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Abstract: Since the discovery of mechanoluminescence, it has undergone decades of development and has been
widely applied in various fields, including sensing, anti-counterfeiting, and structural detection. However, the
application of mechanoluminescent materials in biomedical fields is still in its early stages, with relatively few reports
available. This paper first introduces advanced strategies for synthesizing mechanoluminescent materials and system -
atically discusses several typical mechanoluminescence mechanisms, with a focus on trap-controlled mechanolumi-
nescence. Additionally, it presents the recently developed novel mechanoluminescence models based on chemilumi-
nescence and bioluminescence. Furthermore, this paper provides a comprehensive overview of the applications of
mechanoluminescent materials in biomedical fields, including biosensing, near-infrared bioimaging, optogenetic
neuromodulation, and disease treatment. Lastly, this paper summarizes the major challenges faced by mechanolumi-

nescent materials in biomedical applications and proposes their future research directions.

Key words: mechanoluminescent materials ; nanoparticles; biomedical applications; optogenetics

I ) (R 48 e i A i ol DL b 2R B 75 45 )
WAL 7= AL R SR B G . f T X I — A
NBCCRAR B A OCH BHEZ B A AL B GRAY 37 338 7T 3B ¥ 2 1605 48, 24 1 Francis

1 3]

e

Yefs B EF: 2025-02-06; 11T HEA: 2025-02-22

EETB: MK A RBAREE (62475298) 5 RIITH B2 2 0F 50 L T B8 42 (A2403042) 5 Hh e g B RE A BHIE Ml 55 B 75 45 200 8% 75 300 1
(24qnpy038)
Supported by National Natural Science Foundation of China (62475298) ; Shenzhen Medical Research Fund (A2403042) ;
Fundamental Research Funds for the Central Universities, Sun Yat-sen University (24qnpy038)

o ST Tk AR 2



%5 8 W W, S JTBUROUMRHY R OCHL LR A ) B 2 BT AT 5 Uk 1353

Bacon?’f,ﬁ\:%ﬁEF'lEﬁTﬁJ‘E/‘J—{kﬂ%ﬁkjifmFﬁ
ARIE 30 &5 INN R N S RIUSINEE S e i
T [ 1A 5 S W R 254 2 A Wi 284 7 A 1 R O A
9l FR N W 24 kG 1664@3,R0bertB0y167£f§
RSl R TR R R A 3R TN B R B R O
L BEE WL E AR, AR SE & AR % R
PEEU R — S BRI 2 L RO A
FL#] 1978 4F, Chandra X 33X F ML AR 3 /E HF 7= 2E
RICH MG ;AT T 58— 4G, EX v 48 13
R,

TR T 1 ) BOR G L AR AR TR e AN W]
W 2R b X RO R B AN AR A )
05 L 30 52 25 I A BRI AG I 2 ARy BR . PRIk,
BUROG RS AE —Fofn & ) B O LR C # T
K, R AE 51 R S B N J7 TR Tz R . HF
1999 4, Xu 55 1 YR H T — Bl B AT =y i 52 H.AJ i
52RO6 I BPE ) BOR G AE RL, IF AT SrALO,: Eu
4 58 24 1 BOG & 5 52 BERE 3 43 A nT A [R] I ik
XFBOROCHLE SR I T A AR WA %
P BN 3 K AT B 2 5 9 ZnS = Min B 45 7 Pl 68
i o ) B VR L S R A K L PN 3
JR', X A5 X ax Ao e R R AT ROy ) BUR O
AR T B BIF 5T AN T, B R R T F RN
GO T BUR A B IR R 248K, IF Bk 1 8Ok
JEAT BT 2% A G, A5 S5 AT B il %
LA B s O Jon % S5 AN TR 7 T o il 7 2012 4F, Xu
S5 A JH 3 BOUR ORI ) BO A 5 1 BE XS #F
DROE AT AR, YA A T
i 2% 224 52 b 5 W 2 WL 3 1 PR 4 T g A T
e ER B OGOk B . Jeong T BAGHE i 17 ¥ 1 2L
% et R ZnS: Mn Fl ZnS: Cu HY He JE L 1], 32 1 3K
i BT B 3 BOG & ST, TR T R
AR AN, Smet A BOKE H AT T8 B BF IR B 43 A 1Y
BaSi,0,N,: Eu™ ] T30 it Jin i 71 Jim 19 F1 A0t
SE LR W] LR 5N R 7 72 b REAE R 2O 20k
KR T, T SE A R B T iE k. Wang 45
P& T —Fh BT BOR A R ZnS: Mn UKL )
BRI IR A% AL SR il R F EH T
B2 44 W I B TR T, DA 1 5 45 4 WU Y 4
P, SEELRT D T RE" s WAk B BUR M
BHSG R SE & I 28 BORAR MR AL, 2 — 2D 4
HE T BRI BB SEBR R o 2% G HoAR G i
W 1 BOR DG RS IR W R S (PDMS) 45 5

PRI &, RS 7 BE 3 P SE HLARE FD T 7= A T
HRE B H TR BUROE, R T8 )1 BUR G
R LA RE Y R B, S o BRSO
IRBE 1 05 R AR AL TR B . B, Wang 5
i 1 s )1 BUE e R CagBaP,0,;: Ce™ & A 1E PD-
MS 3 i rp S B T JE T TR T R B0k,
I ¥z A MR T T T AR B A O
B R

R N BOR M BHFE L L E A )2 6
FH A8 AR A Wy = 2 5 T (1% 07 FFATF 9% 38 A 6 45 /0
X EYR LA 1 A R — T R
T HBECRCOCE IR T R B, o,
T3 80R G R v ) B B RE 9 T i T A A B AR A
GREFIEN F T 1000 °C), % B2 A 0] 4 S
BB B P YRR R 2 B R UK S . TR )
R AN AN M AR A2 AR s A A 0 5 oK,
S A P T SR 0 K RS 1 A R A T B
TER N 51 R AN B0 A= W) A 25 Pk 1) . ik 4, 3
T A Wy B 2 R R ) 00 BUR 69 K R R A B T I
T8 Z PRI, AN T BT AR RO B R AR R
oF BILAEAE YA P AR . X R
BRI T 1 BOE A RHE A 4 s 25 AU R ) S B
o o5 — 7 A% 58 07 3508 6k Rk 48 # A
BUBE N, F7 Canr A R 45 808 BE 4 55 ) ik mi B
TR Bh 12 F1 o WA HLAR N g 3 R 3E H FA
158 2 A= W 0 58, N Rl T 71 80k Y6 w7 1k
P SE 2 W R IR IR T SRR B 2R S R
REF . #2012 4F , Xu H A & W 236 1 Bk
Se R R FH T A W B 2 48R 2 P BA R ) FH
ORI RFE RSN N TR V04T T sh 25 0 1 Bl
B X — G N T BUR M ORHE A ) B 2 P
N TFRE T B0 7 . BLJE 1 BUR G R RS B
Bt 2= 2 AW R 2R, BN, 7E B 5T 4
b, I BCREHRE T G A A R 0k
IS A 42 ) 1) 28 ELBRAE" Y AR A AR IR AR O
1H] , 7 350K 6 AR E B T 20 R 1A SRR B
T, 9 T RO UL A 4 3 RS 0L s e g T
FE R A D RE" s BE A i e FH T AL N AN [
JEBE 0 A W 21 4 AT O 2 LR 2019 4R
AR K 2 Hong H BA B UK T BUR 640 K 34 B R
Tt et s R4 T m s fe 2
4 4B i A BACKS: O B0k S A KR RS A
38 A 4 A0, AT B R T AL e G s L R



