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Abstract

BACKGROUND: The low catalytic activity and lack of targeting of commonly used metal ions have severely limited the clinical application of chemodynamic
therapy in tumor treatment. On the other hand, although the composite nanoplatforms are endowed with tumor-targeting functions by surface
functionalization, the lack of tumor microenvironment acidity also severely weakens the efficacy of chemodynamic therapy.

OBIJECTIVE: To prepare novel composite nanoplatforms and assess their feasibility to enhance the effects of chemodynamic therapy at the cellular level.
METHODS: SLC-0111-loaded zeolite imidazole framework-8 doped with divalent iron ions (Fe”*) and divalent cobalt ions (Co”*) (Fe-Co/ZIF-8@SLC-0111)

was synthesized by ion-exchange reaction and self-assembly, and loaded with hyaluronic acid (HA) by electrostatic adsorption, followed by obtaining the
target nanoparticles Fe-Co/ZIF-8@SLC-0111-HA (abbreviated as FC-S). Meanwhile, nanoparticles Fe-Co/ZIF-8-HA (abbreviated as FC) without SLC-0111 were
synthesized by the same method. The nanocomposite platform was tested for particle size, zeta potential, surface morphology, in vitro reactive oxygen species
generation, and ability to consume glutathione. Human osteosarcoma cell MG-63 and mouse fibroblast cell L929 were used as experimental subjects. The
cytotoxicity of FC-S was detected by CCK-8 assay. Human osteosarcoma cell MG-63 was used as the experimental object to detect the cell internalization of
FC-S. In addition to H,0,, the effects of FC-S and FC on intracellular pH, carbonic anhydrase 9 protein expression, cell viability and apoptosis, intracellular
reactive oxygen species and glutathione content, and mitochondrial membrane potential were investigated.

RESULTS AND CONCLUSION: (1) The FC-S composite nanoplatform was successfully prepared with a well-defined rhombic dodecahedral structure, uniform
size and good dispersion. Its particle size was about 323 nm; zeta potential was about =11.1 mV, and the nanoplatform had a certain reactive oxygen species
generation capacity in vitro. (2) FC-S nanoplatforms accumulated intracellularly in a time-dependent manner and could successfully escape from lysosomes.
When the mass concentration of FC-S was < 20 pg/mL, there was no obvious cytotoxicity to MG-63 cells and L929 cells, and 20 pg/mL FC-S was selected to
act on MG-63 cells in subsequent experiments. (3) Compared with FC group, the protein expression of carbonic anhydrase 9 in MG-63 cells in FC-S group was
decreased (P < 0.01); the intracellular acidic environment was enhanced; the content of reactive oxygen species was increased (P < 0.001); the mitochondrial
damage was aggravated; the number of dead cells was increased, and the apoptosis rate was increased (P < 0.001). (4) The results indicate that FC-S, as a novel

composite nanoplatform, can effectively improve the weakly acidic microenvironment in tumor cells and enhance the level of intracellular reactive oxygen

species production, thus enhancing the efficacy of chemodynamic therapy.
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97 SFEms O, T A SR DR 3 3R R A YR S (1 R 1T A2
Bz R, BREAMERTARZIEEA S TR0, B
Ao KA T RE, 8RR R 40 B B . AR AN
BAEY TR SRSt T: *% SR, sl Tk
AE—LRIRME: —J71, & H&E BT EAEERIK,
AR R R R A AL H—Jrm, MR 4HR N ) pH
B A 20 Bl A 2 s 7 P e AR 2% 1 O SR, BFTEA
REETF K HZ P ERREEZ AN & B AUK MR T & 805 5
WEE B 1 297 VR T 2

H AT 70 5 22 (RAX 27 Bl ) 27 AR A 70 o i R RV AL
R BRI TR D o 4 (Co) S 44 AR WA R e PRI 4
A B12 AR R B4, Co™ TEFSIRH & M 4% 1F
YRR BRSSP, AR E TR
BRI AL, B TR BH o Ak R K25 i R BT e
(1) pH A S S 7 B AN B Ay v s B A 1, mT DT A% S db
23 1R IT AR oH (B PR ORI R 1) © . SR, PRIl
03B 7 A A I Ok B s AR E DR R R, TR
R 63 b 8 S A7 () PR SR KT, T R A 22 B0 70 5297
TEARZ IR EEM B, B3 7] RS B H IS 5 i B 5
FHUR / ST L [T B AR, R85 S 45 I H ik
TAEAERIE g th SR, eR Ak 2 Eh T I T Ak B
Rk, JEd LR Rk B R AR B R A IR
FENRE IR SRS EH K, BET R L 22 B )1 5TV E R
IR — AN AR R

