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Fig. 1. (a) XRD patterns of S-Mn, S-MnYb, TD-MnYbLi, TD-2 h-16 h, and BU-MnYbLi 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-2 h-16 h, and BU-MnYbLi samples.
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Fig. 2. Luminescence and trap characteristics of TD-MnYbLi and ball-milled samples (TD-2 h-16 h): (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-16 h, and BU-MnYbLi samples: (a) Emission spectra

(Aex = 254 nm) and excitation spectra monitored at A,, = 523 nm; (b) afterglow decay curves; (c) thermoluminescence spectra;
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(d) trap depths and trap concentrations calculated from TL peak fitting; (¢) Gaussian fitting results of TL spectra; (f) three-dimen-

sional thermoluminescence spectra. Spectra of (b)(c)(f) are obtained after 254 nm UV pre-irradiation for 5 min.
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Fig. 4. Positron annihilation lifetime spectra (PALS) and fitting results of TD-MnYbLi, TD-4 h, TD-8 h, TD-12 h, TD-16 h, and
BU-MnYbLi samples: (a) Positron annihilation lifetime spectra; (b) variations of 7, and I; with ball-milling time; (c) variations of 7y

and I, with ball-milling time; (d) variation of the average lifetime 7,,, with ball-milling time.
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F 1 FERAYIE R T A aril = e i S S Hes
Table 1.  Three-component positron annihilation lifetime fitting parameters of the samples.
Sample Lifetime Intensity Lifetime Intenfity Lifetime Intenosity Fit’s Va?riance Lifetime
T1/n8 L/% To/n8 L,/% T3/18 L/% x> Tave/ 1S
TD-MnYbLi 0.1880 39.3 0.3891 60.18 2.08 0.528 1.0001 0.3190
TD-4 h 0.1821 33.2 0.3847 66.2 1.66 0.590 1.0088 0.3249
TD-8 h 0.1838 35.8 0.3913 63.8 2.46 0.366 0.9640 0.3245
TD-12 h 0.1877 37.5 0.3943 62.1 2.70 0.389 0.9681 0.3258
TD-16 h 0.1964 39.3 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

FE I L 39.3% JeRRIRIE YR ; 7 0.3891 ns 4t
W& [ 5 THE 0.3947 ns, 1M L W i1 60.18% SE T
% 66.2%, BEJG % 60.2%. X 156 BREE 4 1 L
N7 3 R R 4 A Ry B AR R R, S BUE FL A
A, TRV s (L BB B G N B R e ik
15, Bk — 2B A fk, eI S A B 4544 TP A W
AR, 2 (57 RS 7 2 T 1 ity LA AR T AR
FRBRBETE AL, IITRE 7, 7 EHTHE, T L BT
REAR. SPRIT5A 7 BEARE I G S, VLRI
T E H I B A B R UA B ERE K, X
& 1 H XRD W sifb i SEM Bk 44k 25 A —3%,
FEOAFELLEREE AL FRAR T AR e e, AR ik T I
AR R B BT A

BU-MnYbLi £ & W Z B H B B A[EF TD Bk
JERE S BB AR, R 1 AT, HAK A AL 45
& I ik 12.42%, s T TD RIVFE G, B
MRIETE T R A FH AR RS S i AT 254 X
Bl FEARIET AL Si0, BEMRIE 2 K ALER
FIFE 25 B, SRS = A 1 TOIT i SR H A AR o
X0, 2541 2 FNIE 3 RIHl, BRES BRI T Sk
o, HEZOY U T A G, St dE R 2
H IR 0.74 eV H R, 80Uk G5 E
AHERT [ FFLE NI, AL Z R, BU RS L
AR R AR T8 A BRI BEBIE A, 38 02
iR R A R A AL TR kY A
A, HE Zn,Si0,: Mn?t, Yb3t, LitK A ETERE
K Ja%E PDT ROR 0 S5 P 2 AR B bE S, i
L5 S Ko HNGE 7 (14 5 BHF 225 4

SR AR

Kl 5(a), (b) 4l T AR RB RS-
AT UL IR ST K 547 om WSO B8 32 1 B o T4
gk, HLMAU G TN B

3.4

y = (0.2612 = 0.0871) + (0.0792 = 0.0026) z, (1)

o, y o8 547 nm WISIETREE, o RB B IRIKEE.

BAEMER RBIN#E A & (loading capacity,

LC) ML A5 B2
Wra

IC=| —— 2
<WManLi@RB @

> x 100%,
Wig =W — W/, (3)
Hor, Wep & &M B2 n) RB B BT &,
WI\&anLi@RB I%%‘D/ﬁfz%ﬁq:'ﬁéﬁ El/‘J E%jﬁ' *Jr E/‘J
i, WV RBEE G &, WiERk#HE
AR RB . R85 (1) XAE 5(c)
AT ATHE S A MRS VR S ) I (RB %
W) . I AR T WL R4S 5
TD-MnYbLi@RB, TD-16 h@RB #l BU-MnYbLi
@RB &MY RB iz & LC 4150 44.90%,
46.69% 1 47.42%. BU ¥ i B A f = 1 RB 2k
AEJT, X F LI P TR EIE B i FH s K A R
A HRFUEEG, S RB W 2L T 5 24 850007 4.
K 5(d) i CCK-8 4 M i M I 25 R . 3 F
FAEMRIE 250 pg/mL W BIREEZ 80% M4
A7 1% 32, RUIAOBHRAA R4 09 Az W AH 25 M A
B Y I T, X 5 R E — B [ 5(e) Ky
254 nm AR IG5 HeLa 40535 12 h 19
Calcein-AM /PI 1§ -SE YL 25 5L Horp &g (21 4o
PEIEAT MR FAFTE A0 M AN FE T4 M. ] LA B S0
£ 3|, BU-MnYbLi@RB 4k ¥ 40 21 (6,5 e el
%, TD-16 h@RB X Z, 1Ml TD-MnYbLi@RB 1/}
TR BB AP TE AN . X L () ST SR an &l 5(f) i
/R, BU-MnYbLi@RB 4b B 41 HeLa 40 ff 58 7%
250 81%, Wl % T TD-16 h@RB(77%) Al TD-
MnYbLi@RB(59%). {E13 1 W2, x4 R 5
BEA G 1 & 58 I AR —3: TD-MnYbLi He4ke
v EL AT e (e ) R 0 B AR I AT R], {H PDT
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Fig. 5. Characterization of the photodynamic performance: (a) UV-visible absorption spectra of RB solutions with different concen-

trations; (b) linear fitting curve of the absorbance at 547 nm as a function of RB concentration, derived from (a); (¢) UV-visible ab-
sorption spectra of the supernatants (10-fold diluted) collected after centrifugation during RB loading onto TD-MnYbLi, TD-16 h,
and BU-MnYbLi 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) corres-

ponding statistical analysis of cell viability and cell death rate.
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AT A, BRIT 4 523 nm BT I 46 4K ROV &
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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?*, Yb3" 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,SiO,, defect structure, positron annihilation lifetime spectroscopy,

photodynamic therapy
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