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ABSTRACT: Due to the specificity, high efficiency and mildness of enzyme catalysis, the industrial utilization of
enzymes has always been a research hotspot in the field of enzyme engineering. Enzyme immobilization is an
inevitable trend in the development of enzyme engineering. Immobilized enzymes have played an increasingly
important role in many industrial productions. The great progressions have been made in the development of carrier
materials and technologies for enzyme immobilization. Traditional technologies of enzyme immobilization mainly
include such as adsorption, embedding, binding, and chemical cross-linking. However, the stability, firmness, and
catalytic efficiency of immobilized enzymes still lag far behind industrial applications. In recent years, with the rapid
development of disciplines such as nanotechnology, polymer material chemistry, surface chemistry, protein structure
analysis, and molecular biology, the novel carrier materials and immobilization technologies have continued to
emerge. Significant progress has been made in new types of immobilization carriers represented by nano-carrier

materials, nano-magnetic materials, and metal-organic framework composite materials, as well as immobilization

HEWB: ERBRFFHESIH (31260568, 31660153), K/KITTEA:BE 2019 LEHFFT A BIHT51 S5 H (TYCX1906)

Fund: Supported by the National Natural Science Foundation of China (31260568, 31660153) and the Tianshui Normal University 2019
Postgraduate Innovation Guidance Project (TYCX1906)

EBEEE: BAELk, L, 2B, R IT 0 A A Y N A% . E-mail: tspaulzhao@tsnu.edu.cn

*Corresponding author: ZHAO Fei-Yi, Ph.D, Professor, School of Chemical Engineering and Technology, Tianshui Normal University, Shiyuan
Road, Qinzhou District, Tianshui 741001, China. E-mail: tspaulzhao@tsnu.edu.cn



1862 1% A T R A

12

technologies represented by directional chemical modification research. This paper focused on a brief overview of

enzyme-immobilized nanocarriers, metal-organic framework materials, as well as directional modification and

immobilization technologies. Finally, a brief outlook on the research prospects was also presented.

KEY WORDS: enzyme immobilization; nanocarriers;

immobilization technology

0 51 &

YRR S L — R, R AR WIES
TN T B ARV I SR 8 I 40 A B Ho o A5,
HfaE 2z, T4 hRghRxEE S MM, FitE etk
B VE N ZE W A TRRF AR N EIRPILE 1916 4
NELSONP & Y $17 388 W B AC 5% b 10 8 AL AR i (4 17
EIACTEYE, B R T R A SE 0 F

it 761 2 A 2 A 4 U R o 48— o 28 ) B — AN
PR b, ST R A A f S, AT R A R
AR FH 3 AT [T B0 2 e RBY, Bl e R, 5 e
F o (B AH B AR 0T B S AR WA A b 1 1 PO LASR ) 28 (] 45
M, ILHCGERELESR pH. SR SCE VLA e, [
P8 T LA AT S A R P43 EL AR T4 . 3Bk, [ Akl
A3 A ] B AT A 8 o B R B, AT AS P B
SIRMBAT P A R AR . I P KA Tl
AR RS, X RGE e NIRRT E R
R, BEARA BAR T,

o FE e e EE — RS, BE ) 2 FEZ .
b, BB, KA, BT, 25, R
SRl AL H R AR R . LR L AR ISR Y

SERE b, PERERDRIRL A R KA TREROR Z [0 58 SR,

ML AR T B 1 — 2R 50 R il [ AL B AR R AR A
SCEE N il W 5 AR BAA | A HILE AR R L R 1)
B [ 5 FOARTHEAT T 2538, LA 18 1 2 F B A 1y i
EiShs S

1 REBEELEE

Y [ 5 7 1 T 3 S B R A P R
5 FRALAE W A AL, fe2ik B4 B AL
Bk o WEMRA AR Op AR, EROR L S JifEE
T3 BRI LA B 1 S A — S S B A E A P I
U WE A S S A — A [ RE T I, W JCATLIE B AR
ARERC . AALE . L0 . S, AR A
TERIRIIFEERRER . JLT B, 7ebE . 4R W&, &
A NIRRT BB . AL IR . (B i g
it 0 L AR R R I S5 A S PR LB P I T R, 3R T A T
[ . EBERR PG A B B AT R AL . 20y ik R, R
(O EE F A5 A8 AT A DR B AN, WS PR b, (A

metal organic framework materials; directional

FEAE—E R B, UNEELL S B R ARG TR ), dn R
IR AW UL, 7T LRI RIS o A PRSI i
T R TR 5 T P 5 P AR T S PR 5 R M 0 L - TN 2R
RS HUS T AR RIROR, 2 R IR 0 I T
Wl AN K, AE G AR PERG I, R IR CR A 0 B () 2 S
Ko SEL RS A, BT ERAM R S R
S5 T REE a3k . FRIL | Fidk | FILFEGE O sE
2 O ) [V 94 Js2 g T A 25 o e il A (o BN R 2 Tm) 7
S5GHR, DOPP S BRI AL SR Tk S R 2 el D i
AR, 48 e G 0 B 4 R R RO s o A 1 O 1 3
FE 5 BRARA AR N 0 55 LT 1 Pl 396 1) e i L — 2%
N EEE . A FF B s AT S AR, R
5 BHAREEOEE S0 A T B, A 2-nenE s Ak
TR gt PR R [ SRR R o W BE
s 2 Wi IR 7E B 4+ =2 ) L A5 A ]
WEATAEUR B, T8 B S A T B 8 i — 280 k. W
PRI I R, © TR T R . AU AR
U811 A B 790 45 il S 1B T T o 1 G 288 A il 2R A
(cross-linked enzyme aggregates, CLEA)ff 53 5 A X LA 72
4, WARNERE RGN CLEA {2 A FEpwE ie 1k I
CLEA L&,

