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Abstract: Natural enzymes play an important role in maintaining normal life activities, but suffer in their inherent
instability, harsh reaction conditions and high purification costs, which limit their wide applications in vitro. Compared
to natural enzymes, nanozymes with high stability, low cost, and ease of structural regulation and modification attract
the great interests and are widely applied to biomedicine, environmental control, industrial production and other fields
due to their enzyme-like activities and selectivity. As an essential element and one of the active central metals of
natural enzymes in the human body, copper-based (Cu-based) nanozymes have received extensive attentions and
researches. This review focused on the classification of Cu-based nanozymes, such as Cu nanozymes, Cu oxide
nanozymes, Cu telluride nanozymes, Cu single-atom nanozymes, and Cu-based metal organic framework nanozymes.

Then this review described the enzyme-like activities and catalytic mechanisms of Cu-based nanozymes, and also

W EA: 2022-11-26; WRIMEFR AR 2023-01-04; MEHM A 2023-01-17

BELWH: ERESHARRI2021YFF1200700); H 5 H AR 554:(91859101, 81971744, U1932107, 82001952, 11804248); K
AT A T A 3 4 (2021FJ-0009); KT H AR R4 % 4 (19JCZDIC34000, 20JCYBIC00940, 21JCYBJIC00550,
21JCZDIC00620, 21JCYBIC00490); H [F F} 2 i 41 F 38 X H A (JCTD-2020-08); Kid: K& 68 3 4
National Key Research and Development Program of China (2021 YFF1200700); National Natural Science Foundation
of China (91859101, 81971744, U1932107, 82001952, 11804248); Outstanding Youth Funds of Tianjin (2021FJ-0009);
Natural Science Foundation of Tianjin (19JCZDJC34000, 20JCYBJC00940, 21JCYBJC00550, 21JCZDJC00620,
21JCYBJC00490); CAS Interdisciplinary Innovation Team (JCTD-2020-08); The Innovation Foundation of Tianjin
University

EHBAN: F3F0999-), L&, WiLAFFRA. E-mail: jiaxueniu@tju.edu.cn
NIU Jiaxue (1999-), female, Master candidate. E-mail: jiaxueniu@tju.edu.cn

BIEMEE: BT, BIFFA R, E-mail: muxiaoyu@tju.edu.cn
MU Xiaoyu, associate professor. E-mail: muxiaoyu@tju.edu.cn



490 T AL A R R

38 %

summarized the applications of Cu-based nanozymes, including biosensing, wound healing, acute kidney injury, and

tumors. The challenges and future development direction of Cu-based nanozymes were proposed.

Key words: Cu; nanozyme; enzyme-like activity; biomedical application; review
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Fig. 1 Different types of Cu-based nanozymes
(a) TEM image of Cu-Cys NPs"®; (b) Schematic illustration of Cu,0";
(c) TEM image of Cu, ,Te*”); (d~f) Schematic illustration of
(d) Cu-TCPP Dots?*¥, (e) Cu-HCF SSNEs!®! and (f) Cu-N,"

NPs: Nano particles; Cu-TCPP: Cu-tetrakis(4-carboxyphenyl)porphyrin;
Cu-HCF: Cu hexacyanoferrate; SSNEs: Single-site nanozymes
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Fig. 2 Antioxidant-like enzyme and ROS scavenging activitivies of Cu-based nanozymes

[68,70,86]

(a-c) SOD-like (a), GPx-like (b), and POD-like (c) activities of Cu,0!**); (d-f) H,0, (d), O, (e) and free radical (f) scavenging activity of Cus4O
USNPs*; (g) UV-Vis spectra of the reaction solution in the presence of Cu SAs/CN, ascorbic acid and H,O, over time;
(h) Michaelis-Menton curves obtained with different concentrations of substrate AA under the fixed concentration of Cu SAs/CN and H,O,;
(i) Quantification for APX-like activities of Cu SAs/CN!™!
ROS: Reactive oxigen species; SOD: Superoxide dismutase; SA: Specific activities; AA: Ascorbic acid
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Fig. 3 Oxidase-like and ROS generating activity of Cu-based nanozymes

[69.81]

(a) "H NMR spectra of GSH at different points during reaction with SSNEs; (b, ¢) Kinetics of GSHOx-like (b) and POD-like (c) activities of
SSNEs and SSNES-G; (d) -OH generating activity of SSNEs and SSNES-G'®”); (e) '0, generating activity of Cu SAzyme with DPBF serving as the
indicator; (f) '0,, O, and -OH generating activity of Cu SAzyme with TEMP, BMPO and DMPO as trapping agents in the presence of H,0,"!
GSH: Glutathione; SSNEs: Single-site nanozyme; GSHOx: Glutathione oxidase; POD: Peroxidase; DPBF: 1,3-diphenyl isobenzofuran;

mM: mmol/L; uM: pmol/L
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Fig. 4 Cu-based nanozymes for biosensing!**”!

