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Abstract: The industrial application of free enzyme is limited due to its high cost, poor operational stability and difficult
reuse. Immobilization on carrier is an effective way to overcome the limitation. Nanozyme immobilization technology has
emerged in the past 10 years, which is an emerging technology with great potential. At present, immobilized enzymes have
been widely used in several fields such as food, medical treatment, and environmental treatment. This article systematically
summarizes the latest progress in the research and application of immobilized enzymes based on three new nanomaterials
(protein-inorganic hybrid nanoflowers, metal organic frameworks and nanogels), comprehensively compares the advantages
and disadvantages of the three nanomaterials, analyzes and summarizes their respective applicable enzymes, and finally
points out that cascade enzyme immobilization and the development of new immobilized materials are the future trend for
the development of immobilized enzymes.
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ARG A BIE REEGRIBR Y &R HUE
%8 (metal-organic frameworks, MOFs) """ &JggiK
LA RN A P SZY R IP I I AP S 1A S N &7 S ]
T EA-THAA PRI MOFs. 90K % [ & 1k
9K g (0 OB AIE A 5 N gk e, DAY [ e A 40 K B )
He N IR AR S .

1 ETERA-TILREYORTERE E (Ll

-4 8 BT R GURAE B e R LARG- 48 55 1
C A7 B A i it A W 2 K T 45 31 ) 299 K G A6 R [ 5 A G
H 18 B -TOHL A GOR AL & (AR )2 A T & i
-4 8 B F AL GOR B AN 2 B -4 8 3 F 2L 90K R
1.1 HRE-& 8 S TR aK

Ge JunZEPF20 124 $2 H T 8 (- AL A gk
erl e g7k, JF AU MG A E A (bovine serum
albumin, BSA) -fi i i ] £ 41 K AL A 441 1) IR 1 4l 45 L
. e, Cult5ER [ BUE I R AR R R A,
A I 5 B R AR TE B b %, (R S5 B8 R &
& (FEHE) Bl JE S AR A TE e DY A A K i,
LT AR I E (e ok i (B o ERE R E
Ny GITEAGE S TBSA, WiEMA T#E (laccase,
LAC) . BXFREFES (carbonic anhydrase, CA) Flfig/lifE
SR, HPLAC-Cu’ g K AICA-Cu® 24k 4h
KB PRV 23 ) BB S B AR T 175.5 f5 A0 1.6 i, IXTRE
2 T RE IR I 0 K A 45 1) 48 [ 5 A I B A 0 v 1) B SR THD
PR NRIfE R J7, VLK 4 8 & 0 o+ B A A
TER™. BiJE, 70N 5% B i [ e A AR AT T T
RIS T — RAER RRE N R4 8 S Ttk
KB . B, Zhang Baoliang®5:™ il i & (-
LA PIRTEF AR 2% T R B§/Zny(PO,), 2 AL 4K . F
FAAZ AN AT IEA T R 7K AR B S BR3P 30
2.5 1%, AR EGMAHS MUK, WEHERE R EE
94.5%. HULAIIL, & E-THIZRAPKIER AR A AT LR
FHEGHIEYE, & AT DA AR S AT R 3R

la B Cu,SO, R [iiach

BT (BSA. LACEH i EESE) / \
RO R R 2 / \

\

! X
; Il @ @
R — -

FURh AR Hi5-Cuy(PO,), K1)

U A= K s

B5-Cuy(PO,), AWK AE

Bl 1 s o R e 0 R AR 10 s A I B 8 R B
Fig.1  Schematic diagram of the formation of copper phosphate hybrid

nanoparticle immobilized enzymes

TE BR - 45 J8 25 T A A 9 K AR 18] o A0 Bl 1) 1) % 0 R
i, SREE TR, B SSR R R AR IE
TE A5 RIS 1 AT BB . SharmaZE ™LA 74 Fi 4
BET (Agh. Fe*'. cu®'. AU SIS IiEEH & a4
KAEFE B & 2R SREY, Ag'. F'. '
FA 23 51 I HAABHES I AERAKAE I . RS
I KIE . Gk FRE 9K IE IR IR . Wu Pan%: ™
FMMAs MARMKEREE T (Mn*". Ca’'. Co’t. Zn*"
MCu®™) Wk R R AR EEPEL 168 R AZ 4K (pectate
lyases 3, PEL3) #EATHA-THLARM. 458K W], PEL3/
Cu,(PO,), 44 1 4 2K il (0 4 X 35 1 A v A2 307 B PEL3
2.5 fif, BURRTI, &)@ BT R RT BEE A AL G KA 1 T
AL S A B E . kA, Wen HuanZs™"
BCASCU . Zn® IR, kAL A AR A % T
CA-Cu’"/Zn* " 24k 91K 18 (CA-bimetallic hybrid
nanoflowers, CANF) , JfH &K BLCANFRWE M5 7 &
CA-H B T 2L 9 K B AT C A-B7 B8 1 Z AL 9 K B 143 435 A
8 fir. AN, CANFHEAL — S4Bk 2 b & i CaCo,
(e B A B CASR LS. 2 £, XM S2sl “XUk” H s
HAEHEFEWZE . FFE, Patel%™ M LACHK S5Cu® Al
Zo* TR, WA - AR AR A ] 4 LAC-Cuy/
Zny(PO,), AL 4Kl (AL NLAC-Cu* /Zn™") o 45 %
B, LAC-Cu”™"/Zn* fif 1k LLLAC-Cu*" . LAC-Zn" L},
WELACHHIE1.2. 1.5, 2.6 f%; fHLAC-Cu”"/Zn*"
Ak B2 g2 XUy AR 2 UL A B8 A 2R 4y SR LAC-Cu™ '
LAC-Zn* 6.1 f5712.9 f%. muk™ &, MHETH &8
B P AALGOR BRI & J8 2 T A Aok, 3 R AL B4
JE B T A PR BRI S8, IF B A b 9K g M AN
SRETHREEAESEEME KR, KEFHEYE
— IR