1354 K b/

¥R % 46 &

J T RN A SCRE R . X — 7 W RO
L BT R L GO B AL AR AL T — R AERY
B A7 &, RIS 4k 58 1O 8 A% o B 0 TS 1 .
BE AN, B 5T N B3 GL AF R A I 4 i ) BUR e RHE
AW B SE SUE H ANAR R T %A R TR
I 2 TR R G T REE O 1 — A K N T A
FEIR YT, S T BUR R LR W) B 2 1 ]
U TR AT BE T 250 . AR TSRO R
TE A W 2 2 U B T B R B N I g, (E
ISE AT FE AT Ak T A6 25 B BE, R A 412 T AR O AT BR o
DRIk, % e #E 19 1 BUR DGR BT K T EUR ERL
] P9 TR I3 B A Wy R 2 oy ) 4 T A 45 1
K D e 3h 5 T 5 B SE R R AR W) B 2 i ]
K PR S B AR T RIS

AR SCHE T I SE AR 58 H K I BUR LG I
KRBT S, R GE A T LA SR Y ) 2
FOCHUBR , BL A5 12 58 14 B B 2 o 2 BOROE, L
AT AR R A JR R K 1 T A A N A AL BB
BT EOR R o AT Ie R OCHLER Y [R5
207 A5 1 BOUR A BRI T I R ) R
KA TR RN AR W 2R A i T ) 46 2 T Al 2 R e A A
Yk e B E R B A AR SCE SITE T
JIEUR DGR RHE A2y DR 2 U4 22 B A T, TR
A AR IR OB L S MU R T A 2 A A
G f A AR SOR AT BUR R R AR ) R
o7 7T 4B TP A A B Bk SR AT TS . TR B
X IX BE PR, B TR Ok B K B 5 ) o i ik 4
591, TR I R AT B A A R o A S B
Tz B GERE, h HE R R ST BOR B K R A
Hrah .

2 N ECE RM AR &

% G5 (1% 1 80K 6 R RE 32 R e T T A
Vs TG T G 1k AR 7 S 25 AR o A% o X T TR
WALE T T 1000 CHY RS R 0 R 01 3L
KA B BT T A b 4 R P S B B S, A
TS Bh BUR e e e . Horp w1 AR v RN IR
U8 I A B3 PR LR A AR X T B i Bl )2 (. R
1M, X e kel s e b & S B WR AR R,
i 10 wme KRR WIE B FE — & fE B L BR
il 7 AR A P AU S R ) T A
DA DK T S B R B SE I AU o A L 2
R o AR A — o B R L Re g AR ) B
RGBT Wy (R kA% A L fE A B 4K 20, (A 3L

AR LA SR 2 T — 2P . R
A RN N R I =2 N DA & e R S XiOF )
P, R MRS R T ] . AR T B —
S 28 1 BORCMORH R B 1 o X ST A
il B E LA R R BB A D7 T R LR R Y A
B, R 1 BURCRORHR A S AR TR R . AR
R X a3 ST A N R HEAT TR A AR
2.1 EMTHFEZEBIHBE

R T A R R v AR T HE DL R oK )
R OEH R )5, Hong A1 A 81 357 1 M A8 48 2F By
WA P2 T —FRF Y B LN A
A7 A 32 PR 8 T 6 WL BUR DG IR 4 K
ORIz B AR R AW B (i
Vi Bk VRS RAT A IS RNk . % 1A BAE
LR AR K WA B T, AW W) o £ 3%
5 B R R (1 (a) ) o BV 7 35 A 3 A il
RE7E A AG<O MY T %7 25 /1R, 3 28 4 0K S0k 78
UG WA P — 20U i . 52 R &, Hong 55 5%
T3 I SRRV AT R AR AN AR R W A
NBOCHKR R . BRI 1% A B S il i
e U TR 12 ROR ST SR AROK 91 4 5 AT DOl
I B R VAR A IR AA (P 1(h) ), SR T 5 LB A 7 45
PR W TP ATV A T ARAR T RSE S 10~110 nm
A I A 4 K R (T 1 () (d)) o X AR ARy L H
TR B 5 S T ) BOR R R R B A R4
F 45 dh R IR AR T R T 350 % ' 4 K SR 1) AR
PERE S & JEbERE . SEm R k&
FIBUR G R R S R P Re s R 2 kot H R
A IRUF R R o 3K SR RHAE R Ik v A R R AT
DS e 17, & 5t s 18] 76 22 R0 4% 1) (40 10 ~ 500 ms
F B8 75 Tk o R, ke R U6 B TE] <S5 ms, B A (]
10~50 ms) o ULAh, BHRHE 22 Uk S HL 7 25 v 2 3
R R M L BB A A & 2 500 YR AE I b AR FE
FRE M ORI . SR, ROLTRE SRS R
T Z AV AE R A RN AR T — 8 i R 6889 .
Ry fift PR X — ] L, AT L G O Ak R Rk B 4 K 25
R T, $2 i 1 BUR OGRS FRR e P L
TE A= Wy B 2 o T s 2LV g
2.2 HREKEE

R T BT T BUR G KM BHE A Wk i
122k, Wang S5 & T — 0 TOls G2 i &
VEECTOR R IDAE O 2L P % & SRS L i oL /| W
ORI RIAH F b R B T 09 A2 W A A P



