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Nanozyme: A New Strategy That Combating Bacterial
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(1. School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 2. Jiangsu China
Tobacco Technology Center, Nanjing 210009, China)

Abstract: Bacteria-related diseases, environmental pollution and other issues have attracted enough attention.
Meanwhile, with the use of antibiotics, bacteria have evolved strong drug resistance forcing people to develop new an-
tibacterial agents urgently. Natural enzymes such as lysozyme and myeloperoxidase have significant antibacterial abil-
ity. However, natural enzymes have limitations such as short shelf life and high production costs. Besides, they are dif-
ficult in applying to large-scale production. Therefore, people are seeking alternatives to natural enzymes. Nanozymes
are a new generation of artificial enzymes which have unique physical and chemical properties of nanomaterials and
enzyme-like catalytic activity. Because of structural stability and low production cost, they are widely explored. This
article reviews the antimicrobial mechanism and the recent progress of nanozymes in antibacterial research, and, final-
ly, gives some prospects for future research.
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OB, BT T R E AR e, IR LA
AR B, 2013 4, Wei &M% Fsmk, Hixk
YK AR I 2 SONAKET . 9 KB B — U
AR, FHEEL IR AR JARE () B AL o AT S A
s e, AEAE B 0E TN RERS M AL AR (1 B 4 I
TEIANIBE L [ N Bh J) % . X RSB AL Tk A
YK BT EAT R R K S5 K, BRI
AL Th e 5 [ 5 R AR, MR T R SR A FAth
NTAEAUES, 2KBEREME A A AR I HLAR
AT AN IS R T NIV N N 27 AT N
B A IEESE) FPER]E R, YK
MR BPUE IR . SESHERME, FHgk
BT B8 E A T3 P R P S A

KRR ENE T AL AR SIE. =18
o SR R S A T T P PR ) 40 oK g S L
FIRL BT ML, I ST 98 K B 2E 50 S 7 1
(R 7E 0t A T 453 .

1 IdELEEE

i EALYIEE (Peroxidase, POD) & — {1kt
AALE (H02) J3fift [ L) A gk i 41 R g4, 32 3
B Sk Yl (Horseradish peroxidase, HRP),
FERKAE . BRI 2. AEWME . B HLE TR
2N, Ak, HRP ES 5 T Ak R
Z BB WAL R MY, {2007 41 IR HRGE
FesOs MNPs B A 2t S AL Ml P )5, FHofh B A X
Tt ST P P P K i il SR 4 I, Kl P 2 FH
FAH TR T EFEPIHAENNEY . B BERG
H 24U 17200,

R EALYIBERESS AL Ha00 20 i, 72 A A o
FALtE R H % (\OH). +OH 2 BT K
7 1% (Reactive oxygen species , ROS)Z —, #J 7} i
MR TR 2SS YRR 7, IR 40 A
PR EER, ST, — ki, H0p N
TR A TR B A R, ISR H20;
S E R AR B AR R LA R E Y, BTk, B
A RS E A BGE R GOKEE, T DA R Bh H R
FiF G ML HoO, P2 42 eOH, FTEr 2 FRIRIE Ho0;,
R (0 275 B 8038, B S BB P HoO2 TV AR BRI i
REAT R K. FEIXTTIH, A I S B 1t
FIAN KB BT EAT0 Ha0o BB M RS O 42 B0 7F F
W T IR EE Ha02 51 M, BRI KR #E T A
AT GOK BB N IR ZR . SR, X RYK
BPASE X HoO2 W FE ZERARMK, DSR2 HoO2 TERR 1

WEEH A R S AR seAh, AR
SEAC BRIV (0 9K BT TR I, 6 HoO2 ¥R IR 2R
ANAHIA, R N T DU B e R TR bRAE . 25 L,
R B GK g N T S8 B AR I 7 i — P 5

2 A EERY

LA (Oxidase, OXD) #&— b S Abik i
SN I B R R . X T AR A I s,
JEIE TR (0 Ak, A AIKEL H0, (FEH:
SRy S A L AT A B A E 3 0 122,

A REANE S E KB 2R T A7
M= 1D X T3 S8 A L (A0 I 78 o B I RRAE 1A
1 Can A S BB AR AL ), A H RS i 2 AR
A28, 20 FEAE AL b FE b F B P2 AR ) H024 02
LR A AL, AT S N TR . H20;
Al O i F s At ] B | A gl 1 4h = 2544,
T VR 240 PR P Je s P B B, 5 S04 VR 9 A 5T LA
SOV AT, BN SR T, [FIRE, Oy hl H
5. EARSERERRN, SEUIHEET.