BARBEE- &8 5 T A KEE R A R 2, HESR
TE & BB A . B A AR B D o o B TR HE 55 )
MUk, W FEE AT o B AR R S A B e e R
(glutaraldehyde, GA) ZZBK5RALEGAR & P DL A6 1o 14
B b g K AL 7 58 1 B S B AN 72 DR 43 18 45 22 b 3 e
SR IR . Batule ™ i I #E A A BILAC 5 Cu®™
ZAbiE % T LAC-Cu™ Z4 AL gkly, I HL R 28 75 4l
Bl b 7 2% A 0 K g 1) ) 45 B TR) A3 d 46 FE 2105 min Y . b
4, GREFEBILAC-Cu™ Z b 9 KB AL P iR T 7 s
R S PR S LACHE & 70.5 1%, mukal W, A
ANASCRT DA H 2% A0 40 K Bl 1D 1) 2 B [, 38 W] DA 5 24K
KB E . Lee 5 O 7E 1 % 1 D7 E-Cu 241k 4)
KI5 A8 B G AR = A 9 K Bl ik A7 22 Bk LA SR AL L AR
LR EIR, GAZCHRII G B -Cu® " 2t 9 KB 7E 4 UG
IR B M R 2 GASZ BE ) IR W i -Cu’ ™ 44tk 9 K il )
7TREZ, FERTUA4ERETEIRIESS, AT WLGASZ I AT fE AN R
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JIEL 07 1 - C ™™ 2 1 40 DK T W 25 1 15 1. 344 558 H 5 5348
7. Ren WeifanZs MK UK Fe, 0, 440 K kL FiCu®t
TN 380 I Tl 1 1R <5k 2 b Y0 REAT 30T, S R T R
AiE-Cu(PO,), M PE AN AR RIRL . XA 52 & FRHE SMIN L3711
PE TR AT DL SO A 28 vh bR 2y B9 H ok, HAEIE SRR AL
B4 RO REE)G, R A IRFFAEST. 78%, A A RUF
MIES M. K& RE-&m & TR0k B A3
YR, (B2t T RIPE S M 22 . GRIEmEd T
B, e R LR T N A Y . A A T A T
AA 250t 8 585 R - < R S T AR AL K A A, 3R T
HE AR, HRTBON TR #A A CNT.
b (graphite oxide, GO)  ZKEFY4EfE . BERRLT
YEFRMAE . Li Kai%™ o FCNTR 200 50 8 /R 18 I
i G il (Burkholderia cepacia lipase, BCL) #E4T
B, REEE EA-THLA PRI B H] #BCL/CNT/
Cuy(PO,),AUKI . A1 & ILBCL/CNT/Cuy(PO,), i 1 /2
U B R TEI69 5, I H2BCL/Cuy(PO,), 2% (44 K )
52 fi. W4k, HEATBCL/CNT/Cuy(PO,), ML EE 145 7 [
LI, Z ALK B T LA T8 YT A B i
PEIR R . B L, R CNT S 39 K AL [ 5 fh B mT A
R 312 vy 0 K AE [E 72 14 il P e P38 P R B 55046 P 1
Li Hui%""$GO. CNTHSLAC. Cu’" &, @i HEA-L
PLAAL YR AEH A A K T GO-CNT-Cu” -LAC 41k 44 K
Wi, %A KBRS VAR B B LACHR &1 1 15%, H'%
I NCEG dJa, ZARAYKRERE TE IR FFAE80%, 02
WELACTETE2.7 . BUAMZ ALK BEHE 1L 2 B 4h
LAY GR ) L BRI HINT0%A45%, il LAC
BT EE . Luo Mengying 251 F #A e Al b
& T — A =40 2 2 ALK R (LR EE-38- 20 2
#ifik (hierarchically porous nanofibrous poly(vinyl alcohol-
co-ethylene) membranes, HPNM) , #AJ5id#id & F1-ToHl
AR AEH AR B Th A B T LAC-Cu® -HPNM Z& fL 44 K
Bl o ZAPBLE B Al 5 23 G} 7 T 2RI LR D00 5 0 1 1 B i
PERE, ACFRETEEMEARZL3 hit BEME R 51599.5%, BIfE
AR 14 U, X IR R 20 A A B AR R AT
T°98%, DA MAZATEIE SR} RE g 77 T A2 — FARAE I AT
S BT A AL AR A E AL -

AT R - < R T AR A AR R B A T
PS5 B G ARRE 7 Al 5 R RO B AE %, DA
- < )8 B T 2 A 9K B LE 2R WAL RN et i (0 25 sk
N2 . Jiang Wei %5 5 T2 (- TEHL 2 (b K AE 4
ARl T BRWIEE-Cu® 9IKAE, B LK AR 2 2K R
AR RV T R B MR T B 2.7 £5 . UbA, B AL 25 A
FF AL N R ) S Y AL 3 75 1496.5%,  HAEAES A
T i 9 b SR ARFEE72.5%, 7T FF Tl B A= S8 ith
£, Sun Tingting 55" FHERN-(B- 7 25 WA ik — O

1B NFe, O MG KL T 5Cu” Z (8] IAFEE,  #5Fe 0,1 TE
KR T AL ELAC-Cu” 24 AL 9K B A PO 5, 8 Sh 1)
# TLAC-Cu™ &AL PE QK EE, X Fh B 7E e 26 1R T i
MR ALAE LR 13 IXFI18 X5, XL LRI AL P 2
ORFFIEII% 0% i A, IR MR . BEAN, I
NFeyO T M A0 KL 1 1] £ 7725 3 2 B iy 1 4ok g1 T
M,
12 ZM-&EE T RLYKEE