%8 W B, S JIEUROEHORHY A OGHL B R A Wy BE 2 N T 9T ok 1355
ke V S ;;; """"""""""""""""""" ,
/,' E Pit grows :
S -
/ i — :
e !\) |
O _______________
T —— q ho
i i Suppressed dissolution ‘{\ é § !
x - | O
O —> - \
Undersaturated J'\ ?
environment IS
(b) ; - i e
(c)
(d)

Frequency/%
S

0 0
0 25 50 75 1000
Size/nm

1

Size/nm

0 0
25 50 75 1000 30 60 90 1200 30 60 90 120

Size/nm Size/nm

Fig.1

Ca) FE W0 Al A7 A 52 42 5 ik 1 1 2 0 BRSO RE R Z 8T 5 (b) v 3 86 AH 36 1 2 A4 AH 1 BOR DGR RE: (1) SiMgSi, 0,4
Eu,Dy, (il )ZnS:Cu, Al, (iii )ZnS: Mn A1 (iv ) CaTiO5: Pr #9471 ft 7 W B8 R 5 (o) A= Wi b 05 2 32 2 e fie 1k ol 45
TBCRACAKA R : (1 )Sr,MgSi,0,:Eu, Dy, (i )ZnS:Cu, Al, (iii )ZnS: Mn #1 (iv ) CaTiO;: Pr 1) 3% 4 #1 + &. G 5 K&
((b) (o) B I JE AR R I BORSE A BRI WP 09 20 8D 5 (D) TBOOE AR BT RE : (1) Sr,MgSi,04: Eu, Dy, (i)
ZnS:Cu, AL, (iii )ZnS: Mn FI (V) CaTiO5: Pr RSk 43 i ) F 7 >

(a)Schematic diagram of the biomineralization-inspired controlled dissolution method for preparing mechanoluminescent
nanomaterials. (b)SEM images of ( 1 )Sr,MgSi,0,:Eu, Dy, (ii )ZnS:Cu, Al, (iii) ZnS:Mn, and (iv)CaTiOs:Pr bulk
mechanoluminescent materials after solid-state reactions. (¢) TEM images of ( i )Sr,MgSi,0,:Eu, Dy, (ii )ZnS:Cu,Al,

(iii )ZnS:Mn, and (iv)CaTiOs:Pr mechanoluminescent colloids produced by the suppressed dissolution approach. The

illustrations in (b),

(c) are the luminescence images of the corresponding mechanoluminescent materials in aqueous so-

lution. (d) Histograms of size distribution of ( i )Sr,MgSi,0,:Eu, Dy, (ii )ZnS:Cu, Al, (iii )ZnS:Mn, and (iv)CaTiO5:

Pr colloids®®
LR S B A N RN 0 e v I R ey
BG4y (LO12) F1 7 f 35 (TR780) 40 = 78 I it 14
T il A& T — iR BT HIL D BRSOk bR
BT, 8 568 i K S 0 5 88 A (lipo-
some)fi , il 7% 153 2] Jg i 1A Lipo@IR780; Bifi )5
W BT A 08 AR 5 k2 BG4 A e A &
HEA ﬁﬁ%ﬁz%*ﬁ@ﬁﬂ@ﬁﬁk;‘ﬁﬁﬂﬁ%(u-
po@IR780/L012) (¥l 2(a)- 1 ). & 1% 7 ¥ il 4%
(0 3 Bk SRR B 7 1 B A 29 120 nm (19 °F- 1
AR, BHSEROE, IF BRI R 0 R R e
(K 2(a)-ii ,iii )«
2.3 &Rk

T e Y H L A7 30N Y A B B R

W, W SRR AW R AR RO R . R
XA G SR Tz i e H SR iR R
HUAXT A R . 2 Cai 5 F) A W) A AL B0t
BT AR W RO SRR AR DL T A i K
B BAKRT 5, 2 W1 BA K O 5 F 3 v 58
B (Pyrocystis lunula) £ %€ 75 22 805 W] /) PDMS %5
e IR T B 0L R SRR E (A
2(b)) . 4 PDMSTESN IR 7= A HLOE 22 1
oA R R R LY D) ), s AR W) e 56 00
NIIPAREES V-2
A A W 2 Al B TR 3 R M BUROE
el AR A% T VA AR — SE [ A BB, 1] 4075 7 Y
B 77 M S 1) 0 X L) 3 52 2% TR IR B K 5



1356 K b/

¥R % 46 &

(a) (1) Q Sonosensitizer
GUOTN G
o
v O
1R780
(i)
i %
‘\ PO

) R
0§ ® #

(b) (1) Sealing layers

Spacer layer /

Biohybrid devices P. lunula

lonic
} \.% crosshnkmg
/‘; Immersed
in CaCl,

solutlon

()

Hydrogel precursor with cells

@ Chemiluminescence

Culture medium  (2) Stretching

p
/. .‘
/
/
1
/
/
, -
i .
& } S
\ S
I
\ .
A
\

Living composite with cells

NH, O Liposome
Z ) II\IH
N AN

a0
LO12 L1p0@1H780/L0 12

- Lipo@IR780/L012
15 r == Lipo@IR780/L012+10% FBS
= Lipo@IR780/L012+FUS

Intensity/%

10 100 1000
Size d/nm

Twisting Bending

/// R , Lasi

7/

Diverse mechanical stimuli generate shear force

to activate bioluminescence

r

Deformation
—
Apply force

Stress triggers bioluminescence

[ ] Clay% Alginate .‘Unactivaled dinoﬂagellaleﬁ o xActivaled dinoﬂagellalei’% Ca**-alginate

@

K2 (a)(1):#TR

JE AR B9 A L 8 & e B (Lipo@IR780/L012) A AR 2 5 (i ) : Lipo@IR780/L012 ) TEM % ;

(il ) : FEAR 154 10% Jif 4 1L 15 (FBS) ¥ Wk LA b 28 A 88 75 308 1 R 30 245 DG HIUH (DLS) Ml 75 19 Lipo@IR780/L012

Rt o34 ™5 (b) A 2 Al 12 A R VE 1 BUR LR 45 R R iR 45 ik

Wi 7 A L 2 LA ) A e T A

PR I BOG KRG 5 (o) e T 7K B I B I 45 3 I 0 BRI B A R RE IR
Fig.2 (a)( 1 )Schematic diagram of the synthesis of organic mechanoluminescent materials based on liposomes (Lipo@IR780/
L012), (ii )TEM images of Lipo@IR780/L.012, and (iii ) size distribution of Lipo@IR780/L012 measured by dynamic

light scattering (DLS) in solution without/with 10% FBS or under FUS irradiation"”’

