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=] B AW EATERRIG M4 (reactive oxygen species, ROS) HE /1 414 J8 15 2= ZIF -84 KAy it il 35 ( ZIF -
8@Pt) FFHRITILXF ZE XI5 % (rheumatoid arthritis, RA) AJVRYTACR . ik st AR R XIS B ZIF-8@Ptah K il
FIFF AT FAE AT B RS SRS, B FHRAW264. 7404, 43 A AL FEZH (untreated, UT) . FHM:XT B84 (lipopolysaccharide, LPS)
K IBIT 4 (ZIF-8@Pt) JHAT AN M 5256, 1 HEH R N ROSSEBIHL R AURE S o i PR T R R 7. 56715 R A% (collagen-
induced arthritis, CIA ), MEHERT FRAL(UT) . FHMEXS BEZH (Controldd, 13 5PBS) X iAYT 4 (ZIF-8@Pt, TES ZIF-8@PHAK),
XoF ST HEA T R B AT, A KR 3 | AR SR | SR R A DL B B DA AR AT X RA IR YT 3R
SR EESER D, A ROS/KT K LPSIFS: Y E WEA EM LR £k, ZIF-8@Pt4 S LPSAIAM L, 22 74 Grit2iE X
(P<0.05); 7EM P 286 1, 41X CTATK RRUMLIE B 55 JR B 1 S AE BRI F 7K S A, 40 11 48 A 3 - 1B (interleukin- 1B, TL-1PB) |
C-JZ % %5 H (C-reactive protein, CRP) . JfJE ¥R FE A F--o.(tumor necrosis factor-a, TNF-a) . 4§ Z B2 -1 (arginase-1, Arg-1),
ZIF-8@Pt£H 5 Control A AH LY, 22524 G124 L (P<0.05) . JREIZAITAG W, 55 Control HAH L, ZIF-8@Pt AT ZE it 15 JA
Z TR N BT A B TSR S M B AR M AR AE (P<0.05) . #5188  ZIF-8@Pt{ifE i ) fENZ M 4 15 B 16 M R OS T
0] B e P PR A T A RA R PR BR S o [ B, JHE AT Bl OG0 s = AR BRG] I 850 26 B B IR, MIRA R R 47
HIVRTT AR
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ZIF-8@Pt Nanozyme Used for Scavenging Reactive Oxygen Species in the Treatment of Rheumatoid Arthritis LEI
Xuelan, QIU li, DU FangxueA. Department of Ultrasound, West China Hospital, Sichuan University, Chengdu 610041,
China
A Corresponding author, E-mail: 1531442337@qq.com

[Abstract] Objective To formulate a ZIF-8 nano mimetic enzyme conjugated with platinum metal (ZIF-8@Pt)
that can scavenge reactive oxygen species (ROS) and to explore its potential applications in the treatment of rheumatoid
arthritis (RA). Methods The ZIF-8@Pt nanozyme was created by in situ reduction. Characterization of the nanozyme
was then performed and its ability to mimic enzymes was investigated. Cell experiments were conducted using RAW264.7
cells, which were divided into three groups, including the untreated group (UT), the positive control group receiving
lipopolysaccharide (LPS), which was designated as the LPS group, and the ZIF-8@Pt group receiving ZIF-8@Pt and LPS
treatment. The cell experiments were conducted to evaluate the anti-inflammatory properties of ZIF-8@Pt through
scavenging intracellular ROS. On the other hand, a collagen-induced arthritis (CIA) model was induced in rats. Similar to
the group designations in the cell experiments, the rats were assigned to three groups, including a healthy control group
(the UT group), a positive control group receiving a local injection of PBS solution in the knee joint, which was referred to
as the control group, and a treatment group receiving a local injection of ZIF-8@Pt solution in the knee joint, which was
referred to as the ZIF-8@Pt group. General evaluation, imaging observation, assessment of inflammatory factors, and
pathological evaluation were performed to assess the therapeutic efficacy of ZIF-8@Pt against RA. Results The in vitro
experiment revealed significant difference in the levels of intracellular ROS and LPS-induced M1-type macrophage
polarization between the LPS group and the ZIF-8@Pt group (P<0.05). The in vivo experiment showed that significant
difference in the levels of inflammatory factors, including interleukin-1p (IL-1P), C-reactive protein (CRP), tumor
necrosis factor-a (TNF-a), and arginase-1 (Arg-1) in the knee joints of the CIA rats between the LPS group and the ZIF-
8@Pt group (P<0.05). Comparing the findings for the ZIF-8@Pt group and the control group, pathology assessment
revealed that ZIF-8@Pt reduced local hypoxia and suppressed osteoclastic activity, neovascularization, and M1-type
macrophage polarization (P<0.05). Conclusion The ZIF-8@Pt enzyme mimetic inhibits macrophage inflammatory
polarization by ROS scavenging, thereby improving inflammation in RA. Furthermore, the ZIF-8@Pt nanozyme improves
the hypoxic environment and inhibits angiogenesis and bone destruction, demonstrating promising therapeutic efficacy
for RA.
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XI5 & (rheumatoid arthritis, RA ) 2 —Fh {8
e H B v, 8 R KOG, HAEA BRHIE
AR RS AR LA AR A S A B T
T T A T A T A 00 ) S g A 9 Pl
B T AR B O R R RO I A R R T AR
(reactive oxygen species, ROS) J= A= HTE Al Sl A IR B
TEFHUARNROSHY )™ B 5 BR RS 3h & 575 2HRAK AR
I, W20 A PEA IG5, ROS T 56719 fia i JBE Ak i 421,
PR AL 7, 2D L S S T R A A
BemyIe sy B sk 45 S K- 1a(hypoxia-inducible
factor alpha, HIF-1a) (3K, BEIMTAE IR 145 55 i
[ A, G5 240 AT B A 58 TR 1A RS o — 2 S SR E
IR, fEHERAKJES M, FERAK AR, BRI AE
ROSAFARLI P R 1) fe R B —M 1B A, iR
0k 240 0 2 < 2 70 W6 1 A iR R SE I T -a(tumor
necrosis factor-a, TNF-a) . Hfi/2 -1B(interleukin-1p,
IL-10) 55 JAE R 1, E— AP INEE S AE™,