(a) Schematic diagram of a paper sensor for H,O, detection based on mesoporous CuO hollow sphere nanozymes; (b) Effects of different substrates
H,0,, ascorbic acid, Cys, Gly, Pro, Ala, Glu, GSH, Glc, Na*, K", Ca®*, Mg**, and Mn*" on the sensing performance of the paper sensor **; (¢) UV-Vis
spectra of the mixed reaction system with CuO/NiO NTs, TMB, H,0, and different concentrations of isoniazid; (d) Dose response curve of sensing
isoniazid'*; (¢) Schematic illustration of the three-enzyme system (ACC) containing acetylcholinesterase (AchE), choline oxidase (ChOx), and
Cu-N-C single atom enzymes (SAzymes) for the organophosphorous pesticide (OP) detection; (f) Change of the absorbance at 652 nm of the ACC
system with the addition of OP from 1 to 300 ng/mL; (g) Linear relationship between the inhibition rate (IR) of AchE and the logarithm of OP
concentration®; (h) Schematic illustration of CuO NPs for ascorbic acid and ALP detection; (i) Emission spectra of different detection systems, with
1-4 indicating AAP-TA-CuO NPs, ALP-TA-CuO NPs, AAP-ALP-TA-CuO NPs, and TA-AA-CuO NPs, respectively; (j) Linear relationship between
emission intensity and concentration of ascorbic acid; (k) Calibration plot for ALP determination with different concentrations!®”)

TMB: 3,3",5,5'-tetramethylbenzidine; GSH: Glutathione; AChE: Acetylcholinesterase; OP: Organophosphorus pesticide; AAP:
L-ascorbate-2-trisodium phosphate; TA: Terephthalic acid; ALP: Alkaline phosphatase; uM: pmol/L; mM: mmol/L



ERR

PR, S HEEGORE IRE S AP BR 2 N A 495

WMo Bl S A RS 38 =, R TMB(oxTMB)
fE 652 nm Ak 1) 4e E W WSO AELIE T PR AR (B 4(c)) -
CuO/NiO NTs Xf i M Bk ) 45 1 Asx I 98 [ A 1~
20 pmol/L, MRy 0.4 pmol/L(& 4(d))-

FIFH ALY KEE2E POD 35 138 7T DAKG I A
P2 Hy0, A 23T Wu 2P0 T 2 18k R it 1 g
(AChE) . fiH i} % 1k f (ChOx) A1l 4 H J7 1 4 K g
(Cu—N—C single atom enzymes, Cu—N—C SAzymes)f4 3
T A Z BRI S AA F(ACC), ST %A LB
AR 25 (OP) IR . 4k R AAELE OP I, £ IEHEBH,
(Ach)Z& AChE F ChOx B4 Hy0,, TMi)57E
H,0, /77, Cu—N—-C SAzymes At TMB &4,
SERAG L FE . 1H24 OP fE7ERS, OP {# AChE &7,
FELMT T FiRd A2, @il E OP Xt TMB AL 0]
FERE, SKBLXT OP (1) A 4(e)). Bli%E OP iR FEHS
K, ACC 1£ 652 nm AL CZHT FEAR(E 4(6)) - 12 A
RN OP H #H 8B & i) R BUE, g% sk I x)
1~300 ng/mL JEFEIA OP HIZMAGHER A 4(g)),
LRSI FR M 0.6 ng/mL . B F 3R FH T bb 6 vk A i 1) 4
FE KB LLAL, He 25078 F CuO NPs [ 5 247148
1R 8 AL B (Aascorbic Acid Oxidase, AAO)F1 POD
T TR IR R B R T — B A I A% R . CuO
NPs BEBS ML AA 2 Ho0,, HET$416N-OH, -OH
ALK 2~ H R (Terephthalic Acid, TA)A: i B %
R, B 4T O 6 B R AR SL LY AA
SE AT o B 1 R ¥ (Alkaline Phosphatase, ALP)
AefiEfh L-PU oA IR -2- 1 BR — B4 #h (L-ascorbate-2-
trisodium phosphate, AAP) LN AA, AT IE BEFR
CuO NPs B HF ALP 2 & (K 4(h, i)). Z&ENT&
KPS AA Il ALP 088 = RIBUE, XA H b5
TR R 43 514 2.92% 10~ mol/L #1 0.058 U/L(K]
4G, k). SESMEEARML S R EM L, HE Tk
A (A D 7 V2 AN ARAIE 7 A I SR BB, TR B 3 K
BEAR T AL I AR A
3.2 EEMKEBEGOREHPHINA