!. (b)Schematic diagram of the biohy-

brid synthesis of a soft mechanoluminescent device, which is capable of producing bioluminescence-based mechanolumi-

nescence emission in response lo stretching, twisting and bending"™"

mechanoluminescent device based on a hydrogel matrix'*

JEAE N TR DRI SE ) BT, Cai S5 7E AR W 2R AL TE Y
SRl b, A LA R T B B R RO &
SFRE ) R R AR YE D BUR IR A
A Y A LA A R 2 Y K B i R I
oA R — FIE AR A . BRI %A
TS LA A R e 1 R R K B i 5 TR
B LUE R ARAY WG IR A YR A CaCl ¥
TR R Ca™ 32 W 805 | K o R AR B 1 B S
5K, AT 46 PP 3 31 52 A 7K O S 66 5 P, T T 1A
G E 2(e)) o MAIZE G Y AL ) i,
B A R ORI R K A T EOR R B, e,

. (¢)Schematic diagram of the synthesis of an elastic

FIH AT RGP sk RLE SRR U E E 6
ZJE B TR SR TSR BE AR R K G Pk
HAEAER 154 H |, 8358 i bt ms 24E 9 2 e ik e
Ml MR (LA H ) o W 3% 07 A 80
Iz T PDMS 7 Ji 258 B rp o LA itk g () R, 55 41,
5 PDMS H ) Bk Ot B 45 A1 tt,%?ﬂ(?ﬁ?ﬂi%ﬁ
il 25 19 01 BOR GG P & YR IR BA T
O | RE A% 7R AR 2 LA T I~ 9 R J1 R 7 AR 1 3L
TR

S A W) Al = — SR A Y ) BUR A R
il 28 5 2 B2 e T AR Ry T M A W A ) X



%5 8 W W, S JTBUROUMRHY R OCHL LR A ) B 2 BT AT 5 Uk 1357

— R, LR B R RO (ROK B0, BR 6 17
AR A Wy R 2 U0 R ) L 0 R A TR P 2R W)
= 27 10 1 5 1 ) P

3 AR MR

3.1 FEBHE#IB AL X

ENIE VS % Y2 NS IMTEONP ]
TECE A B L CHL BRI R T 25 . %
KB, R 2B 8O PS8 H A BA R
HR X6 FR 45 R 1 JE AL LR R R L 5 A
L St B b ek P S 1 R A0 75 5 A I
B BIF B ol R T 2 o A B R B A o 78 R S ML
F2 T PR TRY + H - B B A R R 2 R B A
R T 7R R R T LB 2 Y R B T el
4R B TR R eh G K BIZET B4 5L
BTl ERN FERMARE T, S 58 mER
ME AR, HRM S, Xo A4 7 1999 4F &
WHE T RAZS OB B T 0 80k sh
AR A 25 PR AL (E 3(a) ), SR il B 2k
KA B SrALO,: Eu™ /9 ] 5 &2 J) R S P
ZAHL T ARSNGB TR
W R T RE B BRAE B RS R 7R S &
7 A R R 23 0, a8 Rl BT B A S o B
(BRA L) Fr 73K, FE XA B Eu™ e A B Eu’ .
SR TERLBE N F1 4R R, 28 7 DB B v o B i O

(@) CB
5d4 — Trapping
— Recombination
él"(?,‘[/M/L N:\‘\\ Mfechflmi‘cal
oy, AP \\Stlmu ation
A D(?pant =2 Hole trap
ion
(e) CB
S5d—4— Be
Electron trap
M
«Y(;ztabbn Eg

4f—2— Dopant
ion

vB

— Trapping

Mechanical
stimulation

ER BN, B 5 Euds &8 R B/ Eo™;
(] Fsf, Ak 38 A8 1 H, - BRAE [l B BE  K fit 7 1Y
AE A LA n] DO i ORI, 7= AR I B0 R S o Bl
& ROt B By LA B0 T AW FE L 1 SO0
IR S YT U558, ORI I 2R A O BRI 6 B AT LA
PO B T 5T, TS BT O R . AR
T , Dorenbos 1 Clabau WA 2N , Eu™ A9 & & &
7, HEAR T SrALO, By Sl IR . W A7 T
B AT 1) 425 o TR L T B BRI . AR
FiE oL T L i RS R T2 5 80ROt
oA T X AR, Yamada $2 11 T 55 —Fh
PE BT 2 W TR PR R 3(b) ) o AR
PRz A, Y Bu™ Bk 25 7 IR 05 A1 O Y RE B
BRIE BN PR A& Z )5 B 2 9t 1 A A HL 1 B B (5
25 AL ) B £ 3 [ I Eu® 8 AL L Bu™ o 1 RS2 2
PSR b G R LN g Al S B X s
Eu” 455 I8 1 Eu™, I 38 32 45 S5 BR AT 1] 3] HE 25 W)
7 A R LS R 4

Xof T 3 B A4 O BUR G R L TR
JIEAZ AR B 5T N D338 3 A R e ) BUR R RHE B
O XoF R 5 1 1) e P 00T 7 S 00 5 SR AR AL
BT BPE TR A RE A8 H T T L EORE 7 AR A Al
LA, T BN R R L 37 o T L 3 5 BORE Y 45 4 i
AR P T 45 B B HE 980N , T 2 Bl 7 2R B 20
1 25 5 DB BF wh B s R 52 O K 3 (181 3(e) ) o
(b)

e

5d— |
f/_: Electron trap

N\‘\' N Mechanical
JO¥

“Xcpy e stimulati
Uy PR Cl stimulation :
l],)]) AR

4f—2— Dopant

ion  — Trapping
—— Recombination

=

5d—
\'\**-\\‘\\
e

4f—2— Dopant E

ion

\~

— Recombination VB

Electron trap

3 TEHL B R (a) 25 7RG RS AL AN (b ) L - e A RS 5 LA K% (o) TS WL AR 175 5 ) 28 0l I o i 7

Fig.3 (a)The hole transfer model and (b)electron transfer model of inorganic mechanoluminescent materials and (c)the process

of carrier detrapping induced by piezoelectric effect



1358 K b/

¥R % 46 &

SN AR ARAE T 7 AR A R O & S i B AT LG ok
H 38307 R A Hh A B AR Bk R
hﬂﬂzhﬂwqwafat_
2
exp[ - Z:,[/(doe/e‘_)za'z], (1)