% W BRI N A2 T8 2 R AE 22 A i A AL R R
Q7N (PN S e ol 1 Wk 7/ NIt /L Vi ST W 11200573
Bie AT, % M-8 )8 58T 29K EE 900 R N 15 Il
AT BN DA R R @ TE AL, A& BN Tl K
HEPEAZ —, FHFHEAY. (L AERKEY
B ROTIH N B2 2 -4 )8 BT A9 KR
BRI B, ZH-4& )88 T RUGPIKIER G2 Ep e
H, Han JuanZ5""@ i & (- L2 GKRAEH AR A Bk
T EFEEALES (glucose oxidase, GOx) -Cu’  Z<1k4h
K, SRJEEC T 5 A PR A (glucoamylase,
GA) [ FE IR IR FE AR T A P GAMR I £ GOx-Cu® " 24
KB R T, M & T RS XEMKGA@
GOxZ BN AKAL . X Ph 2 [l e A A0 K AE 10 Bl TG 1 2 0 9
GA. GOxEBEEIER2.5 f5, TaE M ZIFEGA. GOx
AR 1.34 f5. BAh, HGA@GOxZREEHN K AL N H T
TE Ky e A A B A B, FE80 min N AL R ik
92.12%, Ui 2 Mk REARMIE1.42 15, XU
GA @GOx A G K I8 7£ e oy e A i1 28 W% 2 7 1 208 SR it
#. AL, Han Juan5""H fHRMEE A 2K Celastin-
like polypeptide, ELP) FlHishr2E 4 i) —subric (ELP-
His) &2 WU KPR (endoglucanase, EG) . 4
4 —BE/KAEEE (cellobiohydrolase, CBH) Hl1p-%5H§ 1
B (beta-glucosidas, BG) 1, i 73 FrE A, i
3 MEASCY T IRE, BIEEA-THLY KA
BREGH T 2 8-Co™ b9k B, 2R RK K
WHO(K,)  EEBSK I E S 89.33 g/LA
0.005 1 L/ (min * g) , EAIR &R/ 5 Al
A, A, AE R IR 2 B AR R R AL KRR T A 4R
il 25 7 I BE T, LBV AR S 2 B A R T
112 £%, BAEmAMEAAE, 8 THERE T
ArE,

2 ETMOFstbti B 2tk i

MOFs it )@ 8 7 (%) SaRFEdH
ZH ALY B 2 LSRRI, BT Ck iz B AE
B2 Rk F AN NN af RS T RN 4T /Bt e oE A L K
e HWHAFRKHRER . et ariE LR,



208 2023, Vol.44, No.11

E55

= KRR

TR SUERE, T DABIRUR SRR YRR, 1T
BN BRI [ e AR EAR . BE RN, BEEA ST
i £ fEMOFs b, v DL 2082 s B i vs Pk nl 51 52 4 1
P AR TE . A AERGE . SIRWRISER 15 .
MOFs [#] 5 {4, B AR 4 1] 2 T7 253 5= T R A7 3¢ [T MOFs
[E B 2T B FIMOFs 8] 72 46 B FTMOFs 24 &
G AR E L .

2.1 FETRALE % IMOFsE E 10 i

T JFE AT 2 M OFs MR 4 Ja O A48 32 % T
F.MRERE. dECRS, HPRMHREZ M AEE.
By Bk BZEE T W H IMMOFsE R 25 b A7 Ik e
s 288 %k} (zeolitic imidazolate framework, ZIF) -8.
FHAK %5 (zirconium aminobenzenedicarboxylate,
UIO-66-NH,) . #J7K —FR%: (trimesic acid, MIL-100-Fe)
FH R ZETY F2 2L (iron azobenzene tetracarboxylic,
PCN-250) %17,

ARk, B TMOFs1) 2 B 2 40 8 & A A 2
FERRER 2 1 00T, CAEAR B 7 ) R AR B
77. Cheng Xiqing 25" i id 15 A= 1™ b /E FPH GOx J5 A7 4 35
ERT3IDLFL T HHIEE (copper foam, CF) [fIMOFs
i, BEIGOXx@Cu-MOF, L i) £ w250k Il & 25 5% 11
fE-rfb 2= R 80, H P GOx@Cu-MOF& i H AR 2 7~ AR
FHEATEEA R ER . 480 CIHE A, HIGOx@
Cu-MOF/CFRE IR FFAEZI80% » 11T AN PR FELAR (1)
TR R R 10%: Z K AIK,90.51 mmol/L, &k
TUFEGOx (25.7 mmol/L) , & HH X7 4 B 11 5= A1
B, SR H R v 1 R 2R A R U

Shomal 55" 5t W 4f e 7E Z1F -8 v 11 i iy 18 42
HiFESRAEME A€, MOFs[H E 4k i /£
55~~75 “C [ 5 LRIl 375 1k S5 i 0 i ) SEE 4G 3.2 A5 A
PE5.0 5. dbak, % EEEIENAE25 dPL R F
7 HER G TEVEAT 2 AR B A 90% M54%, R H R F 1)
s e e ME AR R E M . Cai XinyongZ5 506 /g #l &
ERF R BSB (Candida antarctic lipase B, CALB) JEA7
B AAEZIF-8 3RS B g K KL 1, P od It 4 B W B 1%
GKRLT ] 52 AR K FU i 45 21 8] 52 fL Bl CALB-ZIF8 @
D101, bbiffiwik38.4 U/mg. fE70 ‘CHEE 10 b5, [HE
L CALB 3G A2 B BN 7 fi5 . Uesh, fEEREA10 fit
K5, CALB-ZIF8@D101F1¥f 8 CALB 175 14 /3 il {7 ¥
84.2%%131.61% . Nadar®5" "l id £V S 16 1 #
2 v 0 Wl T 2 R Vi AL T IR I i ] o AE ZIF-8 45 31 Jig 17
-l = BR-MOFZ KA (2D o &8 e (L R AR AN
FE50~70 C I AE AR PEIR TH4 £, IO AT R AL TG 12 4 i
1.35 fif, XEZRHTMERRIE IR 8 1R 5 5 %
RO EERME (KR o B4k, fEERE6 MEH)E, fE
Ui - i U B2 -MOF LU AR i B -MOF HL A 5 (R P OR B %