L% Gl [ 7 I AR A R DB, A B e
HIEEZE S i ok, IR E S5 Y A R B ik, 3
MGG 5 B R I, T S TR A0 BILAMC: e L 22
& HABGE Iy TR, BUAAIR, X I 7 5 e A X L
BN, 2Tk B el SR R R ik g AT R AE B Tl
T, A Gk, BRI S AN LA
F A ICHLEA WL 2R okt 0, Dk, 1445
J7 12 B Y 2 AR AR 1y A

2 HRUEBRELE (K

HEABE 2 LI, A RE A ) R DA I I R AR Tl
PR BE TR RA B2 ], A7 880 5 — Lo LR |
BETERIRE . BEARL . SR BCE WA SRR R R TR A
YRR IE K, DA RSB B AR | BB G B AR A 4G
AUEA T T (I R A AR A T AR

LT, B R A A R OIS £ 2R e 2 AT
7o — 2T B [ S A AR T RS, INAOR BB L Wk
PERL . AT BLE SRR 3 2 A o R 5 2,



555

X ul, S B E L R 1863

TR A B AR R BAL G B AR M, ik
S B R A A R S A B AR S R S N R
2.1 FhBUEGEE (LA

B R it T b 2 IR o ) FE R A K T A SR M
BE BIBITTHM B ST RAEME. REEEGMEL
RAGGEA PR SF LR TR 1) Hohgikst
L AR TN L B A LB IR R AR 0 T & B S AR —
B HEP
2.1.1  #REBAR

YR B AR SRS 1 AN OK G R ST 8 &5 Rl TS ML B A AL
MRMRAR SRR, EZELATOHLE R, TR R IL AR
T, KU, —M<100 nm, Rk, HCR R, FiK
GEA I, 5 SR R AR P R e R s 22
A4 RAAKAL T K AR ECO G OR D V5 L R T
51 8 A ) R G R OR300 DK IR R

P T YA

T P 4 K URE (magnetic nanoparticles, MNPs), J&—
I FRE 1 R0 0 () R AR e 4 DR 38 Bh B Y4 TR L
X — R AR T 29 W5 AL & A A, (R LT
[#6] 5 P A 2 2 55 T 20 I S A P R R AR T 3
ARG =2 TR, R R Mok N E ML o
FAHE G, LR EE R 2 ME R, WFEE(OH).
JRHEEL(COOH) . MEJE(CHO) RIS AL (SH)AF, AT S5 B i 14 1]
EAE P XIE % PO B AR 1 4 1k 4 W (horseradish
peroxidase, HRP)[& & 7E—FP 3 £ —FEAb G4 2 A ok o
[ 5E 4k HRP B3kt ik 139.82 me/g. fEfaE:. WfF
R8T B M SE T A R AT PR, TR AR Y
Ve, FERER AT, M T HRP, [W&{k HRP
TE 10 min AR B REAE R AT Ik F 94.4%, R E AL
HRP X K W 1) B A B LI

F1 KERMIEEEE E AR

Table 1 Representative new enzyme immobilized carrier materials

M2 R [ 7 fb it S 30k
YR BER SRR DR e TR il A [12]
M fLAIRE TRERIFAE . JERVEE . PUEERTY IeRE . A4 REaS [14,24]
YRR ARG, o-REEFLE ARES [24]
RAE PNk PR E G . AENiEY . SUd Rk [24]
TRANKAE o-F FURTT B [13]
T BT B FUETREE . A RS [13]
YR A Y PR AL . SR R [21,26]
Tk P N Ak LRI . REWING . WA AL . IRIR T RS [24-25]
PABERRINOKE Wi R &, AR S . B K 5 [24]
ZRERANKAE SRR . KA. REE M 2R R il A [3,24]
SR A LA ZENNBRERAE . AR . REE . R [22]
AR AT B BRI AL A [25]
BRI PRI i 2 [25]
R IR K LT Yk BTG . B = MR AESE [25]
R ERAIK A 4 PUR N ) [25]
BRI e - NI I 52 A bRk I B AL [25]
SURNE-BE IR R & A TR TN A [25]
A 5 -Fes0s E A M8} B E B (BEAL )i [25]
RIENE ZRERYIKE it AL A [25]
CaCO;-4: 9 K Awokr B ALY [25]
SERAEAK L 2 BNl . RS [3.27]
R IR ARG KA [3,27]




1864 1% A T R A

12

A TV A A RIURE S LA R SR BN A By 43 1 4 1
YRR, H ARG R AR Z R AR E
(multi-walled carbon nanotube, MWCNT)?"! | 52 B4 K Jiie
B ROROIHAPRBR . RIRIm PR, Hrp,
MWCNT 1 5N 12 . MWCNT 7E 1991 44k H AR}
ERE U, WE A BB MR AR KR, R HE
iz, SHTFXIENEE . KRN . B R E R )R
Ml 1) 2 5 AL AF 2 T 2) . 2018 4E AHMAD 45 1275% e — W0 g
BYIBR 1 J7 v 0 P ot 25 2 2 35 1 51 8 AE T gk ) MWCNT
B, DA ARG BT A i [ A EF i R R T 85% i
g e 7E 70 CCRFPI 2 2 BN 4 5, Km (H0E B
N, EETAERERIRY RS T 2 5, 4HE
10 )G, BEIE I3EARTEWAe, W Rkl - miAs

