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Fig. 1

(a) Schematic illustration of the controlled surface dissolution strategy for the synthesis of nanomaterials and the
corresponding  particle size characterization [©.(b) Scanning electron microscopy (SEM)

images of bulk

mechanoluminescent materials prepared via a solid—state reaction.(c) Transmission electron microscopy (TEM) images of
mechanoluminescent materials fabricated using a dissolution—suppression strategy.(d) Particle size distribution histogram of
the mechanoluminescent materials.The scale bars in (b) and (c) are 50 um and 200 nm, respectively.(i)
SraMgSi207:Eu?*,Dy?*; (ii) ZnS:Cu,Al; (iii) ZnS:Mn?*; and (iv) CaTiO3:Pr
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Fig. 2 Solvothermal synthesis of ZnGa>04:Cr** nanomaterials
with size and luminescence properties tuned by
methanol?”!
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Fig. 3 Thermal decomposition synthesis of Tb**-doped nanocrystals with size regulation achieved by varying precursor loading?4l.
(a) Schematic illustration of the synthesis of NaLuF4:Ln/Gd nanocrystals (Ln = Sm*". Ho*". Er’*. Tb*. Dy**. Tm’', and
Nd*"). (b) Low-resolution TEM images (top) and the corresponding particle size distributions (bottom) of the as-synthesized
hexagonal-phase NaLuF4:Tb/Gd nanocrystals
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Table 1 Representative persistent luminescent (PerL) and mechanoluminescent (ML) nanomaterials

Materials ML PerL Application Reference
ZnS V Biological imaging / Optogenetic therapy [15,29,71,72]
SrALO4 V J Biological imaging / Biological therapy [4,7,8,73]
Sr,MgSi,07 V J Optogenetic therapy / Fluorescence imaging [6,7,74]
Sr1.6Mgo.3Zn1,1S1207 N Biological detection [75]
Sr,MgSi, 07 v Pressure sensing [76]
MgGeO; J Biological imaging [45]
Zn;1Ga; 3Geo 104 Biological imaging / Biological detection and therapy [77,78,79,80,81]
CaTiO; V Optogenetic therapy [6]
Ca g5Sr0.15S J Fluorescence imaging 71
ZnGay04 \ Biological imaging / Biological detection [27,36,37,43,71,82]
LiGasOg N Fluorescence imaging [12]
Zn3Ga;Sn;0q9 N Biological therapy [83]
LueOsFs N Biological imaging [31]
NaYF, \ [32]
NaGdF; v [33]
NaLuF4 \/ Biological imaging [36,84]
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Fig. 4 Morphology and luminescence characterization of persistent luminescent nanocrystals and NIR- I[  persistent

luminescence-based vascular imaging °?l. (a) Schematic illustration of X-ray-activated persistent luminescence (PL)
generation in lanthanide-doped nanocrystals. (b) Low-resolution TEM image of the as-synthesized
NaYF4:3%Er**@NaYF4 nanocrystals; scale bar, 50 nm. Insets: a high-resolution TEM image of a single
NaYF4:3%Er**@NaYF4 nanocrystal (top right) and the corresponding electron diffraction pattern (bottom right); scale bar,
2 nm. (c) Tunable persistent luminescence spectra of lanthanide-doped nanocrystals after X-ray irradiation. (d) Schematic
illustration of NIR-II PL vascular imaging. (¢) NIR-II PL (top left) and NIR-II fluorescence (FL, bottom left) images
of blood vessels in a living mouse at 10 s post-injection (p.i.) after intravenous administration of Er**-doped nanocrystals
(left), together with the corresponding normalized intensity profiles of blood vessels at positions 1 (top right) and 2
(bottom right) (right); the full widths at half maximum (um) are indicated. Scale bar, 1 cm. (f) Time-dependent NIR- Il
persistent luminescence (top) and NIR-II fluorescence (bottom) images of tumors in living mice after multiple injections of
Er**-doped nanocrystals. Scale bar, 1 cm. (g) Tumor-to-normal tissue signal-to-noise ratios of the tumors shown in (f) (n =
3 biologically independent mice). The black dashed line denotes the Rose criterion. (h) Hematoxylin and eosin staining of
excised tumor tissue. Scale bar, 400 um
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Fig. 5 Evaluation of the tissue penetration capability of mechanoluminescence from Sr3Sn20-:Nd3* (SSN) B4, (a) Charge-coupled
device (CCD) image of the SSN pellet sample. (b) CCD image of the SSN film sample. (c¢) Sequence of images recorded
using an InGaAs-CCD camera during loading of the SSN pellet in a load cycle with a loading rate of 3 mm-'min™ and an