TR TR TR O A2 4 358 I BT A B PN A1 pH (B~ 4 1) D B g
(] B 4 S e MR AR DG B, B T B I B A AR IR 4
U L ANRIE, T 7E A4 PR St S e v A
FIRME S, SERE R — A bR R Y, sLe-0111 S —
Tl UK R BT RGN HIT0),  T G b R IR TG 9 UKL, M
7 2 338 Pk 3 T B P P R T 3R, e pH (B 4 R TE SRl 2K S5
W B A G R E TR Y, RETE 2 REE AR, H
Fnsi Ak 2 3h 13297 T R B

TV B, RS S T R T (Fe™) Al
Wl B 1 (Co™) 5 44 10 b 4 K Ik 248 -8 1 s Ak A1, Rl
FHHZ FLEE M R 5138 T SLC-0111( B I G /)N 701 0 il 7))
FHAZEIE I RRIE NS, 33T Fe-Co/ZIF-8@SLC-0111-HA
SEYKFEE, H T 2a80 1297 097 38

1 #RlFnA5% Materials and methods

1.1 &t ARG,

1.2 BFIE BB SEEG T 2022 4F 12 H % 2023 4 8 H A
PRRHR A FL I oL 58

1.3 At

131 FEMMEEH AN RIEYE R MG-63 1/ ik 2F
Y4 AL 1929 W 1 H [ R 22 B B AN ML E; S oK A R &Y
[Co(NO,),*6H,0]. 7S/KA AR EE [Zn(NO,),*6H,0]. LKA i
FRVEk (FeSO,*7H,0), 2— FHIAEBRME, SFERHFER . IV FF 2L i5T
TBTh TG ( B ) AIRA R SLC-0111, il IR 7t
# (FITC) Iy 1 & [ MedChemexpress A= ¥R} A F]; pH H
FEERER (BCECF AM). 2044 i o A7 A I 77 65 . BCA BRI
FEI R G A IDEH IR LA B A I PRS0 k) 2 0
FBEZRAEVBEARGIRAR; PBS(0.01 mol/L). JHEEHH
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1L (0.25%). A~ % EDTA [ i & 1 7 AL (0.25%). a-MEM
Rrgedt. CCK-8 Rl &, ¥ M SR MR & 40 i iS St
Geto im0 4 MR oA R & B VL IR LR A R R
PRAF]: G4 MIEN B 3% E CLARK APRHL A A .

132 FEEZHME EH BT R8T (£E FE, Tecnai™
G2 TWIN); 34 B 7 & U ( 55 1 FEI, Teneo VS); #£4h7
JEOGFETE (Ab I HE A, UV-1601); 2 FERAE 5 HLAL 43 BT 4%
( 26[E Ambivalue, NanoBrook Omni). {a BLIH-£1 48y itAy ( 4t
Bruker, VERTEX 70); Fi&#r 1% ( 3¢ [E BIOTEK, Synergy2);
MAAINEIE G F 4t (£ E L-COR, Odyssey CLX); OGIAH
LR RS (18]E Leica, STELLARIS 5); ymaNAifffx ( 3£
Becton Dickinson, FACS Canto II ).

1.4 Fik

1.4.1 Fe-Co/ZIF-8@SLC-0111 (1)l 4% 4 IFREL Co(NO,),*6H,0
(0.1 mmol, 29.1 mg). FeSO,*7H,0 (0.07 mmol, 19.5 mg) Al
Zn(NO,),*6H,0(1 mmol, 297.5 mg) JF4r BULE 30 mL H i b A
FEIRS), LR A, TERSRIERE 1 he 2 BIFREL 2- FE2E
KM (4 mmol, 328.4 mg) A1 SLC-0111(0.1 mmol, 30.9 mg) Jf
Sy BUAE 30 mL HEE R AR AT, 10 NI B, TE =S,
FIEW B PUE M BNAWE A R HTIR G, TERSR T =R
$£ 12 h. 6000 r/min 5.0 15 min 575 13, ViERl Fe-Co/
ZIF-8@SLC-0111, F 120 mL FHEESE 3 k. N T AEMEAL B
R AR, KRN B AR 200 'C TR 6 h ok
WoE, REERA IR ER. AT AR SRR 0N
o B I =R AT