FEENKRBEAR G ARGERE, HIT —FEn
YR B ——GORIE I ZE S . B Z —Fh LR iR
MR, ERE BRLU TR, B RIAMRIPEZ A,
(] L A T 1 186 7 A X iy T T i B — 2 R Ve, 3R
r iR E Y LT DR % B A B 1oL A A A
(HRP)F175 2 i AL i (glucose oxidase, GOD)i#H 4T [l € 1k,
& A S L AR, X O AT B RS, fiT GOD [ e
TERARSR, HRP [5E 7EBAR AR A5 0 R [ fk HRP
1 GOD YT PEAHES T s Mg r G PR = 17 3 4%, IF FoRR
it 5 HARAE T IR T ARAF 7 d 5, HERE M AT ERRFLE 90%1A
b, MIAEAH R BREE T AR AE I 250G 1 d JEiGEPE e R
80%. Ktijm LT ZE0S 0 mable 5 22 e BE A il B 0B 7 [ 5E,

TEWTFE I R A A DR 50 5 205 L Joe ] LA R 47 g 9 0 11,

e A5 21 1 [ 2 B P 1T R 82%
2,12 BEGEAK

O B AR SR WAL R AR AT A S B 2, DA AL
P AR B 1 5 P N R, IR AR TE R 1) B AL AL A
[ B 5 2 P FEARGRER AR R, BRI
B —Fh R IR RE, FAE 1975 4 SINHA 50
TR W Bk X g 2R 1 I Y B E Ak E AT T ORFSE . 2016 4F
RUEDA 2Py A I BUIE BEER XTS5 R ] (4 g 107 et 4 7
T REEAITSE, WS b SR e B A s R B R B R A T
BetidE, KRG HHTIER E . S5RERM, BE gl
AR & T WS 7, (0 A BE A TR, R T
AR m, B RRACRAS
2.13 & BAAE RATHBAK

&8/ A N5 22 1L 4 P (metal organic framework,
MOFs), X Fr £ fL Bt i R & ¥ (porous coordination
polymers, PCPs), J&—252¢ A HHA AN LA B4 0,
B LA VLE AR 4R B T AR D B &2 A AL
. I BSARHRIR] B S B SR, AT LUAR A7 U 8 T 0 AR
ST BB, AR R BT 20 HHE42 90
ERF, FRSE AR, &8N MOFs fLERMEE

PEXRIRAR R . I MOFs X Ji i) 181 2 Ak T 43 J ik J5t
B R TG A R

JEAL A VR S 7E A R MOFs 3 72 w1 i A 2]
MOFs & AR, B, Wik, THSF RS2
fiti 55 MOFs & 49, Mififlkfi# MOFs A, ¥ i {11
TEFLFRIT 2015 4F SHIEH 242 F) i J5i47 A5 B R BEAT
T it Ak S (catalase, CAT)TE 25 b £ DK M B 28 #1 )
(ZIF-90) | iy [E E A ARSE . 45 W, CAT 5 ZIF-90 iy
BB N 5% A AT, TE ZIF-90 (R4 T B R 3
H R AR

Je A B A 5E B MOFs 4 G A Ui B3 g, I3 i
TR . LA EE A s By 2R B [E] 2 /E MOFs
b, T35S MOFs &%), X F—sebkgedetr He
AR MOFs, 78GRt 52 2% f8 HA 4 1 o)
YRR, IR . AR . AL . W pH 5.
PHAEF MOFs [IEBEL I, & BUA A Al 1k 400 ] o il
P4 725 e T R U240, i T R PR S A 0 X e I Ak B
J& . PANG Z:VSUR| 5 4 )& A WL A 42 (zirconium-MOF,
Zr-MOF) 2 17 W B [51 22 VR g, 12 09F 9% v o 00 11 4 47 1)
Zr-MOF 5 BHARIRA 4T MOFs IR M [E E . 450 EW,
Zr-MOF i il % B 2 1o T A FL ARk A W B o, 5 LI 22 4k
VAR it O A L, LT RS TR AN pHYE T, R
7o MEHTA S5 FH AR 42 D R AT B 7K fit I 1] o
FAEH Ui0-66-NH, ] Zr-MOF £ T . 4558 Bon: SiEE
EFAEG, T E WG PEAR R T4 37%, Al &/ EEH 8 I,
I HAEK BB (ZE L 60 ditiaE R . LYKOURINOU
2 VS P LA B B AY B X A3 0 48 Ak il (microperox
idase-11, MP-11) [ & 7 i L & J& H L & 28 # %
(mesoporous metal-organic framework, mesoMOF), #54H g
TR TEKVEIRAST, s MP-11 5 %4 H AW, il ek
MP-11 585 MP-11 AH ELIG 0% . IR & . R
il & B Tb-mesoMOF KBk FE-& ZehkE, HALZE R LIEH
MP-11. MR ¥ MP-11 A K/, MP-11 A fE#E A Tb-mesoMOF
H 3.0 nm F1 4.1 nm ¥FL, T 0.9 nm WFLAT 5 MP-11 E/Y
WOl . ZFSE 4 Tb-mesoMOF 3.8 [ 8 LA 2
1 (myoglobin, Mb)#) 52 55 i — A5 biF 5 il 15 4 1 ik 14 AL 3,
RIKSFIEYARREER 0.9 nm WFLEA SR AHLEL
T SRR AL, TN AT SR TR A, TR TR
TR 76 42 JE FL 9 mesoMOF  H 3% 1 L 7E — 8 AL it KL 1Y
mesoMOF H5i (i J5i [H 149

