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[ Abstract] Objective To synthesize a Salphen-based Fe-N,0,@C material with high peroxidase (POD)-
mimicking activity and sonosensitivity for the synergistic sonodynamic (SDT) and chemodynamic (CDT) therapy of
tumors. Methods Fe-N,O, was synthesized via the hydrothermal method, and Fe-N,0,@C was prepared by
incorporating a ketjen black substrate. The morphology, structure, composition, enzyme mimic activity for reactive
oxygen species (ROS) production, and sonosensitivity of the material were characterized. The ability and mechanism of
Fe-N,0,@C to perform synergistic SDT and CDT killing of 4T1 mouse breast cancer cells were explored through in vitro
experiments. The in vivo tumor-Kkilling ability of Fe-N,0,@C combined with ultrasound irradiation was investigated using
a subcutaneous 4T1 tumor-bearing mouse model. Results FFe-N,O, and Fe-N,0,@C were both irregularly shaped
nanospheres with average particle sizes of 25.9 nm and 36.2 nm, respectively. XRD, FTIR, and XPS analyses confirmed
that both Fe-N,0, and Fe-N,0,@C possessed a Salphen covalent organic framework structure with M-N,O, coordination,
and the ketjen black loading had no significant impact on this structure. Compared to Fe-N,O,, Fe-N,0,@C exhibited high
POD-mimicking activity (with K, reduced from 19.32 to 5.82 mmol/L and v,, increased from 2.51x10 % to 8.92x
10"*mol/[L-s]) and sonosensitivity. Fe-N,0,@C in combination with ultrasound irradiation could produce a large amount
of ROS within cells and a subsequent significant decrease in mitochondrial membrane potential, thereby inducing TEM-
observable mitochondrial damage and causing cell apoptosis and death. In addition, in vivo experiments showed that Fe-
N,0,@C in combination with ultrasound irradiation could effectively inhibit tumor growth in a 4T1 subcutaneous tumor-
bearing mouse model without significant in vivo toxicity. Conclusion In this study, we prepared a Salphen-based Fe-
N,0,@C material with good biocompatibility, which can be used in combination with ultrasound irradiation to achieve

SDT and CDT synergistic killing of tumor cells and inhibit tumor growth. This Salphen-based Fe-N,O,@C nanomaterial
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shows promising potential for multimodal tumor therapy.
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RHNAYT TBORITAE RIS E . TMERAMIRYE KX
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BRECOR", BARORA G RICAIRE T . Hi Tigity
N0, 5 & & T2 & Ja Il — D HA I 145
A L5 DL S A T L 78 S0 Y T 37 45 ¥y DA T e A
Salphen A4 KL VEAE R 5 IFHE /1 o 1% T Salphen4h
F4 ) COF (salphen-based covalent organic framework,
SCOF) # ¥HH%¢ T Salphen  MOF I H £ LA SH4R ik 1
SERTRETE" . DI, AL AESCOFYIT A AT B it
TR TR R, R, RN CD T o

WEAE AT 72 2 BRAS COFEMEAL IR S 3R AERRAA L, Wy
SRR RBRAARAE L CLEIE I AT DL 2 R AR
9 A O, ETAR m AL S . PR A IS 220K
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il A SIS M 19 Fe-N,0,@ CH KR &, il i
P 25 A B R FRAEAE W 1 55 Fe-N, O, B TIC {2
%o Jy—J5 i, 30 B AR W B i S A
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FHAFEHOEE, AT PRI POD; i 8 1 52 BXT e 240 i
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111 EE2XA bt

KB H B A5 N,N- 3L H ke (DMEF) iy A3 422
5 2,4,6 - = H IR SE [ K = B H 22Tt 5 fhpe; 4R AR i
PUSWNE (THE) | 3,3,5,5"-4 I LB (TMB) | i iR 4
(NaOAc) . iz (HOA) Ll Kid AL & (H,0,) 1 A
Aladdin; 2R %9,10- AR (DPA) W H 2 vatk.