1.4.2 Fe-Co/ZIF-8@SLC-0111-HA [ % FREL 50 mg i3 W i
R 7 4> HF 25 mL £ & T /KH . BREL 10 mg Fe-Co/ZIF-8@
SLC-0111 PRH N N 21375 B JR R VAW, &3 T 800 r/min $ii 4t
12 h, 10 000 r/min B .{» 15 min J5 % FiE, UIUE Ry Fe-Co/
ZIF-8@SLC-0111-HA( it A FC-S)o SRR 754 A3 SLC-0111
4K ki Fe-Co/ZIF-8-HA( T FC).

FREL 10 mg FC-S ## 75 4) BT 50 mL 25 38 /K Hh o FREX
1 mg FITC A RN 2] FC-S 73, =3 T 600 r/min d&EY
PEHE 24 h, 10000 r/min B0 15 min J5 32 FIEW, PLiERD
4 FITC FRic i FC-S.

1.4.3 FC-S [ HRAb 4 i R AL

FLSREERY: (3 FIE O B T 0 W 43 (0 2505 W ST R T 5
MR AR .

REA Zeta BBAL: I8 2 M BERLARA S LA 0 BT A7
BRI FC-S [ARL AR R Zeta FEAL, VP4l LS e PR FIFE /K I
) o

M B I BT AR R AR SLC-0111 RFAE
P i ik G A 375 B o R PR R B S MR R B, IE W Fe-Co/ZIF-8 Al
SLC-0111 HiFE W Fi e 2 5 A AL AE . BURILI R R, S
BT AU, 5547 2 min J5BCR R 3T s 1R B )S,
HCRFIAE S LA 1 0 5 (R LL 5 IRAGER A R B 1 Fr s 34T
FEMHH
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BAHRSEFE. B %A - ORI [F T &
WL SLC-0111 7E HBE T 267 nm ALY BEAE, £k EE -
WG REAE R AE 2R . B FC-S 28 1 IR JE I B, AL
7 267 nm b )R OGFEAE, ARNIFE B A £ SLC-0111
I5ig- g8

LR = Mk SLC-0111 i & / MOELE T & x100%,

A3 = Bk} SLC-0111 Jiii & /SLC-0111 # B i B x
100%.

FEBBREmERES: H PBS(pH=6.5) it & A [A) i &K
f£(0, 5, 10, 15, 20, 25pg/mL) [f) FC-S VA, M IEH
JE ¥4 (10 pg/mL) F1 H,0,(10 mmol/L) f#] PBS(pH=6.5) 111 37 C
NN 30 min, JEEE 664 nm Ak [FREE I USRS AL ARG I IF FE
WK MR . AN T FC-S 7E R [RIRR VAT (pH=5.0, 6.0,
7.0 fl 7.4) = R R H AR AR

ABEBLEFERES: KK (1 mmol/L) 54 #E PBS
(pH=6.5) 5 [¥] A~ [\ i & % J¥ (0, 5, 10, 15, 20, 25 pg/ml)
) FC-S 3L0 & 3 he N 5, 5— —Hi i 3% 7K H g (DTNB,
0.5 mmol/L), 7£ 412 nm Kbl &5k B A8 It H K R FE A
1.4.4 FC-S A4t 4 4k 55 A0 M 23

YHREES FR: % MG-63 Al AP T B A2 10 em [f1 85 97
M, B3R TS50 10% 545 L5 1) a-MEM 85 975,
BT 37 C. KR H 5%CO, B M b 3R, M EEt &
15 %) 80%-90% I HEATAEAR, B 2 d AE48 1 IR 4 1929 ZH )
M TR IR, B9 T AR 10% IR 4 i 1% XU
L a-MEM £575 5, BT 37 'C. #AF5r % 5%CO, Br 744
PR SE, MY A B IA B 80%-90% I BEATAEAY, =
KA 1K