BRI RS 7= ROS YK B, 2% 18 3 A= ) AH
AR, ST ROS 784 B T 5 4R AE
T € 7KF, RIFFRAS P o X PP — BT,
HE G . R, 9OKREEEA BEEAEE T FIfE I
7= ROS 7K 75 ZAF B &2 Ak

3 mREENYEEE

AR Ak W (Haloperoxidase, HPO) &%
55 i A S5 7 o A Bl —FRI%6), 1959 4, B Hager
SGAEE I R/R BB R RN AEYRIER, fEHH
Calderiomyces fumago & &I . | Z 715 T =
Y. WAL, B, FUEYR R, AR R
BT RAERAR, Ao hEI S, it A
BRI A I . AR SR A R, o] 4
Bt 20 2 s AR A, B AR A A A
B AL ) s AR A A 81, o, DAL AR R
LTI FCBIRN , T E HoO02 264 AL 119 5 3
FrEER KR (HOX), FE7E 5 4 1 B 248 5 4
(102). HOX #1102, HEAMEMPTEEN:. K
1 T &A kAR A BB 5235 B, R IR
B H 1) 560 2 B TR Ho02 72 A2 HOX IR ¥5 7% B 1 Ji
290

BT SCHRIRIE RO, ks R s A TR R AR LA
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Fig. 1 Principle of active substances incorporated in an anti-

fouling device with haloperaxidase-like activity[?°]

FRZE G ¥ #UE L K FF B (Escherichia coli) %54
WA, AT KA B« Tk, BTN RK
LA REAAR KN, (Quorum sensing, QS) ZR 4t &40
TR A= PR T B 11 B S e R R 2 — B, 1994 4E iy
Fuqua B XKL, QS 24w REFR: €155+
(Atoinducer, Al ¥ B2 kA I A [l A 855 vh 5 £
B AN R R AR A, A SR N AR G BE R ) R IA
DLIE B A 355 A8 Ak () R 4 R 4502932 (B 2), @it ik
BEMRAS 5 0 T TR QS R4E, MERK LB
HAVEPINERIRE T o RPUR B T I 7 i) #
15 75 [ (33341

Kl 2 {5570 TR TE QS R T L (29
Fig. 2 Regulation mechanism of signaling molecules on marine
bacterial QS system [2°]

4 MELIEERESR

I SE A% HE RS ( Deoxyribonuclease, DNase),
T REE U BB R DNA 20 7 HI%A FHR 5 EE
SRR, %I Y)E DNA R, 1IN
DNase [ A1l . M DNase 11 ) 24> 4ii T FL5h 4
(I 2H 2 B38) 120 Tl 2 1) 551 5 3 1 DR R R Gk
a7 B, sk, H A5 2% DNase iGPE N TR

B, %79 Zn(11). Ce(IV). Cu(Il)It4: @&t
BHETS01, 7 3 7 ST

TEAED I, AR B B A R A A
JR-FAY-JEY) (Extracellular-polymeric-substances,
EPS)&5 A 1E—itg, X UL 2. & A
ffi#k DNA (Extracellular DNA, eDNA) 41§10,
WK 3 (a) fizx, eDNA BESE40 -5 40 i 2 18] )
HAg, ORI S R RO AR EPS o FHIR
b B, —H eDNA M 2|58, VR %
Syt 2B o T DNase fg % #017) B i iX B EPS H ) 6
Sy, NI A ZENSI AR CinlE 3 (b)),

&l 3 (a) eDNA 1E N#r4 J (b) H1 DNase B3k EPS ' eDNA
Eﬁﬁj\[‘ul

Fig. 3 (a) eDNA acting as a bridge, and (b) disruption of EPS
by DNase coating attacking the eDNA component of the
EPS[4U