Horb o J& 1 77 5 no 2 1=0 B 20 200 B BIF A7 3 19 2%
Ui B E G do e, ey 430 T i R A HL R
B H A LA B RUBE R 1 5 o, O S v il R T 19
e aVASL IR T ST WU S DT E O
SR 5 B0 AR B R AR SR B TR L ] AR
M, A7 #2182 W] ) BUR I 408 i AR — SE s
Xof T 45 g e X A AR O 7 A R T R D R
FENLIE AR R 5 BUR R AR Hh o % BR 45 #a) A B
T R

BE A B B R Rt ke % 2 F Ay 80 1 B B A
ME 2y B, A2 T ER B B rb 4 v £ 28000 A8 A1 B AR
BNAE T 25 5y BT ok il AL T I B B v i H
o 20U I B T L R R A . s U B B
TR E 52 W 45 7 0O/ % 08 A 5 R, DAL, %o s B %
8 T B3 ) T R A B e B 4 o 2 ) Bk e AL
¥ Huisk v, B % (Thermoluminescence, TL)
e TR R R B A ROT Nz — o R PR
Bl g 2 o T B AR AR B — B IR O TP Y
JECAEEAY 2 7 Wk I RIS 1 R AR AR
2 B2 LUE E B B4 G 3R g I I 1] A2 AR I BB
DGk B 5 3L 9 56 & 0T Randall-Wilkins — B 2l
T35 R Al R

I(T) = n[]sexp( - kET) X
exp( —;jnexp( —kET,)dT’), (2)
Ho, ng 72 1=0 I 4 4K B9 FL 7 50805 s J2 AR ]
T SO RS T 5 A% T A AR Y IR
H 5 BRI A 3 10 3fe B, 7E f] SRR AU R 2 S A R 3D
WA R (SR TR sk N PIR 2R 2
BBl TR R Ty =0 IF IR B . Bk AR
RUIHBCIRES no E B .
2 2 8B A Y 2R T LA B B R £ R
I I Ml 38 U 1 B 7 AR A MR S AR Ok
ODREGHRMAE . XFELT ARt EES
1 O R K3 2 Garlick-Gibson £ H 19 — K 3))
Jygte,

1(1) = ”jvsexp( -fT)[l R

’]1\77(1[‘; ;"exp( —kET,)dT} s (3)
Horb N EOR T RBEECR . 5 —Brah A,
Wi Bl g o v B B b A v R

A UL R SE 1 AR B A S, I8 4 — B A

TRk TR R RO s . AT
fif P 3X — 7] @1, May F1 Partridge #2 T — JBE B 3
J1 2 IR AR AR X R B

B E
1(T)=sn)N' l’exp( _kT) 1+

b
b1

s(b -1 (”“) .
()BN anexp( - kl;,)dT' , (4)
Horboodloe U — M S8 B b TE 1~2 Z ()48
b, 1% — e 26 1 2 AT AR il— B (b—1) 8 —
B (6=2) 8l J12F , — e 3h ) 2 o B ) BB I A
X P AR 22 ]

A A SR 3 T AN TR R R A5 1 Ok g A
A DU B 1l A — S OB 2 R A
R A8 202, = W o 4 4 B S, [l st
X T BRIl £k 00 i o i = RS A Y Rk L
Kitis PR 30 5 3 Bl 3+ 58 F0 BUfE 40 A, i — 215
) T U4 AR RN LR AR AE Y o — B Bl 2 Rk
W

ET-T T*
I(T)=1,exp|l + — - X
( ) m PXp|: kT Tm T,i

wJ;;T;“)u—A)—m} (5)

F
o, = nof exp (1 A, 4 =20 A =

2
T,

2kT,
E

o

B st Jr s Rk A AT AL

ET-T
I(T) =41, eXp(kT T = ) X

liTz (1 —A)exp(E r-r. ) + 1 +Am:| , (6)




558 1 ¥

B, 55 JIBCROGHRH & OCHLBE K A 9 1 2 g T

filk 5% it 1359

-2
E1 2 2T
Hepr = B A="TC A =
.1, ”"kT;1+Am(1+Am) E °n
2kT,
E o

— el 3 g S R IR AT AL O -

b-1 E T - T
I(r)=1,—- X
R N

b

(b-1) ™ (ET-T i
Ol oa)y e 22D |
{ 7, A e )Y

(7)

b

E 1 (b |
b, =0, () Z,=1+(b-1A,,

kT Z,\ 2,
Ao 2T 2T
E E

TR DL B — B B A — B AR
Mgk Rk, 2 7 — RN E PR EZ 5%,
TR QAR WAL IR v T R DL KR iR b
Thik o B 5 RIS B B R B2 B 0 7 32 2 v Ur-
bach T 1930 4F 4 ) iy — 22 50 24 50

T,
= 500" (8)

XA IE T AT 2 A S0 RS 2R AR
WFIE N DOARHE T — s a2 B BIF Y 8 75 vk DR
FEIT 100 45 73z p S, SR il X — 28
5 N 3R AT 10 AS ] 35 S5 %) 4 DR R BB O R o8 4 o
B, IF HLZ W T A R g X il £k g A (14 B2 i
FJ2& Liu % X} Urbach 28 20 7 80k, b A1y
1% % 35 2 i & % 1/500 16 A A5 R oA R
[F] 400 32 3 BN 12002 O T s I B 1Y pR B, I DAL
HESE T — > 5 Ry — R 0 o 1 4

= [0.94111(;) + 4.12] X kT, (9)

TEE AT S8R 25 SRR JE o el i s A X
AT B0 B BE IR B A T A (8) & i 11
i M

1948 4, Garlick Fll Gibson 1 K42 H T #1 4h
TR R BB IR B, AE BBl T2 Rl v

m&%&%&m&m{wexpeﬁ VRCIE e B T =

"] LIS ], Ind =—% +InC, & %
il B Ind 56 F 1/T 09 il 26, ) AR BE Rt 2 -E, B

B R 2 AT L ph b T B A5 i
WA T 95 J — i 2 1 PR i 2k IR AR B

E
C X exp (—ﬁ )o

B BIF VR B 1) 5 ¥ . 1953 4F, Grossweiner 4% T — 9}
gy )12 R AR TIEIE . Chen A ARG
i £ WA 3L 52 7, B HG e e 4 5 I 0 7 ) I EE T

TR AT 8 X T B8 7=T,-T,,8=T,-T,, 0=
To=T,, JU IR F w, = Slew , I 25 H 1155 B BIR R JEE 19
. 4 /A= VP

2

kT
E=c—
Y

- b (2kT,), (10)

H y R 0 887, 55 c, M1 b, IETER L 45
W e — B Fn B ik b, U IR e, B 1 —
G350 R 0. 42 F10. 525, WY Tk T B G = A Ak
B (T 1) Ty L) (T L) WORE T HA
AR ICIE 1Y KR R

®1 EREDESHES

Tab. 1 The value of each parameter in the peak shape method"™!