RAHGYT — BIR IR RAOME R, HRTHIGR T ik
FRAREARBTR 25 | Wl B PR SR A W RITE N B 2
FHT KRR 25 1 2593007 25 IS0 8 T T R A A i
25k, B I AE LA BRI SE R R, AR
£ 5, TR ] AEHE IS A% SO B e A P EE I g IR
PR, -4 B9 B SN 22 42 967 O3 VA A F R I IR
kb E . BETEDTFE M, il IR R 0 i 4 A
fiti (catalase, CAT ) % ¥ FRROSHH A J5T AT LA 30 2% iRt
RAD BERE, [ 05 700 08 A=, 00 S 1 AR ool
IR, RARBEAFAERSSEVEZE . Sy R A L M 4 | MESE2E
JICA o A i 1 B — 25 [ A Jm BV, B s BELA: 1
PIRAIAYT BL 5 A 5T B, 99K Tl o 57 ] LA AL
LR KR AL R, B 7 SR TS e K B 2R Y
ROS. ‘EfTREIN I BAT S REE . Sl & . AR
S BT T 2PN RIGTT . I, ARt
1l # —Fh BAT R AR BE B 17 CA TR M2 K A 5510 L
I ROE BRI AL T R ROS, A B RAVRITAR AR
Jrgs BHREUIR .

1 #MR5FE

1.1 R
111 EE2KA R4t

2-HIEEBK WS | Zn(NO,),-6H,0. CTABHIPtCL I [
[ Aladdin/ 75 SeE g b TR S8 11 AN IO 5 4 ik
#W H 2 [E Chondrex; a-MEMIE R4 | JiG4- 1lLi% . PBS.
W55 WA H Gibeo; JEZ M (lipopolysaccharide, LPS) 4 H

Solarbio; DCFH-DA¥RET I H 2 = K5 K TNF-a, Arg-
1. IL-1B. CRPZHEFRAYELISAIR I &3 [ R M T 2515
YRR TR A A PUIE A FRBEBRATE (tartrate-resistant
acid phosphatase, TRAP) 4t (7,127 G0 [ g 5 s Anti-
CD2064L4A M 4 CST; Anti-CD31 M Anti-iNOSHL A [
Abcam; Anti-HIF-LaPi& Il F Novus, /NRRAW264.7
FLWE 40 ik [ R4 Be 20 B 2 . 20 B % R A (36
Thermo Fisher Scientific/A H) ) ; 18] & 2¢ 6 W A8 (Ti2,
Nikon); Cytoflexifi 2040 il 53411 (35 El Bekman coultery
) ); Vevo 3100/al ¥y 5 2 48 ( H A fujifilm A 7)) ;
Micro-CT (2 [EPerkinElmer/ A #] ) o

1.1.2 %34

fa B A HEPESD R R, BRI 7 ~ 8J, I [ AL s R
AR AR A FR A o IrA S5 sh 34 3 1 1R
24 A R BEl S B bl SPRZ JC I iR % 1], 25 °CHE
I, ¥EEE50% ~ 60%, H HI#FEAITOK ., BT A shi Sy
FFA WK 2ES YR 50 2 0L & 2R, LS
2021164A.

