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Preparation of polymer gel spheres loaded with enzyme/CaCO, particles and

study on their catalytic performance
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Abstract: Monomer droplets containing enzyme/CaCO, are constructed through micro-channel suspension
emulsification method,and used as templates to prepare polymer gel spheres loaded with enzyme/CaCO; particles. The
hydrogel polymer network structure of the spheres and the mesoporous structures of CaCO; particles loaded in the spheres
endow the spheres with excellent mass transfer, and can supply good protection to enzyme molecules immobilized in
CaCO, particles, thus providing the enzymes with excellent enzymatic catalytic property, enhanced stability and
environmental tolerance. Through encapsuling alcohol dehydrogenase in the polymer gel spheres, the enzyme
immobilization performance of the spheres is evaluated in catalytic conversion of formaldehyde to formic acid.lt is verified
from the results that these spheres can deliver similar catalytic activity as that of free alcohol dehydrogenase due to their
good protection and mass transfer properties. After treated with hot water (80°C) and UV irradiation, these spheres still
remains their catalytic activity effectively,showing good stability and environmental tolerance.

Key words: enzyme immobilization; enzymatic catalysis; carriers; particles; gel

B R —FP IR | B R AT FEE Y B
' RS RRUENY RO AR IR 2 U A
TR, SR, K AR T B AR 5 52 pH il AR R
SN AR B R 3E FRETEZESF M, K4 & 5
AL, AT DL AR Wl B [ E A 0
SIS AL A X TR T 0 1 F) 2 I, 4 5 I 114
Rasg e T RIERE AR L T U Rt , B A T [
W N e A2 AT AT IR T B A G P AR
B 5 BURL A P, AT R P X il ) 2 R 441K
VA S PRIE DN 2R A4 52 R, S A A0 M DR AR 305 1
FRREPE 0 3 Ao H il 2 3 50 0 rh 25 A

FRURL AT LB T Y b 1 A R R AR A
PEDTTN L RTT T HERTURL AR A K LA A 8RR T il Y 4
[BIEEA AL 7 i SR NIRRT 25507 2 25 4F T PR3 i
SEVEZE SRS R AR e P22 B IR, B 1
PSR, M FA PG R HESLY) (MOF)
ZRRITURE SRR AL 2540 SR 2R il 23 1, Je i I
DAL 2 Xt A R ol 2 A T, DA o R ) g
TAEIREL A AT ) 23 (8] 2548 48 4k, A7 S5 R 5 Tl
MEALTR M ARG SE 20 SRR, 3X 48 MOF 50K (1
TAFLAS AL BRG] 1 A AL S i A rp i Wy I 188,
HOLRGHEAL S 0 g R 208, NI, e T A HA R

%5 B #A.2022-04-28 ; & B H #1:2023-02-06
E£WmA . HRKARPHAE 4 (21922809)

EEB N AEE(1997-) 2, 050 A BFFE 07 A O s B AR S5 D1 RER B, 1361607957 @ qq.com; TEAF (1984-) , 3 1+ #0424k
Ui WFZE 07 1) R SRR R AL TR KL B R, wangwei512@ scu.edu.cn,,



. 144 - LA AL T

A 1A R R 2 P B %) AR il [ A U 2
A, LS BRI 5 A 1 R G A Ak I PR BRI 52 1k

BEH AT — Pl ELAT RS M Ak T RN PR
Z MM CaCO, TR R A MBI ER, % B
i ok = 3 e A AR T AR AR A B ok i R
BRZKEE e ) 45 45 0 v A7 BB il Y CaCO, UKL,
IZBEIE PR 2252 80°C FAUK |58 A1t I A 38T 20 2% A 4k 2
J& A RE A SRR LR AL TR R I T R AR IR
Bt 32

1 SREMRANTTE

1.1 XA

T H AR PMX-200( E .10 mPa-S) \2-F%
-2 W FEIE IR (HMPP |, 43 Hr 4l ) 3 J5 Bl it 1
44 (B~ NADH, 46 JiF . 95%) | B W2 £ 22 vh % W
(PBS,0. 1 mol/L,pH=6.8) &2 — B [N 1R Mg
(PEGDA,M, =575) Bl &/ ( ADH,30KU) \RSN-
749 A1 iE FEE T (BSA, 41 . 98% ) .

