FA41E B2 M T WL MR 2 AR Vol. 41 No. 2
2026 £ 2 H Journal of Inorganic Materials Feb., 2026

FRILX DOI: 10.15541/jim20250086

S S ERS  & BR E A AR AT F 5

Feira Y, AR, AR, BRAAE

(1. BH XN BFARE, LFS5HAEFER, M 310024; 2. FEAFER LR LATA, L 200050)

@ E: XN BRI (Acetaminophen, APAP)IT & Ik A2 I K L S E 445 (Acute Liver Injury, ALL)H L5,
B BARFAIE N KB P 4 (Reactive Oxygen Species, ROS) AR 5 VEAHALIZIE . AHE Fei i 17 £ 0™ b T 21 % T
— PN RSF(Z 1.3 nm) % Akl B 7% B (CeO, Clusterzymes, CeCs), %M Rl B AT i 1A 25 60 & 8:(52.6%) A = 1)
Ce’'/Ce* L l(1.06), %% Fh ROS(HLHE B ) BA th 5 MW B AN bR AE 77, wT F - 40 A (747 o Zh A ik g s ik —
HAUESE CeCs W LASZHL APAP 531 AL W @ s H TG Y7, W38 8 (VA7 o DVRIST 3 0 18 ROAE, SR BV 7E IR I R
S FANE

X8 A S BIREE SRR SrEd; R

FESHES: R318  XEAIRERR: A XEHS: 1000-324X(2026)02-0245-08

Ce0, Clusterzymes: Biomimetic Synthesisand Treatment for Acute Liver Injury
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(1. School of Chemistry and Materials Science, Hangzhou Institute for Advanced Study, University of Chinese Academy of
Sciences, Hangzhou 310024, China; 2. Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China)
Abstract: Acetaminophen (APAP) overdose is a common cause of acute liver injury (ALI) in clinical settings,
characterized by accumulation of reactive oxygen species (ROS) and infiltration of inflammatory cells. In this study,
CeO, clusterzymes (named as CeCs) with ultra-small size (around 1.3 nm) was synthesized by a biomimetic
mineralization process. The obtained CeCs presented a high oxygen vacancy content (52.6%) and a high Ce’"/Ce*"
ratio (1.06), showing excellent adsorption and removal abilities to various ROS (including free radicals), which could
be used for hepatocyte protection. In vivo animal experiments further confirmed that CeCs provided highly effective
therapeutic intervention for APAP-induced ALI, extending the therapeutic window, and reversing sterile inflammation,
underscoring their potential for clinical application.
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HIGR. APAP I &5/ KE ROS 5121
IR OB AN 21 O = € R i S e -
(Damage Associated Molecular Patterns, DAMPs), ¥
T PR IUE LR, 3R 1T 51 R 0 B AR S AR 28 1 4
FHOT, N- 201 2 bk 40 B2 (N-acetylcysteine, NAC)F&
FARPUAA A BEH BE (Glutathione, GSH)F) A= A A
P, I N4 P GSH & &R B A AL R IR L,
A& H T ME— R 3 E A W 2 B B B R T
TEIT 2 AR A B AR R AR SR I AR IR G K B
NAC i A0 H/N A BREAR 1) 88254 2%, *F T
R R REAR ) 5 7 ke 2= 10 R B AT B O R AR
KIEAIATE, K227 NAC JGI7EH Al . R,
% 5 TR RS KR T B 1 3 9T RN E AL 245,
CAA ROBxT ALL