S INT2%F156% . X PP L B e AL SRS AR TE. SrEl
B 22 AR AE DA R R RE T — AT AL A

e &
> ¢ HIA2- RS i‘
‘%545 min I
200 r/min \\

R s - Pl 2 P Jie 0 T P

pis MOF
B2 R U0 e 15 i e MOFsHEHZIF-8 L e b

i Wi 0 7 R P

Fig.2  Schematic diagram of the immobilization of lipase on MOFs

INBE R B
%1530 min

X +

IEWiEE R

(ZIF-8) by self-assembly biomineralization

22 HETFALEEM IMOFSs[H E 10

— SR, MOFSECAL AR 4 @ 47 i bl 45 &
TEPEW R CAEAT A B, IR T aE i e R T AR A AL
B A 3R AT ZhBE AT, FH - 1 S T T 1 SN A R
BT MERE T (Fe' . Ca® f1zn”") . Xu Weiqing
2N I P A A BB e B2 H GO x [i] i 7E Fe-MOF s #4 %}
Fe-MIL-88B-NH, I ##3Fe-MOF-GOx, JFH|fH4k R
J5E A8 3T RN X 6 A BEEAT T A L R, DA
% T AEYME RS . 5Fe-MOFMGOx A, Fe-MOF-GOx
AR S m A e e R o] A, T H AR R
FIZEPETEFE (1~500 umol/L) , 8 2 K A HH PRAK 2
0.487 umol/L. 60 dJ5, A=) B A A X & A AR FEAER]
WETEPERI90% 2 A7, H A I 25 5 5 i B A3 Ao A 0 &5 2R
FEXS bR AR 22 /N T 5%, REE T e 7 ik Ak
REAEPIRIE W T AT RN AT . Li YanZ5™
T S I S PRI R R AE UTO-66-NH, 2 T2 1 5 H
R, SRS RUI0-66-NH,@ B HIL IR, SR )58
T i H A B A R T A SR IR . A A T E A SR,
V] 7 A, SR P il P i P % B 1 R B 4 49l S 1.215 U/mg R
M85mglg, HZIH e UBFE LS HE G FIA T M RIA81% .
2.3 MOFsEE AW RHE & 10 B

MOFs-Bf =G MBS & 7 3 R 1 e
PEFO AT A M, T H Y KT e 7 A A5k 1 B
A L, AEAT 52 BV 2 00 B e R PR, G0 LM RS2 IR
T 5 F B AT DL MOFs KL (1) K/ T2 A
SGERASHUNIPESE, DRI, B 90X L8 R 3546 JF K MOFs %
HAMEA 0 EEPY, BT MOFs S Bt 22 R & W 5 Al
AR, 124 41k K% BIMOFs-Jig H Ak 2 AL A J 2% 1) R
B EAR . Liu XuejiaoZ5' "l Z BEB K E (multi-
walled carbon nanotube, MWCNT) & &M &7 BUE
NafionH', F#AEMLL1:15ZIF-67 (Co) BIFWIRE
&, RIEHHRIL A (horse radish peroxidase,
HRP) /KM A, LAH] &I H,0,ZIF-67 (Co) -
MWCNT-HRPfEEE: . H5HTZIF-67 (Co) BiMWCNTIH]
HRPIEE AL, ZIF-67 (Co) -MWCNT-HRP 3 7K 1
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AR T 5 (K B RZ475%) , HAGIH,O,
) REEEFE Y 7 1.3 f5. Nong WenqianZs™ 17 j 3 (1) 5
FH R K 5 200 W v 5 i 24 1 19 Fe, 0, 6 2% 21INH,L-MIL-88B
(Fe) b, G HUZFTAKR T, FE 5 R ORI
B AN ] 8 BAZ S 9KoRL T R, 4% 15 B 9 K BT
WA RE. MR T AR BEVELLRE . VA R
I Dl = AR RN T By R I SR R, RS P )
FORKAE . FUEWKE 100 pg/mLAT %A B3 10° CFU/mL
K FF T4 B4 T 8 R0 &5 BR A IR R B R N 100%,  HLTE/A
CAP R EIE Y/ s e e e B S e AT B 5% N ]
MBHEAYIEE % PRI SRR G T iR Bt B8 S
Al 5. Gao XiaZE L1 T Ni-MOFH) il ] % 7 MOFAT
5y 2 4510 2 JLNiO  (MOF-derived porous NiO with
hierarchical structure, MHNiO) , Tl it 5540 BAE ¥
HRP[#H & fEMHNIO I, $FFfFHRP@MHNiO. 70 Ci#H
L hJi, HRP@MHNIOE 4 Ll B HRP5165.4%; 480
90. 100 ‘CAbFHJ5, HRP@MHNIO A Xt i iE v 2y 5 N
78.2%- 72.8%K168.5%, filif EHRPE A Kid; & I,
8 JiJ5, HRP@MHNIO B 1 2 JiF B HRP2.5 5.

3 Pl T MOFs 4R} 1 ] 52 10409 K Bl 1 AR (1 L35 20 #r
R WR R

3 ETYoRRME €Ll

AR SR, KB AR S — Fh A i 5 00 B AR 8 4%
PR 2 BURE TN B0 550E . kIR S8 R a MK
WARLL, BARAATTE, SCBCE BRI Fe e R i A
SR REDT, e = o S K 4 R KU R RE AR 3k AR A 0
T AR P PR L AT I SR S 4, TR
fi] o A T R A

BT 4K 1) (] R A 44 K Bl E T R A A% B T
[HA %2 N . Huang JiajiaZs®™ s G 0 E 2 LMK
PACuZh K /K ¥ i il T [ 5 HRP L3R 5 PdCu@HRP. %
2] BA ] F PdCu @ HRPAI {1 ZE 7R ZIF-8 1 [ ) 26 i SR AL I
T (AR S B T AT L e A k. SRR
B, S5yfEHRPHIPACuMiLL, PACu@HRPAUIRfE | FaE
PERITTEE M, 3 R P A3 SR 0 1 . S e R,