BX61 ATkt W fBe , H A BAK EL 3T 28 )
A7 TM3030 BRI L+ 6l se , H S A IR Rl A=
77 5 e [ Bl R S AL AT, AR A RREIE A
AR VA X STRAT AN, faf == AR5 BT AR 2
A AP A B AR R LT AT FEER G R B A
FAE ™ s Leica TCS SPS— 11 #0065 45 10 1ol Be , 7 ]
BRAFALES S T AR 77 UV =2700 T AN GIEA, H A
SN
1.2 ADH/CaCO,@PEGDA ERREKRI &

ADH/CaCO,@ PEGDA #E i Bk 3= 2238 i 4 &%
ADH/ CaCO, [P ERAAR 5 0 VT R B e il 4, TR Tl
% ADH/CaCO, ORI} K 5. 25 mg ADH HILAZE] 2 mL
0.01 mol/L CaCl, ¥ s SR 5, PR A 2 mL
0.01 mol/L Na,CO, W, I Z HIR A5, #il 15
ADH/CaCO, Ui, 42235 K43 i 2500 IS
FES AT 36 h 5 B T TR SRR,

1] % ADH/CaCO, @ PEGDA BRI, % H
B B AL AL, L& ADH/CaCO, ik: 1Y B 44
Wik N BB, LA ADH/CaCO, ik 20% PEGDA
H1 1% HMPP BY/K ¥ AR R 43 BIOR 38 5 1 2 58 6t
R At S o I th B LR AR 1 I R (N
1 fii7R) o JH# 4% RSN-749 1) PMX-200 ¥ 1E N
TSRS ERTE B A VS VTR, P22 SR A R 5 |
RN AR ARG, T3 M &% ADH/ CaCo,
Wik ) ADH/CaCO,@ PEGDA BEREER, B H145 1 5k
JEERIE L, BT pH=6. 8 PBS W JFlUE T 2~8°C ¥k

F435F4 8

R

W
I} OPEGDA  -ADH/CaCO,

. \/ BoB WinE

v v v
v v, v & ;
Y Y YT e &

B 1 ki R A A R R A
ADH/CaCO,@ PEGDA % i 2k th 7 & &

1.3 ADH/CaCO,@PEGDA R EKRI T 3R &5 50
ZH Y RAE

FIH SEM 1 XRD 435l % 1E CaCO, 1 ADH/
CaCO, UKL 1Y TOUL 45 74 A i AR 454, I AT FT-1R
FAFHAL A0 B I CLSM XF 48 RhB 28 GHRiC Y
ADH(RhB-ADH) F1& RhB-ADH [/ CaCO,( RhB-
ADH/CaCO, kL) #EATRAE U B 590 nm,

FIH XPS Xt 1 J5 B ADH/CaCO, @ PEGDA
BEMCERIATICE S8 o AT Tl b A5 e ik W S
BERCER B S 235 4, I = 43 M 45 Bk AR 43 A1 8
TR S BR (1) It 25 R 8 CV B9y

cV = | i[(pi -D,)*(N-1)]"/D,} x100% (1)

Ho.D, A i NFESINEAR, wm; D, SRR OF 3
BN R, — BN CV<5% i B A R 4f
BT
1.4 ADH/CaCO,@PEGDA % BKEE E E W3 FE
iNE

7 s i A 5 BERS PR i ADH % 5
PL BSA WARESR FUIMA SN2 D52 i s v, e
AEHBE BSA 7E 595 nm &b AW GAR, i 7 A v i
Ao DAzt th 2l o BE I BRVE B ) ADH 2,
LSS WA B ADH 8045 2 B e Bk
JIF I ADH 5, THAEEIRCBR i [ AR

E =[(my —cv)/my] x 100% (2)

Horpomy A BT, me ;¢ A SRS BRYE
BT S R B, me/ mLs o H PRI AR, mL; E Sy [
FER %
1.5 ADH/CaCO, @ PEGDA % i Bk B9 18 1k 14 &
W3R

1E ADH A 1k 5% Ak Y o oy R s i) ook A B -
NADH &y id J5a) 7 5 g 4 i v 425 78 1 mol
FI 25 #E 1 mol B~NADH ; £ ADH /£ /i F,NADH



2023F 48 EXDF AR/ CaCo, MANRSYERIREVHI S REEMIEREAR - 145 -

REHTAE R NAD®, PR, 3l 2 I % B-NADH i
FEAEAL AT 15 ADH AL AR R0 DATTAl A (e
fig, WI%E B-NADH Arifk fi B, Be A Rk B B -
NADH &, I 5 HAE 340 nm Kb (WG, DL B-
NADH ¥ JB 0 1 A8 Bk | WG AE S 2 AL s 2 1l A
k.