1.2 ZIF-8@PtHY ] & 04l
1.2.1 #&

HE A M ZIF-84: JB A MLHELE, #55.65 g 2- FH BEBKm
BT 82 mLEE F/KTIEMIEWA, FilF362 mg
Zn(NO,),-6H,0110 mg CTABH{ 17/ T18 mLZ B T/K
DI RS0 Tl R A LA | 0 o € o M O
$£1 h, 10 000 r/min.L210 min/i, BEETTHE, FIRFR > 5
50% L BEVER3IR . SRIGHEITIE Y TE60 °C 25 LA Ak
TR ARARZIF-8. B J51554.7 mghyPtClL, 300 mg T
B Y ZIF-81 125 mLA& B F7K 1, %12 mL 1 mol/L
I NaBH,, {fi 1R &9 % 30 min, B5.OWCETTRE, AR50 4L
50% LRG3, B DU G T /5153 3 ZIF-8@Pt.
1.2.2 &RAE

OFE i BE M58 B &8 T 5 M ZIF-8 X Z1F-
8@Pt, WHES AR, HIFREATRERCD B TS o il
AT EE (SEM, BISEVO 10, £ [ ZEISSA 7)) FEfL &
I, RS AEITAIR . QiE S IS 43 B mgl) T
R AR ZIF-8 B ZIF-8@Pt T-1.5 mL EPE 1, iIlA 1 mLJG
IK CBEJE AT VI3 HL0.5 ho M0 pL T2 55 H
BRI b, HAR TS B T E S L8 (TEM, 25 JEM-
2100 Plus, H AJEOL) A i i vf EALKGIN . B X-ZRATT T
M (XRD) : B ZIE-8 Je ZIF-8@Pt/ R AE & 47 S b |-, &
TS A, BEEAER SRS, (5 ade 68145 HT 4L
P, AR ATIFR RS 22 51 AR R LU 0T . @ X-2k
L T-AETE 0T (XPS) : 5 ZIE-8 B ZIF-8@PtI AR |-, I
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TS G b, D5 8 Thermo Avantages3#r .
1.2.3 A7 ERE MK

O H,O,MTE BRI : 44510 uLAY ZIF-8¥ W 5 Z1F-
8@PHIA K (PBSIAfiff, 5Tt % i 450 ug/mL) . PBSIAIK, 53
HNE1.97 mL PBSY W (pH=7.4) ¥, JF A 20 uL
H,0,(10 mmol/L), 1415 %5 mint50 uL iR AR A
100 pL Ti(SO,),(13.9 mmol/L) R4, HIEE AN
M 7E405 nmAb RO . A LA S R E, OB
TERRE o 1h P] AE h A sy ok 4T S0V B2 B AR X 4 L
B UL s ot S A S T R . @7 O, MR REA I 7]
20 mL PBS#HK (pH=7.4) H 73 5 il A 20 pLI ZIF-85 ZIF-
S@PtIA TR (PBSH i, T B 10 pg/mL) . PBSIATR,
VAU A SRS, FIA0.2 mL H,0,(0.1 mol/L),
[EIR 5 s, L RAE 70U Y A TR
1.2.4  fBfe P BARIN A RROSH M