Y <, b,

T 1.51+3(n,~0. 42) 1. 58+4.2(p 0. 42)
5 0.976+4.3(p ~0. 42) 0

w 2.52+10. 2(Mg‘0~ 42) 1.0

THIR R T ROROt M & (A B S
B B R B2 22 1] 14 56 R BT 2 52/ o Hoogenstraaten
M—Bir gl Iy 2z 2k U A, 0 TIHBR IR A 5 s
18 52 W] 2 H 08 — bR 7 k™ e W TR I,
A2 F BN Z ] 0, LA

T? E E
Inl—|=—+In|l— |, 11
“(B) kT...”(lcs) ()

HhInT}BS UT, Z MM R, TR E
AH TR) 2% A0 0 et AS () L o 3R BB O A R
BE O3, AR 0 B B, B S 2l In T/
B~UT, % Z M4, N EHGR R Erk oha] L3R A5 B

R XA 7 VEAGE T — B 8l J1 2# s i
19704, Chen 45 %F — M B ) )y % R IK AR 7 J5 %5

T 153,
T E E
In—=—+1n , (12)
B kT, sk[1+(b - 1A, ]

WA AR 8] InT /B 5 T, Z M 3¢ & o il 23 % il
LA, R REAT DLSRASG B BFIR L o S — B sl )
07 R AU BB TLJE%*FH#H&F"ZJJ)’J
IR o R TR 0 A T B AL SR 2%

éﬁﬁ,%*\L?K%Eﬁ‘u\%&%ﬁ?ﬁﬁﬂ‘,/A\\EE(IZ)



1360 K b/

¥R % 46 &

3.2 ETFUZEAAXNABEN

FE T %38 FH T N AR W B 24 0 R ) BUR
MRS AR N & R e R R R &
1M1, TCAIL T BOR C A KA BT BE A7 A6 22 1 | 76 #5 IK
T Z 5 S Te s B AW 2RI TR A Y
GARRE, BT R — R, Wang EH K T
— i T g TR B A B BOR R AR AR e
JEAAE by — Fl & 8 FDA L 7E T 16 R A (% A1
B BB A % et . %A L BUR M
B B SO Tk ROt R (K 4(a)) : &6
B TEAR 57 R0 W WA RE B R AT A T TR IR
WIS B PO E e i . HAOEHLIE F 2
AT REBFEEYALP T R 2 AL
N o YRR T L2, £ 7 SR X
Az R LR IR 3, S BOR AR OB RN S I R
AR AT X — R R S 75 S O
T A J B[R] P RE IR o B, 7 A S S v R e
fR TR0 B 85, DT 83 A B T A i 7S )
IR780. IR780 7E 75 25 AL /E FH T W i e & , Jf 3 ik
RE T HE B 77 A G MR 4L (ROS) L, A & PR 5 410 (10,)
FFRIE A i3 (-OH) o 3% 263 M A B AT 3 40 1k
P | e 8% I 5 b 2% ROt o LO12 & A R, i

(a)

HMEEGE B MADS & LO12 fER ML A R
DL B TR 2R AR Bt DT SE B D Uk . X —
b PR ANCAT R0 b R LR R 5 Ak G RE L R ke e T
e 458 TCAIL 1 BUR 6 RHE A W 1A 9 04 s 78 B3 1 )
R SR XA AL RO GAN KM RHAEAE ) 3R
BGRB8 MeAh  7EMK pH 5500 T L EH
FB A5 F 1A OG5 L012 23 K BT ¥ 1k
F I BAR A RN WG PR . Rt IS AT BB S
P T — b 2 A R A OR g i AR AT (Ca0,) A
oK UKL 1 SR W W S B R T ) BOG R I R
BRI E 1% 05 36 1 38 i 78 3 & i b il
FALES (CaCly) Flid % AL & (H,0,) OB, A 1T H
R AL CaO, 94 K FURL 5 B IS, 1) FH 3 s
KA A TR S OR A8 Y 1 BUR R R
14 (Lipo@IR780/Ca0,/L012) . & £ 75 J i BE e
HE CaO, MK I, 77 A S48 AR 55 (Ca(OH),) Fil it
A AL E (H0,) , DT 42 15 Jmy 38 pH R R0 P 480Uk
B X — R A AR R TR RO L0121
2 01 0w B SR 4 T ) B0 K e EE
G R B AR KA CaO, 9K UKL )5
Lipo@IR780/Ca0,/L012 [ J1 B 6 & 5 5% F AH
Lipo@IR780/LO12 42 5 T 3 1.

Lipo@IR780/L.012

@ Sonosensitizer

-\

v

470 nm emission

@ Chemiluminescence

NH, 0
, ~ %w
a - NN
Q Nat 1 0
(b) \ H* Vacuol
Cytoplasm ‘ geioe
N H
/ &
Sheer ( ]l )Acnon
stress potential | !
Scintillon PHL Voltage gated
' (iv ) proton channel
~ " H*

Vacuole
- membrane
G-protein ©
coupled
receptor

‘ Luciferin+0,+
S|

. Luciferase
chanical

ulation

Oxyluciferin + Light

B4 (a) BB B LRRE T 12 S B9 B0k 6o B 1B 5 (b) WY 32 SR HUARAIE 017 A 4 T AR W) BB 1 BOL R

PR

Fig.4 (a) Schematic diagram of the mechanoluminescence of organic mechanoluminescent materials based on chemilumines-

cence. (b) The mechanism of bioluminescence-based mechanoluminescence generated by dinoflagellates under external