2.2 FEEEEURA

BT ] S AR AR BEA I M G D5 I AT AR Y . H
B, SETRGERME . Jenaia . Al BRI R
WRAE Tk, P2 B E BRI B, 7k TF 2 H
A7 AR B AR 2,



554 X ul, S B E L R 1865

22.1 fRIKERH B B EALB AR

Rl S5l O T AR A o s D A 1 3o
2 v LA B 0k e S A Bh B B e B R o 1997 4R
PENAFIEL %50V B GHCIH: 7 559- 2 ) Tl 04 45 4 5 7 A 5
M, i B R e R T RO R S e g, £
FLA A R 2 A R S AR I B AR P X 4 ks B — R 1)
PR, BHAT TSR TE NG 8 2 fb i B9 0, H7E7G SEg

£y 171 7 A3 A o R PRI 1T LAA S0 A s — [ ),

WA (IR . BRIl . 5 % R B LA SR 1L A L
4 186 52 A 3 e e i B R B AR 25 o S RS R
1 T T DR 58 A A A M D T, VAN 50 VR e 4 Gt Al
Bl B B MR T [ e, 45 R & IR HZH RN
ASCT LK T2 AR S 131 52 8 o RS AT — 2 O PR P R
T Tt 1 1 52 PBIF 5 PP st A S FUR R B — MBI, 3
A B A RTA 0TE BR AL T BE g, v ke e A 1 5
M) o 8 O ] 2 O
222 JEE AR

I [0 5 Al AR S A 0 il i R RS b ) — 225
HHEAR . BT ALFEWREE . s A — R,
WHAT AR A AT BN - AR5 A A ML
JEE N SR ER A ), HLade B e Mk B (LA K/ L B RE AT IOAEAE
S 7K R 2% TR A )Xo B AL TS M AR B A A B G
BRI A R I R e LT D B, O
Ay R DS A F R s ke, AT e 2
B 4 B3, BT 3w I =S i) A BEL R A0 S T RR R 4 .
ABEJON Z£PUFI FISE34FLA2 0 1.4 pum 1 P 48 I (6 1fi A7 7E
K R ) G R R A T [ Ak, SR 5 W IZ MR Y T 4 4k
it A= 0 B 7 e FP AR BRI K HR DU BR R, SRR, ek
AR THER 1) B A A5 i B 1 [ R AR B . Y P Y
MRS, DUBRZE M BR% A 75%. LEWANCZUK %0
R RIS il 152 107 i X R P 5 62( AB62) YL EA T i S 36
FEFELLAEA TR, e (bR MR UL kL 4 d, AB62 H1k
AR 98%LL b, I H B @ LI AL WA #SME S IE LT
FEFELE 6 A SN R A TR AT e A R A7 AR 1 o

Til P19 [0 2 Ak R AT R B, R SRy 1 R
DAl £ A b A v o SRR R AR H AT . B LS
TE A REA AR 7= T A B . FERAGTN | A % A S s,
A 2 B R R TSP,
223 EmEAE K

B [ 58 Tl AR il 20 ) TAL S 1 B A
A PN BE B L N I TR A M B R E R IR, 5B
AT LIRS & HA A HTT R . oR e . BESLTERED . £
ks £ 52 5 20 A SR A o AR I [ P AN R T 43R
2 Rl —BhE BN NRE b, 0F A R [ 22 AL B R

(open tubular column immobilized enzyme microreactor,

OTC-IMER), 55 —Fp7EEARAE P, e Ao =X 1 e ik

J ¥ #% (monolithic column immobilized enzyme microreactor,
MC-IMER)!", WEI %5704 g2 A M 1 Wt 51 7 1B 408 A
B, #4589 OTC-IMER 7E 50 °C., pH=4.8 (&4, LL7
pL/min M4 SHETT 10 h DA E, RIVEPEIC) 2R 4E 050
LA R R m T3k 76%. MARIR] pH EFNREERAFT, &
T TE] T Al 27 4t B 00 e Ak 56% I8 WY R X LE .
PETERSON “: PVl &7 e (1 i ] Ak 2 FL IR &5 M 2 1
o BERGVILRE LIRS WAL, B FE Eit—2
FIA 2-C M dk-4,4- WAL NG, DASCBLPEE 11 M) i S 1
SEfL. SAKAI-KATO S5V IV I -BE I vk il 4 T I 11
LR RE . 1 S P R R D AR IO SN ik = Y A R b e o)
B AT, IR IEBERNBANE h B, RIEH
VU S SR B AE R MR VS TR P OK AR, TEOK AR B RE e R
AR FIRRA W, PR DL E A BRSSP 5 | A B4 15
S PR B A R R AT o 2T A A ) A AR S A
£ 1 B P A A AR OO, o T i L R 1 A
T M 0 52 A T8OR35 e
2.3 BREMEEZEMLREAR

g AR, B S BARZ R EESR & RS
SEFEALEY o PRI, ARMECRAIE [ 5 J5 AN 52w AL b O SR A
SE T [ AL, T84 0] R S AU, I TR AT R AME ST
[P 7 A 12 v G- AR BE LA S 45 A B R, AR TR
PG P R S A, [ B R g A R Y H T,
B BE [w] [ E AL B R E R AR E IG5 AL E B
VNI TSy € AR5 2 N A
23.1 A YEENF B @ B A