D40 M BEPERI . Kr RAW264.7 40 L 355 T 96 fL AR
(a-MEMK; 975, 10%FBS, 1x3371), 12 hj5 R0, 5. 10,
20, 40 pg/mLAY K BB B N A ZIF-8@Pt., 24 h/5
CCK- 8 IR A4 e} Xof 40 B 375 4 A 52 ) - (48 L U 55«
FFRAW264. 741 MIFEFN T-96FL4, 12 h/5 A LPS (243 2
41500 ng/mL) % FRAW264.753 L M 1AL, Bl 5
Ji, LPSHL (4 BHE XS B8 ) R ZIF-8@Pt+LPSZ (A FK ZIF-
8@Pt#) 73 B N A PBSIA M 5L ZIF-8 @P i ik (AL )5 ZIF-
8@PHA AW E 20 pg/mL), JFBEE UTH CRFFIHRALFE,
AANLPSIE S, B A e IR IR A v e 7, A6 b B X
HR), dR2EMFH 8 he T3 B W BB T SR A 25 5%
K, @FROSK: K RAW264. 741 I 1570 T 12FLHR,
HUUTZH , LPSH . ZIF-8@PtZH 4 fifl, ¥& 18 iR Ab BR)S, B
— EB 43 4 Jf {55 D CFH - D A T P 480 46 I 8 41 47 38
RAW264.740 /il N FYROS/KF-, £ 5 30 min i K FH B & 5%
It R BT AR IR [ B — 8o A, T4 o AT
K45 4 4N D CFH-DATE G5 ¥
1.2.5 ZIF-8@Pt#7#H|RAW264.749 M1 A AL ALAE M)

O R4 A : CD86 XINOS M 1% E Wik 21 g 4
bR, CD206 0 M2 B! [ A0 i F A i . 82t
FRIC ST , 8T 24 M 3 B A3 23 A 45 R S 3 A R R £
BT o o], LA - K 34 AR B A T 12 LA O T IR iR
Ab BRI, W R R L, FHPBSHS 40 4% 2T 5400 g/
5 min B O PR, > 4% 2 5 FEE [ 52 10 min., 0.1%
Tritoni&{L15 min, JIAAH R BRI CIF T 30 min)5,
240 SRS N 4% 2 40 B AR W B9 SRR EE . @ Western
blotk il 2 K 35: B RAW264. 7400 2R F6FLAR, UTZH
A TE IR AER AR (37 °C, IR R4 815%CO,) 5 & 1174,

LPS# 5 ZIF-8@PtZH Il ALPSHil3k, I-7¢ Ik SAUMFA (14
5 1%0,. 5%CO, Ml 94%N,) I F i & . FEHE S IA
loading buffer, {22590 °C. 10 minff 728 PE, HL UK
Ji , BT R (4 2 HIF-1a— 3t (HIF- 1a antibody #3716,
CST, 1:1000), NF-kB p65—HT(NE-kB p65 rabbit
polyclonal antibody, Beyotime, 1 : 1000) L f2B-actinf)—
$1(20536-1-AP, proteintech, 1 : 1000) ¥4 °Ci %3
B TBSTYEH3IKRSHRP_H(SA00001-2, Proteintech,
1 : 5000)7E 2 i FHERMFE 1h, TBSTIRA 3K R (fk
R ICEAY, BIO RAD), i H & ik & ffi [ Image] 14
HEAT S0 B IR BEAEL A3 BT o
1.3 {KHXE
1.3.1 SR ME L L %5 %

BT BE LA SD R B (7 ~ 8JH], 1A B 250 ~ 280 g),
Ay 7R i T35 S B K R AR AR ( collagen-induced arthritis,
CIA) . %2 mg/mLi¥ 4 T B U8R P (CID 5 55 AR
B 3 [N 58 2450 (TR A) FE VKR T & BT UIHLIR &
F.4£(20000 r/min, 2 min, 0 ‘C¥ 415 min), THE2 ~ 3K,
HELA . T RBUR AR U B N VA, 25 1K 7E4410.2 mL/
SUHEATIERIGRRE, 557 R 550.1 mL/ HUSR SR . AR
ZERBIE BN IE O SOCTT AP IR I . AERIR e f5 (5
31K, RELE HHBBEAT, ST I b i . Jm i B2 IR T e 1
AR, IR AL

IR AL YT B K B8 L 43 A P4 : Control]
MZIF-8@Pt, b5 B3 H R 1 B A Ay ft 3 X R 41
(untreated, UT). ControlZH XU 3¢5 i JR) 3 18 5
PBSIA WA g BH 1 X} B, ZIF-8@PtZH WU I 5615 it Jry s 142
SFZIF-8@PA T (T s e 4 R2 mg/mL) A TAYT, Rt
50 LB SCHT FERIR SIS AR 31K L 33K,
35K 37K S 39RILHATSUIRYT, B41 RIS KR, ke
KERE SR . ST R IRAEA
132 KARIEB R F TS

RARMLEE: L6 1R L) J5 R B IR I Hi R SE i
B R BRI AT KARDEAS, BIFERIIR S I (2531 33,
35, 37, 39M141 K, X R BEAT R R VF03 (0 ~ 447, 0934
%, a0y g™ E )M O T8 RE S AR RE (I S, OF T Ab
SERTHEATHI R . EEXT BRIP4y, B 24 BFFE N S ST T
S5 BEEEANA G 2530t

