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gt
Fig.1. (a) XRD patterns of S-Mn, S-MnYb, TD-MnYbLi, TD-2h~16h, and BU-MnYDbLi samples,
with enlarged views of the (113) and (410) diffraction peaks shown on the right; (b) variation of
the average particle size of TD-MnYbLi as a function of ball-milling time; (c) SEM images and
corresponding particle-size distribution histograms of TD-MnYbLi, TD-2h~16h, and BU-MnYbLi
samples.
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Fig. 2. Luminescence and trap characteristics of TD-MnYDbLi and ball-milled samples (TD-

2h~16h): (a) emission spectra under 247 nm excitation and excitation spectra monitored at 523 nm

emission; (b) afterglow decay curves; (c) thermoluminescence (TL) spectra.
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Fig. 3. Luminescence and trap behaviors of S-Mn, S-MnYb, TD-MnYbLi, TD-16h, and BU-
MnYbLi samples: (a) emission spectra (Aex = 254 nm) and excitation spectra monitored at Aem =
523 nm; (b) afterglow decay curves after 254 nm UV pre-irradiation for 5 min; (c)
thermoluminescence spectra; (d) trap depths and trap concentrations calculated from TL peak
fitting; () Gaussian fitting results of TL spectra; (f) three-dimensional thermoluminescence

spectra.
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Table 1. Three-component positron annihilation lifetime fitting parameters of the samples.

Sample Lifetime Intensity Lifetime Intensity Lifetime Intensity Fit's Lifetime
71(ns) 11(%) 72(ns) 12(%) T3(ns) 13(%) variance Tavg(nS)
7
TD-MnYbLi | 0.1880 393 0.3891 60.18 2.08 0:528 1.0001 0.3190
TD-4h 0.1821 332 0.3847 66.2 1.66 0.590 1.0088 0.3249
TD-8h 0.1838 35.8 0.3913 63.8 2.46 0.366 0.9640 0.3245
TD-12h 0.1877 375 0.3943 62.1 2.70 0.389 0.9681 0.3258
TD-16h 0.1964 393 0.3947 60.2 2.09 0.451 0.9919 0.3242
BU-MnYbLi | 0.1990 31.0 0.429 56.5 1.514 12.42 1.0320 0.4921
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Fig. 4. Positron annihilation lifetime spectra (PALS) and fitting results of TD-MnYbLi, TD-4h,
TD-8h, TD-12h, TD-16h, and BU-MnYbLi samples: (a) positron annihilation lifetime spectra; (b)
variations of 11 and I; with ball-milling time; (c) variations of 12 and I, with ball-milling time; (d)
variation of the average lifetime Tavg with ball-milling time.
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Fig. 5. Characterization of the photodynamic performance: (a) UV—visible absorption spectra of
RB solutions with different concentrations; (b) linear fitting curve of the absorbance at 547 nm as
a function of RB concentration, derived from (a); (¢) UV—visible absorption spectra of the
supernatants (10-fold diluted) collected after centrifugation during RB loading onto TD-MnYbLi,
TD-16h, and BU-MnYDbLi samples; (d) cell viability evaluated by the CCK-8 assay; (e) confocal
fluorescence images of Calcein-AM/PI live/dead staining of HeLa cells after incubation with the
samples for 12 h following 254 nm UV irradiation for 10 min; (f) corresponding statistical

analysis of cell viability and cell death rate.
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Fig. 6. (a) Schematic illustration of the persistent luminescence mechanism and (b) PDT

process of TD-MnYbLi and BU-MnYbLi samples.
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Abstract

The luminescence performance of persistent luminescence nanoparticles
is closely related to their defect structures, while the mechanisms by which
different nanostructuring strategies regulate defect types and trap structures
remain unclear. In this work, Zn,SiO;: Mn?*', Yb**, Li" persistent
luminescence nanoparticles were prepared via top-down (TD) and bottom-
up (BU) strategies to investigate the relationships among crystal structure,
defect structure, trap behavior, and photodynamic therapy (PDT)
performance. The TD strategy effectively reduced the particle size but
introduced severe surface disorder and grain-boundary defects, resulting in
the depletion of effective shallow traps and significant degradation of
luminescence and afterglow performance. In contrast, the BU strategy
produced uniformly dispersed nanoparticles (~150 nm) with abundant free-
volume defects and open interfacial structures. Thermoluminescence
analysis indicates that shallow traps at approximately 0.74 eV are the key
energy-storage centers responsible for room-temperature persistent
luminescence, while positron annihilation lifetime spectroscopy. confirms
that the BU samples contain more free-volume defects, facilitating carrier
transport and interfacial energy transfer. As a result, the BU samples exhibit
superior PDT performance with higher HeLa cell killing efficiency than
the TD samples. These results demonstrate that the PDT performance of
persistent luminescence nanoparticles is determined by the synergistic
effects of defect types, trap structures, and interfacial energy transfer rather
than luminescence intensity alone. This work provides new physical
insights into the defect engineering of persistent luminescence
nanomaterials for biomedical applications.

Keywords: Persistent luminescence; Zn,SiOs; Defect structure; Positron annihilation

lifetime spectroscopy; Photodynamic therapy
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