FLAE 1999 4, AT A& B 4x 5 64 4 4 BR 19 40 1L g
A(sortase A)ELAFERREHE M. Hilid LPXTG ¥R 5] —
HAFFINBEZ ARV, FH I IR 2R (T) A H 2R (G)
Z ] SR, K DD E A IR EE Y C a3 3 N AR o HA 2%
5 MHEAMRAZIK E . POPP 25125 eI F T s Fh i A4 45
SRR RETF & T HA R i AR . PROFT!)
R AN T B 1 E A b, s HAREE 3] T
BT IAE M B LA 1), @ A A S, AT
C KRG 2R PO AR DO PRSI ROK |, n] ek
POCHEPMBEMIARUA b, DL T 5 1 58 7E2T 4 R 90
P STTE NI

AR HA AL RERY SNAP PR M, MM
AU DNA B fifi—— O OB S S IS -DNA-Se SE 44 FE il
(AGT)Z7ER, SNAP [ HEERT AR A iy OO
I SIS FRILIT I, K SNAP MY FTIEE AL 3 BAS LU
ELK 2). EATEEEER, Jok HARBEE 15 SNAP @G
Rik, WAL HEH HbrE A ES Al Bk kg
i) i 52 A AR 1105001 sz ) i 52 17 240 i PR - o O 2 4
B e vh BAT FE 03 A 5 14 5 g 10,



1866 1% A T R A

12

LPXTGG(X)n
“,

GG, O(;O

—

Sortase A

H,N-GG(X),
l,o*}\

—_— W G

WS LPXTG J750 Y H AR 8 (A (5 ()78 40 e W 5% AR R 1€ 78 GGGGG 184 i ik % 1
1 FAMEEEE A A5 A0 8 1 e A A 1)

Fig.1 Pattern of protein fixation mediated by sortase A**)

H
HZN N N HN. N
A P TN
-

NAP
——-
AL

NH

d-

H
N

NH

T SNAP(ZL )il i A AR A Al 38 11 (HE €)1 R 16 N 26 5 R A i A A
B2 FfEEPERRSS R 11 SNAP A5 1y 8 1 [ e p P lesee)

Fig.2 attern of protein fixation mediated by the catalytic SNAP tag protein!

HIXFF 431k A, SNAP bR 1H Z T4 b &
HRZEEARE, 1M T B E E MR A A Z (HH T SNAP
FRETE RN R SR, B AT, ik, AT
Tif 51 2 AR 54 R o
232 ALFAEARF 09 BT 6 B AL A

X F 3 18 JC AR B e 0 B s, Ak A
e EGR T A SR R E, A SRR R E A
SSRGS B [ 6 2 4K P) 2003 4F BERTOZZI 42 H 4 4y iE
32 JZ i (bioorthogonal reaction) i i > 2 1 Jo B 2 36 41 i 40
LER G| AT IE P B9 T A, HETR A A HEAR 1
A AR AR TR R S5 1) 2R 1 T O B R I B AR,
£ Cu()EL ™, SEERERE—S R EER-SH
ZIaJ 1,318 BR 0 A 52 (Cu(l)-catalyzed azide—alkyne
cycloaddition, CuAAC), M AR & ) L4 i, KB H
ol 240 it ] A A 1107,

Icift, Wit CuAAC R, AATHE LA 4 an i A <
FHHENEMEER N ALE R A S . B KT
SRR AN G T BE T o FHRIRERG N, 4% T4 15 1R
il 7 A R RE TR 1, 5 DL BEAIL 2 1 R £ R U i i i ok
A TEAH EL, CuAAC A5 19 o7 s 47 S [T 2 48 v T X R
BTG FR AR 1 PR 28 e 1100081,

233 R@REOMER TN

FHHRGTE 2 FEASHH AR P8 8] & AR AN AT 5

GERIRL, R AR 2 R TR R sl sk e . B

65-66]

KT 2RIk, BIER IR EAT S, A DL Ak A
SEALANIE AL, QU SO Ry vk i 2 g s g ) F 55 485
IR, K ST R N I A T R AR 2 Y 8 . SU
L1 B 7 4% IV i (polyethyleneimine, PEI) g 584 B A,
A ZE S G A A5 50T I U 1H R A B AR il &
REWmGRTE, JF LR B g1, &I PEI &
G IR M R 5 A0 o FRRGORAE X FLlk A7
B LASRAL A ST, BRI PET 1E LM, dE—4 mEgm
b IE M

IR B

# $i% Business Communication Company Research
(BCO)M& i, 3R UMV AT 7 i DA 2018 4£11 554256
JTHEKF] 2023 4R 70 {23ET0. X SZATRW LRI
PA—2, DIRJEEIMTTRREL M 2 BF AR . etk i ]
it AT S T o B AR S A 22 B

HAT, B s e ey i i BBy, Kak
L OREIR LA RS B 2 T R A L A Y T
ERARCTEESZWA LAtz B R, #s
P U 5 7318 S GOR B 4 58 SUIE A= 1) 25 3 ot
BRI K AR BB Ay 1 18 AR AR SR A T4 Sy 8 A A b
Blo F3AL, B EEBAR M ITF LN, S 1) 1 E R
BET T ARA HORTBe . X Le R N B Tolk A A1
& TE RS,