AR F VA AL G R AU 7 A A S Mlicro-CTHR . 5
A P R A K AL BB T — K2/ N sh a7 iR R 400k
TR ST B0, 620 MHZ@ A0, “L™ BILR RSk, N7
T HATKT, B RRBE R 2 RURIE W, 10 % S 5 A7
% . KB IEFT Micro-CTHi A J5 12 F Micro-CT BT
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BT (Analyze 12.0, PerkinElmer ) X R 4E 1 EIUZ Y
BT = E
1.3.3 K R i A K K g B F A

RS RUE RIS, V7" I8 5 T BUE 0 B k.
TEFEATMIAIE F 3k, 7ERE Rk 53 SCALHT 52 mmif )
bt TGS B RO BEA AR N o 1LY A9 A AE
FEPR T LS BRRATY 42 B RAEIRES o A 5T BB LM
W IF T ELISAILXFIL-18 . CR MK 1 (C-reactive
protein, CRP) J¢ TNF-a%§ BER AT I I 42 B RAEIKF-HY
FHEATRINT R A I3 AT AN PN 5L 2 (alanine
transaminase, ALT) . 4+ HL%% %[} (aspertate aminotransferase,
AST) . LT (creatinine, Cr) K& JR % (urea, UREA) | Ji§ZE [
M2 (casein kinase 2, CK2) (AL FE BRI . ARFE IS HX
KREURESCTT, B 2 RALUF S E I EIETTTNF-o, K
F IR -1 (arginase-1, Arg-1) ELISAK .
1.34 AEFRME

KERPEAS R J5 28 R AL FRATHE G4 OS2 A 47
TENESR o KRBT R B (0 R BOCTT IRCH [T | Bt
B AL, A BT R, ET IR AR - AL (HE) Y 1,
WL T 5 1 20 B 152 108 B B e A 1 1 4, >R FH R B
CIATY S BELPF A3 PPAl ™ AR Z (0 ~ 1243, 040 fR 2,
120 fe )P0, AT FFLLO-[E 4% . TRAP. HIF-1a X
CD31H e B2 Y (4 1) JLiNOS/CD206 2 (4 e e ¢ s
e, R QuPath# A3 HrFHVEAI ML A 43 b . FELO- [
g ] DUWLEE G T B H BB FEE . TRAPYL (A ]
FEE A bR 0 SR AL A, SR BB TG SRR . HIF-
Lo A BH M e mT Sz R A K BRSOG40 ™ 2
2. CD31fE b gs (] o I A8 N 2 A YA 7E, $2
A LS A S TR, T K R A B A0 H ) U 4
PEATHIE . SR 2 T S PE B Y (S R B TS T i
L WG 200 s 5 00 1100 R 15 R AT A, 20 8 9 AR 3R
M1 WA AR B P)INOS, LR e b MR [ w4l
JfbREHICD206.,
14 FIFFEFE

BARGT 43t F Graphpad Prism 9%K4:5¢ i, S5
Bl DL x £ s 20K, 25 AARS B Z 4 0] LBCR FH A R
77 25T (ANOVA) AT, SR )5 18l Tukey 15347 PIELAF
EJE M AR . P<0.05 25 A Gt X,

2 #R

2.1 ZIF-8@PtRIE K EEE
WETR . SEMEIR F W ZIF-8 ) ZIF-8@Pt4 ki
F R AR UE RS L TR K HE 2L 45 F (F1ARIE1B) .

TEMEG &R HH ZIF-8Ki TR ¥ —, 1 ZIF-8@Pt44 K AL
FEAFAENT H B 5 0 A0 R 5 4%, 4RR P A O 17
7E(EI1CHIEIID) . XPSZE IR/ R ZIF-8@P it P 3 5
S, I HLAOM SAAE(BIEMEILF) . XRDZEHR P HA
& B B P ARG (B1G), (HZ5 & XPSEE R PR IR (F
5, % RPN SS F N JRAT b T 45 AR AR, TR LA R
EI, XA 5 TEM PR B & 4T H BE 4 R R AH A
CATH; B BE S 46 & B, ZIF-8@Pthi 1 Al L 5 20 [
H,0,9:774: 0, ([ 1THAIE 1), JESLH ATV BRROS, HAAH
I RS Y T RE
2.2 ZIF-8@Pt{FERLNK FI KA SMERROSHIHIMIE E
MRZH Bl A MR IE R