55 1 4 1 9 AR R A AR 4 5| T 4k R P 11 2H 23457
3, BEAS LA AR R e B OB R R4k, kI
SO EEEEBRMALIKE IR 2, Hik
BEAR AT 11 A 98 i 7K P A2 45 1 A & [ SR BE 5B o Jin
2981y B 472 SOD A CAT 5 ¥ NiaCus 49 KER 5
R F127 KBRS G TH O &4 (B 5). Fl
F F127 ££ 20 CONRARTIAE 30 "C T £ - [l 44 (1) Ry
P, NiyCuy/F127 fetlp K& N0 D31, 4 0 &
A I AR R B AN R DL R G B 7 d
NisCuy/F127 W/ LT 52 A (B 5(b)), [F
I NigCuy/F127 HWE R T 404 RUF ) bR B

MRZEHL, AU HAEFRREEA. Gk
BRNR B A KA R 5(c~D). X Eesh AR
B NiyCuy/F127 B8 el 11 (1) 98 5 FH n s 4% 11 8
Ao Xu P 1 % S 1 40K (HPP@Cu
NZs) &% FEAR AL MK, SeBl b 28 2501, R
I3 200 e 1 R O A A R, B R R P A R
Zhang 25T Fe-Cu-N6 FoJ5 19 K Bl 4% 1 4%
A 2 BB (L 1A P9 R AR K TR 1 4, N
i 4IM75 51 2 1 S B BT I A

W TR I3 S0 8 i 3 1R A1 32 A AL LB OK P
MRS, 2510 0@ EARE, KRG
THE RO AR AL A gk B LA B . Liu
2B Cus4O USNPs £ 8 2KWE M, i RIh
I 1 R 51 RS 493 1 45343 96 97 (B S (g, 1)
YE& R I, 242 Cus4O USNPs 4524 )5 15 d /N A% Hik
3| 80% M AR (K 5(h, j)). £ CussO USNPs 25 %
IR KRR A B KT X
M AH (K 5(k~n)), BiHBH Cus4O USNPs BEHE Jins i R
W LA a7 . Peng &N Cus,O /NG K B
T ThAe AL i) B 58 2 % (starPEG) MIITF &K 5
B A IKEEZ (Cus s0@Hep-PEG), %7Kt AEWS 7E
1 AR Cus 4O HE/NGOKEE, 5 BR1G O 5 A7 1S
B0 ROS, {23k 215 10 ApE R 40 1
3.3 EEMKBESESHRGHRHONA

S E#15 (Acute Kidney Injury, AKI)Z 532
BRMRB =R NRR, 518 S kil &b,
T 48 A JiR 2 A7 0 % 0 PR 2 51 ke b B 3 T
BLRIZR, PRI FH A 5 0 K il A 4 0k P ) SR A
ISP AN JRE IR 7 7K P SRk BE 7 RO — g e ]
TS . Liu 25050 B4 2% SOD. GPx. CAT =
R 1 1 Cus 4O USNPs A T LPS 5 5 1) AKI
R (] 6(a)). AKT ZNRIEP B G AR R NE, M
£ Cus4O USNPs VAT AKI /IR 14 d JGAETE RN
100%(F 6(b)). (7 Akl ifn 375 H i & B D g ) P
H Z 45 AR WLEF (CRE) IR 25 Z((BUN), 25 24 2H i1 If.
75" CRE A1 BUN 7K~V #{K T AKI ZH( 6(c, d)), [
i 958 BE D) A G ffu(Hematoxylin-Eosin staining, H&E)
o BB 22 B> B AR PR B (TR B NE R IR, Ul
HH£8 Cus 4O USNPs 1697 J5 BE LR 7 15 1) 58 8 4 . L 4h,
Cus 4O USNPs 2H /] 5 I 11 21 25 n 480 Big- 1 F0 B 45349
T-1 PR 45005 AL AR B R K B BAR T AKI
HH 6e, ). IXLEEEH Cus40 USNPs e i F &tk
B 45455 /N R SR IR JEK ST, AT G 7 3R -

Zhang 5P CTMDs il T- LPS % ¥ AKI
R JERBL CTMDs A 2R &/ R A A7 % R
(K 6(g, h)). A4, CTMDs HEIH i FRAR ML P 4 5E



496 T AL A R R

(b) Control  F127

T .