HALEN (CeO,) G KMk (Nano Particles, NPs)[X
HORBEENE, e R F 32 3 Tz e,
FEFRAE M L, Im 25 CeO, NPs 1F 4 2 1
R IR, #4521 CuCe NPs i@ Id 175 STAT 1.
STAT 6 {5 ‘5l B R A2 i B A M ) M2 B Ak, &
FUGE T R LR R ) RGEIA S . 7ETE R ROS
Jrif, SHEGHEFIMLL, CeO, NPs @it Ce’ Al
Ce" B 7 I ki 22 e, BB FFAMITERR ROS
W R CeE CeO, MRS B
Rz 25 DRI, DR R /N RSH 20N 25 5 T 1O i L
1] (1) AR TBC A 2 T JiR — AN B 55 1 ST TRV B o BF SRR
B, #4899 K B #% B (Metal Nanocluster
Enzymes, MNCs), i34 T 51 549K 2 8] 1)
PERAS, W7 T R R B SRR, ) o 3 A
BRI B RS . B AL P AR
s U781 R F bk, AR AE AN SO0
Wik, G T — R /ANRST I CeCso [RIINHAIF 78 A 3N,
XA T U 8 e 8 3 A S A P m N S R RT3 %
FALET IR . ATELF UL CeCs £E ALL ¥R 9T 1Y
ER, EEBRAZZ) 12 nm PRSI GKFTRL(CeO,
Nano Particles, CeNPs){E Xt Bt 47 1 GE b 5 4=
YELE A o AR TR ALL 1 s R0R 97 S fit—
XA ZERHIER.

1 XWH*E

11 AH@REIRF

A 1f 3% 85 1 (Bovine Serum Albumin, BSA)J
H Fig BBI A B2 A R oAl K& Ak
(CeCly 7H,0). A E A (NaOH) . 2,2'- 1 % - X (3-
ORI B 6- T TR ) — 4k 2 (ABTS) . i i 2 4

(K5S,05) it S AL & (H,0:) ¥ W« 4- £ T 20 F Ty
(APAP)HI N-Z 1t 5 -L-F Pt 2 R (NAC) I H 1 ifg
T MRAENEHE AR A
12 SEsFE%E CeCsHE K

¥ 250 mg BSA VAT 8.75 mL 4K F, 21800
A 250 uL CeCly-7H,0 7K (100 mmol/L), Ffitdti4)
S1JE N 505 uL NaOH /K& (1 mol/L), 7E
37 CKBFA T ESEWR 2 h. WEMRERE, ¥
FIT R R 2 BT (MW 14 kDa)h4iift 12 h,
&5 LA 6000 r/min FZiE B0 10 min, W LIS,
RAFREE R CeCs /KT -
1.3 S|EMAKENL CeNPs BIE X

CeNPs 5 CeCs M & W& /7 E XX 7 F
CeCly7TH,0 HIINAE, HE SAs ce® &k
B GRIRL  RSF K/ o 250 mg BSA T 8 mL
Ak, 8N 1000 uL CeCly-7H,0 7K ¥ K
(100 mmol/L), f#+EEI21 5 FIMA 505 pL NaOH
KIEW (1 mol/L), £ 37 C/KIEFAF N ik 85tk
2h. REWIEEE, ¥IFERER 2ETRMW
14 kDa)F 14tk 12 h, £ 5Lk 6000 r/min % &0
10 min, W& BIEWH, RSF2E I CeNPs KW -
1.4 #EIERAE

R 120 kV 3% 4 B & 7 8% (Transmission
Electron Microscope, TEM, Thermo Scientific Talos
L120C G2)W. 8L CeCs Ml CeNPs JES . 18 1 44 K J
HH {37 {1 (Zetasizer Ultra, Malvern)ll & CeCs F1 CeNPs
(F17K A& 8l 7125 KR R Zeta BN o 8 ] X 566 LT
it 1 {X (X-ray Photoelectron Spectroscope, XPS,
ThermoFisher Scientific ESCALAB Xi+)#&fE CeCs
Fl CeNPs H' Ce . 74 (BD LSR
Fortessa) 3k 15 4 g it 48 5
15 REBHBE(OH)FRELIE

¥ CeCs. CeNPs(Ce Jii & EH 0.5~8 pg/mL)
535 1.7 mL ABTS 7K #(400 pmol/L). 200 pL
H,0, /K (1 mmol/L)F1 100 uL B T S 1k Mgk
W (0.04 mgmL)ES, BT 37 CRIKFHE
30 min, #AJ5 HEEFR OO E 734 nm b6 .
1.6 WTHEHE(H0,)FEREIE