NERFLUIREANMAT I [ ATCC. 164085553 | ii2F
3% . PBS. JBEE L S XTI A Gibco, CCK-84H MU P
R [ RS . 1A T TP A IR &
(DCFH-DA) L S JC- 144 53R F & H ¥4 2 K. Annexin-
V/PIANMIJR T 44304 [ PUIEAT . 8J& & Balb/cHfi /1N I
F b A R (B SE B AR B4 5+ 20220302062)
1.1.2 EB2ME

F#fi# F B8 (SEM, Regulus8220, Hitachi




%4l A H5E: H T Salphen 45 H 1TFe-NO,@CH KL+ 7 3h 1 B A4k 3h 731697 & 815

Limited ), % &} H T & f# 5% (TEM, Talos F200X, 3£ [# FEI
N, BRERGIE I ST HUBE (JEM ARM 200F, H AJEOLZY
A, XS AT EHY (DX-2700BH, #4815 ToAL#8A FR A
), XBHOE L TAEISIX (K-Alpha, 38 E B K /R BHY
2wl e g i K bR Y (ReadMax1900, | A3 A
YR A BRA D), pHIT (PHS-2F, 1 [HE LA A D),
18] 8 56 ' WS (Ti2, Nikon), Wit 20 20 M 23 B 23 264X
(FACSArialll, BD) .
1.2 KEHE
1.2.1 7Bttt %) &

Fe-N,0,@CI1 il £ (1) : B 5e#463.75 mg KB4 T
4.5 mL DMFH, SRJ5 A TIA21 mg 2,4,6- — H itk
[B] 25 = (0.1 mmol) F116.2 mg&P 2K —}%(0.15 mmol), 1§
$£10 min. #2Rf5¥K26.09 g 28k (0.15 mmol) iFF 1 mL
DMFHt, M2 Sk (T W, 410 min, )5,
P8 T A T TR A ) B DU 3 20 P At 1 v R R g 28 Y,
120 CRAn#A3 d. ok s AR Rk ok, JFHITHE
DMFH L BERh S Ve %, SRS 7E80 CHZ | 1%, Fe-
N,O, 1Yl 48 5 2 1m) |, {HA/NKB,
1.2.2 457 PODZE MK

i 35 TMB S5 €8 J52 17 A6 I PO DA % 1 o 3] e B
25 uL H,0,(0.1 mol/L) F125 pL TMB(10 mg/mL, %7
DMF) %S $ 71940 pLES R /SRR 44 (NaOAc/HOA) 2z vft
W (pH=4.5,0.1 mol/L) WY.L, HE T AN10 pL
AMEs/H K (10 mg/mL, % 5): NaOAc/HOAZZ M) ,
IRAHS), N5 minf5, FHEEARCI 58 SO 7 W04 1
JERE(A=652 nm).,
1.2.3 1EALEEA S HF

i 3 MU HL O, Y R FE AT 5 (5 B BE 0 AR 283 1%

(1) Fe*'/(2) Fe**+Ketjenblack

DMEF, 120°C, 72 h

B A FARRIEIH,0,(0.1 mol/L) | 25 uL TMB(10 mg/mL,
%7 DMF)#110 pL Fe-N,0,8 Fe-N,0,@C/r Bl
(10 mg/mL) R A F2 mLES.LE T, FHNaOAc/HOAZE v
WEZSEN2 mL, IR G 5] 5 % il V5 min, FHEGFR G
SE SN ISR G (A= 652 nm) .

[ 2, 38 5 AE—E HLO MR B 2%/, B8 CB.. NaClAH!
TMBHE, #1710 22 Fe-N,0,1% Fe-N,0,@ CHI 1 2 25 3
J1%

T A2 3l 71 5 2 8050 Br B S T B TR A A
(Lambert-Beer law) #4176 5 I Pk B 19 56 R4,
2SS YIEit IR

A=¢glc (1)

A (D) ACERWIEE; e=39 000 mol/(L-cm)
(TMB); c H TMBHEJE (mol/L), W3 He (0 ISz 7 it 4 K
fE(cm) .,

SRIE, A K G (Michaelis—Menten ) J7 BB AL [
R (v) AN Y) (H,0,5{ TMB) i [ S|HEF T A . K
AR

vmax X [S]

Vo = K. +[S] (2)

H(2) P v fRRHIR B AR v, IR
s KK IHEL
2, R AUE B 28 (Lineweaver-Burk plot) #f—
R, K, BB RN
1 K, 1 1

R TR ®)
o, R (4) THEAG A RMEAL TG PETON
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TON = = (4)

[ 1 Fe-N,0,@CHIH &
Fig 1 Preparation of Fe-N,0,@C
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o, TON(s™) AR L ALAE AL I P O X 1Y B
KELRA R BRI M b O BE MR
1.2.4 B &N

18 H19,10- K EER (DPA) i Fe-N,0,@ CHY 7 i
PE, HPHRBMA 0745, DPAR AL A DPO, T8
FER 29378 nmAb FAFFIE RSO ZE T 08 55 o K630 uL DPA
(1 mg/mL) . 5 uL Fe-N,0,@C(2 mg/mL) &5 uL Fe-N,O,
(2 mg/mL) 55 uL PBSLA K 165 uL PBSIRA 55, XA
TR 56 i P AR R (1 W/em?, 30% 5 25 1, 1 MHz, 1 min),
SR Ji TS AE ARSI S B S AR U VRO 1 it 2k
(300 ~ 500 nm) .