FIF ADH A fb HY i AR Bl Y B Y s g U
ADH/CaCO, ki il ADH/CaCO,@ PEGDA %5 5k
HIEALPERE . X T ADH/CaCO, Uk, B 554 3 mg
ADH/CaCO, /%] 10 mL PBS(2 mg/mL B—NADH)
HOFIIA 100 L HESA R, SR G FHR R 8 T 37C
KU o FE N A A v B s g Y Ik
F 340 nm A POGIE  THEASRIHVR R T35 B-
NADH # k%,

Koo = [ (onamo = Coonanins )/ Cpnanmo ] X 100% (3)
H X xapn, F S [E] A ¢ B9 B~ NADH #% 1k
$;C[3—NADI{,0%7}§@3%:1zﬁ i Y B-NADH i35a 5 C3-NADH, 1
R N B] Ry ¢ B ) B-NADH ¥R

Fl b, R A B3R 77 31 i ADH/CaCO, @
PEGDA BEFEEK (HURE 2 ) F1 ADH (HUFE 2.29 mg)
HIEALTERE
1.6 ADH/CaCO,@PEGDA I E T 3214
BERR SR

FIHT ADH 5 WY e Ak o WY B i s g U 4
ADH, ADH/CaCO, %4 >k i ki F1 ADH/CaCO, @
PEGDA BERSERZ: 80°C #/K FIl UV 1A B 45387 %) £ 1
A BRI A A AL RE , DATEAR LA BTt 2 M RE . FR
B 2.29 mg ADH.3 mg ADH/CaCO, ki fl 2 ¢
ADH/CaCO;@ PEGDA #E i 3K 43 # 7€ 10 mL PBS
oK 3 VAT 28 80°C HH IR /K M AL B 30 min Al
UV &5 30 min J5, B TR AT OV 1 h, RH
1.5 5 Firk 5 s AR i P 9 B-NADH #4463, D)
BT 5 T A 2R S IR A A2 1

2 SRS

2.1 ADH/CaCO, #¥K Fhiny & M

ADH/CaCO, R 3245 CaCl, Fl Na,CO; HY
VAR Z A ADH R #4745 . ADH/CaCO,
L) SEM AN 2(a) Fizn . ME 2(a) FolFE i,
ADH/CaCO, 2 BLURAR 2544, (H iy T SEM il 1
fasd AR R R A T B BT SEM B H ) ADHY/
CaCO, WKL TR R, #E—LFH] DLS i ADH/
CaCO, PR A RLAR , S5 R4 2 (b) s, M 2
(b) PAT LU i, ADH/CaCO, HkL 5L IE &40 76, H

SRR LN 249. 6 nm, LR R BET EAE T
CaCO, MZ LA M, 45 RWNE 2 (c) Fian, MK 2
(e) WAl LA i, H N, W2 B — 056 BT 25 1 2 A T A 25
Rk, HV- 24042 K 3.840 nm, £ B H EHA /1L
45K

(a) ADH/CaCO, AL SEM &

$if2 /nm

(b) ADH/CaCO, kLAY DLS [

25

[\
(=)
T

Wbt/ (cm® - )
S &

=) w
T

02 04 0.6 0.8 1.0
AHXEI1(p/p,)

(¢)CaCO, MURKLIY BET &1
K2 ADH/CaCO, HUtkr vy 7% 41 45 ) R AE

ADH/CaCO, fl CaCO, fWiki ) XRD FKAF 45
WE 3 (a) Fiac, IWE 3 (a) hal LA, ADH/
CaCO, AT SRR 0 1Y) 1R I B 5 CaCO, AT S 06
FAWA UL ADH/CaCO, ki 5 CaCO, Piki B
AR A R, T ADH/CaCO, A (4 17 S e 75
260 4 29. 35° kbR FERY R CaCO, HORTETIG , HABAT ST
I 4 ADH/CaCO, UKL 58 JE 34 55 T CaCO,, Ui
ADH/CaCO, fIEAS RN B3

