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therapy. However, the traditional preparation process is complex and the therapeutic efficacy of synergistic therapy

remains suboptimal. In this work, an ultrasonically assisted self-assembly strategy is developed to synthesize iron-
protoporphyrin IX (PpIX) coordination particle (Fe-PpIX). This approach achieves a three-in-one multimodal tumor
therapy through photodynamic/sonodynamic/chemodynamic therapy. The prepared nanoparticles were characterized
by the transmission electron microscope (TEM) , X-ray photoelectron spectroscopy (XPS) and Fourier transform
infrared spectroscopy (FTIR) , which indicated that Fe was coordinated with PpIX by carboxyl groups. The quantita-
tive evaluation of fluorescence spectroscopy demonstrated the efficient ROS generation of Fe-PpIX under photody
namic and sonodynamic conditions. The o-phenylenediamine/methylene blue dual probes further revealed that
Fe-PpIX can catalyze the H,0,, which produces hydroxyl radicals by Fenton-like reaction. The MTT assays of 1.929
and 4T1 cells indicate that Fe-PpIX possesses good biocompatibility. After light/sound synergistic therapy, the
survival rate of 4T1 tumor cells decreased significantly, and the survival rate decreased to the lowest (15.0%). This
was further confirmed by live/dead cell staining experiments. The developed nanoparticles exhibit a valuable potential
for achieving highly efficient therapy, providing a promising strategy for the rational design of multimodal therapeutic
nanomaterials.

Keywords Self-assembly; Multimodal synergistic therapy; Protoporphyrin IX; Photodynamic; Sonodynamic
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T R AT B SRR A, Sun 54 T ATPH@Cu-MOF K 550k: , 7EJ P9 US T 3542
B ROS A= B, ST A S i i 8067 . teAh, MOF BT 38 5204 J@ 15 55 92 Fenton JALTE E 5291 ROS
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Scheme 1 Schematic diagram of the ultrasonically assisted self-assembly of multifunctional Fe-PpIX

nanoparticles and multimodal tumor therapy

1 SEIGERS

11 KFE5NEH

JERRIk (PpIX) | 3R ARG BE R (PVP) FITC K @ALER (FeCly) , 4302, b2 s bR A AR Iy
BIRAT HEE, N,N-—FFIEF B (DMF) . =20, 1, 3- 2R IE 528 IF R (DPBF) FIAR A — )ik
(OPD), 43#ral, ©ighahr T A LR B PR H .

JSM-7500F ZV 44 B+ B0 58 (SEM) , H A JEOL A Wl ; NANOTRAC WAVE 11 BUZ0 KK B f2 ZETA
HILA7 73BT X, 26 [ Microtrac 28 vl 5 AXIS Supra B X S 206 HL FRETEAL (XPS) , H A B HE2 | 5 Fourier
Transform B B IH-28 327 AMETEAL (FTIR) , 26 [ PerkinElmer 23 ) ; Shimadzu UV-2600 %U48 #k-1] 43
6+ (UV-Vis), H 7K Shimadzu 23 7 ; Hitachi F-4600 %1%¢ 56354 (PL) , H A Hitachi 23 7 3 JEOL
F200 B 55 43 B S L - B 8% (TEM) , HAS JEOL 23] .

1.2 IR

1.2.1 Fe-PpIX B9 %) % ¥ 10 mg PpIX F150 mg PVP LA 20 mL H i/ = Z it (AT e 4= DIR GVE W,
P 30 min 5, Z20% %1 20 mL 7 30 mg FeClL 1) H BE/DMEF (IR FHEL 85 15) TG, 875 U 6 h, ik
HPFEI R . A SE , I CREOK IR DU, 5/ BE Sl B T KGR IR AT

122 #% A4 (0,840 43 E H DPBF ) DMF ¥ # (2. 0 mg/mL) il Fe-PpIX ] DMF %
(40 wg/mL). TE Fe-PpIX fJ DMF % % il A 30 L DPBF ¥ , KR & V8 & T 660 nm Y6 (100
mW/em?) AL (1.0 MHz, 1.5 W/em?) #6476 min 96/ 75 3 %, 3240 (6] 45 5% 1 min 8% A 30 s 25
., #1444 Fe-PpIX+DPBF+Light Fl Fe-PpIX+DPBF+US. K7 1k P2 T4, 72T 4 AR R B 175 0
T, MR T Fe-PpIX+Light, DPBF+Light, Fe-PpIX+US F1 DPBF+US 7E 410 nm A& AW G EE 22 4, .

