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ST AL S N B AR DA B g B AT e MR AL T
FIZEAE, LR, —FPBr i B N T 9K ——R 51
4Kl (single-atom nanozyme, SAN) [KHF 5
PN AN o% ek DNEOR B VAT o RPN = N V2SR
B EARIEME R L JSEENE PR DL mNSOR) Oy
i, —Z4RIECh TR HGT 7 BATE
“ATEmLET U CH BT &SRS Z R
SAN E 288 V2 W5 I W T A A4 /S L R 470 i
JE . REPUR B 5 (IR T S AR P R 2
Tk

B SAN LR, ZME)RcRE A
M-N-C £5#J (M A Fe. Co. Ni, Cu, Zn, Mn,
Ru. Ir. Pd%) #H] TR R SR 1 1% M ot
Mo H CuTCRAME N LA RIRE (A0%HE . SOD
88 IEPERL ISy, HAT RS R, ARECRIE
Iz, i TH £ Cu SAN, 1224 T
FNAR . 10 Cheng 55 1 B i 25 1 2 T 2 LAk
JBT %) Cu-N, B J5 Ak 00 i T re A Ak CO, i Jir A
M, CO, 7E-09V vs. RHE (reversible hydrogen
electrode, M HLL ) BFAY COTLPIEERCR (5L
PRAz i 5 B AE AR E S ) Rk 98%, X T
CO, R FR I H 38 i 16 P FIE PR . Zong 55 P i
24 1 Cu B 4 A0 750 [] B HL A O 5 1 48030 i s iy
(ORR) Fitr4 i (OER) WAPHLMELLIGYE, #E
B T - 28 SO Y 25 B R A B, PEREDL
5o Zhang 55 B LKL Cu B AL FH T AL
AR RS, B 83.7% YA AL AN 98.1%
AR PR . DL BRI S5 R R T Cu SANTE
Ae PR AR AR DL S R B R A h i AE A B . Wu
A Dol IR ] 2 i B R s A ) B
(POD) %P Y i £ 2% Cu B R T 40 K i (high-
loading Cu SAN) (~5.1% (JREE ) ) HKHK
L TBERR R Bt LA S IR AR A AR 25 G AR T 90 I
N RGE, AT TR A FR 15 %] 1.24 pmol/L,
XA LB 25 09 R FRIA 2] 1 0.6 ng/Lo R T4
SMFFER T, BFSE N St 250 Cu SANFL 4K
FH Y448, Wang 55 2 il T Cu SAN, H
ARIEPOD TEE . AW H BRIHAEVE A RE
P IR) 82 T B0 B AT DLk B 452 3R 100% 117 350% .
Zhang 55 ) A1) 35 M 1ok A L 525 SOD T 4 19
Cu SAN ) Jz HoAth— F 51 SAN 5 ] W i 4% 4 2k 45
&, MR R D 8E S, 48R BoR
AT DR IS P R AR R R A, s i £

JaBEk @A B2, DIREFE RSO
PR A7) DR HSRE =5 A PR R A 1 O e Aok
BT ] %) O R I L B A1) I P i 55

AR SAN 1Y J5F A TR B, ER AR Y 5t
TR 1S SAN FREARIE AR A BR . Bl
RZESAN W &8 I el T 3% (ii [ 47
Fo) o B & JEbF RGN R oK, HRm
H B 2R, 238 R RAETE gk
WL A A AR S DTS M Ji 1 258 e 37
PRI, FF % HA o3 e s 7 2008 19 SAN J8h
HETUFFE B XE S o A 1475 1 28 SAN 7E il £ 1 F2
T 22 (i By 45 T8 RN A4 S 2 ) 5 1Y) 46 R - A A
YRR 2B gt g 42 Y, 40 Zheng
A AR A LR O 4k R A SR e Ak
GWVE AR, A BRI 200U 2R LT Rl 2
(BB s S AR - B R A, il
Fe U AL B9 11 20535 10% (R A 7).
Li &5 9 fff B X0 T A& 48 & )8 A ILAE S (metal
organic frameworks, MOFs) &4k il 2 55 1
%, LA Cu MOFfENRTIRIAR, S5XEMIR & Ekeds
% Cu L Fifbs], 72kEi520.9% (Fis A 7
Fo) o Horbr, BURURCH B e SR R N
JCE RN BRI R, Wang 55 Y DLEATE L
FRHRRB A LB 2R, 4 E S i+
Z 1] 1) i SR A FH A5 5 7 P B i Ak R Y
AEFIE10% (BT Ao o BRI S5y hyi
e U SANSRHE 1 AT AT