555 X

ah, % BEEE et

1867

SR, LA R 20 g [ 5 AL AT SR 2 — Bl 2 B HOAR,
Ear A REXEL LR A, JCEM TR 5
Sb, I E ﬁ&@@%ﬁwmmmék%%&oﬁw,
XA RS [ AR AT BE— A e JE B . T
@E%ﬂ#%*%%ﬁ%,uﬁﬁﬁiﬂﬁfm#? il
# PERE HE T P S A ) Z AR LR M RE AR o K i B AT 5

ZEamRRla: L Kinfes: | EETULS  AYY R
A AR TR 2 T TR S S G

7 ELACH T B A AR AN 9 K AR A e 0b 20T 15 5 %Iﬁ
BARFEE G, EMPEd . REROHTE A E LM 255
Jit, DMEIF A AR W A Ty . A S AR B g
AR

SE 3k

[1] LIU DM, CHEN J, SHI YP. Advances on methods and easy separated
support materials for enzymes immobilization [J]. Trends Analyt Chem,
2018, 102: 332-342.

[2] NELSON JM, GRIFFIN EG. Adsorption of invertase [J]. ] Am Chem Soc,
1916, 38(5): 1109-1115.

[3] AUREL, VEHEAD, IR0, 4F. MO E (LBOR BT ME
FR2EAR, 2018, 34(2): 188-203
KE CX, FAN YL, SUF, et al. Recent advances in enzyme immobilization
[J]. ChinJ Biotech, 2018, 34(2): 188-203.

[4] ZDARTA J, MEYER AS, JESIONOWSKI T, et al. Developments in

JE]. T

support materials for immobilization of oxidoreductases: A comprehensive
review [J]. Adv Colloid Interface Sci, 2018, 258: 1-20.

[5] GONG W, RAN Z, YE F, et al. Lignin from bamboo shoot shells as an
activator and novel immobilizing support for a-amylase [J]. Food Chem,
2017, 228: 455-462.

[6] DEFAEI M, TAHERI-KAFRANI A, MIROLIAEI M, et al. Improvement
of stability and reusability of a-amylase immobilized on naringin
functionalized magnetic nanoparticles: A robust nanobiocatalyst [J]. Int J
Biol Macromol, 2018, 113: 354-360.

[7] MARDANI T, KHIABANI MS, MOKARRAM RR, et al. Immobilization
of a-amylase on chitosan-montmorillonite nanocomposite beads [J]. Int J
Biol Macromol, 2018, 120: 354-360.

[8] SIRISHA VL, JAIN A, JAIN A. Enzyme immobilization: An overview on
methods, support material, and applications of immobilized enzymes [J].
Adv Food Nutr Res, 2016, 79: 179-211.

[91 MEHTA J, BHARDWAJ N, BHARDWAI SK, et al. Recent advances in
enzyme immobilization techniques: Metal-organic frameworks as novel
substrates [J]. Coord Chem Rev, 2016, 322: 30-40.

[10] VERMA ML, PURI M, BARROW CIJ. Recent trends in nanomaterials
immobilised enzymes for biofuel production [J]. Criti Rev Biotechnol,
2014, 36(1): 1-12.

[11] KHOSHNEVISAN K, VAKHSHITEH F, BARKHI M, et al
Immobilization of cellulase enzyme onto magnetic nanoparticles:
Applications and recent advances [J]. Mol Catal, 2017, 442: 66-73.

[12] SASTRE DE, REIS EA, NETTO CGCM. Strategies to rationalize enzyme
immobilization procedures [J]. Method Enzymol, 2020, 630: 81-110.

[13] TAHERI-KAFRANI A, KHARAZMI S, NASROLLAHZADEH M,

[16]

[19]

[20]

[22]

[25]

(27]

(28]

[29]

[30]

et al. Recent developments in enzyme immobilization technology for
high-throughput processing in food industries [J]. Criti Rev Food Sci Nutri,
2020, (3): 1-37.

TREVAN MD. Enzyme immobilization by adsorption: A review [J].
Adsorption, 2014, 20(5-6): 801-821.

NEERAJ G, RAVI S, SOMDUTT R, et al. Immobilized inulinase: A new
horizon of paramount importance driving the production of sweetener and
prebiotics [J]. Crit Rev Biotechnol, 2018, 38(3): 409-422.

SHAKERIAN F, ZHAO J, LI SP. Recent development in the application
of immobilized oxidative enzymes for bioremediation of hazardous
micropollutants-A review [J]. Chemosphere, 2020, 239: 124716.
OVSEJEVI K, MANTA C, BATISTA-VIERA F. Reversible covalent
immobilization of enzymes via disulfide bonds [J]. Method Molecul Biol,
2013, 1051: 89.

DEVASIA VLA, KANCHANA R, VASHIST P, et al. Technological
advancements in industrial enzyme research [J]. Adv Biol Sci Res, 2019:
85-102.

GUISAN JM, BOLIVAR JM, FERNANDO LOPEZ-GALLEGO, et al.
Immobilization of enzymes and cells methods and protocols: Methods and
protocols [1. Method Molecul Biol, 2020, DOL:
10.1007/978-1-0716-0215-7.

OLIVEIRA FD, FRANA ADS, CASTRO AMD, et al. Enzyme
covalent frameworks:

immobilization in organic

Chem Plus Chem, 2020, 85(9):

Strategies and
applications in biocatalysis [J].
2051-2066.