5 ZREEENA

51 M#AE

TR, MIAERNAGHEMH S SEAE>
AT 245 P AN BTG 0, X 6T N AR R 1 B K B o
4> 7% (04 % BRI (Staphylococcus aureus, S. aureus)-
KWFFEE (Escherichia coli, E. coli). 445 5
(Pseudomonas aeruginosa, P. aeruginosa) “54f|
P 2 P A S B 21 . Bl A B T 2 1 T R
R ER 24 ER R T 24 R R R
TEASE AT 200 3-8 BR) 5 B 24 1 1R 7 9%
511 i

VF 25 HH 4 T 1 1 PR R G I A AT FH 22 M g T 3
B, IR BAT ISR 0K B 7> HE
JUREBCRR, B 2 A 4 B 3 B SR B KR
Wang 251215 BB 40 4 9 KSR (UsAUNPS) i it
JRALIE IR AR AR — 4w A PHESR (2D MOF)
b BT R 449 K B CUSAUNPS/MOF ) 3 . UsAUNPs
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FIEEH 2D MOF B s, FERILH B3 1l Ak
Y)W s E . R BUIR IR BB H02 B OBh TR,
USAUNPS/MOF - 4 2K i o} 3 = [ 9 4 11 K Ji A e A
24 P P P 4 4 BR B 2 R B A S P
PERE. BIWISEIRRE, XFYKERE %A e k15
Oaa, FEARIEFMAEMHEN. Gao 1%t
T PR IR 49 KB (CuO-HCSs 1 Cu-HCSs), 3
BN ASTE Cu N CuP AT o X FPYK R I
WM ABRME R S EE . R A B A 2
A A ST . 6T CuO A& 4 155 9 K il
R Cu*a] 5 e 4 2 IR PE B KT . B SR
FEVW T E (Salmonella typhimurium, S. typhi-
murium) R4 2% AE 5 TR 0 20 PR R A . e R I A
LT DNA P&ff. 15t Cu B 45k 40 K i
DU 308 L 2 5 S Ak P Bl S 1 2 AR ROS, o 2 22 B 1
S T AN B 2 B T 4 S R A5 1 T

B 5 9K BT 7T AR N, R LA 2 E 2k
Pty 7% 1 PR 90 K A T R LR SR I B TP B . Qu
SR IR 90K 4 (AUNPS) [ 52 78 A= W) Th RE Ak
WIBEAN AL EALEE (MSND _E, FTER B4k 4
& % (MSN-AUNPs) (&4 (a, b)) [AIK EA 24
BRI S E AL BTG, PPN A T hiE (E4
(c, d)). MSN-AUNPsXT T pHAFN I B AE {k 35 R L
BEONFRE I EBEE M, XTSRS NI A
A R . BRI, MSN-AuNPsfL
P2 3 B I R R A s OH L 1010, IX EE Y
P r TR K R AT B RN 4 2 (o R & BRI 3 B B 3
FIPTERR (E4 (e, ). 4N, MSN-AUNPSTE Sy
LA 10 A 4 BB AR T 3 ) A= D R A T A
AR w202 . Wang %5 HR1U I Cua WS 44 K i 4
(CWS NCS) [AlFe E A7 R A B A 2K 1 S A i (1)
LR PP o T 4 T £ 7 281 BK B RN K A B 1) KT
BRI T K2 HARE BT E AR R, B2
A% B PUAE 2R RO

F R AR N AR A 22 R T
AT . AR T TE O AL R T N R . i
UL, YanZ5E[ohg e FL ik 20 Z1IF-8 (&5 (a)) jEid
1B RE AT 2 B A DLEE Jy O 19 R IR 25 4 1 B 40 oK BR
PMCS (KI5 (b)), ZgKEgHEA RS A
PG 1, K 2 A B P A (1 4T 7k R 1778 99.87% ([
5 (e)). fERHNG HERGLscint, PMCSRHERS 2 3%
R O s, HxPAERHAS T B, SeKhss
2 7R PMCS 19 il 3 1 5 0 A2 AN 1 R0 1) Zn-Na £z
R I TEAL 55 EBHL02 11 43 il FH-OH I TE 1 (&5
(F)). Dong 2571 iof AF AN B S 1 Hh o 1) 2% ) 544