AR SR FH AN A S 4 T8 AR T IRl o 7
AR BRI RIRELE T, A SRR
PLAIRE T E S RN e 7 &Rl 58k
)T R ) 4 R -2 A AR, DR FSE R T Cu it
TR SR S . SO RGHBITY T 4 JE
0T T B 2SR G PRSI, AR S R 2 1)
f= 72k Cu SAN 5154 (1) MOFs 4 2 15 1l 75 i i 1
#H, Cu HJF T4 K (low-loading Cu SAN) ) £ Fh
KMHETEHATE X . G5 RERN], AR H &
i T4 Cu SAN EA7 HE =3 (945481 POD 1 SOD ) 4=
YA TS PR, JFR IR E PR, h i 4R
SAN il 8 SR MHEERT T BE5E T HE6A

1 #R5AEE

1.1 iKF
ToK G (CuCl,, 98%) M4 [ b 5t il
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BHEARAR, JRE (CHN,0) Iy H KA BE
AR EBRA R, SNAKEMIRE (Zn(NO,),-
6H,0, 99%). A A (H0,, 30% (FihtHsy
) ). ZHETFH (DMSO, >99.8%). Sl
(99.8%) W H _LIERHL TIFIABR AR, 2-H 3Epk
M (99%) . 3,3.,5,5'-PUHILECK I (TMB, 99%)
W AR G R AR ARAT IR AR, R A e
fit (HRP, >300U/mg) W H g ik fbA R
N, EBETK (99.5%) W HKREICALTH
BT, BEIR-BEIRENZEvPIE (pH 4.5) . TMBIJKY)
BRI E& (ELISA, HRPAOG) WAL A
Y ARA BRAE], B SOD WK IR & (& ik
PUms , NBT k) W [ L2~ KAV R AR
Nl

1.2 SfH#HCu SANRHIE

ARSI £ B0 5 7128 Cu SAN 7S % SCHik Y 5%
fili_ i — 2P E Gy s #30 mIkEE R 1 g/L
2 A A BB R SR SRR 5 g/L Y CuCl,
W (49 & 4 0.01, 0.02. 0.03 5 0.05 mmol
CuCl) ¥21RA, WA NERAE oK h S
15 min, SRS ZITEM A TARGE TR R T HEL
(BSA224S, [ Gibco EWRHELAF]) TR T
H o AR A S IR Z AL IR 2 10 (195 FL P IR
SRR E S SR 58 NI E SRS A B2 48 =
(SK-GO6123K, Kt ¥F), ER AP T L
10°C/min {4 T+ BE A E S0°CHMBAE 2 ho FFFE
Was W fE, A5 2k oK B O AN [F] 48 2 L Y
Cu SAN,

SCHH T FE AR f 2% Cu SAN /25 2% Sk
()2 Bk — 2P S A R P B,
0.590 9 g 2-F FEBKIEF10.508 5 g Zn(NO,),-6H,0 4}
TV f#AE 45 ml A1 S0 ml FE SR SRS R RE T4
FIVEH NIRZS), 60°CHf e 24 hjFU4E G TLEY,
EHTOK CBRGEVIRE 2B . B TR I
mn RIS 5], FEASRIT T 900°CHEZE 2 he R
U120 mg B 45 J5 B R -8 TR B, A
4.5 mg CuCl,, IREWEFEY . ¥l 5 R
BLL . VR SCTES , AR 500°CHE45 1 he
W ARAT R A R A I 171 28 Cu SAN
1.3 BRHCuBEFETFHKEBHRE

fiff FHER 22 B2 E B 5 M 7 W fU85E (AC-STEM,
JEM-ARM200F, HZAHF) XFifil #5175 2k SAN
5 B AT LS e XS4 SH (XRD,
Smartlab, HASH2:) 10°~60° 471 Bl 3% i 45 19

