. (¢) Tumor therapeutic efficacy
curves following the aforementioned vaccination protocol. (d) Representative wide-field NIR-IIb molecular images of tumor-

bearing mice post-vaccination. (e)Triple 3D volumetric LSM-SIM imaging of single tumor cells on day 5 after vaccination
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Fig.12  Application of NIR- Il b rare-earth nanocrystals in adoptive NK cell therapy'™"". (a)Schematic of DCNP@786 with ratiomet-

ric NIR-1I fluorescence signals for tracking NK cell viability in vivo. (b) NIR fluorescence imaging of DCNP@786s-labeled
NK cells after 24 h DOX treatment at varying concentrations. F1550;, (808, ) intensity increased with DOX concentra-
tion, while ratiometric signals decreased correspondingly. (c¢)Imaging strategy for monitoring NK cell activity in orthotopic
HCC models, showing ratiometric NIR fluorescence images at 1 h, 1 d, 3 d, 5d, and 11 d post-NK cell transplantation.
(d) Ratiometric NIR fluorescence imaging of NK cells co-treated with IL-2, 1L-15, and IL-21 at identical time points

(1 h-11d). (e)The chemoluminescence imaging of mice at 0 week, 2 weeks, and 4 weeks after transplantation
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Fig.13

Application of NIR-I[b rare-earth nanocrystals in combined PDT/immune checkpoint inhibitor tumor therapy™"

. (a)

Schematic of NaLnF,@MOF heterostructure nanoparticles for NIR-driven photodynamic immunotherapy and tumor NIR-

II imaging. (b)NIR-Il images of BALB/c tumor-bearing mice treated with NaLnF,@MOF nanoparticles, along with quan-

titative biodistribution of lanthanide ions (Ln**) in major organs and tumor at 24 h, 48 h, and 72 h post-injection. (c)

Treatment protocol and tumor growth curves in bilateral tumor-bearing mouse models
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