¥ CeCs. CeNPs(Ce i EHKE A 0.5~8 pg/mL)
I3 BN HyO0 7KW (100 pmol/LYH, 5575 1 h 5k
RAEWER B EIEE MW 30 kDa)H, @il &0 40
EIM BRI W . K i E A AN A A ECGE B R,
S0038) Ml 5 B iR B 5 VA VR T 3 4R HLO, £
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1.7 ABTSEHE(ABTS)ERXIE
B EEARAR Y 7 mmol/L ABTS ¥ 5 2.9 mmol/L
I TR ER PRVA TR AE Z IR NGO 12 h AR ABTS:,
SR JE 2B T KMRE 25 £53818 ABTS- 1. A
7] ¥ FE /1) CeCs CeNPs(Ce Jii &9 A 0.5~8 pg/mL)
35S ABTS- IR A, BEECE 30 min, R/5H
B AR E 734 nm ARFIWOE RS . IR ()THE
ABTS {5 % (%):
Free radical scavenging ratio =

[M]xmo% (1)

lank

Hor, Atk AARIMPLEACTIET FIBOESE, Aes N5 DL
AT R LSS R
1.8 ZHRatE A MK

KH CCK-8 Lt iE% 5 CeCs II4H M AH 2 ME
¥ BNL CL.2 40 (/N BRIEAGFF4HAE) LA 1x10* 4Hf/ LAY
HEREFITE 96 FLARH TR, A FKE(Ce
JREIREN 0~2 pg/mL)H) CeCs £53% 12 h, JIA
CCK-8 #b#J FH B DI 78 W AE 450 nm 4 (1)L
JFE o
19 Xt APAP iS55 40 A9 R 37 1 A K

KH CCK-8 i %% CeCs X} APAP 534545
HARAAFEE 1. F BNL CL.2 4H/fILL 1x10* 404
(% FE R AN E 96 FLIR FR 5371 %, SRJG I\ APAP
JKIEW(6 mmol/L)EF 12h.12 h )5, ZBIHEEFRE,
BT 1 B AR 5 3 R I NS R B2 1) CeCs(Ce J
IR N 0~2 ug/mL)K57% 6 h, I\ CCK-8 AbHE )5
FHBERRASCIN 5 7 WRAE 450 nm Kb W6
110 RMFRHGIETHR

BN 256 B SR FH /IS R O R 2 PR A . BT
A Eh ) SR 7T B 4L IR (SEiR s B S A A fe
B (P E R AR, 2013, OACUC-2013-012)iF
17, FE P ITTE K 23 P16 38 & A 2 ik ik
(No.HSD-20230919-02). ¥ 32 - BALB/c f.(8 A
W, R 20 g, MER)A 32 L CS7BL/6 (8 FiE,
RE 20 g, MEROBENLA2H. $RATAEBAZEK 15 h
Ja, B E R E ST 300 pL APAP /KB W (300 me/kg)
#EAL AL AREAY . AR5 3 e 2 1 6 h 5 J8 s 2 i ik
TEEHRIT25%), 104% NAC. CeNPs. CeCso HEIJ%E
PR 24 h J5, SR HTHFIEAE TR R S AR R
7% ¥ (Glutamate Aminotransferase, ALT). K]
21 R R HE 7% Y (Aspartate Aminotransferase,
AST)/KF

111 RN E

FH I X L A I FEF I P PR 24 e AR A (]
TUMRT E AR o 5 /0N BT IE D) B/ R P I 2H 23
ERAFA AL 45 min, FrAFgEfLEE 70 wm JEPEM,
PR SR 2 i WL (PBS) e sk, il 15 4 B 2.
FIT 15 4 0 5 0 200 P SR A % b i 0P B DA SRS AR A A i o
SR JE FHL/INER CD 16/32 HLAR T & 41 S min J5 3K
3 Fc ZREH AR REMR. b5 HPL CD45
(APC-CY7)F1 Ly-6G(BV650)4e i ki 4u i, Fl 4t
CD11b(FITC). #i F4/80(BV421). i CD86(APC)H!
Pt CD206(PE) 4L ta 5 WA A i, K FH i X4 M A3 A
DA PR T A ML R I 4 i A M2 2R I 4 i
¥, 3 FlowJo BA443#r
112 Sit=ZEHHh

BT A3 5048 251 AP 38 A i 22 1 TR B R - G it
MR RN R R T . *N p<0.05, ** N
P<0.01, ***§ p<0.001, ****34 p<0.0001, ¥JF W%
FRAGIFE L.