IR (1) PR PR P SR ' SRR PR, DAER i
iE . 53T HRPHIAL GOl Gz BRI A L, 35114
IF6] 3 A7 R AL TSRS I R B S 1 296.1 A, WERH T
FEIG RS (#0917 Liang Hao%5% 5% FH Zn® R B4 1 1% it
1F (adenosine monophosphate, AMP) il Bt i 49K £F
4k, FIL[E EMHGOXAIHRP, 153|E 411 £ GOx&HRP@
Zn/AMP, UL A ) % v % B0 R 3E 455 12 %) 455 2R
VIR IRES, AL EER IO AS PR 290.3 pmol/L. JE L %
HEFRICIES M AT &1, GOXFIHRPAELE T4 Zn> JAMP/K
e, HAsA TN 4 . GOx&HRP@Zn™ /AMPF4
SE M Ui IR 5. ERAR PR R BTG I A iR AT
G B, HE E Ak R AR R 7.5 °C, UEW
Zn” " AMPYN K AT 4 7] LUARF GOx FTHRP 4 32 FA Rk 1) £
o 60 “C N H 80 min, [F] % Hh i AN 25 i 10 2 %2 10
532970 min138 min. [ EALEEELS A IR EE T 70% LA
FRIIETEYE, ARTITEA R, W RSEEAES dJE Rk X
T50% L EHIWIGRTEE . Romero-ArcosZE ' S LACIH 1T
T T -t e v 1) 52 A — S Ak EK/Nafion (TiO/NAF) 4
K5 1, NafionH A B 7K 1 500K B 2RI 55 K BH 25 122
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Comparative analysis of immobilized enzymes on three novel nanomaterials

FI7E ik fis

B

B SEW

U HESE, Tl TR0, WRAKETSE 2 AT A

D) BE-SRRMARE: Filis.

EFEOEIRL D AREREE O RO, PeEE KERRRETHRELD: 3 BHEEET (lice) LAC, CA. PEL3 -
HTE R (LR 3) BREAEL: 4) ARHTEE SRR AR, O NISR-2RMUKE D SB-ERRLAKE: GOxGA,
Tl 5 2R LAKTIT R EG. CBHATBG
ervorpiiy DR O RETEMERNL D it DA THENEAUT D HAMORL AN
i DREPFE 4 BRI  BEk. EKASRERE SRR ) NMEEEAS B GOx HRP. REM. WEE 14656
k 5) BB SIAMNER) IR, DB AT, R, i
s ) SRR T D WA, o %
I’I,ﬂ:@i ﬁ?ﬂﬁﬁﬁﬁfmﬁt%ﬁﬂ@ﬁ?ﬁi% 2) Mﬁuhﬁv ﬂ]; ﬂiﬁiéﬂ"]lﬁl'&ﬁ?ﬁ HRP. HHHE\ LAC, GOx. ﬁéﬁ%‘%% [57'67]

3) SHERTR: 4) Rt

BARRIEN YRR R, BIINEEAT B A - ALK AE [
S8 A5 AR ) A IR 212 B I B A I A2 15 4 0
T IR AE A ) Pl 1 R AR T AR, A
I3 B A G B AR R 71 4 55T MOFsH R [ 3
WHUKERS, WA R RMOFs &P R R £ KA
5T AR AEAA, s 8 FH 2R B AR ) 1] A

X T2 P AL RN D ] 2, AR G OK i E 1L
BRI I RA RAF a5, ] 2 MRk
TCRE A R B A A, AR TORT T 2 B3 [ E AL T
X, MR ZEERIEGEAIR R, B RIEIE DL 2 g
SRR LB R R JE 4 M4, REfG 3 v 25 MR OBk i
B RE =7 32, K 2 Tl R B0 S SN M 538 1A B R A e
ITE G VP2 KR 2 BN A A iy, SR THIL 5RO
. EAh, DA [ E AL FUIE 5 AN W T AR R4
B IR BRI s Mg RS E . R LAY
DhRg, XAAEMERZ . i ol A S A B IR I
AR

SE

[1] ZHANG M F, ZHANG Y, YANG C K, et al. Enzyme-inorganic
hybrid nanoflowers: classification, synthesis, functionalization and
potential applications[J]. Chemical Engineering Journal, 2021, 415:
129075. DOI:10.1016/j.cej.2021.129075.

[2] LANCASTER L, ABDALLAH W, BANTA S, et al. Engineering
enzyme microenvironments for enhanced biocatalysis[J]. Chemical
Society Reviews, 2018, 47(14): 5177-5186. DOI:10.1039/c8cs00085a.

[3] CIPOLATTI E P, VALERIO A, HENRIQUES R O, et al.
Nanomaterials for biocatalyst immobilization-state of the art and
future trends[J]. RSC Advances, 2016, 6(106): 104675-104692.
DOI:10.1039/c6ra22047a.

[4] CAO S L, XU P, MA Y Z, et al. Recent advances in immobilized
enzymes on nanocarriers[J]. Chinese Journal of Catalysis, 2016,
37(11): 1814-1823. DOI:10.1016/s1872-2067(16)62528-7.

[5] LIU D M, CHEN J, SHI Y P. Advances on methods and easy
separated support materials for enzymes immobilization[J]. TrAC
Trends in Analytical Chemistry, 2018, 102: 332-342. DOI:10.1016/
j-trac.2018.03.011.

[6] LIU D M, DONG C. Recent advances in nano-carrier immobilized
enzymes and their applications[J]. Process Biochemistry, 2020, 92:
464-475. DOI:10.1016/j.procbio.2020.02.005.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

WANG Z G, WAN L S, LIU Z M, et al. Enzyme immobilization on
electrospun polymer nanofibers: an overview[J]. Journal of Molecular
Catalysis B: Enzymatic, 2009, 56(4): 189-195. DOI:10.1016/
j-molcatb.2008.05.005.