mechanical disturbance



%5 8 W W, S JTBUROUMRHY R OCHL LR A ) B 2 BT AT 5 Uk 1361

3.3 ETHEMEANNEER

BT H Y — P AR A0 A X A% B ER 8
ZAF BAT R 2 R M Rl T PDMS HAT R
BB RE NS e o 2= A RFF G 1 . Y
PDMS 1E51 F 4 IR 7 A BUARE 22 CAn iz A 4 it
B ) I, 2 5 B AR PDMS 25 5 N A8 A
BB IR BE 2 A5 Bl R AR O R R BT I
TS AR R O RN . WA AR W) R O R
TR G 32 31 A0 5 R0 8 A= A B < 25 3 440 i
H G TN R A AR T R PR BRI DN R AN B 2Dt R
il 45 K e AR O, 50O R IR AS &, DO R B AE
PG Z M HE AL AR T S A2 AL BB, 7 AR 4 Ak
PO F IR BE 1 LIOG R R, 7= AR R B
HARGE R AT LR BUF AL B (] 4(b) ) - (1)
= 7E 20 I J5E A1 0 it i B U0 3 A R A2 490 i
PN G 2 A IR 52 (A B0, O B0iE G RS
KA AL T (i) Ca™ P41 L P4 & ik A7 B T80T il
i Ca™ 18 3H 20 I S I, 240 i o Y Ca™ R JEE
T, 5 S W0 5 25 AR I 7 AR s A s AL, B S 15
oA 5 A WL B DN R AR R L 5 (i) DR A
NSO (B ERVAT SCIB AP R VAR Y S S D DA SN E U
T IE A 5 (v ) 5T 5~ DR M R e o 1 el
A TRRRAR P A5 DR AR Y pHEL T [ = IR 1
(pH=6) , i 3 P03 K Az A A S I 7 A AR W) K
Jeo BEAL, 7R KL L A TN BR AR ad 7 A2 PO R
Zi G E A ZE A AP LB PR R 5908
RUE MR IOER KA A AL, ¥R5 pH T F#
BRI, DOCR A G EAK TR B, 5
PR MRS & K A A AL ROV ™ A R ™ il it
2l 5 07 AR BB S T BUROEB S AR E D&
PF T 2w B 3 W A IR ] 28 Y, 24 A R I 30 85
w32 B HILBRCAE AR s 45 S5 4 TN, 322 2 B RE i
Fa g B i 8OO .

4 DBEARXRMHELEDEF EH

4.1 HEYERK

1R IR E 52 30 N R0 2 B i ek
TR OCRPE | T A TR R A5 S Sl Jre 9 L A R
7 R FH AT R o T B O R R T A A R
i BB 8 4l P20 Ak s ) OB A8 TR Y 22 R I A
FLONTTIF % i 22 D RE AR IR o X RARIRAR T2
I FH T 2 SR8 A {12 0T 3R TR I g W T

Bij A st o g il s S e, Ak, T B
RICHBHE R e A= W A% B SR 0 0 IR RE 4 32 %
o BATTRE S R e 10 I 52 5t A A 1 I g AR
b, o AR B 2 W R T T AR AR . ARk Bl
B NATTRE B i B [ R0 7 A0S B 48 05, 5 o ik
J5FE WA 000 A JR i 1) 5 SR VR MG K 3K T ) BUR M
B AL AR FE LS 2B LA B AR A1 W il 45 e 21
T E KBRS .

PN - R A7 7 2 2 R 4 2 L T YA A 1 R T R
i B ——H W, HAZ O T RE S A IR Bl A A
TG B8 8% Fff AT 10 L A5 5 o A 1) i ES S A Oy G A
Y ER 4y, A AR BB | BR A TR B B AR 1
JE T5 ] X AN [) 050 6 1) 75 8 7 A 22 Sl g o 4R
1M, 76 A A5 oh R 28005 A N TR A
2 BN 25 K6 1 B 38 R R AL T A IR A L
G0 B 50 4 HE T AR, 31X 5 SO R Sy B R LT
NEWT R G . N MW — A BR L Kim F BA ST 1
WF %2 H— B v 59 N T 0 8 & R BRI %
KL B R ] ZnS: Cu 5 PDMS & & 4 RHh %, B 18
TR T WA R G R B PE . Y75 A%
T 2 1 BUR G HL R BT, FE R A5 A% IR e 06 {7 B
Sz EAEB ., EX R, ZnS: Cu 1B E
SEARE & S AT UL BE 0 UL M 7 S R e A K
LB o B 8 A S i A BG4 B R, X0
G TR Ak . XIS AN SE T 13
KGR N L, 3 Ry R R AR 7R AR IR
GIFRET — 4 iA .

B 7 AEN TR /R, Kim BB E S ZnS:
Cu-PDMS J1 Bk G HE A B T B E LR 5=
B A WA AT A A, O IR R — bR L
{14 HR 68 2 9 , L I8 28 R 0F A R A 28 32 48 LA S AR g
B R R b R A B R N B K 2 22455
R S8 T (B 5 Ca) ) o o B 1 00 AR % - 3F
A5 7GR 1 & KRS e % 2 G B PEH . A
A T — A I 70 AR A Bk = R R, Tk
RN T H AR . i 454 32 3 2 bk
B, 1 8OR R 2s = A i N RNl bR AE . T
J1BUR A Fe KN A% 5 (R i) P A ) S0 JE 28 3
FNWE(E ) B 2338 k%, UL ™= AR RO E 5 o IR
N G e AR AL SE S S UK 6 B & ST
1 (L 5(b) ), I T i A% 1 A8 4% 8% 25 o A Al
HE th Bk 70 25 KT8 A8 BT i & 1 T Do & S S (]
5(c) (d)). SLE 25 BoR b5 N HHE F1 2 10



1362 K b/

¥R

5 46 &

(a) ML soft composite

Enclosure

Spherical shell
structure-filled
with hydrogel

Syringe pump
(pressure supply)

1_Pressure
[ sensor
||

/_

.
N |
\ Air compressor

On-off
solenoid valve

In-line nozzle for air puff

Visible green light emission

(b)

= 022
-75kka | (e )
f P
H 020
.
T o018
A

06 =
7 e
2014 . o
_.= " —MLthickness 0.6 mm
- - - ML thickness 02 mm

tls

PS5 Ca) TG I ASE DL HR IS b B0 T8 % P9 6 g 1ty 2 620 0 /s 38 TR, B e PR S 0 50 s R o 119 /K B M (989% 7K, Al 8.83 P s)
VRS0 B0 1A 5 (o) oo T A L R A 00 B0 00 40 52 6 e B ) O3 BRI PR R (R DG IRF 18] 2 30 ) 5 () JEEJEE 24 0.2 mm A1l
(d)JEBEH 0.6 mm I BUK G A B EHEARTR N TR EF1(7.5,10.0,12.5,15.0,17.5 kPa) T 1Y 1 BOG L 5538 BE 5 (e)

AN [5) 5 BE 14 1 BOR T Ve S A bR R RS i 2817

Fig.5 (a)Schematic diagram of the experimental setup for detecting the intraocular pressure of a mimicked human eye model.
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The spherical shell is filled with a dilute hydrogel (98% water, viscosity 8.83 Pa*s) to mimic the vitreous humor.