MPEIEEL: A 4 18 MG-63 21 i B b 3 L B AR L,
Y 1x10° L, WFE 12 h JSA0MMGEE, TR 3 IHRE FRd,
FH PBS P 14X, I 2 mL & FITC 4% ic FC-S(10 pg/mL) ¥
a-MEM B FRIEH S5 9%, 1 F 2, 4 M1 8h J5, IIALGIAN
TR ER AR S0 H 2 h, RN 500 uL DAPI Z44% 10 min,
A AN 300 ul 40 g/L 2 R H R, B Hos iR A
MR EUS . WE 2, 4 8h 5, JEEENILIRIE
S, A S B S A R A BRASCE = A i FITC 580
R

YRR E M I CCK-8 57l & 4 BT FC-S (1) 4H a5 1%
5 4 18 MG-63 A0 AT 1929 41 sy Hl#EFh 2 96 FLAR ., 4
M ¥ 1x10% L, WA, WIFIHRGFREE, H PBS I
w1, AL EH AR R EERE (0, 5, 10, 15, 20,
25 pug/mL) FC-S [ o-MEM }5 70k, 4235 97 24 h W 7p 55 970k,
FH PBS ik 2 ¥k, BN 100 uL &5 1447 4 %1 10%CCK-8 57
FJ a-MEM £5 725, BEYCHE T 2 ho A0 450 nm &b AR G FE 1
Y A XS AT 2R (%)=[( SEIRFLIEO EAE - 2= A FLROGEE )/
( X IRFLIBOG BEAE - 2 F AL FEAA )] x100%. I ZH S
A a-MEM i F2 BP0 BRFL, AN o-MEM $5 772
AhnZmi ) A E AL
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1.4.5 FC-S. FC 5 MG-63 4 dkis 355056

ERRENEE 47 K5 518 MG-63 il a2 Fh 2 HL 42 H
10 cm (R FR LA L7, BRI 1.5x10° M40, 3% IH B 7%
K, FIPBS Wik 1k, 4 3ATW: XA A 10 mL &
0.01 mol/L PBS [¥J a-MEM $5353E, FC 411 10 mL % 25 pg/mL
FC. 100 umol/L H,0, [¥] o-MEM E53:3E, FCS ZHIAE 25 pg/mL
FC-S. 100 umol/L H,0, [f] o-MEM £ % Jt., ¥ & 12 h J5,
{8 H 7 PMSF [1) RIPA 2 fif i 2 U4 i 25 1, {81 BCA T
TR e A S A B R T 8% R TN I Ik i B AR
FFEJETE 80V FHIYK 4 ho HLYKEE A5 7E 300 mA N HL % fii
30 min, X & 1 % AT 5 A 9F 0 F Bk BRI B 9 5 Vinculin
ik (NZ), KIBRBRETESY 9 B AR IE.

YHREMA pH B : K556 5 1 MG-63 41 fu s B L £k
M, 4% B o 5%10°/ ML, % E 12 h J5 40 i 58 4 G Bk,
WeFEIHREFREE, FH PBS Peidk 14k, F& 8 it BRI 43 A1 S5 4
HT M. W& 6hj5, H PBS P4, MM 1mLpH
H2 OGRS (BCECF AM, 5 pumol/L) G, #tt 30 min f5 1l
ORI RE B I

MR AR S EARM R 5 A8 MG-63 4 i 45 2
SERAEML A, BN 5x10% L, ¥ 12 h 54058 4 e,
W e IHEE IR, H PBS WRik 1 UK, %8 AT B 43 B SE 56 43
HTT. WHE6hJ5, FIIA 1 mL 10 pmol/L & M4 7%
TR%T DCFH-DA JLiiE 5 20 min, F PBS Pk 3 Ik, ORI
TR B T IR . R V7 2 B SRS ) 3 12 4
FEXF 5 6

RSB E BRI : K28 5 48 MG-63 41 fitg £z Fh
# 6 FLARH, AUHEE N 3x10°/ FL, W E 12 h 40 5E 40
BEJGUNFFIHRE 98 3E, A PBS Peisk 1K, %8 A BN bk
BT . WE 6h 5, (A H IR S BIZS b H Ik
Ao A7) G 5 2 IO R

YRR IR K5 5 AR MG-63 4 Jifa 42 b 3| 2L 5 £k
M, 4% B oy 8x10°%/ L, W% & 12 h 4ilfid 58 4 R,
FIHRE IR AL, F PBS YRk 1R, H& 8 o1 BN 43 B S 56 o7
T WEHE 6hJ5, F PBS PEisgi, 408 i vl
JC-1 37 ( SR B AT € ) FI DAPI( 35 €2 ) W40 f ik AT Je e, fd
RBOCHA#IL R A BAERBOOLEIE . [, R RAH
ARG 00 240 o 282 e A S FL AR