B4 (a, b)> MSN-AUNPs 7EA[FJBCR R4 N 1) TEM I8 s
A (e pH FI (d) HSEHKET MSN-AUNPs 9 J i 14 ;
AR (o) RIGFFEF (F) 458 (07 & BR B 1 AR
Kl

Fig. 4 (a,b)TEM images of the MSN-AuUNPs under different
magnifications, enzyme activity of MSN-AuNPs under dif-
ferent (c) pH and (d) temperature conditions, and growth den-
sity of (e) E. coli and (f) S. aureus under different conditions3l
G R BA ISR SR T BEFeNs SA/ICNS. 5
TR BEAR L, e AR JER - 1) B 22 R0 W A )3
PERL R P i T X KB I R g g . S
I sE R R, FeNs SA/CNSRIHE AL 2% 42 7 FPt/C
fI701%. [FIR, FeNs SA/CNSTE{RSNEA T itk A H
Rk, EAARNEAD D REAIENE . BT R RiE,
R T 9K B B A O — ARG B
5.1.2 i&FMinE

Mk, AW RILAKEEER 1 AT R SR 2 IR
R 28 B R 2 PRk T DA, 3 T DIOK 24 1 kAT
PEVER K JERRIMEUE, B AR A B B 1
R P 5T B B O A SR T AR X A d A S
P, SIS B L R R K . ChenE MR AR
AT (R (P GAK i PAORT T 35 2% PRI 2 1 R4 =2
PR B B prm e ek, B Wl i gk i 2R 4R
B AN E ARG TE TR o X T 22 PQBH VR4 7 <6
FOE G ERTE , PAIL 5 AR 7R HY LU Pd )\ T 44 BE s 14
UG VE . M0 T2 22 REAVEA = KA i, PdZy
KR PTEVEIE AR S o BE— PR R, XY
ANTRIPAZH R & A% (A 15 25 328 e A K
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K 5 (a) ZIF-8 L5 #HELEF (b) PMCS L5181, (¢) ZIF-8
1 (d) PMCS ) TEM B8, (e) XFHEAT PMCS AbH 4
SR AT AEE A () FLE A PMCS i 4L AL 2 ] 48]

Fig. 5 (a)ZIF-8 structural framework and (b) PMCS structural
model, TEM images of (c) ZIF-8 and (d) PMCS, (e) apop-
tosis analysis of P. aeruginosa treated with PMCS, and (f)
proposed catalytic mechanism of PMCS[“6]

BRI R B B PR ik 1% 2 4b, QuEsle]
BT AL (MoSy) ADGER 2 Tikit 7 —Fh B Rt
2 RIERMEPEA R (Cit-MoS) (K6 (a)), I
T A KB A R R R K RE ). W6 (b) ik
PEVEDUE, — 5T, AR A 7] B AR 20 M B 2 i A 5
g, 30 TR ' B S ] S 6T M oS3 T 1F 47 B A Eb
R 5, 3T SIS AS [ 40 B R R .
— 51, JERR TR pHE M FEK, &L T MoS:ff2E
A RIS T, H5E ThUwigE /) (E6 (¢)). 16

(d) P sLIegs R R, 7EAETE (10 min) KRG
ST, Cit-MoS%f # 2% [X BH 1 4H b 4 v 088 %) BR 1A -
R ARG A A KRE JT . T T2 24 R B PR B A A
KIGFFwE, A AR i ] 34 0 2225 minB Al ik 2|
PUR AR

5.1.3 thEE

RS P RS 7 T A AR A I T X T 24 40 7 )
KIA R e, g 2 Rt B I i 2 4R

P BCRAT A R T I, R 2 R it
ABEEER R, hlE B PR AR M
U IR AL T8 B

6 (a) Cit-MoS: FJ& ik Zk; (b) JGiMTT Cit-MoSa i i
P LLSZELEE 22 PRI PERE: R pH (o) A1 () S
HEL IR 5] T 4 B4 P A7 37 e 149

Fig. 6 (a) Synthesis route of Cit-MoS, and (b) illustration of
light regulating Cit-MoS2 enzyme activity to achieve
Gram-selective antibacterial potential, and bacterial viabilities
under different pH and irradiation timel*°!