ADH ., CaCO, i #i F1 ADH/CaCO, i ki 19
FT-1IR KGN 3(b) Fo, A 3(b) ] LLE
CaCO; Fl ADH/CaCO, UKL 1% 45 AE U Y L AE 712
876.1 445 1 494 cm™ 1 1 798 em ™' &b, 712 em™' F
876 cm™ Aty C—O FEAYE M HRBNM I, 1 445 cm™
FI1 494 cm™ &bk C—O B 0 N X6k Ao 408 B sl i
W 1798 em™ 4bfg C=0 FRENIE, M LT CaCO, B



. 146 - LA 4L L

ki, ADH/ CaCO, f¥URLFI ADH 7 1 652 2 874 .2 963 cm™
A BRI i s oA 2 874 em ' il 2 930 em ™ Ab )
W IE Sy CH, F CH, 4R SR 2l T 1 652 em™
b (R AE W I A T ADH FR AR BE I FT-IR 43
Mras R R & T ADH/ CaCO, kL,

10 20 30 40 50 60 70 80
20/(°)

(a)CaCO, 1 ADH/CaCO, PkiH) XRD [

W
3
T
3500 3000 2500 2000 1500 1000 500
¥ /em!

(b) CaCO5 ,ADH F1 ADH/CaCO, Fikif¥) FT-IR &

1—ADH/CaC0, ;2—CaCO0, ; 3—ADH

K3 ADH/CaCO, #y SEM & X FT-IR K

RhB - ADH Dl }%2 RhB - ADH/CaCO, i i fiy
CLSM & 4 fir, MIE 4(a) B 4(b) ol LA
th, 9% RhB-ADH eI LT TR (R A 3R

_ e

< :
100 pm - 100 pm

(a) RhB-ADH f4 CLSM

(b)RhB-ADH £ CLSM

DR EEE & RS
E o &
- - v - b :
: ,V;'l" . o
250 pm & A S 250 pm
(¢) RhB=ADH/CaCO, ik i) (d) RhB-ADH/CaCO, ki i
CLSM &)t &% CLSM & iz &%

Kl 4 RhB-ADH #2 RhB-ADH/CaCO, Bk th
CLSM A

F435F4 8

YRI5, U] RhB B3 #iXF ADH #4171
shRid, B, ANE 4(e) B 4(d) R LLEH,
ADH-RhB/CaCO, ks 78 52 8 ) 41 4 9% 0, 45 &
[ 3 A 45 9L £ W], ADH - RhB i B Hb 354 35 3F T
CaCO, 1,
2.2 ADH/CaCO,@PEGDA %KY #l &
ADH/CaCO,@ PEGDA % i 5K 7= 52 38 1 3k 1 1
W B G R 45 o SR ATBRAE -6 USRI
A, P ek R R R ST A ke T 4 e LA
HRSERSH AL B T BE WKL . PEGDA Y AN
PEGDA BEREER 1624 B SORiAR o A WKL 5 iR,
ME5(a) B 5(b) FrfLIA H, PEGDA % 2 3
RS —RERIE IR AR, 1 28 28 S0 R & B A5 1
PEGDA BEREKIN I —BRIE 4540 . [Rlg, DAL 5
(c) W] LU W B S 3K ) ~F- 40 42 43 24
92175 pm F12 086 pm, H: CV {H/ 514 1. 07%
1. 38% ,34/INT 5% o LW i 8 2 L A 12
15 ORI SBE e BRI B AT BRI, i — 2
PEGDA FAIER A ADH/CaCO, Fik: , 1 i
30 T A LA T A B AR VA VOB B, FR 58 A1
R4 1145 T ADH/CaCO,@ PEGDA BEER, W&
ADH/CaCO, #J PEGDA 3 J% F1 ADH/CaCO, @
PEGDA #EEkiG# K R nE 6 fras, HiE 6
AT LA MY T2 000006 R i B 1 5 B RS 3 — iy 3k
TETEAR o U BH I FH 0 1 R TR AR Al B s vl o A5 R

(a) PEGDA i 627 B

2
60+ 1 I
- [\
L 45r
§ 30+ ¥ 1S
jm
15+ R
/ \. \
0 o o P e N
1900 2000 2100 2200 2300
HAZ/um
1—BE IR 2— T
() Rtz s il