DARWESH OM, ALI SS, MATTER 1A, et al. Enzymes immobilization
onto magnetic nanoparticles to improve industrial and environmental
applications [J]. Method Enzymol, 2019, 630: 481-502.

XIA H, LI N, ZHONG X, et al. Metal-organic frameworks: A potential
platform for enzyme immobilization and related applications [J]. Front
Bioeng Biotech, 2020, 8: 695.

SICHT, Wl A, A, I E LB R B
FEAS AR, 2018, 9(5): 1031-1037

WU ZM, YANG M, SUN Y, et al. Research progress of immobilized
enzyme carrier materials [J]. J Food Saf Qual, 2018, 9(5): 1031-1037.
GUPTA MN, KALOTI M, KAPOOR M, et al. Nanomaterials as

JE[T]. B4

matrices for enzyme immobilization [J]. Artif Cells Blood Substit Immobil
Biotechnol, 2011, 39(2): 98-109.

JAKUB Z, ANNE M, TEOFIL J, et al. A general overview of support
materials for enzyme immobilization: Characteristics, properties, practical
utility [J]. Catalysts, 2018, 8(2): 92.

XIE XQ, LUO P, HAN J, et al. Horseradish peroxi-dase immobilized on
the magnetic composite microspheres for high catalytic ability and
operational stability [J]. Enzyme Microb Technol , 2019, 122: 26-35.
AHMAD R, KHARE SK. Immobilization of aspergillus niger cellulase on
multiwall carbon nanotubes for cellulose hydrolysis [J]. Bioresour Technol,
2018, 252: 72-75.

ANSARI SA, HUSAIN Q. Potential applications of enzymes immobilized
on/in nano materials: A review [J]. Biotechnol Adv, 2012, 30(3): 512-523.
YANG Y, ZENG H, ZHANG Q, et al. Direct electron transfer and sensing
performance for catechin of nano-gold particles-polymer nano-composite
with immobilized laccase [J]. Chem Phys Lett, 2016, 658: 259-269.
SUROVIEC AH. Layer-by-layer assembly of glucose oxidase on carbon



1868

LR

G A A

12

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

nanotube modified electrodes [J]. Method Mol Biol, 2017, 1504: 203-213.
QU FJ, MA XY, HUI YC, et al. Preparation of close-packed silver
nanoparticles on graphene to improve the enzyme immobilization and
electron transfer at electrode in glucose/O-2 biofuel cell [J]. Chin J Chem,
2017, 35(7): 1098-1108.

Wi, YRS, MEE, S BRI T S R RBTEHER()]. A:
YIHRBERE, 2017, 7(4): 284-289.

CHEN J, LENG J, YANG XA, et al. Progress on magnetic nanoparticles
immobilized enzymes [J]. Current Biotechnol, 2017, 7(4): 284-289.

XIA TT, LIU CZ, HU JH, et al. Improved performance of immobilized
laccase on amine-functioned magnetic Fe;O, nanoparticles modified with
polyethylenimine [J]. Chem Eng J, 2016, 295: 201-206.

Iz, E5Eh, 8. mar T/ JCHL S AR E ARG SRR (D] AR
P TdRR, 2018, 16(1): 12-18.

BAI YX, CAO X, GE J. Advances in enzyme-polymer conjugates and

enzyme-inorganic crystal composites [J]. Chin J Bioproc Eng, 2018, 16(1):

12-18.

LI Z, ZHANG YF, SU YC, et al. Spatial co-localization of multi-enzymes
by inorganic nanocrystal-protein complexes [J]. Chem Commun, 2014,
50(83): 12465-12468.

LI ZX, DING Y, WU XL, et al. An enzyme—copper nanoparticle hybrid
catalyst prepared from disassembly of an enzyme—inorganic nanocrystal
three-dimensional nanostructure [J]. RSC Adv, 2016, 6(25): 20772-20776.
WU LT, WU S8, XU Z, et al. Modified nanoporous titanium dioxide as a
novel carrier for enzyme immobilization [J]. Biosens Bioelectron, 2016,
80: 59-66.

SINHA NK, LIGHT A. Refolding of reduced, denatured trypsinogen and
trypsin immobilized on Agarose beads [J]. J Biol Chem, 1975, 250(22):
8624-8629.

RUEDA N, DOS SANTOS CS, RODRIGUEZ MD, et al. Reversible
immobilization of lipases on octyl-glutamic agarose beads: A mixed
adsorption thatreinforces enzyme immobilization [J]. J Mol Catal B
Enzym, 2016, 128: 10-18.

LI P, MOON SY, GUELTA MA, el al. Nanosizing a metal-or-ganic
framework enzyme carrier for accelerating nerve agent hydrolysis [J].
ACS Nano, 2016, 10(10): 9174-9182.

JWH, RS, HRIH, SE S EATHUE SR AT TR E L
BERE[D). LT HERE, 2019, 38(10): 4606-4613.

FAN Z, TANG XC, ZHANG X, et al. Progress of on enzyme
immobilization with metal-organic frameworks [J]. Chem Ind Eng Prog,
2019, 38(10): 4606-4613.

SHIEH FK, WANG SC, YEN CI, et al. Imparting functionality to
biocatalysts via embedding enzymes into nanoporous materials by a de
novo approach: Size-selective sheltering of catalase in metal-organic
framework microcrystals [J]. ] Am Chem Soc, 2015, 137(13): 4276-4279.
fifdetes, IRAMS, XV, S5, SR YUHES e fLRE R ARG P Y
AT AL Tk, 2019, 38(6): 2889-2897.