WME2AFT R, LPSHIIRAW264.7 7] i T H iy M1
EmgEam itk . nE2BM2CHIR, b %5 Z1F-8 ZIF-
S@PtAN K KL BE T, RAW264. 740 I 3% 1 s 9 56 7+ s
JEREAR, 22 58 geit 2 B L (5 RN A ZIF-85 ZIF-8@Pt
A A, PH4<0.05) o #£20 ug/mLAT, ZIF-8@PtA K 1
HF 308 1 200 B B, T ZTF- 8 T K 200 B 35 410 ) 2280.0% o
R, J5 L9256 HPoks ZIF-8@Pt-5 40 i SL 0 75 1) S i Mk
WE N20 ug/mL. JG4E WL 40 il 25 & B (12D),
LPSHI S RAW264.7 40 it 1 B f£A /2, S M1AY E I
40 i SRR AE L TR N ZIF-8@Pt) , 4 A 04 2 B Uk
A, HRKE BUTHRE . R DCFH-DAZOCIRE 5
TCAI L N ROS)E 45 5 % BH (K 2D FIEI2E ), LPSiA 5 K
P TRAW264. 7411l NROS/KF- (5 UTHL M He, P<
0.05), iX — B4 [FFE AT A M1 AU 05 41 fifg %6 80, 1] ZIE-
8@PtZH I N 9 i B I 35 T A, 1iE P ZIF-8@Pt Al LAY Bk
Y N ROS . i 2 i X 43 ik B (8128, AT
LPSAH, MEZe P fEfor AR 5550 I, ZIF-8@PtéH
PCUEE 2278, $Eom I N 28 S0 T B, TR RE B0 HIE T
ZIF-8@Ptif R4 B NROSINTiE /) . WIEI2FRIZR 1R,
iINOSPH 1 2235 40 i B A 7R 22 LPSIE 3 i KR T, i 7
ZIF-8@PHAIT I i % T % (P<0.05) . CD86FHI:REMA
I AMLA A L. B IRCD2063 35 0 A8 1k, (H
iINOS*/CD206" 4l ffi i {4 LL (51 7F 26 ZIF -8 @ PR IT Ji A I
FEAIR (P<0.05) , 2B W 4 i A7 7 [n] M2 AU it 48 AL L0
MM p . E2GMFE LA, SUTHME,
HIF-1ald & NF-kB p65HY 4 [1 3R 1k it 7E LPSZH Y54 fIr T
# (P<0.05), M7E RN ZIF-8@PtL 55 32 )5, Wi ik &
BRI (5 LPSALAH L, P<0.05) .
2.3 ZIF-8@Pti&Ir CIAK RAIK{EM 2

ME3AR] LR IH, ControlZH 515 RIEFEE LA
Ak, M ZIF-8@PtA FFEHENR . 1R B UTA A BT i
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ZIF-8 7Zn2
——ZIF-8@Pt P
C
g N e )
g AN PSS e g
= L{‘ - S g
=
L e~ -
e
P 200 nm Pt ;LL”
0 300 600 900 1200 78 76 74 72 70 68
Binding energy/eV e Binding energy/eV
120 40
— ZIF-8 =
—— ZIF-8@Pt 2100 ﬁo — ZIF-8@Pt
g £30} — ZIF-8
> Z 80} < | —pBs
R j:i 15
g g 60 £220
= S -e- PBS °
S 40t B
NTW TR 3 = ZIF-8 Z 10t
\ T 20r - ZIF-8@Pt 2
. . . . ol \ \ \ A 0L . . .
10 20 30 40 50 0 10 20 30 0 100 200 300
@ 20/° @ t/min ° t/s

B 1 MRREREEREREE
Fig 1 Characterization and ROS-scavenging activity of ZIF-8@Pt

A, SEM image of ZIF-8 nanoparticles; B, SEM image of ZIF-8@Pt nanoparticles; C, TEM image of ZIF-8; D, TEM image of ZIF-8@Pt; E, XPS survey spectra of ZIF-8
and ZIF-8@Pt; F, the Pt 4f XPS analysis of ZIF-8@Pt; G, XRD patterns of ZIF-8 and ZIF-8@Pt; H, H,0, decomposition; I, O, production properties of ZIF-8 and ZIF-8@Pt.