(b)Mechanoluminescent image of the vitreous humor captured by a high-speed camera with an exposure time of 30 s. (¢)

Mechanoluminescent emission intensities of mechanoluminescent soft composites with a thickness of 0.2 mm and (d) 0.6

mm under different internal pressures (7.5, 10.0, 12.5, 15.0, 17.5 kPa). (e) Sensitivity curves obtained from mechano-

luminescent soft composites with different thicknesses
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Fig.6 (a)Schematic diagram of integrating a distributed optical fiber sensor into a mouthguard. (b) Normalized real-time chro-

maticity responses in the x/y coordinates obtained from five occlusal trajectories. The insets show the corresponding photo-

graphs of the distributed optical fiber sensor integrated device under five force patterns. (¢) Classification results of the

chromaticity response of 14 occlusal patterns detected by a 2x3 distributed optical fiber sensor array using a machine

learning algorithm. The red dot represents the average chromaticity response of each pattern. (d)Relationship between the

occlusal position measured by a tricolor distributed optical fiber sensor device and the classification accuracy. The inset

depicts the occlusal movement path around the center of the distributed optical fiber sensor device. (e) Flowchart of the

operation of the interactive mouthguard. (f) Remote control of a wheelchair using the mouthguard. The graph shows the

motion trajectory of the wheelchair and the corresponding real-time emission curve. (g) The interactive mouthguard repeat-

edly navigates the wheelchair around a standard 400 m running track five times. The scale bar is 40 m""’
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Fig.7

(a)Schematic diagram of the mechanoluminescent non-destructive testing experimental setup. The optical fiber probe cou-

pled to the spectrometer was inserted and fixed into a solution-containing test tube. (b) Bright-field images of blood under

different physiological conditions (fresh pig blood, pig blood + olive oil, and pig blood + glucose). (¢)—(d)Mechanolu-

minescence spectra and differential absorption spectra of blood with different olive oil contents (0-1.0 mL). (e) = (f)

Mechanoluminescence spectra and differential absorption spectra of blood with different glucose contents (0-1.0 g)***
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Fig.8 (a)Schematic diagram of a mechanoluminescence-based pressure sensor array co-cultured with cardiomyocytes. (b) Opti-

cal microscopy images of live cardiomyocytes cultured on the pressure sensor array. The scale bars are 50 pwm and

20 wm, respectively. (¢) Time-lapse color maps of the 2D pressure distribution of two beating cardiomyocytes shown in

(b). (d) Normalized time-dependent current change over time of the MoS: field effect transistor located beneath two live

cardiomyocytes shown in (b). (e) Averaged relative change in the current of the MoS field effect transistor near the car-

diomyocytes'”
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(a) Optical windows in biological tissues and major organs: the first near-infrared region (NIR- 1 : 700-950 nm) , second

near-infrared region (NIR-1I : 1 000-1 350 nm), and third near-infrared region (NIR-1I : 1 550-1 870 nm). (b)Schemat-
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mechanoluminescence of Sr;Sn,0,: Nd* particles obtained at different Nd** concentrations. Inset: Mechanoluminescence im-
age of Sr;Sn,0,: Nd™ containing 1% Nd** under a 300 N compressive load. (f) Real-time images of NIR light distribution of
S1;Sn,0;: Nd** embedded in chicken skin under a load cycle of 350 N, recorded by a near-infrared camera. (g) NIR images

". (h) Mechanoluminescence emission from
93]
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Fig.10 (a) Schematic diagram of ZnS:Ag, Co@ZnS nanoparticles achieving deep brain optogenetic neuromodulation in the

bloodstream. (b) Photo of the kinematic trajectory of the hind limbs of Thy1-ChR2-YFP mice under optogenetic neural

modulation®". (¢)Schematic of the experimental setup for ultrasound-mediated optogenetic neuromodulation after injec-

tion of mechanoluminescent colloid SroMgSi>07: Eu, Dy. (d) Laser confocal microscopy images of c-Fos expression in

Thyl-ChR2-YFP transgenic mice (top) and wild-type mice (bottom) after sono-optogenetic neuromodulation. (e) Statis-

tical analysis of c-Fos expression in Thy1-ChR2-YFP and wild-type mice in ()P
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(a)Schematic diagram of the lever press experiment to detect the activation of the ventral tegmental area through sono-
optogenetics. When the mouse presses the lever, a focused ultrasound pulse is triggered. (b) Time-dependent curve of
blue light emission by mechanoluminescent liposomes under focused ultrasound irradiation. (¢) Total number of lever
presses by mice over 5 days under different conditions (n=4 mice per group. Focused ultrasound parameters: 1.5 MHz,
1.55 MPa, pulse duration 100 ms). (d) Statistical analysis of lever presses counts throughout the entire experiment peri-
od (n=4 mice per group). (e) Confocal images of c-Fos staining in the ventral tegmental area under different experimen-
tal conditions. The green, blue, and red channels represent ChR2, c-Fos, and tyrosine hydroxylase, respectively.
(f) Statistical analysis of the signal density of c-Fos expressed in the ventral tegmental area under different experimental
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(a)Schematic diagram of the synthesis of composite nanomaterials (mSZ-Clr@ePDA). (b) H&E staining of gastric
tissue (top, with arrows indicating the inflammation regions) and corresponding SEM images of the corresponding
gastric tissue (bottom, with arrows indicating the bacterial locations) of H. pylori infected mice after different treat-
ments??. (¢) The therapeutic strategy to achieve selective treatment of Escherichia coli (drug-sensitive bacteria)
and Staphylococcus aureus (drug-resistant bacteria) skin infections using double-layer composite materials. (d)
H&E staining images and bacterial colony counts of E. coli and Staphylococcus infections after 10 days of treatment
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Fig.13  (a) Schematic diagram of the synergistic therapy achieved by focused ultrasound activating the green mechanolumines-

cence of SAOE in mSZ@PDA-NO nanoparticles and stimulating the formation of near-infrared long afterglow in ZGC.

(b)CLSM images of H22 cells stained with calcein-AM and PI after treatment with mSZ@PDA-NO, mSZ@PDA/US, mSZ+

NO/US, mSZ@PDA-NO/US, mSZ@PDA-NO/NIR, and mSZ#PDA-NO/US (The green and red channels represent calcein-

AM and PI respectively). (¢) Tumor growth curves and (d) survival rates of mice under different treatment conditions.

(e)H&E staining under different treatment conditions (N represents necrotic areas, T represents tumor areas) >’
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Tab. 3 Biomedical applications of mechanoluminescent materials
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