$& L-Ascorbic acid
@ Cu*
@ Cu,,0 USNPs
® H,0,,*OH, 0,~
o HO

area/ %

0o 4 8 12 16 .
Time /d

NisCuz NieCu2/F127

m‘mgmg free ram Dayo!!!!
= " ~ s " - .
¥ Day 1 )

- v
DaY3!!! :( \l‘
[ [ &
Day7!!! '.

5 400
= )%
5 § . == . :5130() _d =S
= ~
2830 & §da00l — =
52 =8-S0 Y
OE 0 > A\ A\ = 0
. A A\
& ¥ @S'Ty;\vyz\"‘ o ‘g\?‘y; \yﬁ\’)
M ey
1500 ha 60 e
o« 2 (e) o § (f) *
cZ1000f ——— | S>40f T
Q_g T T =3 s e
E3 s00fT g§E820F
Z S 27 i b
° g

B Y -

é 5.3000 _(1) J % §.800 F {7
%%2000— : ’§§600_

S35 5 & 400

%'91000— 53200— I—:EI

— & 0

Control ~ Cu,,0 Control  Cu,,0

IS SRR AL 1 14 v i 0%

Fig. 5 Cu-based nanozymes for wound healing

[86,98]

(a) Schematic illustration of the NisCu, /F127 composite hydrogel dressing in wound healing; (b) Photographs of wounds with different treatments
on days 0, 1, 3, 5, and 7 with scale bar representing 5 mm; (c-f) Statistical analysis of the cross-sectional length of wound (c), epidermal thickness (d),
granulation tissue thickness (e), number of blood vessels (f) around wound on day 7"**!; (g) Schematic illustration of Cus,O USNPs with multiple
enzyme-like activities and broad-spectrum ROS scavenging abilities; (h) Photographs of diabetic wounds at different time points with a
6-mm-diameter standard green disc as the size reference; (i) Schematic illustration of Cus 4O USNPs in diabetic wounds healing; (j) Percentage of
wound closure area at different time points; (k) Representative histological images and (1) quantification for the length of regenerated epidermis

on day 15 post-surgery; (m) Representative histological images and (n) quantification for the granulation tissue on day 15 post-surgery’

[86]

ROS: Reactive oxigen species; GSH: Glutathione; GSSG: Oxidized glutathione
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Fig. 6 Cu-based nanozymes for AKIg

[34,86]

(a) Schematic illustration of the establishment of AKI and Cus 4O USNPs for the treatment™; (b) Survival curves and the levels of (c) CRE and
(d) BUN in different groups at 24 h after treatments'®®; (e, f) The levels of () kidney injury molecules-1 (KIM-1) and (f) heme oxygenase-1 (HO-1)
in kidney of different groups®; (g) Schematic illustration of CTMDs in AKI induced by endotoxemia®; (h) Survival curves, (i) levels of oxidative
stress containing lactate dehydrogenase (LDH), TNF-q, IL-6, and (j) levels of CREA and BUNPY; (k) H&E images of different groups**!
PBS: Phosphate buffer solution; AKI: Acute kidney injury; CRE: Creatinine; BUN: Blood urea nitrogen; LPS: Lipopolysaccharide; CTMDs:
Cu-tetrakis(4-carboxyphenyl)porphyrin) MOF dots
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Fig. 7 Cu-based nanozymes for tumor therapy

[56,106]

(a) Schematic illustration of Cu-Cys NPs preparation and chemodynamic therapy for tumors; (b, ¢) Changes in body weight (b) and tumor size (c) of
MCF-7R tumor-bearing mice with different treatments; (d) Photographs of tumor in different groups after 40 d of treatment; (¢) Average tumor

masses excised from MCF-7R tumor-bearing mice from each group!®®

; () Schematic illustration of the synergistic anticancer mechanism of nHACI

based on PDT and PD-1 blockers; (g) Average tumor volume, (h) photographs and (i) weights of tumor in different groups; (j) Survival curves of

B16F10 tumor-bearing mice in different groups

[106]

GSH: Glutathione; GSSG: Oxidized glutathione; ROS: Reactive oxigen species; DOX: Doxorubicin; HHA: Hydrazided hyaluronan
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