FENG W, JI P J. Enzymes immobilized on carbon nanotubes[J].
Biotechnology Advances, 2011, 29(6): 889-895. DOI:10.1016/
j-biotechadv.2011.07.007.

CARLSSON N, GUSTAFSSON H, THORN C, et al. Enzymes
immobilized in mesoporous silica: a physical-chemical perspective[J].
Advances in Colloid and Interface Science, 2014, 205: 339-360.
DOI:10.1016/j.¢is.2013.08.010.

ZHANG L Q, SUN Y. Poly(carboxybetaine methacrylate)-grafted
silica nanoparticle: a novel carrier for enzyme immobilization[J].
Biochemical Engineering Journal, 2018, 132: 122-129. DOI:10.1016/
j-bej.2018.01.013.

ADEEL M, BILAL M, RASHEED T, et al. Graphene and graphene
oxide: functionalization and nano-bio-catalytic system for enzyme
immobilization and biotechnological perspective[J]. International
Journal of Biological Macromolecules, 2018, 120: 1430-1440.
DOI:10.1016/j.ijbiomac.2018.09.144.

BILAL M, ZHAO Y P, RASHEED T, et al. Magnetic nanoparticles
as versatile carriers for enzymes immobilization: a review[J].
International Journal of Biological Macromolecules, 2018, 120: 2530-
2544. DOI:10.1016/j.ijbiomac.2018.09.025.

LIU X, LEI L, LI Y F, et al. Preparation of carriers based on magnetic
nanoparticles grafted polymer and immobilization for lipase[J].
Biochemical Engineering Journal, 2011, 56(3): 142-149. DOI:10.1016/
j.bej.2011.05.013.

ZHANG J G, MAO H L, LI M L, et al. Cyclodextrin
glucosyltransferase immobilization on polydopamine-coated Fe;O,
nanoparticles in the presence of polyethyleneimine for efficient
f-cyclodextrin production[J]. Biochemical Engineering Journal, 2019,
150: 107264. DOI:10.1016/j.bej.2019.107264.

CUIJ D, REN S Z, SUN B T, et al. Optimization protocols and
improved strategies for metal-organic frameworks for immobilizing
enzymes: current development and future challenges[J].
Coordination Chemistry Reviews, 2018, 370: 22-41. DOI:10.1016/
j-ccr.2018.05.004.

LIANG S, WU X L, XIONG J, et al. Metal-organic frameworks
as novel matrices for efficient enzyme immobilization: an update
review[J]. Coordination Chemistry Reviews, 2020, 406: 213149.
DOI:10.1016/j.ccr.2019.213149.

HU Y L, DAIL M, LIU D H, et al. Progress & prospect of metal-

organic frameworks (MOFs) for enzyme immobilization (enzyme/



212 2023, Vol.44, No.11

B5oitl F

KRR

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

MOFs)[J]. Renewable and Sustainable Energy Reviews, 2018, 91:
793-801. DOI:10.1016/j.rser.2018.04.103.

LIU Xuejiao, CHEN Wanwan, LIAN Meiling, et al. Enzyme
immobilization on ZIF-67/MWCNT composite engenders high
sensitivity electrochemical sensing[J]. Journal of Electroanalytical
Chemistry, 2019, 833: 505-511. DOI:10.1016/j.jelechem.2018.12.027.
RAFIEI S, TANGESTANINEJAD S, HORCAJADA P, et al. Efficient
biodiesel production using a lipase @ZIF-67 nanobioreactor[J].
Chemical Engineering Journal, 2018, 334: 1233-1241. DOI:10.1016/
j.cej.2017.10.094.

SAEI A A, DOLATABADI J E N, NAJAFI-MARANDI P,
et al. Electrochemical biosensors for glucose based on metal
nanoparticles[J]. TrAC Trends in Analytical Chemistry, 2013, 42: 216-
227. DOI:10.1016/j.trac.2012.09.011.

BILAL M, IQBAL H M N. Armoring bio-catalysis via structural
and functional coordination between nanostructured materials
and lipases for tailored applications[J]. International Journal of
Biological Macromolecules, 2021, 166: 818-838. DOI:10.1016/
j.ijbiomac.2020.10.239.

GE Jun, LEI Jiandu, ZARE R N. Protein-inorganic hybrid
nanoflowers[J]. Nature Nanotechnology, 2012, 7(7): 428-432.
DOI:10.1038/nnano.2012.80.

LEI Z X, GAO C L, CHEN L, et al. Recent advances in biomolecule
immobilization based on self-assembly: organic-inorganic hybrid
nanoflowers and metal-organic frameworks as novel substrates[J].
Journal of Materials Chemistry B, 2018, 6(11): 1581-1594.
DOI:10.1039/c7tb03310a.

ZHANG Baoliang, LI Peitao, ZHANG Hepeng, et al. Preparation of
lipase/Zn;(PO,), hybrid nanoflower and its catalytic performance as
an immobilized enzyme[J]. Chemical Engineering Journal, 2016, 291:
287-297. DOI:10.1016/j.cej.2016.01.104.

SHARMA N, PARHIZKAR M, CONG W, et al. Metal ion type
significantly affects the morphology but not the activity of lipase-
metal-phosphate nanoflowers[J]. RSC Advances, 2017, 7(41): 25437-
25443. DOI:10.1039/c7ra00302a.

WU Pan, LUO Feifan, LU Zhenghui, et al. Improving the catalytic
performance of pectate lyase through pectate lyase/Cu,(PO,), hybrid
nanoflowers as an immobilized enzyme[J]. Frontiers in Bioengineering
and Biotechnology, 2020, 8: 280-287. DOI:10.3389/fbioe.2020.00280.
WEN Huan, ZHANG Lei, DU Yingjie, et al. Bimetal based inorganic-
carbonic anhydrase hybrid hydrogel membrane for CO, capture[J]. Journal
of CO, Utilization, 2020, 39: 101171. DOI:10.1016/j.jcou.2020.101171.
PATEL S K S, CHOI H, LEE J K. Multimetal-based inorganic-
protein hybrid system for enzyme immobilization[J]. ACS Sustainable
Chemistry & Engineering, 2019, 7(16): 13633-13638. DOI:10.1021/
acssuschemeng.9b02583.