1.2.5 Fe-N,O,@C#) %m it & M4 M)

BFAT LA M2 1R 8.0x 107/ FL K %% B 32 Fb T 96 FLAR
(164015 F# 3L, 10%FBS, 1% XU ; SR FH £k B2 0 15 15 9% 5L
pHH 2 6.5/ AR IEE S 35%) . 12 hfi5 ¥ Fe-N,0,5k Fe-
N,O,@CHAFIFEIRO. 20, 40, 60, 80, 100, 150, 200 pg/mL
B TR B S I = AL . 24 hJE A 10%CCK-8i% 71,
F1.5 hJE 8 i BRI OD 5, AT 45 L AWM 15 7
1.2.6 Fe-N,O,@CHrFI A2 7 4 tmitu 4 2L F A M)

ARSI K S5 SR AN M 5L 5 4 41 % B OPBSAL, @Fe-
N,0,41(100 ug/mL), @Fe-N,0,@C%H (100 pg/mL) L K
@Fe-N,0,@C+USZ (100 pg/mL, 1 W/em?, 30% 525 H,
1 min) . KF4T I TE 1B 4.0x 10*/FL A% B 2 Fp 12441
Mo 12 hJF B TFe-N,0,5%Fe-N,0,@CH K KL, 512 hf5
XfFe-N,O,@C+USH AT A FR IR . 12 h/51fi ] Calcein-
AM/PIZI AT 5 20 B 7 A I3 55 B b AT e, et
TSI . FE) & SO0 B W58 25 2H 410 M3 /
FEAR DL, 18 FImage TR PFGE 115 4116 /40N 5L
1.2.7 #0JETEMYLE Fe-N,0,@C4 K4 A5t B & ¥R AR 1

FHAT1A A B 1.5x 107/ FL Y 2 BE 45 T6fLiR . 12h
J5 ¥ Fe-N,O,@ CHY KA #1100 pg/m LI B IR AN 2=
HAL, PBSALA TS IA BT . 24 hJs F B FL s S5 4
Jitd, 300xg .03 min5 K1 : 5(3%)% % : PBS) B &40
MIULTE I T4 CREIZ A5 min, 7ETEMMELFIR H
3% 8 T DR AT 2 L TIE o
1.2.8 Fe-N,0,@CHFI A8 % 494X i ROSE &3 RIK %

K FIDCFH-DAfRE AR IC A0 IROS . FFAT 140 i
H88.0x10°/FL A% FEH A T 96 FL R . 12 hJ5#F100 pg/mL
Fe-N,0,5%100 pg/mL Fe-N,O,@CHU KPR M EL 4, 12h
JE A 10 umol/LEYDCFH-DA . % 30 minJ5 X} Fe-
N,0,@C+USHI 1T M, S5 1. 30 min/i7H4 44
TR R TC LY Ry AR, ) 5 1 U WL 45 2 4 it
IR -, A F Image JHX /4481 FDCFH-DA FHAE AN L

1.2.9 Fe-N,O0,@CHrFI A2 % 3B fm it 1 LR ALARAR 17 A0

R HIC- 1A EoxF 4R P Zobr A AR L 437 (mitochondrial
membrane potential, MMP) # A7 § (A dnic . H54T140Md%
88.0x10°/FLAY 2 Al T-96f LR . 12 hJ5 4 Fe-N,0,5
Fe-N,0,@CHH A 4 1R 100 pg/mLAY ST ik B R N 24540 .
12 hJ5 % Fe-N,0,@C+USHLHF Tl A i IR, 28 1. )
2512 hJE BHFLANAL00 uL JC- 144 (8 T AR, T4nabs 4
37 CHFE 20 min, JeZ5 s TR S8 2 3E AL, HEIE
PN . T WL 2% 2H AN M 2 56K, Al Tmage JHPF4E
T4 20 3476558 i (mean fluorescence intensity, MFI) o
1.2.10 Fe-N,0,@CHF] A2 /5 4L it 2m itL JB T 40