123 HEHEFECON AN - BIFLH OPD I (0. 6 mmol/L) . Hy0,¥% ¥ (3 mmol/L) Fl Fe-PpLIX
(50 pg/mlL). TERSER LS8 vhil (pH=4. 5) ", F 300~700 nm I 7 [l N X} OPD+PpIX, OPD+H,0,,
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OPD+Fe-PpIX, OPD+PpIX+H,0, Fll OPD+Fe-PpIX+H,0, #:4T UV-Vis K0 . 032t 1 1tk 2 £k 2% ik (pH=
4.5)H Fe-PpIX, Fe-PpIX+H,0,, Fe-PpIX+OPD Fll Fe-PpIX+H,0,+0PD 7£ 370 nm & F 2 61 . i
il Fe-PpIX (150 pg/mL) FIMB (10 we/mL) KEW , B T HEFE 30 min, 8 FI0 -6 . BHE A
WISy WL, 53 9130 K Fe-PpIX+MB Fl Fe-PpIX+MB+H,0,. 1E Fe-PpIX+MB+H,0, /il A 400 L
H,0,, WL FIRFHLAE N TE 60 min P 650 nm &b I REAE 4K, .
124 4o a MR SR AIEIMOR 4 1.929 FHR 4 4T1 X} Fe-PpIX #E47T T #EMEH 4. 145 1929 Ml
AT1 A LA EEAL 5X10° A9 %5 BEARD T 96 fLA b, 3555 24 h I BRI AL . i A 25, 50, 100, 200
F1400 wg/mL Fe-PplX (%G FE AR 55 24 h, SR FWEMEE (MTT, 0. 5 mg/mL) A A LTE 2. H14T1 4
YEAT CDT I, AR JE ) Fe-PplX 557755 (45 100 wmol/L H,0,) 5535 24 h i, PR MTT E:A60 .
125 &AM/ 2 97 R AT I %8 T Fe-PplX 0680 J1/7 2l 13697 8 . LLRAL
SX10° {925 Bk 4T1 AL 3P T 96 FLA L $53% 24 h G BEBREE TR 3L, A F 100 pg/mL Fe-PplX A 1557
FEAR R F 4 h, 7E NIR (660 nm, 10 mW/em) 5% US (1.0 MHz, 1.75 W/em) F 43 5|4 # 0, 3, 5 Fl
10 min, ZkZER55% 24 h, RFIMTT(0. 5 mg/mL) 32460 H56 4k .
1.2.6 &/t T Fe-PplX X 4T1 41 MEAE Y/ 8 )1 F IR 4B R A5G RE T . LARESL 1x10°
PR BERE 4T M4 F T 6 FLAR T, 1595 24 h R REBREEFR L, IIA Y 100 pg/mL Fe-PplX By 3% 5 SL4k 22
Hi3: 4 h. £ NIR(660 nm, 10 mW/em) 8 US(1. 0 MHz, 1. 75 W/em) F4FBIAEFRO0, 3, 5F110 min, 4k%:
K597 24 h. >R Calcein AM/PUXTARMIA 7Y, 20 AR 4 B b4 T LS AT e
1.2.7 ROS 4 @AM RFH AT XS Fe-PplX 7E65h F1/7% 8 71 F 7= A2 ROS B BE ST 04T T -4k . #%
4T1 AR LAEEAL 1X10° BB FERERD T 6 LA, 5535 24 h R RS IR 5L, IIAE 100 pg/mL Fe-PplX 15357
FEYR S B F8 4 h. 43 B 4E NIR (660 nm, 10 mW/em) Bf, US (1.0 MHz, 1.75 W/em) FALER O, 3, 50
10 min, 4kZE355524 h. % DCFH-DA Fl DAPLX U0 T4 (8, FHZE O s WA R4 AR .
1.3 HESIT A AE

s LA B AN bR E 2 (SD) BT X B, FF R Student s ¢ 48256 43 A1 A [) 0320 [a1] 6 22 57 48 25k
P<0. 05 9 HAT G122 L (CP<0. 05, “P<0. 01).

