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Abstract: Neuroscience research, central to both the International Brain Initiative and China’s brain science strat-
egy, seeks to unravel the complexities of the brain and address neurological disorders, with technological innovation
at its core. Key to advancing this field is the development of non-invasive imaging techniques with high spatiotempo-
ral resolution and precise, controllable neural modulation methods. Traditional imaging modalities, such as MRI and
CT, are constrained by limitations in biological safety, resolution, and tissue penetration. In parallel, external field
modulation techniques-based on mechanical, thermal, acoustic, and magnetic principles — are hindered by insuffi-
cient spatiotemporal resolution and slow response times. Recently, near-infrared light has emerged as a promising
tool in brain science due to its superior tissue penetration and minimal phototoxicity. Among these, lanthanide-based
luminescent nanoparticles stand out as key agents for near-infrared light-driven technologies, capable of emitting tun-
able ultraviolet, visible, and near-infrared light upon near-infrared excitation. These nanoparticles have found wide-
spread applications in biomedical detection, precise diagnostics, and intraoperative navigation. This review provides
a comprehensive summary of the latest advancements in the use of lanthanide-based luminescent nanoparticles for
neuroimaging and neural modulation, identifies existing technological challenges, and explores future directions from

the perspectives of materials science, chemistry, and biomedicine. The review aims to foster interdisciplinary
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integration, stimulate technological innovation, and inspire breakthroughs in cutting-edge brain science, offering

new approaches and strategies for addressing major challenges in life sciences.
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Fig.1 The schematic diagram of excited states of lanthanide ions
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Tab. 2 Lanthanide nanoparticles for NIR- Il fluorescence imaging
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Fig.5 (a) Schematic illustration of the temperature sensing mechanism of the nanocomposite (left), and cerebral vessel temper-

ature mapping using LIBRA in hypothermic and control mice (right)”. (b)Schematic illustration of core-shell nanocrys-

tals of NaErF,: 20%Yb* @NaLuF, with excitation at 808 nm in NIR- I window and emission at 1 525 nm in the SWIR

range (left). Intravital fluorescence imaging of cerebral vessels after injection of NaErF,: Yb™ @NaLuF, core/shell nano-

crystals (right)™. (¢) Energy-transfer mechanisms of the NaErF,: Tm* @NaLuF, core-shell nanoparticles (1efl) The

cerebrovascular images of the mice with a cranial window and with an intact skull under NIR excitation (right)~**
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Fig.6 (a)Schematic diagram of constructing dye-sensitized lanthanide nanoparticle (left). Fluorescence imaging of brain vasculature
after injection of rare earth-doped nanoparticles (RENPs@Alk-pi) under 808 nm excitation (right)"*". (b) QDs-sensitized lan-
thanide nanoparticle for high-contrast of dynamic cerebrovascular changes in traumatic brain injury”™. (¢) Bacteriochlo-
rin-sensitized rare earth-doped nanoparticles (RENPs) for intravital microscopic imaging of cancer cell metastases in
mouse brain**"
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Fig.7 Lanthanide nanoparticle materials for monitoring the neural activity. (a) UCNPs-mediated visualization of retrograde axo-
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Tab. 3 Lanthanide based materials-mediated optogenetics
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Fig.8 Optogenetics facilitated by UCNPs. (a) NaYF,: Yb,
Er@NaYF,: Yb core-shell nanoparticles convert 800 nm

NIR light to 550-nm green emission for activating
ReaChR in cultured hippocampal neurons™. (b) An
implantable device composed of UCNPs in a glass mi-

cro-optrode, converting incident NIR light to visible

light emission for in vivo optogenetics'™
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Fig.9 UCNP-mediated NIR upconversion optogenetics for deep brain stimulatio. (a) Schematic principle of UCNP-mediated

NIR upconversion optogenetics. (b) TEM images of the silica coated UCNPs. (¢) Schematic design of a blue-emitting

NaYF,: Yb/Tm@SiO, particle. (d) Emission spectrum of the NaYF,: Yb/ Tm@SiO, particles under excitation at 980 nm.

(e) Size distribution of the UCNPs. (f) Scheme of in vivo fiber photometry for measuring UCNP-mediated NIR upconver-

sion in deep brain tissue. (g) Upconversion emission at the VTA upon 980 nm NIR irradiation from varying distances.

(h)Measured and simulated intensity of upconversion emission at the VTA as a function of the distance from the NIR irra-
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Fig.10

(a) Flow diagram showing the development of NIR vision in mouse models by injecting self-powered nanoantennae into

sub-retinal areas. (b)Electroretinograms (ERGs) of mice irradiated to visual and NIR spectra. (¢)Schematic illustration

and results of the visual-evoked potential (VEP) captured from several locations in untreated and pbUCNPs-injected

mice’ visual cortices irradiated to visual and NIR spectra. Location 4 and 6 ituated in the binocular area while the other

four belong to the monocular area. (d) The percentage of mice to simultaneously make proper discrimination among

shapes emitting two types of spectra’”’
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