AT 1A% B 1.5x 10° /ALY 2 BEHEFP T 6fLi . 12h
J& ¥4 Fe-N,0,5(Fe-N,0,@ CH A K 4% 1100 pg/mLAY it
WEERINZE A2, 12 h/5 X Fe-N,0,@C+USH #1775
AR, SR o 55512 hE AR 4N, SR Annexin-
V/PI R S AR IC I T 40, H 2 FACSArial T 053
BHASGHEAT AR 3, Z8FlowJ ok (4% 4R M HEA 7438 o
1.2.11 Fe-N,0,@CHFl A2 # 894k I 40T 98 HF 50

W12 FUMEPE 48 S Balb/ o/ BB LA R 441 : (DPBS,
@Fe-N,0,, @Fe-N,0,@CL) J @Fe-N,0,@C+USH ., Ffi%
By ZAH T R T ST 1400, TR A K 229100 mm’
X IR A TR YT o R FHIE TS Y 20K Fe-NL O, 5
Fe-N,O,@CH AKRi{F 41 28 P (100 pL, 1 mg/mL), £F12h
S XTI A A T 75 e B, S0 2.0 W/em?, 30% i 45
L, 1 MHz, & BEATTE]5 min, # BRI XIBY73IK, 1697 1
[ §2 SR g R /INIR Ak B/ BRS84S 15 K4 /R
TEARHEITE M s B 25 o %8s (R I R A7 0 ., R
HEY: (0 AT 2R 2H 20 K A 244 .
1.3 SFitER*E

g g it B o M ff H Graphpad prism(ver.
9.5.0) 5E AL, TR PERMT A IES A L £ s £oR, CH
HH A N IEZS A3 A, 25 S B 45 SR AR bn (1) 22 21 LR 2
P2 225301, 1E— 25 1 T 9 EL A8 14 PAELT IE 7 vk e %
Tukey . P<0.05 HZERA LG4RS,

2 #R

2.1 Fe-N,0,%Fe-N,0,@CHIF. 5 K B 5> RAE
MG Y Fe-N,OLIIE S R AN RN/ Nask (1124,
HoRi A2 425.9 nm(E]2B), JTCE Mapping4i R % W Fe,
NHOTT RIS i FCILR IR L (K2C) . RS
5, Fe-N,0, @CIES R I 5B B LALLM B 5
(F2D), Hokife29436.2 nm([E[2E ), JCE mapping4ti [
FUiW Fe, NFIOTCR B2 40 T COUFR ALK F (&12F) .
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Fig 2 Structure, morphology, and component characterization of Fe-N,O, and Fe-N,0,@C

A, SEM image of Fe-N,O,; B, size distribution of Fe-N,0,; C1-C5, elemental mapping of Fe-N,O,; D, SEM image of Fe-N,0,@C; E, size distribution of Fe-N,0,@C;

F1-F5, elemental mapping of Fe-N,0,@C; G, HR-TEM image of Fe-N,O,@C; H, spherical aberration electron microscope image of Fe-N,0,@C.

T BERTEMIR oA B0 B 2 1 5 5, B C i B 4 )8
WURLAE L (E12G) o BR2E BT oL Bt — LU FeC R 2 i
FHATHE SRR - (E2H), 9145 Ul L) & 18 T Fe-
N,0, % Fe-N,0,@CH M4 K il 1 .
2.2 Fe-N,0,%Fe-N,0,@CHIER L £+ 5> #7
WEI3AfT7R, Fe-N,0, % Fe-N,0,@CHYik & H 34 o4 H
TR A G 1) R R AU, (SR 25040 T BT BB B A U,
Wi AR b JCBH S5 Fe, PRI A Feot 28 28 AL
FARE A, B LM EREA (KI3B) BB, R
PAPRY, 24075 e & (-NH,, 3385 cm 13364 cm™)
J22,4,6- = BEFEMIR =B L AYERZE(-C= 0) &Il R,