SAN AT TG40 5 A L BHE 5 45 25 R i
i (ICP-MS, 7900ICP-MS, #i[EZzE(5) Mk T
/AR Cu SAN T gkt ; X SEe 7
HETEIY (XPS, Axis Supra, Kratos) M4 #r T
SAN [TCZE LA, H-38 a4 4L A 4 T 7 1Y
R L
1.4 ZKPODEMER

ARSCHE B TMB R i iR57) & i Dl B 5 ik
PRI T 90K B 28 POD 1 PE. B2, ik
&P TMB (7% . TMB 25 g Fl TMB %A 1k
FIHZ IR 5 000 : 5 000 : 4 B AR A L HC 8 TAE W -
SRJE K 20 pl e JE R 100 mg/L 4 A [R] 48 2% L 491 1
Cu SAN F1180 pl TAERIR A/E ML, 20 ul &
BFIKAN180 Wl TAEMIR A VE AR IR, e it
A 96 fLAR H, i £ Ty B8 B A5 {1 (SuPerMax
3000FA, [N ) SERFASIN 652 nm &b iYW
Ho AR (100, 80, 60, 40, 20110 mg/L)
1) 5 I £ 2 Cu B i (19288 POD TS PRI i 5 1
IPRAVEAH TR . SC 56 o R BOR [R] ¥R 5 (1) HRP AR A5
HEM I E ThRAERNZE, K SANTE 652 nm &b (WG
JERABRUERM L, XK %2 POD 16 P: 2547
TR,

fifi FH 52 40- AT WO 43Ot BE T (UV-3600, H
ARG (Bh SRR T Cu SAN 2K POD {1k
(2 Tyt A . MK, R S/ 2 SAN ., AN
W HO, (0, 025, 0.5, 1. 25, 5, 10, 25,
50 mmol/L) Z TMB (0. 6. 10, 25. 50, 100,
200, 400, 800 umol/L) il AT - itk 1 B 2% v I
o, AR TR RN 200 wl,  WATITR )5 B RO
WAE 652 nm Ab G BE(E . =22 )5 Xk i i 1ok
FrAabBR, R Origin BAFAE BB E B 40515 2]
90 K il A RIS B 0 OK R B (K, R KR
N (V). TMBEERTENEREN : epm=
39 000 L-mol"-cm™,
1.5 ZESOD;E M

AR T A 2 SOD {1 P A 444 HE B SOD 17
{6 Rl e ORI OB7i WU = v i o el i )
SOD #&HUik . NBT ity A W 4 HE 100 ¢ 30:
30 HY L A1) IE ) SOD K& T VR . A% T i
A3 NHE 96 FLAR AYFL A A 160 wl TAEH, 20 ul ik
J£ 4 300 mg/L (IFEST, 20 Wl S shilk, DGR X
HEZH H 20 pl SOD $EBOREACHE S, 96 FLARTE H
FEIT T BEGF 10 min 28 B X BR 21 09 3 AR by s 2%
. SRJE N A BESE X BR AL, k6 X B8 21 FH 40 pl
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SOD & WUy B AR AE i A s N J B, 7% 560 nm 4k
o I 25 LA R O B B . b o EOGE BRZE R i A
SAN, JIr LIEHRZ J5 i 528 WA 560 nm &b HA7 B
SRR s EEEXT BRI A SAN HLAR 2 e e,
T LATE 560 nm Ab B2 B A9 2R AN . 8 A1y
G EE TN AR K S B TR A 7E 400~800 nm
A P R AT T 2 DA 2t — 2 A R MR £ 2k Y Cu SANF)
e SOD M, BOE XS FEZHAE M XFIEZE (Con) .
AR & B2 (500, 400, 300, 200, 100, 50 Al
30 mg/L) MK 73 Cu SAN IEMEMNA 7 5 |
IRERAEARIR] o e BRI RO B e Ak
o=, A M % = (4 A s )/
(A yy=A y)x100, 55 SOD & FIAR N BT
F1/U=HHI R (1= R ) .
1.6 ZFKOXDiEMEH