BATULE B S, PARK K S, KIM M 1, et al. Ultrafast sonochemical
synthesis of protein-inorganic nanoflowers[J]. International Journal of
Nanomedicine, 2015, 10: 137-142. DOI:10.2147/ijn.s90274.

LEE H R, CHUNG M, KIM M I, et al. Preparation of glutaraldehyde-
treated lipase-inorganic hybrid nanoflowers and their catalytic
performance as immobilized enzymes[J]. Enzyme and Microbial
Technology, 2017, 105: 24-29. DOI:10.1016/j.enzmictec.2017.06.006.
REN Weifan, LI Yao, WANG Jihui, et al. Synthesis of magnetic
nanoflower immobilized lipase and its continuous catalytic
application[J]. New Journal of Chemistry, 2019, 43(28): 11082-11090.
DOI:10.1039/c8nj06429f.

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

(42]

[43]

[44]

(45]

[46]

IR, BRAR, BOOCE, L ORI R - TE AL 2% AL T sE A Tl R A
HEFE[T]. fb iR, 2021, 84(12): 1263-1273. DOI:10.14159/
j.cnki.0441-3776.2021.12.004.

LI Kai, WANG Jianhua, HE Yaojia, et al. Carbon nanotube-
lipase hybrid nanoflowers with enhanced enzyme activity and
enantioselectivity[J]. Journal of Biotechnology, 2018, 281: 87-98.
DOI:10.1016/j.jbiotec.2018.06.344.

LI Hui, HOU Jingwei, DUAN Linlin, et al. Graphene oxide-enzyme
hybrid nanoflowers for efficient water soluble dye removal[J].
Journal of Hazardous Materials, 2017, 338: 93-101. DOI:10.1016/
j.jhazmat.2017.05.014.

LUO Mengying, LI Mufang, JIANG Shan, et al. Supported growth
of inorganic-organic nanoflowers on 3D hierarchically porous
nanofibrous membrane for enhanced enzymatic water treatment[J].
Journal of Hazardous Materials, 2020, 381: 120947. DOI:10.1016/
j.jhazmat.2019.120947.

JIANG Wei, WANG Xinghuo, YANG lJiebing, et al. Lipase-inorganic
hybrid nanoflower constructed through biomimetic mineralization: a
new support for biodiesel synthesis[J]. Journal of Colloid and Interface
Science, 2018, 514: 102-107. DOI:10.1016/j.j¢is.2017.12.025.

SUN Tingting, FU Meihua, XING Jinfeng, et al. Magnetic
nanoparticles encapsulated laccase nanoflowers: evaluation of
enzymatic activity and reusability for degradation of malachite
green[J]. Water Science and Technology, 2020, 81(1): 29-39.
DOI:10.2166/wst.2020.068.

FU M H, XING J F, GE Z Q. Preparation of laccase-loaded magnetic
nanoflowers and their recycling for efficient degradation of bisphenol
A[J]. Science of the Total Environment, 2019, 651: 2857-2865.
DOI:10.1016/j.scitotenv.2018.10.145.

HWANG E T, LEE S. Multienzymatic cascade reactions via enzyme
complex by immobilization[J]. ACS Catalysis, 2019, 9(5): 4402-4425.
DOI:10.1021/acscatal.8b04921.

HAN Juan, LUO Peng, WANG Lei, et al. Construction of a
multienzymatic cascade reaction system of coimmobilized hybrid
nanoflowers for efficient conversion of starch into gluconic acid[J].
ACS Applied Materials & Interfaces, 2020, 12(13): 15023-15033.
DOI:10.1021/acsami.9b21511.

HAN Juan, FENG Hui, WU Jiacong, et al. Construction of
multienzyme co-immobilized hybrid nanoflowers for an efficient
conversion of cellulose into glucose in a cascade reaction[J]. Journal
of Agricultural and Food Chemistry, 2021, 69(28): 7910-7921.
DOI:10.1021/acs.jafc.1¢02056.

LI B, WEN H M, CUI Y J, et al. Emerging multifunctional metal-
organic framework materials[J]. Advanced Materials, 2016, 28(40):
8819-8860. DOI:10.1002/adma.201601133.

MA X J, CHAI Y T, LI P, et al. Metal-organic framework films and
their potential applications in environmental pollution control[J].
Accounts of Chemical Research, 2019, 52(5): 1461-1470.
DOI:10.1021/acs.accounts.9b00113.

LI B, WEN H M, ZHOU W, et al. Porous metal-organic frameworks
for gas storage and separation: what, how, and why?[J]. The Journal
of Physical Chemistry Letters, 2014, 5(20): 3468-3479. DOI:10.1021/
jz501586e.

WomE, EEH, MK, . 9UKE R A PUE SR 259 i
TR (¥ S [D]. P2k RE, 2019, 31(6): 783-790. DOI:10.7536/
PC181029.

MREM, BRE, thRIE, &5 &R A HURE 2L 90K B 1w 762t J 1],
S A FRIERE, 2021, 48(1): 6-23. DOI:10.16476/
j-pibb.2020.0282.



XA ERA

2023, Vol.44, No.11 213

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

ZHOU M, JU X, ZHOU Z, et al. Development of an immobilized
cellulase system based on metal-organic frameworks for improving
ionic liquid tolerance and in situ saccharification of bagasse[J]. ACS
Sustainable Chemistry & Engineering, 2019, 7(23): 19185-19193.
DOI:10.1021/acssuschemeng.9b05175.

CHENG Xiqing, ZHOU Jinhong, CHEN lJiayu, et al. One-step
synthesis of thermally stable artificial multienzyme cascade system for
efficient enzymatic electrochemical detection[J]. Nano Research, 2019,
12(12): 3031-3036. DOI:10.1007/s12274-019-2548-8.