1617 cm ' Fil1 537 e A2 B T H#9 C= OFIC= CIH 45 Ik
S, [RIAF7EL 316 cm b H B T C= N IR I 0, 3
SERRAF I (14 1 2 AL BRI 6 W /K R R4 B T Salphen
SR, XPSEERULIAM LR C. N O, FelUFITZR M AL
(FE3C) . o, Fe-N,0,7'C, N O, FefJ5F & 4t 5351
N70.42%. 11.70%. 14.96%. 2.92%; Fe-N,0,@CH 437
80.61%. 7.93%. 9.56%. 1.90%, C 5 & W i Fh &5, Vi hk
BE R Y 2 B, TR B U ] £ AR Fe- N, O, )2 B
(EI3DHEIZE) o XTTHRMAIAT /7] 1, Feou R 4
L 4, BIFe™ /Fe’ e AEAE, i — 2P Ui W Feou 2 LU
TR (BEIBFRESG) . NJGE EZ LIS AATE,
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1,3,5-Triformylphloroglucinol§g :E::Ejgi@c N Cls
. 5. |1,2-diaminobenzene =
= ] 5 Q Is
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3 Fe-N,0,flIFe-N,0,@CRIR L 549 5747
Fig 3 Analysis of the coordination structure of Fe-N,O, and Fe-N,0,@C

A, XRD spectrum; B, FTIR spectrum; C, XPS spectrum; D (Fe-N,0O,) and E (Fe-N,0,@C), atomic percentage of every element calculated by XPS; F (Fe-N,0O,) and G

(Fe-N,0,@C), XPS spectrum of Fe element; H (Fe-N,0,@C) and I (Fe-N,0,), XPS spectrum of N element; J, content ratio of different chemical states of elements calculated

by XPS peaking.
43 51% 10 Fe- NP FPE XAAAE A C-N(EIBHMEI3D) o X
Fe-N,O,lIFe-N,0,@CH Fe NTLZE AL 24N 243 Hr il K1 (113,
i Z XS Fe, N O M CIRBL {4544 M Fe-N,O, i fb2E 251
TCHH B
2.3 Fe-N,0,@CHI{/ B iF 1% K A= &4

75 T8 355 P A6 2 ] (JR1 4 A (&1 4B ), #H%E T Fe-N,0,,
Fe-N,0,@CH] = &y POD i MK HLO, A AL [ TMBH
A T B IR 5 €0, Fe-NLO MR 3 ik ik €4
N T AR G A S AL R PO DR M A AL, AR
3¢ %f Fe-N,0,fIFe-N,0, @ CHY i i Ak 5 F1 247 T 43
Br, R MR IR FEREEERSS, MR RO ——
H,O, /1 35 F1 7 W] b 482 55 (K, M 19,3245 % 5.82 mmol/L),

[F] Fsf X T MUB ) A4 16 2 Ak BB 0t ) S 186 58, v, DR2.5 1
10°* mol/(L-s) 2T+ Z8.92x10°* mol/(L-s), A tt;, Fe-N,0,
@CHRI M A = 5 PODAEAL " ROSTEPE . A58 38 oF
PUHREF X R5E B AR R 5 MR Y S H PR AT T
S5 RFRW], 4liFe-N,O, {7 il il 77 iy i BHACOK, M T iR
FIAE L, TiiFe-N,0,@ CHA RAFHY S, Hir 556
JESROC R MEACHT7R . SRR AR R AT LA 2
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A, UV-vis absorption spectra and the absorbance values of the catalyzed oxidation of TMB as catalyzed by control, Fe-N,0O,, and Fe-N,0,@C; B, quantitative analysis

of absorbance values at A=652 nm; C, conductivity-pressure curve of Fe-N,0,@C; D, Sono-stimulated catalytic oxidation of DPA (the arrow indicates that there is a

downward trend in the spectrum after scanning).
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A and B, The killing effect of Fe-N,O, and Fe-N,0,@C on 4T1 cells assessed by CCK-8 assay (n=3 per group. : P<0.05, " P<0.01, - P<0.001, " P<0.000 1); C, the

biocompatability of Fe-N,O, and Fe-N,0,@C on HUVEC cells assessed by CCK-8 assay; D, live/dead staining of 4T1 cells after different treatments, bar=50 pm; E,
P<0.000 1, compared with PBS).
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Fig 6 Exploring the cellular killing mechanism of Fe-N,0,@C in 4T1 cells

A, Bio-TEM observation of 4T1 cells after different treatment. The red arrow indicates internalized Fe-N,0,@C; B, intracellular ROS assessed by DCFH-DA probe,

bar=50 pum; C, ROS positive cell counts; D, JC-1 staining of 4T1 cells after different treatments, bar=50 pum; E, MFI of JC-1 aggregate and JC-1 monomer in JC-1 staining; F,

flowcytometry analysis after Annexin-V/PI staining; G, apoptotic cell ratios calculated by Q2 plus Q3 cell ratios in flowcytometry analysis. In the above experiments, n=3
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