Zhao % BU % B & 2 — B & M 1 6 Ak 4

(PEG-MO0Sz) 9K £ it 1o S aed S A M il v 1 0 Dl 744
RS RIVE D, ST T 50 DK T A MRS B 2 AT
(Bacillus subtilis) HIPRIEA R K, I HEAE
B EREN .. hEAEERES, PEG-MoS,
YKAETE S50 EH202 42 «OH, T IRAH R, A 4
HoNEss 5 2 Mk . L BA KRB — 2D 0 40T
WA, P [ 5% B A v 15 80%

Qu ZBEFEW MR (HA) BRI A 2247 -
AL A (HA-GS) 4K Fr e 8k, B
KMMEMEYRR-Z LEESY (HA-DA). Jidh
B RN FesOs MNPs il IS 5 2 ELZ (1 58 AH BAF
MEEGEAKF B, WERERIEER (K 7

(@) BT HEERINELEER, HA A E W
3% W] B B2 i (Hyal) FER 5, B TT IR IR CAAD .
AA TTLIHE FesOs MNPs A= 42 58 40 PE ¥« OH

(B 7 (b))o IXAhRBEHT A 7K 500 <5 2 (3 4 3R A
MR AFF B BRA R R RAER (B 7 (e, d))s
SeAh, BT SRE B R PR E — B ST T R
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B, X 2.6 A1 1.7 mg mLT AA 5t A] LUK 4
BRI AR5 2RI E 10%6 BAF &

K7 (a) fiw-F & #sls L (b fiEsagE, (o) AR
T P PR AL PR Ak B (1 < B €00 8] ) K T A0 K i AT T 11 4735

[52]

Fig. 7 (a) Preparation of the antibacterial platform, and its (b)
schematic diagram of antibacterial, and (c) survival rates of S.
aureus and E. coli treated with different concentration of
ascorbic acid 5

AN, GRM R AT DL i ) a2 U7 1
AR . fEVEE b, WA S R AT 2 K
AR AR AT DU I AU P ROSE, 0 S 24 i e
B AP b DA B 2 OO g ok KT A B 153, 5 —
JiTH, &R A KA R AT DL R A R e R
BT ER A ROS SEL A R SR A B, (HZ,
X h KM RLE b BB AT 22 H i 24 2 ) A B 2 B
R IHBN., NT XA M, Lo PO A
BT AR R AL g K R (CuS NPs) 54k A7 2
W9k A (GO NSs), AT E AP EE Ak 2 W E Bt
HAE 9k = &4k (CuSIGO NC). —J7TH ,
CuS/GO NC BA MK MEHIRIEAS, AT W0 BE 45340 41 B4
YO . 51, CuS/GO NC @it H B 1354
LB RIS A IS AL R B, HR— IR
ek NI P Y e AN AT k| A Tl e W N e
WO A ERE (MRSA)). B4h, CuS/GO NC it
BIEG O ERER . XIS T — R
PUBA RIS, 1T LGS & 9K R A B A0 25 70 1 A
X, PR B A BT V2R AT 2 E i 25 VR4 1

A1 K Bl XS Bt 0T 245 14 40 B 2 K
FF T8 AN 4 0 0B A BR TR, 0T At 24 4 4 v Y 40
BRI AR I 75 3k — AP BRIE

5.2 JHMRSEYIRE

1 B T 24 P 1 77 A 5 A TR AR IS o A ] 4y
MR BT AE AR, FOR AR AR
KA A o AR AR I P (20 1 81, e b
AR RS PN TR 4 B R B 7 R AR B ARG, AT T
5B OK RN 24 10 9% S P AR B AR ™ . R R
I, 20 B TR 8 A P T 2 PR AT 4 T 0 24 420 P AU A
201 A G 5 A O PT84 R i X 2 A U A S
A RKE . AR BA T 2B g, 4
AT BAE YIRS S, R B 7 AR AR P 2 K
BRARIO, Bhah, 2 HHA B R G S BN AR SS9 14
HBHEEMEERN S50, J, R0 HE AR
AR A5 S0 A AR N H R PN, AR BRI 245 5, (A A
AT TR 240 A SR, el A SR 1 R A