2 HR5HE

21 SR ES5ENERERA

AR FRH BSA NS0 AT ik — 55 &
T CeCs, FIfHl BSA £ EMBERIE C& B 144,
TR gk 20, IR, AR ARIG BSA
Ko FAB I RE S 8t G 5] N AE UL & BRI0AE B IA T,
TG e 2% I 2 T A& 400 B BE 15 21 AL M0 AH 251 R 4 i 40
KHFER . TEM B (B 1())Enr, Bk E
BT CeCs, ¥ —H A5 . i iialgs Ji
— BRI s T BERE (B 1(b)), CeCs ~F3KL
A4 1.3 nm, 1 CeNPs “F¥JFif2N 11.2 nm. Zeta
HLAL 45 (B 1(c) £ B, CeCs KT AL A
(-29.01+5.42) mV, CeNPs ¥ # [ H £z N
(-34.73+4.72) mV, X—4FIEK BSA R4 TR
B IRIR T A K AR R G )l f e, XA R T 18K
2K SR P 3 A1 3 2 2

W 1(d, g)fr7w, CeCs F1 CeNPs 1] XPS 4l
B 32 B 4H B G K A AE Ce3d 16 . Ce3d 17 7 #E XPS
EE 24 5 s 1(e, h)), 880, 885, 900.
903 eV AL JE T Ce®', 882. 887. 898. 901.
906+ 916 eV AbfyiExt BT Ce*', HH Ce’'/Ce*
Bl CeNPs H1[] 0.54 BE3RF+E CeCs HHI 1.06,
Ce’ & BB A FIT R AR S 1, SR mxt
ROS [HiERRAE S BE—B X EL CeCs 1 CeNPs
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Fig. 1 Physical and chemical properties of CeCs and CeNPs

(a) TEM images of CeCs; (b) Hydrodynamic size of CeCs and CeNPs; (c) Zeta potential of CeCs and CeNPs;
(d) XPS total spectrum of CeCs; (e, f) High resolution XPS spectra on Ce3d (e) and Ols (f) of CeCs;
(g) XPS total spectrum of CeNPs; (h, i) High resolution XPS spectra on Ce3d (h) and Ols (i) of CeNPs

A& (B L, 1), ATEAURBL, CeCs(52.6%)%
CeNPs(38.3%) B A B & A AL LB, X5 CeCs
h B E B Ce T H 3%, B Cet gk i Ce’
REFE AR PEBE R TR A AL, T 2 A S A R TR
Bt ROS P,
2.2 ROSEBRMEREIEM

Ce MIZKBHEMESHEE Ce’/Ce™ Lhtl J 4 bk
B B UM O, DRTE I W2 T 5 EL A 78 T CeCs
H CeNPs 1 i B 7% -OH HO, Al ABTS - 137 b
PEfE. W 2(2)FT7R, 24 Ce FUERIKE N 8 pg/mL i,
CeCs X -OH [ B K im1E 92%, A& CeNPs(65%i bk
Y 1.4 5. FFHAE 0.5 pg/mL FIRAKFIE T, CeCs
T IRk 5 31%, 5 CeNPs 7E 4 pg/mL Ce Jii &k i

THNERRBE Y. B 2(b)E7R, Ce FREREN
8 ug/mL Ff, CeCs Xt H,0, HIIGFERIEE] 87%, &
CeNPs(51%iE RF) 1.7 5. NHE— 5 VPl A gy
KA EHE SR 1 B E SR, RA ABTSEN
R . ABTS 53 B B 81 = B J5 BT 7= A 1
ABTS W AE 734 nm AbF B I RRIE R 00, >4 3
i E AR A G, A R 06 T B

W 2(c)fR, 4 Ce FEIWKEEN 8 ng/mL I, CeCs
X ABTS FITERR %N 92%, f& CeNPs(68%iH % %)
) 1.4 15 .CeCs F I H b CeNPs H 75 (1) i {10 35 1,
XAEHTHARSH CeCs BT 1 H 2 MEALAL A,
R T Ce LRI AR S Ao B BB i B