K5 PEGDA i # #1 PEGDA % i 5ty
=N N & R Y il



2023 F 48 E¥RERE.AREE/CaCO, PRI

d

? 5 mm
(a) N5 ADH/CaCO, Bikify (b) ADH/CaCO;@ PEGDA
PEGDA i i)t B A BEEERY G M

B 6 N4 ADH/CaCO, FiArty PEGDA 7 i fn
ADH/CaCO,@ PEGDA #E fi 5k % 2 F8 i

2.3 ADH/CaCO,@PEGDA £EEKAIEE (1L i

I 25 1 305 W DU A5 %) AN [ o 6 4 B s oA
BSA W IIBRHERR AN 7 (a) B, LA 15211
FRUEMIZE U 5 FE Aoy = 0. 725 20+0. 548 1 (R =
0.998) , i B 7E FIr il 5T 2t ¥ 2 Y BT P BSA JoT fit vk
SWOUHAA REFLME R ER . A FRpRiE £
S TR R BE IS BRI TRV T ADH HOMRBE | m] 753
BECER T B 25 A9 ADH &, g (2) TR F]
BE Bk ADH £35% E oy 87.24%,, 1fif B-NADH
W AR R E 7 (b) s, HAEE E 1 -
NADH F5fE i £k [51 )5 5 2 4 .y = 8. 050 8x+0. 025 6
(R*=0.999 8) iz M £k i W] B-NADH Joi izt ik Y [l

WEA RIFLMECR
L6
12} e
2 0“‘—“—"—
RO T y=0.7282x +0.5481

= R>=0.998
0.4t

0

1 1 1 1 1
02 04 06 0.8 1.0 1.2
BSAﬁE%{g/(mg * mL™)

() BSA JFUi e B2 RO IE AR B o il 2

2.5
y=8.0508x + 0.0256

2.0 R?=0.9998 )
i 15| -
iR o
=10} )

K3
osl "‘,,,,
0

005 010 015 020 025 030
B-NADHJ# ¥ /(mg - mL™")

(b)B-NADH B k¥ i B 225 A B B T 2%
K7 BSA fr B-NADH 9474 th %4

ADH AJ 7£ B~NADH 1E i J5U 50 42 {1t s 5 14 155
OL R P A A AL o WY i, 3 5 W € B~ NADH
Befb Rk FAE T ADH/CaCO, @ PEGDA F 4 1k
fiE. ADH,ADH/CaCO, kL, A 71 2 ADH/CaCO,

YDA IR BV H & R ELEE AL MERERA ST - 147 -

HURL ) PEGDA BECEK I ADH/CaCO, @ PEGDA #E
W ERFE S 0 5 FE T B—NADH B % £k & Bifi st ] 1) 28
FEREBLANER 1 7R, o PEGDA BEFEIRAE S i
T B-NADH F% 4k 32 B s ] JL-F- JC W i A8 4k, 35
WIHOR B A ik e feteng . AL T, ADH (ADH/
CaCO, ki Fl ADH/CaCO,@ PEGDA HEEER1EAEAL
AR B-NADH 154 {1k A& Bl ] (8] T 385, 45
W], 2 ADH/CaCO, ki Fl ADH/CaCO,@ PEGDA
BEIC R EIRE Y ADH R ILH 5775 ADH AH 24 i1k
e, UL CaCO, WURLIY Z2 FLE5 1 UL & PEGDA
JEEBR 7K B I e - P 28 45 1 B A R A% BRe
A H T SO 3 AR PR R ) 4y AR % AT
PRUE T BEEAEAL SO0 Y RGP AT
F1 BRRIKEMLTZH B-NADH M=

R B B ) AL 1B R %
WfEl/h  ADH ADH/CaCO, ADH/CaCO,@PEGDA PEGDA
1 30. 69 35.43 32.03 0.36
2 38.91 41.48 44.18 5.98
3 47.15 49.01 56.73 4.62
4 55.03 55.07 64.92 3.10
5 61.01 60.77 71.15 2.26
6 67.02 65. 48 77.03 2. 60