5, T ZIF-8@PtZ i = T ControlZH (K13B), i T
Kok PT 8 5 4 B SNE SRR T B B G U
Fe ST (FI3CHIEI3D) & B ZIF-8@PHH 11 1A I 1 (4
37 ~ 41K) 575 5 B H BURRSE T 1%, 1 Control2H 5715 58 &
FER KT h o BI3EH ROETT I R MAOWER IR 7 7] &
B, X FRZH ST LT b BA 8, T ZIF-8@Pt&H 21 it L BH i
IR, B UTA R B,
24 ZIF-8@PHRIT KRHIHGENR
WEBFE R B R R, IEH KRBT TR H
] 7, 565 ) B 1F 55 5 T Control ZH 47 2 21 JE 5 45 B i 44
B, T UL A S TR A AU 7 X, Ay 98 TR ) LA 1, 1A,
S A LS 2 S5 R i D LA R O s A ) 55015 o 7 M
L B R R R, 1M ZIF-8@Pt4l i iR R E I &
AR . EIBHIE/R T OBUR I IR G it 25 3, TR Z1F-
8@PI JryFR v 5 T LA B B G A 0T K . Micro-
CT=#mAELREW(K3G), 5IEH BT,
Control 20 SCTT H 3™ E 1B 42 1 S B 3L B, JLTAS

B4 5 BT G5, T ZIE-8@P A 4 B i IR A5 B B
W, ST PSSR AR A
2.5 ZIF-8@PtigT K RH R & HIIE
WEI4A K F2FT7R, 51E % KB UL, & A B4 I
B B4, WIALT. AST. Cr, UREA X CK2#4 5K UL i 2 7+
o WAk, R B AR B A HE Y A th v WS 51| 5 ZIF-
8@PtAl 5 UTH K RNERF AN ASAH LIS 22 5, R DL
B 45407, TE W] ZIF-8@Pt 2 4k R
2.6 ZIF-8@Ptiafr KRB M iE R KT RIEIEHRE N
ZEIRUNR 317N, Control AN 48P I R B ™ B, 4% 4
Febr i T, ZIE-8@PtZH 1 8 PE IR T2k 8 U A
JE R (P<0.05) o 53— 5 T, XK B B AR Ty A 415
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Fig 2 The biocompatibility of ZIF-8@Pt and the effectiveness in intracellular ROS scavenging and regulating macrophage polarization

A, Schematic illustration of the cellular experiment process; B, biocompatibility of ZIF-8 nanoparticles evaluated by CCK-8 assay; C, biocompatibility of ZIF-8@Pt

nanoparticles evaluated by CCK-8 assay; D, bright view and fluorescence view of RAW264.7; E, mean FI (top) and flowcytometry analysis of the ROS level (button)

detected by DCFH-DA (the dashed line indicates the mean FI; FI: fluorescence intensity); F, expression of CD86, CD206, and iNOS by RAW264.7 in different groups

detected by flowcytometry; G, Western blot assay revealing the expression levels of HIF-1a, NF-kB, and B-actin. In the above experiment, n=3 per group. ~ P<0.01,

™ P<0.001,”" P<0.0001, vs. 0 pg/mL.
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Table 1 The effectiveness of ZIF-8@Pt in intracellular ROS scavenging and regulating macrophage polarization

Index UT group (A) LPS group (B) ZIF-8@Pt group (C) P(Avs.B) P(Avs.C) P(Bvs.C)
ROS " live cell/% 4.283+0.875 72.400+3.439 49.700£2.946 <0.0001 <0.0001 0.0002
CD86 positive ratios/% 7.535+0.480 61.305+4.145 55.350+2.340 <0.0001 <0.0001 0.0335
iNOS positive ratios/% 15.470+6.210 75.908+7.811 63.298+3.459 <0.0001 <0.0001 0.0407
iNOS'/CD206" ratios/% 2.145+0.467 8.675+1.108 5.427+0.643 0.0001 0.0053 0.0056
HIF-1a protein relative expression 0.108+0.048 1.154+0.316 0.650+0.054 0.0012 0.0281 0.0375
NF-kB p65 protein relative expression 0.272+0.049 1.144+0.170 0.764+0.174 0.0007 0.0134 0.0403

ROS: reactive oxygen species; CD86: cluster of differentiation 86; iNOS: inducible nitric oxidesynthase; HIF-1a: hypoxia-inducible factor alpha; NF-kB p65:
nuclear factor kappa-B p65. In the above groups, n=3. The data are presented as X+ s.
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Fig 3 General and imaging evaluations of CIA model rats