AR S TMB I 0 2 R A o 114 28 Ak 0
(OXD) ¥hte. SEEEr, FRECTMB By oK % fif 76
DMSO e B R 16 mmol/L B TAEW, 435+
170 pl FEAR-BEPR FMZE i (pH 4.5) . 10 ul TMB T
YEWAN 20 pl ¥ i >4 300 mg/L A AN [R]45 2% L) e
A 96 FLARC HF, X HEZHfif FH 20 ol [ 2 - s PR 1 2%
MR AR . S ARRR G R, 2D
FE B AR A S A 96 FLAR H AW AATE 652 nm AR (1)
WO . AN TR B A AR 57 28 Cu PR )
WOk S R ERVEARIE] , 8 TR RE Sl R B2 43 5
500, 400. 300, 200. 100 7F150 mg/L.
1.7 ZECATEMRN

ASCAR B2 0= 0T W /60 B R HLO, 78
240 nm &b IO BE 128 Aok LSRR A AL H,0, 53
fRIRE T o M ZSBS TR 30% (it A 4rtk) 1Y
H,0, i B A7 40 mmol/L, HX 180 ul i A b el
IRIGNA 20 pl Cu SAN (&4 500 mg/L) IRA
5), SLZVFE AT WG BT Bl ) A X
ARSI AN AKE S S min PR B9 WO EE(E AR A
5 AN B 180 ul F B 1Y HLO, IF M (30 mmol/L) 5
20 pl ¥ B Sk 500 mg/L A FE SR A FE , 4520 min
TS0 YRR B L P RO AL . 5 — i
filfi i 4042 (LD101 ¥k, HACH HQ40d, US)
58 94 K Bt A A6 H,0, 43+ A B O, 1) 2 2 B8 i 08
Hh LR AR 1 2% Cu SAN 925 CAT i& 1. LT,
B e A 6 ml K5 T /KNG R 8 AN, IHE
TR O,, REKEW O, & k% 0.6 mg/L
B, 9 R P AR R B FE I A 60wl H,0,

(10 mol/L) F190 Wl 44K (VN2 g/L), X H&
ZHFH 90 pl 5 B F KA g oK g . it I S
10 sicst—RIAAR T O, & i [RIE k7 5 i UL
FINREE LA SIE I BE S A 2E CAT 6, SEI R B3 A4
B BTN 500 pl e EE O 2 mol/L B H,0,, SE5%
20/ A B0 A A 20wl EAK B 4R
Cu SAN (MRFEM1g/L), XRAZHH 20 Wl £ B FK
fRF SAN, B LT E 10 min, WS4
(1AL P85 RN B R IR S o S S Ak U 1) R
J1 B4 (unit) SHAE25°C. pH N 7.0 &40 F, 7E
1 min PAEAL 537 1 wmol H,O, B Ay 1 4SBT 1 8457
(1U). A SANZKCAT I AR AKX A CATIE
FHE/(U-pg™)=THFE H,O, T8 SR B (SR 43 h B¢
BT i) o HO, IR G RECH : =
39.4 L'mol"-cm™,