2.4 ADH/CaCO,@PEGDA &Kk IR S =4

ADH, ADH/CaCO, i ki il ADH/CaCO, @
PEGDA BERSIRTE HIRAF UG LA K53 3 28 80°C #4K
AbFE 30 min LSBT 30 min J5, F 37C &M
JNE 1 h AR B-NADH B446 RNk 2 i, MR
2RI E Y, 25 80°C #A UK AL PR S, ADH Fil ADH/
CaCO, ORI Ak 3 70 I8 T 5 45 1 T /Y S g 7% Ak
L ADH Hl ADH/CaCO, 252/ ADH 238
IPIIE s M Z R, ADH/CaCO,@ PEGDA BERCER 5
HAEE WA S5 T BT PEAR Y 2 20k 2040 B 5
30 min 5, ADH/CaCO, @ PEGDA 57 # M- 1F 5%
PERRIEPEAR Y, 25 R 3R W], 51iF & ADH 4H b,
CaCO, ok Xt fir s34 iy ADH HAA —E Py Ve imi
1E CaCO, UKL Fl PEGDA #E i ER A9 LR £ 97, fig
A SR ADH, KR 71 7 20 248 58 % il P
BI52 . K, ADH/CaCO, @ PEGDA ¥ i Bk B
RAFFREE M 32k

=2 BEKEARERETHB-NADH HHUE %

i 37°C/KIBE - 80CKIA KHMEIR
ADH 30. 69 7.84 2.02
ADH/CaCO, 35.43 10. 57 8.73
ADH/CaCO,@ PEGDA 32.03 37.44 34.07




- 148 - LA AL T

3 &g

A P e 3 VR T AR 5 Il T il 2 T R 8
—#) ADH/CaCO, @ PEGDA % BR, % 5% i 3Kk 7Y
PEGDA 15 73 ™ 4% 45 ¥ bz 3 o9 3 19 A L 45 1
CaCO; BURLHA R 4F 1 1& BTk aE, H AT 2h CaCO,
Kb TR ADH $2 LAY, % ADH/ CaCO,@
PEGDA ¢ BK Je B 1 15 1178 25 T AH >4 1 18 4 £ 16
[l s, 5 00 B T A B | 32858 S B3R 7 43 31 28 80°C #AUK
FIZESIE RN 2 S E AL 3] 30 min J&5 , A3 AEA 215
FrHmg L1 ¥, Ik, % ADH/CaCO, @ PEGDA
T I ER LA B A (O T L0 T RN IR SR i 32, it
FEGE IR ELAT R Il T 0 1 R0 BRI i 32 44 ) 7
it ] 5 b AT 2 AR P R T B B L TSRS

S 3k

[1] Bernal C, Rodriguez K, Martinez R. Integrating enzyme
immobilization and protein engineering; An alternative path for the
development of novel and improved industrial biocatalysts|[ J ].Bio-
technology Advances,2018,36(5) ;1470-1480.

[2] Yushkova E D,Nazarova E A, Matyuhina A Vet al. Application of
immobilized enzymes in food industry [ J].Journal of Agricultural
and Food Chemistry,2019,67(42) :11553-11567.

[3] Tang S S,Zhang F Y,Gong H,et al.Enzyme-powered Janus platelet
cell robots for active and targeted drug delivery[ J].Science Robot-
ics,2020,5(43) :6137-6147.

[4] Kant B S,Kant B R,Jeon J M, et al.An overview on advancements
in biobased transesterification methods for biodiesel production: Oil
resources , extraction , biocatalysts, and process intensification tech-
nologies[ J1.Fuel ,2021,285 . 119117-119136.

[5] Shakerian F,Zhao J,Li S P.Recent development in the application
of immobilized oxidative enzymes for bioremediation of hazardous
micropollutants-A review [ J |. Chemosphere, 2020, 239 124716—
1247217.

[6] Zubair M, Adnan Ramzani P M, Rasool B, et al. Efficacy of
chitosan-coated textile waste biochar applied to Cd-polluted soil for
reducing Cd mobility in soil and its distribution in moringa ( Morin-
ga oleifera 1..) [ J].Journal of Environmental Management, 2021,
284.112047-112061.

(7] IR, JEHER), A0, 55 i 9 [ 2 AL B R OB wF ek J [ 7).
A TSR ,2018,34(2) - 188-203.

[8] Ariaeenejad S, Motamedi E, Hosseini Salekdeh G.Application of the
immobilized enzyme on magnetic graphene oxide nano-carrier as a
versatile bi-functional tool for efficient removal of dye from water
[ J].Bioresource Technology,2021,319124228-124236.