YRR SATRM: K5 5 A MG-63 il il £ Fh
F 6 FLART, 400 S A 3x10°/ 4L, WEE 12 h J5 40 5 4
e, TR FEIHREIRIE, P PBS V¥R 1K, %R (R ENE M
LI T WE 6-8 h 5, FEFLIMAGNRIESL I TAE
7 (5 umol/L, 1 mL) 60 E 30 min, A PBS Pk 2 4k, fl
BUOLRME PR, 15 6-8h 5, WIFIHEFHRE,
FH PBS ¥ 3 Wk, R I x4 o SRS W 40 R
1.5 T BRI ORI FC-S 590K & AL e R ;
Q@URIE FC-S E A 90K G WA SR ROk -

1.6 %itF 441 (A GraphPad Prism 8 #4741t /37 o
THE R DL Xxs o, 4 [A] LAl B[R 35 07 22 3 BT, P < 0.05

WNZERARFME L 2RI FINEC LRI ERIR
MG AL R A

2 Z58 Results

2.1 FC-S t432 LM IR

2.1.1 FC-S [MMIESN S Zeta WAL RS —8IEA K
Fe-Co/ZIF-8@SLC-0111 ZH>KFiikiL, [F] i 7 2 i £ 25375 BH i IR J
33| FC-S EEYUKT G B BT N n] W% I RS
AR Rk BA 251 A2, R134%), WE 1A B.
A 2535 B J5R IR 1 5 499 K JBURE A0 b 428 o0 AT 5 FL A AR I 45 R
LB 1C-E. 9K Piki Fe-Co/ZIF-8@SLC-0111 [ “F- ¥ i 12 A
295.3 nm, Hifii A +13.73 mV; FC-S 1) ki 4 %9 9 323 nm,
HLAZ B3] -11.1 mV,

2.1.2 FC-SHI#kZiE 5% & 2A & SLC-0111 7F 267 nm
SRS AL — TR EEAE, 2] 1 EE — O EE (A A h 42,
ULE 2B, E bR R 2 A A KB H FC-S [ INEZ 0N
23.3%. fE N 90.5%.

2.1.3 FC-S 5o & 3A JZU0F SLC-0111 Alids B i
R ST I 45 R, AEA AR 2T Ao b, SLC-0111
FE 1692 em™ Ab HH B R AR A R A 0 S 0 e 4 91 Bl IR LA
U, i ZIF-8 LA (1) C=N R AR BRI AE 1513 cm™ Kb HIBH,
WEW] T Fe-Co/ZIF-8 A1 SLC-0111 ()45 R A7 . ML AME % W] Joit
ML S, Jail e 1407 em™ ZbAT1 946 cm™ &b 433 H B B
HIRIER A PERFAE R IS, 5 Zeta AL 4SS JE I [RINIESE T 3% B
AR I R T .78

2.1.4 FCS P AERIEAMESHAERMHIKEE ) E 3B, C
Fe AL A 2k, FH T UTAS FC-S 7 PBS Hh™ AR E I AU
e ). SR B RHEE FC-S JFR MR I3 I AN SR P A B 11
W, WROEEEE AR, WA R E A . & 3D
FEXT FC-S ARHME I T RRTE FETIRE R UE , 45 S B bt 45 1) )
s, AHHREFERZ .

2.2 FC-S #9#mpe. A5 tm e &4

2.2.1 B4 XS FC-S BIFEHL  AHAXT FC-S A AR LA L
YK G NG A S M AR (1) Dk 3 fis R S SRR T
MIOCHE . SRR FITC( £k (580 ) FRid 7 FC-S, [RIBHsEFH AL
O VA TR R ET AT VR B B AL OB TR A2 B T ] gt
07 5 FE I B PR 9 DT 3G o, S VA B AR I 41 6 0 TE N
KV G B IEa] WERKER Z B th5d, RW] FC-S REE
S35 M AR 98 0 PN A 5 o TR T R R TR, DL 4A. [E] 4B
R ANACE BT FITC 2 5RE AR L, SEOCIHERER
TR ML R
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