applied load of 350N, showing the real-time distribution of near-infrared (NIR) emission. (d) Near-infrared piezoluminescence
images of the SSN film recorded with an InGaAs-CCD camera under tensile loading (nominal strain: 600 pst)
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Fig. 7 (a) Schematic illustration of neural activation enabled by focused ultrasound- activated mechanoluminescent nanomaterial
liposomes, which emit blue light at the focal region upon ultrasound stimulation 'l (b) In vivo modulation of motor

behavior induced by sono—optogenetic stimulation [11%
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Fig. 8 (a) Stress-induced luminescence visualization in mechanoluminescent materials [!!'] (b) In situ quantitative strain imaging
using mechanoluminescent materials and effective hazard-level diagnosis of highway joint sections '8l (¢) Schematic
illustration and characterization of integrated devices based on mechanoluminescent materials [''°], (d) Fabrication process
and characterization of mechanoluminescent sensors, together with their applications in daily-life scenarios . (e)

Schematic illustration of polyurethane-based conductive microfibers and photographs of their application in a respiratory
monitoring system (2!, (f) Schematic illustration of a focused ultrasound-activated flexible pixel array structure and a 3x3
pixel array demonstrating full-color output capability, including structural schematics and photographs [12%]
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Extended Abstract

Persistent luminescence and mechanoluminescence are two distinct luminescent phenomena that do not require continuous
in-situ optical excitation. They generate optical signals through the storage and delayed release of charge carriers from traps and
mechanical stimulus-induced energy conversion, respectively. Different excitation mechanisms and temporal response characteristics
both share fundamental similarities in the processes of carrier generation, trapping, and detrapping. Advances on nanomaterial
synthesis and defect engineering enable the extension of persistent luminescent and mechanoluminescent materials from bulk and
microscale systems to the nanoscale systems, where significantly enhance size, interface, and trap effects provide new opportunities
for performance optimization and application expansion. This review systematically summarizes recent progress on persistent
luminescent and mechanoluminescent nanomaterials, with a focus on typical nanoscale preparation strategies, luminescence
mechanisms, and a unified understanding of carrier detrapping processes. Representative applications in low-background bioimaging
and biomedicine, stress-responsive structural health monitoring, flexible devices, and information display are also outlined. Finally,
key challenges and future trends are discussed in terms of performance preservation and structural synergy in nanoscale, quantitative
characterization of luminescence properties, and engineering-oriented applications.
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Summary and prospects This review summarizes recent progress on the synthesis, mechanisms, and applications of persistent
luminescent and mechanoluminescent nanomaterials. We emphasize that advances across both top—down and bottom—up routes
substantially improve control over particle size, morphology, and-critically-the defect/trap structures governing carrier trapping and
detrapping. We highlight a trap-centric perspective that links delayed emission in persistent luminescence with stress-assisted carrier
release in mechanoluminescence via comparing the physical bases of the two phenomena. Translating these materials to the nanoscale
can broad their utility, particularly for autofluorescence-free bioimaging and diagnostics, as well as self-powered, visually intuitive
stress sensing and flexible optoelectronic devices. Collectively, these studies illustrate a shift from viewing luminescence as an
isolated metric toward engineering integrated, stimulus-responsive nano-systems tailored to application demands.

Some key challenges remain despite a rapid development. A central limitation is the trade-off between achieving precise
nanoscale structural control and preserving the deep, stable trap populations needed for strong afterglow or mechanoluminescent
output. In addition, a predictive and quantitative understanding of how interfaces, surface states, and localized mechanical fields
regulate carrier dynamics in nanomaterials is still lacking. For practical deployment, a long-term stability under environmental and
cyclic loading, biocompatibility, and scalable yet reproducible fabrication must be addressed. Future work should involve: 1)
advancing in-situ/operando characterization and computation to map trap distributions and carrier pathways, 2) developing hybrid or
composite architectures that balance structural integrity with optical functionality, and 3) validating application-driven prototypes in
realistic settings from deep-tissue theranostics to structural health monitoring.

Keywords persistent luminescence; mechanoluminescence; controlled synthesis; luminescent nanomaterials