2 HRSHE

2.1 Fe-PpIX Kyl & 5RIE

WL AL AT Fe-PpIX, FFdE T TR RALFIITER 4. TEM 7 SR, Fe-PpIX 23
BB 1(A) ], RiA2249 120 nm. HJCFK mapping[ &1 1(B) JRIEDS & EI [ & 1(C) [T L, Fe-PpIX #4543
157 Fe, CRINIER [ 1(B)]. Fefi SR THE T, CRIN (5 S0 TATBLIC K PpIX 50T, 0]
Fe-PpIX EL % . S HHXS Fe-PpIX HEAT T ICR MM A ST, XPS £ [ 1(D) It i B0 T W1 B A4 Fe,
C, NFIOfE 20, & 1(E)HI(F)FIE STCRA S S #5435 8. M (1 XPS SMEE] . Fe ££725. 1 eV I 2p,,
PEUERI719. 5, T11.3 eV ) 2p., EEN] T Fe A Fe fAEL P 1(E) ], O7E529. 9 eV fISMEBEHITE L T 42
JBAERAI [ 1(F) ], W] Fe 5 PpIX RN HCA7 2.

Joilh 5 Fe-PpIX BOPBUAE IR XFHGIEAT T IR, UV-Vis itk i Akah )
FARHN Zeta ALK . FTIR G 2(A) IR, Fe-PpIX 7E 1705 em™ R AR IEIE T 25, 1643 F11417
em™ A B TRMR AU, DL Fe 1 PpIX AYRIERCAL ™. Fe-PpIX I PpIX 1) UV-Vis i AT AR LY HFAE
Mg [ P 2(B) 1, 3945 Soret 47 (410 nm) 1 Q47 (505, 539, 575 F1627 nm) ™. Fe-PpIX £ 44> Q i
AN 24>, LI Fe s 55 PpIX (4 JR Bk FL 37 T AN 2 5 b B RN R ER L), [ 2.(C) 9t v
Fe-PpIX 1E 645 nm 4t (1) % 5 I AH 18 ik T PpIX 7E 645 nm &b 1 % S, X & i1 F Fe-PpIX ££1E PpIX [i]
Fe [ A LS B | E— S T Fe-PpIX £L & . K3 11 B4R (A S0 3 H 135 S0P S2) Wk 4% T 0
Fe-PpIX FL#225250 nm , WK FILTEM BIA2 , 3 B A K A AT SEULAE K PR (iR . PpIX )
Zeta HL07"H—20.9 mV, Fe-PpIX B zeta HL12 A —13. 0 mV, BB 2% Fe (Fe™iff IEHL ) J5 Fe-PpIX AY zeta H
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Fig.1 TEM image(A), mapping(B), EDS spectrum(C), XPS survey spectra(D), Fe,,(E) and O,, spectra
of Fe-PpIX(F)
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Fig.2 Characterization results of the materials

(A) FTIR spectrum; (B) UV-Vis absorption spectrum; (C) fluorescence spectrum; (D) zeta potential of PpIX and Fe-PpIX.
A7 e PpIX (/N 2(D) 1. FIREE SR FEHA Fe-PpIX i 452, H PpIX 1R AL Fe B .
2.2 ROS F1ZE Fenton [z Mz 46 il
Ji PSR SRR SO PR ST, AT AR A R N e AR R A B3 (A) ], FFaE i & (]
TR B E A, R R O [ B SR R AR A o B2 2R 40 ('0,). DPBE AT 510, R AEAE AT,
K FH DPBF ] 465000, B 7= 45 . BB 3(B) A L, 24 Fe-PpIX+DPBF JE 7 % 9 # & 6 min J& (660 nm,
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100 mW/em?) , DPBF 7E 410 nm UGS M 1. 13 FER] 0. 76, 6 min PIFEAIR T 32. 89%. HEI3(C)ATIL, 4
Fe-PpIX+DPBF {R &AW US 1% 6 min J5 (1. 0 MHz, 1.5 W/em?) , DPBF 7 410 nm FYWGRE M 1. 10 [
0. 80, 6 min NFEAK T 27. 36%. &3 (D) I S3 (WA S HFF L) Bow , TEA DG EGE A L F T,
4 Fe-PpIX A 5 DPBF R 45 i}, Fe-PpIX+Light, Fe-PpIX+US, DPBF+Light Al DPBF+US 4 (1) A /A, {f 1E
0~6 min P AR 1L AT Z Mg AT, 26 B B ) Fe-PpIX [ WA SCSZ £ 45 B S3(A) i1 S3(C) | #il DPBF 24t
Light F1 US &b B R 23 S 80 A, 98 /0, Bph ) Fe-PpIX 8¢ DPBF A2 T4EK I . Fe-PpIX+DPBF+Light Fl
Fe-PpIX+DPBF+US 4 1 A /A, B FE O ~ 6 min N #7728 /N, 156 B XF T4 db Light F1 US A4 PR 2 4
BL'O,, HEIMREEA AN, FIREERFEI, Fe-PpIX £E5GE US UL T ¥W] A4 '0,, 76 PDT/SDT H J 8t
TR FANA