A, Arthritis score of the rats; B, body mass change in the rats; C, left knee width of rats in different groups; D, right knee width of rats in different groups; E, visual
observation of rats, with the white dotted line indicating the measurement sites; F, B-mode ultrasound evaluation of the synovial membrane; G, 3D-reconstruction of the
micro-CT images of rats in different groups; H, left and right synovial membrane thickness assessment of rats in different groups. UT group, n=3; Control and ZIF-8@Pt

groups, n=4. " P<0.01.
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Table 2 Verification of the in vivo biosafety of ZIF-8@Pt

Index UT group (A) LPS group (B) ZIF-8@Pt group (C) P(Avs.B) P(Avs.C) P(Bvs.C)
ALT/(U/L) 40.333£7.095 32.000+5.944 32.000+4.243 0.1973 0.1973 >0.9999
AST/(U/L) 105.500+7.034 146.950+14.638 143.500+13.990 0.007 4 0.0119 0.9248
UREA/(mmol/L) 5.010+0.278 3.713+0.503 4.623+0.621 0.0248 0.5988 0.0810
Cr/(pmol/L) 34.667+6.028 28.750+3.096 22.250+0.500 0.1372 0.0047 0.0761
CK2/(U/L) 1429.000+£493.355 1419.250+161.217 1294.750+£152.574 0.9989 0.8114 0.8109

ALT: alanine transaminase; AST: aspertate aminotransferase; Cr: creatinine; UREA: urea; CK2: casein kinase 2. UT group, n=3; Control and ZIF-8@Pt

groups, n=4. The data are presented as X+ s.
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Table 3 Evaluation of inflammatory factors in the serum and the knee joint

Sample Index UT group (A) LPS group (B) ZIF-8@Pt group (C) P(Avs.B) P(Avs.C) P(Bvs.C)
Serum IL-1B/(pg/mL) 5.680+0.308 8.838+0.415 7.658+0.315 <0.0001 0.0002 0.0038
CRP/(ng/mL) 395.663+5.773 554.638+38.314 479.478+31.624 0.0004 0.0173 0.0203
TNF-o/(pg/mL) 51.060+2.249 75.698+2.728 62.805£1.186 <0.0001 0.0002 <0.0001
Knee joint Arg-1/(ng/mL) 223.157£10.365 179.668+6.285 215.643+12.129 0.0011 0.5974 0.0022
TNF-o/(pg/mL) 460.537+£32.904 673.050+£48.055 565.598+39.832 0.0004 0.0260 0.0159

TNF-a: tumornecrosis factor-a; IL-1f: interleukin-1(; CRP: C-reactive protein; Arg-1: arginase-1. UT group, n=3; Control and ZIF-8@Pt groups, n=4. The

data are presented as X+ s.
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Fig 5 Histopathological evaluation of the knee joint of rats

A, Representative images of HE staining, Safranin-O staining, TRAP staining, and IHC staining (CD31 antibody and HIF-1a antibody). B, Representative

immunofluorescent images of CD206 (green) and iNOS (red). The nuclei were labelled by DAPI.
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Table 4 Histopathological evaluation of the knee joint of rats

Index UT group (A) LPS group (B) ZIF-8@Pt group (C) P(Avs.B) P(Avs.C) P(Bvs.C)
Histology score 0.667+0.577 10.500£1.000 8.250+1.258 <0.0001 <0.0001 0.0349
Trap positive cells/% 2.158+1.047 57.413+3.886 11.632+4.495 <0.0001 0.0236 <0.0001
CD31 positive cells/% 12.113%£2.195 95.016+3.801 48.441+9.379 <0.0001 0.0002 <0.0001
HIF-1a positive cells/% 1.508+1.281 91.642+7.731 39.745+9.213 <0.0001 0.0004 <0.0001
iNOS positive cells/% 12.193+£4.032 85.083+5.562 26.397+3.116 <0.0001 0.0072 <0.0001
CD206 positive cells/% 29.162+5.160 15.101+4.725 29.848+6.445 0.0252 0.9856 0.0135

Trap: tartrate-resistant acid phosphase; CD31: platelet endothelial cell adhesion molecule-1; HIF-1a: hypoxia-inducible factor alpha; iNOS: inducible nitric

oxidesynthase; CD206: mannose receptor; UT group, n=3; PBS and ZIF-8@Pt groups, n=4. The data are presented as X+ s.
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