2 #R5itE

2.1 HH#EHCu SANBRIESHT

FIH 743 9209 AC-STEM WS 4 JR B2 1
0.03 mmol i il £ Y 75 571 2% Cu SAN H1 Cu BALJ5 (1)
Sy, W La b o B B T bR ic, AIFZ A5
SIS, R Cu B FRARN 2 F i = T C
NFIO4, FrLAA] LLA R B 52 s R Cu Ji+- DL
JRF I B A B SL AL b, IF BRTF4r
MEE R, B XRDERME T AFBEILT
Cu SAN [Jfis g1g (Kl 1b), FE4JEB A% E 4 0.02
F10.03 mmol B, i KR T A 850 2R 7E
25° F1 44° B 3 B REAE IR, A H B8 T A SR ik Y
(002) #&H T A1 (010) fh I . 2448 4% 19 i 5
0.05 mmol i}, S HTF a4 Cu g K FTk 28 11 i
PRSI H B 1) 5 3t ICP-MS R T v A1 17 2%
Cu SAN 1 Cuse B &, 458K 0.03 mmol &
Rt 25 B 3 Cu SAN H Cu i T2k & N
7.66% (i A t), ELHE Cu SAN Y 12 £
(Fl 1c) . FIH XPS H AR EAF 5 712k Cu SAN TG H
AL . B 1d~ 7R T /1 1128 Cu SAN Y XPS
K, iR ocR e R /R Cu SAN & F C,
N. OFICuJCE ., XN Is o> Prfeit K vt o016
PG, MBI R EZ R A (398.5eV).
A% & (399.6 eV) M A4 A (4005 eV) 4
BT C Ls 1 AT HE IR R C 2L C=C B
(284.8 eV) . C—N## (286.3 eV) Hil O—C=0 ¥
(288.6 eV) MBI
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Fig.1 Structural characterizations of Cu SAN
(a) AC-STEM image. (b) XRD patterns of Cu SAN with different doping amounts. (c) Metal loadings calculated from ICP-MS. (d) XPS spectrum of
high-loading Cu SAN (Inset: high-resolution XPS spectrum of Cu 2p). (e, f) The high-resolution XPS spectra of N /s (e) and C /s (f).

2.2 ZEPODEMITEE

T EEEMRIE, RSO E/ARTZ Cu SAN
AT R G MM PEREITAL . B8, DATMB B 6
JEY), Kl T Cu SAN (925 POD 1% 7% . TMB 1E
H,0,Z 5 T Al t POD f# fb A 1% 5 5.1 ox TMB 7=
Yy, MrEWITE 652 nm ANA RRIE g (K2a) . E
2b IR, B 4R AT IAIE 24 H 0.01 mmol $£7+
4 0.05 mmol, Cu SAN A9 2 16 7 52 B e 5 )
REMC A E . 2B 28 B0 0.03 mmol % W
60 min WO EE(E A3 2.35 (Kl2¢), 454 XRD4
T4 54 0.05 mmol B il £ 1) SAN 1] BE & ¥ il 4>
JRYAAKIORE, DR A S v SR AT IR AR A TS s AN
{HV&A 2 = 25 POD AR IE M, B PR B AR T D
TR, [#i15 SAN BRI PE BT B3
SRR X LUASE TR (82454 0.03 mmol) /
7148 Cu SAN 2R POD G 022 5%, Wil 2d, e
Jiz, AEAH IR o s BE A A T, AR STl 4%
(14 25 671 28, Cu SAN AL M RV £k S N 38 AH L
TG SAN B3 TF. A4l K A% HRP 1916 MR
BRIl 26X SAN I TG PR EAT T /8 E o, 45 R %

B, EAIK 3 Cu SAN 114 2% POD i M43 1 £ 0
0.134 U/mg#10.039 U/mg, #5112k Cu SAN M LK 11
L SANSET T 2934145 (E20), BLobh, Ak —
LWFSE T EAK 72k Cu SAN 25 POD 1% M1 8 )1 2%
AR, 3 AR [R] H,0, 5 TMB ¥ SAN
AL TMB A= J8 5 €6, ox TMB F= 4 (0 06 i B, it
UG T LIAS 2] SAN X F AR K, &V, 4