(A) Single state (B) =Fe-PpIX+DPBF
Vg 12} —+Light(1 min)
) RZIN ’ —-+Light(2 min)
Light * “0g,, —+Light(3 min)
o K g 09] ~+Light(4 min)
£ g —-+Light(5 min)
E“ 900 - _g 06 +Light(6 min)
=) 3 @ .
N ?g 0@5 =
X
2 Q:Qo%‘? 03
us - 0 1 1 L 1
Ground stats 30, 10, 300 350 400 450 500 550
15 Amm
: —TFe-PpIX+DPBF D
© —+US(1 min) 1.0 D) —‘l
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& — US> min) R
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0.3 —+—DPBF+US
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Fig.3 Schematic diagram of the 'O, generation after light or US irradiation(A), absorption spectra of
DPBF after reacting with Fe-PpIX under light(B) or US(C), changes in absorbance of Fe-PpIX and
DPBF under different conditions(D)

(D) Ay: initial absorbance; A,: the absorbance at ¢ min.

Fe JUE Al 3@ 21 Fenton WK H0, 846 A = A L 5 E 9 - OHL KT 4(A) ], 48R i (OPD) 7E - OH £
FE R AT TG AR BB £, DR SEG R F OPD A - OH B A= AR . SERLHI % 0. 6 mmol/L OPD | 3 mmol/L
H,0,H150 pg/ml. Fe-PpIX RS ERERZZ 01l (pH=4. 5). H4FEMTE 25 ‘CFIFE 10 min J5, MG ELHMERE
[E4(B) ]F2HH, OPD+Fe-PpIX+H,0, 41 7F 450 nm Ab H B8 B & W Wic i, BERHAT -OH AE B, . 76 AN AFAE
Fe-PpIX 3 H,O, 15 0L T, 450 nm 4bJCBH S I SCIE . SIS T #E 5 2 e 6k [ K1 4(C) 1. #E25 °CIY
fits {2 3k 2% ik (pH=4. 5) 1, FH& 44 0. 6 mmol/L OPD . 3 mmol/L H,0, %150 wg/mL Fe-PpIX (R4 15 U
B 10 min J5 , OPD+Fe-PpIX+H,0, 20 7£ 545 nm Ab 3 BUBH 8 19 % 506 . 78 A7 OPD 5 HLO, 1§ &L F
545 nm b TCHH S R 0, URBHIF TG - OH A= 1.

DI 0 s R HET T 7 - OH AN . K535 47 Fe-PpIX (150 pg/mL) F1MB(10 pg/mL) Vi 75 745 1k kE
FEHFLAEFE 30 min, 352 W - MG RRF- 7 . B HLO, A S W BRF-J58 B4 7 5 0 (Fe-PpIX+MB) H, 5
8T AT A9 Fenton SN . AN H,0,BHTRA 97 MB FRAF R IS0 TG A8k [ K 4(D) |, 3%
B4l Fe-PpIX 345 42 % - OH B RE T . (H Y AE SR TN H,0, B, 1A 40 MB RrAIE W Ac 04 I '
60 min PYAA 1. 21 FFEZ 0. 81[ K 4(E) ], W] Fe-PpIX 7EZ I F Al AL H,0, 4 i - OH[ [El 4(F) ], [ik4h
R, Fe-PpIX 78 HO,/£4E F Al 774z - OH, ££ CDT P I H T AE i 0 il 5
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Fig. 4 Schematic illustration of the Fenton-like reaction by Fe-PpIX with H,0,(A), UV-Vis absorption spec-
trum(B) and fluorescence spectrum by 370 nm excitation(C), absorption spectrum of MB mediated
by Fe-PpIX(D) and H,0,(E), and degradation rate of MB for the Fenton-like reaction(F)
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Fig. 5 Cytotoxicity assay results
(A) 1929 cells; (B—E) 4T1 cytotoxicity with different Fe-PpIX concentrations(B) and different action times(C—E); (C) SDT;
(D) PDT; (E) SDT+PDT.
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Fig. 6 Results of live dead cells staining after different treatments
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Fig. 7 ROS generation after different treatments
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