ROS 2t T2 AT IR ERed, JF HAE = AAEN
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Fig. 2 Scavenging capability of CeCs and CeNPs to various ROS
(a)-OH; (b) H,O»; (c) ABTS-. Corlorful figures are available on website
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Fig. 3

Intracellular antioxidant activity and hepatocytes protection

(a) Cytotoxicity profiles of different concentrations of CeCs on BNL CL.2 cells; (b) Protective effect of different concentrations of
CeCs on APAP-treated cells; (c) Fluorescence images of generation of ROS by APAP-treated cells incubated with different samples
APAP: Acetaminophen
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24 APAP SRR G/NRIETARITEN

LR AN SLB6AIESE CeCs Eb CeNPs B A B 35 ()
PUEMER G, B 1Pl T CeCs HIMENTBIT AL
R BRI S EE T CeCs Al CeNPs 1l
AR WE 4 B, PIAMAKAEL Ce Jit 2R
7E 45 pg/mL PALN OV IR KT 0.3%, KB CeCs
F1 CeNPs #REA R4 1 M AH 25 M o XF /N BRBEAL 7
HIG2EE 15 h(RVFE HROK), B i bt
300 mg/kg ] APAP 237 ALI B APAP % 511
JHA5 473 2 I R HL AU, T L 1 38 & 4 A A =
2 APAP #2 N\ &1L GSH I f# 85 RE /1 L8 7R R E
FIT v 5 B BRI B, 4 7 J s 1) S 00 45 A R
WP, BFFE Y], APAP ALFT 4 h Ji5 /N B H %
T B G FFE R 40 B AR BT, R A D2 s, R
LIz T B T, T AE IR NAC Joik A A 4EFF
JE AT 4 B i 1E 3 S T Re, AR AR A B RS,
WO R Ol B Rk, VRl CeCs HIVATT
ROR, ARFFRSERE T 2 M6 h BEANIGYT I A AL 4 51
F %% CeCs TEFIR R I 5 M7 24, H+ UL NAC
Al CeNPs 1ENTRIT X HE . 24 24 h 5, R/ M
T A P IUH DR Is AR 4EFR ALT A1 AST. & 5(a, b)
X BALB/c /N RIATT SR VA, HiH NAC
#FE N 150 mg/kg, CeNPs Fl CeCs fd IR N
0.03 mg/kg. APAP ##ij5E, /N ALT Al AST 7K
SPIRGE T R, R A TR E S . E 2 h IR A
H1, CeCs fff ALT 7K1~ T % 42 APAP 411 11.8%, NAC

APAP ZH ] 10.5%, NAC 1 CeNPs ] 30.3%F1 66.7%-
1E 6 hiG T4 H, NAC [FiRI7 R B TS, /AT
b F 7 E TR AR AS, 1T CeCs [IRIT RUR B3
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JTRUE AT RSP R CeNPs, iEBH CeCs REWS
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Xt 25400 IR TR 52 01 s 7 A7 AE 22 7 BT 200 9HESE CeCs
BT AR T E M, i — PR UEAE A [ S R R
C57BL/6 /MR H AT ROR (B 4(c, d)). £ 2 h 69T
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Fig. 4 Evaluation of hemolysis performance of CeCs and CeNPs at different concentrations
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Fig. 5 Evaluation of therapeutic effect of APAP-induced acute liver injury mice
(a, b) Serum levels of ALT and AST in APAP-induced acute liver injury BALB/c mice in 2 (a) and 6 h (b) treatment groups;
(c, d) Serum levels of ALT and AST in APAP-induced acute liver injury C57BL/6 mice in 2 (c) and 6 h (d) treatment groups
APAP: Acetaminophen; ALT: Glutamate aminotransferase; AST: Aspartate aminotransferase
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Fig. 6 Evaluation of anti-inflammatory effect of APAP-induced ALI mice
(a, b) Flow cytometry to determine expression of Ly-6G (neutrophil markers), CD86 (M1 phenotypic macrophage markers) and
CD206 (M2 phenotypic macrophage markers) on liver tissues after different treatment; (c) Quantification of neutrophils;
(d) M1 macrophages; (e) M2 macrophages; (f) M1/M2 ratio
APAP: Acetaminophen; ALI: Acute liver injury
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