7R 173 SAN X TMB F1 H,0, (1 K, 73 51 N
0.211 mmol/LF118 mmol/L (& S1), (& T WA W7
H 2B K il 2 22 30 ) (LR SR A L3R
S1), RUIHX TICYEA RAFRERT] . 90K
Pt 51925 POD 3 P T LASAS AL ST i R #, 4an
Wu %5 560 £ B AR i & T — Fh i 3819 Cu SAN
(Cu-N-C), HAMRMZEPODENE, 1E#H K HF
N T BRI MLBE AR 25 A, LS T 2
FH A SCHAHRE N 10 mg/L 1 Cu-N-C fi#fk
TMB {6, TR R 0.9, HAWFZE H AraEE
IKRIROCEEAR . Yan 55 1 il 45 A —Fh PYCeO, SAN
TEZHREE S 10 mg/L AL TMB (852 6 h '
FEIREN 1.6, MAAESE H 1 = B3k Cu SR e [R]
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WeFE R AL h I G BE AT 3K 2.4, 32 8 T PH/CeO,.

FWIASCH 5 19 SAN 26 POD IEMEAL S, HoA N

TR T

(@ ®) (©
3.0f 3.0 . .
POD-like activity —a : Con High-loading Cu SAN
H,0, TMB 2.4 »—=:0.01 mmol 2.4
; : : i L8 L 18
~ <
1.2 1.2
3 : 0.6 . . 0.6
H,0 Cu SAN oxTMB High-loading Cu SAC
. 10 20 30 40 50 60 0 Con 001 002 0.03 0.05
(d (e) t/min ® Doping amount/mmol
2.5 50
o : Con ~ | +:High-loading Cu SAN ~0.20
2.0L+* : High-loading Cu SAN .'E 4k & Low-loading Cu SAN 'ab 0134 Cu SAN
== : Low-loading Cu S : a 015k .
NS
: £
T 10 5 2 S 0.101
Q o
o E = 0.039
5 a lF a 0.05-
2 2 77
0 15 30 45 60 0 2 4 6 8 10 L L
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Fig.2 POD-like activity of Cu SAN
(a) Schematic illustration of the POD-mimic reaction catalyzed by Cu SAN. (b) Time-dependent absorbance of oxTMB at 652 nm in the presence of

high-loading Cu SAN with different doping amounts. (¢c) POD-like activities of high-loading Cu SAN with different doping amounts. (d) Time-

dependent absorbance of oxTMB in the presence of high/low-loading Cu SAN. (e) POD reaction rates of Cu SAN at different concentration.

(f) Quantification of POD-like activities of high/low-loading Cu SAN.

2.3 ZESODFEMITMH

SOD J& AR Py E 2P A AL, vl LU AR Y
FHLRAS T = S A 7 (0,7) fiEfk
A% 0, FTH,0,, Mkt G O, 8 fi b A= Bk 2 F i
5 (ONOO™) X A=Az itk — 25 (i 55 01, A3
i I NBT I {6325 K00 T Cu SAN %25 SOD §if 14 .
NBTAEN B AIKY), TECITO, fAAEm &1 T 1
S DL 2 € 1) FFY IS, T SOD AT LA il Bt A =
A (K 3a) . FETZRER, ASCHE T A3
AN} Cu SAN (92K SOD 1 PR IR, SEG 45 R
B, Bl 4R TR RORHE I $E T, SAN 28 SOD
IEPEZRWIE R, B2 4 0.03 mmol B, #17
Rk 87.4% (E3b). Wl 3¢ M IV i 284 h-
AW EE T, TT LUE e 2R
Cu SAN7E 560 nm &b A ' B BH AR T RE XS AR 21
(Con), JF HAK T{K 714k Cu SAN, I & ik