[9] Zhu D, Ao S, Deng H, et al.Ordered coimmobilization of a mul-
tienzyme cascade system with a metal organic framework in a mem-
brane : Reduction of CO, to methanol[ J].ACS Applied Materials &
Interfaces,2019,11(37) :33581-33588.

[10] Luo J, Meyer A S, Mateiu R V, et al. Cascade catalysis in

membranes with enzyme immobilization for multi-enzymatic conver-

F435F4 8

sion of CO, to methanol [ J].New Biotechnology, 2015,32(3) .
319-327.

[11] Zhang Y W,Jeya M, Lee J K.Enhanced activity and stability of L-
arabinose isomerase by immobilization on aminopropyl glass [ J].
Applied Microbiology and Biotechnology, 2011, 89 (5) : 1435-
1442.

[12] Bilal M, Zhao Y P, Noreen S, et al. Modifying bio-catalytic
properties of enzymes for efficient biocatalysis: A review from immo-
bilization ~ strategies  viewpoint [ J ]. Biocatalysis  and
Biotransformation ,2019,37(3) :159-182.

[13] Jo S M, Wurm F R, Landfester K.Biomimetic cascade network be-
tween interactive multicompartments organized by enzyme-loaded
silica nanoreactors[ J].ACS Applied Materials & Interfaces,2018,
10(40) :34230-34237.

[14] Mo H D,Qiu J H,Yang C,et al.Preparation and characterization of
magnetic polyporous biochar for cellulase immobilization by
physical adsorption[ J].Cellulose,2020,27(9) :4963-4973.

[ 15] Tahmashi L,Sedaghat T, Motamedi H et al.Mesoporous silica nano-
particles supported copper( Il ) and nickel ( Il ) Schiff base com-
plexes ; Synthesis , characterization , antibacterial activity and enzyme
immobilization [ J ]. Journal of Solid State Chemistry, 2018, 258
517-525.

[16] Huang Y,Ran X,Lin Y et al.Self-assembly of an organic-inorganic
hybrid nanoflower as an efficient biomimetic catalyst for self-activa-
ted tandem reactions [ J ]. Chemical Communications, 2015, 51
(21) :4386-4389.

[17] Tan H L, Guo S, Dinh N D, et al. Heterogeneous multi-
compartmental hydrogel particles as synthetic cells for incompatible
tandem reactions [ J ]. Nature Communications, 2017,8 (1) ; 663—
672.

[18] Wang X L,Li Z,Shi J F,et al.Bioinspired approach to multienzyme
cascade system construction for efficient carbon dioxide reduction
[J].ACS Catalysis,2014,4(3) :962-972.

[19] Peters R J R W, Marguet M, Marais S, et al.Cascade reactions in
multicompartmentalized polymersomes[ J]. Angewandte Chemie In-
ternational Edition,2014,53(1) :146-150.

[20] Phipps J,Chen H,Donovan C,et al.Catalytic activity, stability, and
loading trends of alcohol dehydrogenase enzyme encapsulated in a
metal-organic framework[ J].ACS Applied Materials & Interfaces,
2020,12(23) ;:26084-26094.

[21] Wu X L,Ge J, Yang C,et al.Facile synthesis of multiple enzyme-
containing metal-organic frameworks in a biomolecule-friendly envi-
ronment [ J ]. Chemical Communications, 2015, 51 (69 ) ; 13408-
13411.

[22] Lyu F J,Zhang Y F,Zare R N, et al.One-pot synthesis of protein-
embedded metal-organic frameworks with enhanced biological activ-
ities[ J].Nano Letters,2014,14(10) :5761-5765.

[23] Zhang Y,Wang B C,Wang P, et al.Microfluidic fabrication of hy-
drogel microparticles with  MOF-armoured multi-enzymes for
cascade biocatalytic reacti[ J].Reaction Chemistry & Engineering,
2022,7.275-283.

[24] AR, 95 30 B8, XUH:, A5 (0000 428 125 AT 42 A 22 ol RUBE S RE 4 R
[J] AL T3k ,2019,38( 1) :421-433.

[25] FRERRE, 257 U, TEAS 55 Do 42 VA0 T ASEAR 32 T 45440 22 B e
WORLATRLL T ] AL L2, 2021,72(1) :42-60.1