SHOMAL R, OGUBADEJO B, SHITTU T, et al. Advances in
enzyme and ionic liquid immobilization for enhanced in MOFs for
biodiesel production[J]. Molecules, 2021, 26(12): 3512. DOI:10.3390/
molecules26123512.

CAI Xinyong, ZHANG Mengjie, WEI Wei, et al. The Immobilization
of Candida antarctica lipase B by ZIF-8 encapsulation and
macroporous resin adsorption: preparation and characterizations[J].
Biotechnology Letters, 2020, 42(2): 269-276. DOI:10.1007/s10529-
019-02771-6.

NADAR S S, RATHOD V K. Immobilization of proline activated
lipase within metal organic framework (MOF)[J]. International Journal
of Biological Macromolecules, 2020, 152: 1108-1112. DOI:10.1016/
j-ijbiomac.2019.10.199.

XU Weiqing, JIAO Lei, YAN Hongye, et al. Glucose oxidase-
integrated metal-organic framework hybrids as biomimetic cascade
nanozymes for ultrasensitive glucose biosensing[J]. ACS Applied
Materials & Interfaces, 2019, 11(25): 22096-22101. DOI:10.1021/
acsami.9b03004.

LI Yan, LIU Jiangtao, ZHANG Kehu, et al. UiO-66-NH,@PMAA: a
hybrid polymer-MOFs architecture for pectinase immobilization[J].
Industrial & Engineering Chemistry Research, 2018, 57(2): 559-567.
DOI:10.1021/acs.iecr.7b03398.

LIU J, LIANG J Y, XUE J Y, et al. Metal-organic frameworks
as a versatile materials platform for unlocking new potentials
in biocatalysis[J]. Small, 2021, 17(32): 2100300. DOI:10.1002/
sml1.202100300.

NONG Wengian, CHEN Yinglu, LU Danyu, et al. Metal-organic
framework based nanozyme hybrid for synergistic bacterial
eradication by lysozyme and light-triggered carvacrol release[J].
Chemical Engineering Journal, 2022, 431: 134003. DOI:10.1016/
j-cej.2021.134003.

GAO Xia, DING Yu, SHENG Yude, et al. Enzyme immobilization in
MOF-derived porous NiO with hierarchical structure: an efficient and
stable enzymatic reactor[J]. ChemCatChem, 2019, 11(12): 2828-2836.
DOI:10.1002/cctc.201900611.

PENG Huan, RUBSAM K, JAKOB F, et al. Reversible deactivation
of enzymes by redox-responsive nanogel carriers[J]. Macromolecular

[58]

[59]

[60]

[o1]

[62]

[63]

[64]

[65]

[66]

[67]

Rapid Communications, 2016, 37(21): 1765-1771. DOI:10.1002/
marc.201600476.

FUSCO G, CHRONOPOULOU L, GALANTINI L, et al. Evaluation
of novel Fmoc-tripeptide based hydrogels as immobilization supports
for electrochemical biosensors[J]. Microchemical Journal, 2018, 137:
105-110. DOI:10.1016/j.microc.2017.10.002.

HUANG lJiajia, JIAO Lei, XU Weiqing, et al. Immobilizing enzymes
on noble metal hydrogel nanozymes with synergistically enhanced
peroxidase activity for ultrasensitive immunoassays by cascade signal
amplification[J]. ACS Applied Materials & Interfaces, 2021, 13(28):
33383-33391. DOI:10.1021/acsami.1c09100.

LIANG Hao, JIANG Shuhui, YUAN Qipeng, et al. Co-immobilization
of multiple enzymes by metal coordinated nucleotide hydrogel
nanofibers: improved stability and an enzyme cascade for glucose
detection[J]. Nanoscale, 2016, 8(11): 6071-6078. DOI:10.1039/
c5nr08734a.

ROMERO-ARCOS M, GARNICA-ROMO M G, MARTINEZ-
FLORES H E. Electrochemical study and characterization of an
amperometric biosensor based on the immobilization of laccase in a
nanostructure of TiO, synthesized by the sol-gel method[J]. Materials,
2016, 9(7): 543. DOI:10.3390/ma9070543.

PENG Huan, RUBSAM K, JAKOB F, et al. Tunable enzymatic
activity and enhanced stability of cellulase immobilized in biohybrid
nanogels[J]. Biomacromolecules, 2016, 17(11): 3619-3631.
DOI:10.1021/acs.biomac.6b01119.

JI Xiaotian, LIU Jinchuan, LIU Li, et al. Enzyme-polymer hybrid
nanogels fabricated by thiol-disulfide exchange reaction[J]. Colloids
and Surfaces B: Biointerfaces, 2016, 148: 41-48. DOI:10.1016/
j-colsurfb.2016.08.043.

ZOU Bin, YAN Yan, XIA Jiaojiao, et al. Enhancing bio-catalytic
activity and stability of lipase nanogel by functional ionic liquids
modification[J]. Colloids and Surfaces B: Biointerfaces, 2020, 195:
111275. DOI:10.1016/j.colsurfb.2020.111275.

HUMENIK M, PREIB T, GODRICH S, et al. Functionalized
DNA-spider silk nanohydrogels for controlled protein binding and
release[J]. Materials Today Bio, 2020, 6: 100045. DOI:10.1016/
j-mtbio.2020.100045.

SAN B H, HA E J, PAIK H J, et al. Radiofrequency treatment
enhances the catalytic function of an immobilized nanobiohybrid
catalyst[J]. Nanoscale, 2014, 6(11): 6009-6017. DOI:10.1039/
c4nr00407h.

XU Li, KE Caixia, HUANG Ying, et al. Immobilized Aspergillus
niger lipase with SiO, nanoparticles in sol-gel materials[J]. Catalysts,
2016, 6(10): 149. DOI:10.3390/catal6100149.