Cu SAN ELA B {25 SOD i 11, 7T LUA R B
0, o YA ZR I E 738 50% B, KA
Z Y SOD il i 71 H A 3 SN — AN g 1 s
(unit, U), [El3d* &/ 2k Cu SAN 125 SOD i
PEVEAT R AT, 25 SR 2B /& £ 2k Cu SAN (125
TEPERT LA S 2.18 U/lpg, K2R Cu SAN Y35 1
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Fig.3 SOD-like activity of Cu SAN
(a) Schematic illustration of the SOD-mimic reaction catalyzed by Cu SAN. (b) SOD-like activities of high-loading Cu SAN with different doping

amounts. (¢) UV-Vis spectra of reaction solution with or without of Cu SAN (concentration: 100 mg/L. Con refers to the control group disposed under

light). (d) Quantification of SOD-like activities of high/low-loading Cu SAN. (e) Comparison of SOD-like activities of different nanozymes at the
same concentration: /, MnO, Fenozyme®; 2, Fe-NC-3 SAzyme*; 3, Pd/CeOz[5 U: 4, low-loading Cu SAN; 5, high-loading Cu SAN;
6, V,0,@pDA@MnO,"”; 7, Cu 0L, (f) Inhibition rates of Cu SAN at different concentration.
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Fig. 4 OXD-like activity of Cu SAN
(a) Schematic illustration of the OXD-mimic reaction catalyzed by Cu SAN. (b) Time-dependent absorbance of oxTMB at 652 nm in the presence of

high-loading Cu SAN with different doping amounts. (c) OXD-like activities of high-loading Cu SAN with different doping amounts. (d) Time-

dependent absorbance of oxTMB in the presence of high/low-loading Cu SAN. (e¢) OXD reaction rates of Cu SAN at different concentration.

(f) Comparison of OXD-like activities of high/low-loading Cu SAN.
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Fig. 5 CAT-like activity of Cu SAN
(a) Schematic illustration of the CAT-mimic reaction catalyzed by Cu SAN. (b-c) Time-dependent absorbance of H,0, at 240 nmin the presence of
high/low-loading Cu SAN. (d) Clearance rates of H,0, in the presence of high/low-loading Cu SAN. (e) Quantification of CAT-like activities of high/

low-loading Cu SAN. (f) Time-dependent O, content in H,0, solution with or without of Cu SAN (Inset: photo images of H,0, solution after reacting

with Cu SAN for 10 min).
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Abstract Objective Recently, single-atom nanozyme (SAN) has been widely studied due to its high atom
utilization and various enzyme-mimicking activities. However, most of the SANs present low metal-atom
densities, which restrict their further application and development. The aim of this study is to prepare SAN with
high atomic loading and to systematically investigate its enzyme-like activities, in the hope of providing ideas for
the preparation of highly loaded SANs and theoretical support for the application of SANs in a wider range of
fields. Methods In this work, high-loading Cu SAN with metal contents up to 7.66% (w/w) was prepared using
in-situ anchoring strategy. The metal salt precursors were confined into the carbon carriers consisting of aminated
graphene quantum dots, and then urea was introduced to provide a rich N-coordination environment for Cu atoms.
The chemical bond between Cu atoms and the carrier was further stabilized by pyrolysis under the protection of
Ar gas. The low-loading Cu SAN used for comparison was prepared according to traditional metal organic
framework (MOFs) anchoring method. Then, the peroxidase (POD)-like, oxidase (OXD)-like and superoxide
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dismutase (SOD)-like catalytic activities of high/low-loading Cu SAN were tested and compared with 3,3',5,5'-
tetramethylbenzidine (TMB) and nitrotetrazolium blue chloride (NBT) as chromogenic substrates. The catalase
(CAT)-like catalytic activities of high/low-loading Cu SAN were assessed by monitoring the decomposition rate
of hydrogen peroxide (H,O,). Results The results suggested that the high-loading Cu SAN possesses the
improved catalytic activity and selectivity towards POD-like and SOD-like activities, showing 3.4-fold and 8.88-
fold higher than low-loading Cu SAN, respectively. Conclusion This work provides a strategy to synthesize
SAN with high metal-atom density. And the results show that atomic regulation can be achieved by adjusting
preparation methods which assist to obtain SAN with different catalytic selectivity, and lay foundation for the

development and application of SAN in detection and sensing, diseases treatment and environmental protection.

Key words single-atom nanozyme, Cu, high-loading, peroxidase-like activity, superoxide dismutase-like
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