Gao ZFPWRHLAAT FiL AL YIE I (1) FesO4
MNPs 7ERRYE S5 T 7T LAEAL H202 %/ DNA. &
1 5 R 22 7 5 B AR T RS o %o R A L e )
A KT A ] H02 325 7 10 fi5 A L. B S
Gao 25102 1 & FesO4 MNPs ()44 K i CAT-NP, ]
[ B AR OIS EPS T PR KA, Bt
KBS HIThRE . D, Gao 2SIt — D HRIE 1 A5 4 hi
0,k S8 A Bk g K SR 1) 45 T ) 40 K B T i
Yio &R Z IR EE T 9K S 2 T A P R e
ghity, RIEHE R T0KEGE N s H 280 S ey
BAETE T B R A WS EPS B o 12 R 90 K I 55 3 PRI
TR R AR TR E R .

Qu EHENG IR T —FETZRERRLED
() DNase (DMAE) (/& 8 (a)). K4tk Ce(IV)
f£) Au NPs 22 31| Fes04/SiO 1% 78 i 1 ik % 11 ,
HEWESWE 8 (b-e) Fin. 4 DMAE IR EH: R
T A, G R EPS HAEAE ) eDNA, AMLH]
5 120 h 3 R R I80/0 248 B ORE B, 377 B 1 AR IS ) T
B (8 (f, g)), IL W] FEAF ALY T 1¥) eDNA,
BRI SER  sE 88, BRI TIiERENEY
JIEE P 38

Qu ZEOSIE b —AN TAE M FEml B X it 7 —Fp
H A2 DNase F128 5 4 4k 4 ity X E Jfg v P 119 2 T
MOF/Ce Z5itafa K. —J71, &% MOF 1)
Ce FCA& YW Y KEER I H L5 1125 DNase FgiG
P, mRbfE L eDNA . H—J5, BH Au
1) MOF &7~ th 3 5 1) 2K i A AL Wi s 1« |1 T
Ce(IV)EL & VI REWE 4% eDNA FFAERR 8 i A=
Wi, PR B RO A A B Y MOF 1E
H202 F71E I 1] LA BE 43 BUAE A= W) i b i 4 BT o Ut



AERR, %51 9KME: XTHULH I 157 SR

b, IX PN ML BEA it 17 D A AR D JORE (R
4.

K 8 (a) DMAE [l 4% 438 48 4% /58 ks 26 1 11 4 99 K 5
B (b) SEM. (c) TEM A (d, e) KK TEM & Fr;
OF) AYEAKRERA (9) B4V T 15 5 B 64

Fig. 8 (a) Preparation of DMAE and its (b)TEM and (c)SEM
images, as well as magnified (d, e) TEM images of Au NPs
confined on the surface of core/shell particles, and (f) growth
of biofilms and(g) average thickness of the biofilms[4

BT IR 2 o (R e B A AR o, X T
WX P B A i B AR IS5 1 . R BR A VDI Dh e B 4
KEGN T A, B ARG, 2
TIE AR N LI 2E T IR R, AN ZAIX KD
KB A 22 Ak
5.3 JEFBHiS

WA ST, AR G K AE R
N TR, X N i ) I 3 38 e i ™ 5
W IR o R AR5 1 I T B A DL R LA P
RIS 1) WA AT R HEAR.
ZBE. S S I LA I Y BRI B D7 AR
FEFRT BRI AR, 2) AV R 40
PSS A A i s BRI B RS b, TR Ak
AR, 3) N HAEMRIE: DAY N E
(197N 2 20 i A= 0 e AR I L B O . 4) KBTS
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WFEEERSELS,  (d) HUEM CeOax KB AL IR L AL EEL2
Fig. 9 (a) TEMand (b) HRTEM images of CeO2x NPs, (c¢)
ocean hanging board experiment, and (d) proposed catalytic
bromination mechanism of the CeO2.x NPs [72]
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Fig. 10 (a) Schematic diagram of preparation and anti-fouling
of nanofibrous, (b) SEM images of PVA (c) without and (d)
with CeO2x NRs after incubation, and (e) comparison of

bacterial adhesion between 22wt% filled and unfilled PVA
nanofibrous [73
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