XIE TT, CHI LN, LIU RT, et al. Immobilization of enzymes on
metal-organic frameworks and its application in environmental fields [J].
Chem Ind Eng Prog, 2019, 38(6): 2889-2897.

DOONAN C, RICCO R, LIANG K, et al. Metal-Organic at the
biointerface: Synthetic strategies and applications(article) [J]. Acc Chem
Res, 2017, 50(6): 1423-1432.

[45]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

HERNANDEZ K, FERNANDEZ-LAFUENTE R. Control of protein
immobilization: coupling immobilization and site-directed mutagenesis to
improve biocatalyst or biosensor performance [J].
Technol, 2011, 48(2): 107-122.

PANG SL, WU YW, ZHANG XQ, et al. Immobilization of laccase via

Enzyme Microb

adsorption onto bimodal mesoporous Zr-MOF [J]. Proc Biochem, 2016,
51(2): 229-239.

MEHTA J, DHAKA S, PAUL AK, et al. Organophosphate hydrolase
conjugated UiO-66-NH2 MOF based highly sensitive optical detection of
methyl parathion [J]. Environ Res, 2019, 174: 46-53.

LYKOURINOU V, CHEN Y, WANG XS, et al. Immobilization of MP-11
into a mesoporous metal-organic framework, MP-11@mesoMOF: A new
platform for enzymatic catalysis [J]. J Am Chem Soc, 2011, 133(27):
10382-10385.

CHEN Y, LYKOURINOU V, HOANG T, et al. Size-Selective biocatalysis
of myoglobin immobilized into a mesoporous metal-organic framework
with hierarchical pore sizes [J]. Inorg Chem, 2012, 51(17): 9156-9158.
PENAFIEL LM, LITOVITZ T, KRAUSE D, et al. Role of modulation on
the effect of microwaves on ornithine decarboxylase activity in L929 cells
[J]. Bioelectromagnetics, 1997, 18(2): 132-141.

VAN LLM, JANSSEN MHA, OOSTHOEK NHP, et al. Active site
titration as a tool for the evaluation of immobilization procedures of
penicillin acylase [J]. Biotechnol Bioeng, 2002, 79(2): 224-228.

ZDARTA J, MEYER AS, JESIONOWSKI T, et al. Multi-faceted strategy
based on enzyme immobilization with reactant adsorption and membrane
technology for biocatalytic removal of pollutants: A critical review [J].
Biotechnol Adv, 2019, 37(7): 107401.

KONOVALOVA V, GUZIKEVICH K, BURBAN A, et al. Enhanced
starch hydrolysis using a-amylase immobilized on cellulose ultra-filtration
affinity membrane [J]. Carbohydr Polym, 2016, 152: 710-717.

ABEJON R, DE CM, BELLEVILLE MP. Large-scale enzymatic
membrane reactors for tetracycline degradation in WWTP effluents [J].
‘Water Res, 2015, 73: 118-131.

LEWANCZUK M, BRYJAK J. Continuous decolorization of acid blue 62
solution in an enzyme membrane reactor [J]. Appl Biochem Biotechnol,
2015, 177(1): 237-252.

LUO J, SONG S, ZHANG H, et al. Biocatalytic membrane: Go far
beyond enzyme immobilization [J]. Eng Life Sci, 2020, 20(11): 441-450.
WEI C, ZHOU Y, ZHUANG W, et al. Improving the performance of
immobilized f-glucosidase using a microreactor [J]. J Biosci Bioeng, 2018,
125(4): 377-384.

PETERSON DS, ROHR T, SVEC F, et al. Dual-function microanalytical
device by in situ photolithographic grafting of porous polymer monolith:
Integrating solid-phase extraction and enzymatic digestion for peptide
mass mapping [J]. Anal Chem, 2003, 75: 5328-5335.

SAKAI-KATO K, KATO M, TOYO'OKA T. On-line trypsin-encapsulated
enzyme reactor by the sol-gel method
electrophoresis [J]. Anal Chem, 2002, 74: 2943-2949.

KATO M, SAKAI-KATO K, JIN H, et al. Integration of on-line protein

integrated into capillary

digestion, peptide separation, and protein identification using

pepsin-coated  photopolymerized sol-gel columns and

Anal

capillary
electrophoresis/mass Chem, 2004, 76(7):

1896-1902.

spectrometry  [J].



555 X

i, A5 W E O R

1869

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

SR, L. BRI R E AL AR BTSE HERE[T]. mERLEE, 2010, (6):
82-85.

ZHANG P, HOU HP. Research progress in newly-developed enzyme
immobilization techniques [J]. Liquor-Mak Sci Technol, 2010, (6): 82-85.
POPP MW, ANTOS JM, GROTENBREG GM, et al. Sortagging: A
versatile method forprotein labeling [J]. Nat Chem Biol, 2007, 3(11):
707-708.

PROFT T. Sortase-mediated protein ligation: An emerging biotechnology
tool for protein modification and immobilization [J]. Biotechnol Lett, 2010,
32(1): 1-10.

TANAKA'Y, TSURUDA Y, NISHi M, ef al. Exploring enzymatic catalysis
at a solid surface: A case study with transglutam inase-mediated protein
immobilization [J]. Org Biomol Chem, 2007, 5(11): 1764-1770.

ENGIN S, FICHTNER D, WEDLICH D, et al. SNAP-tag as a tool for
surface immobilization [J]. Curr Pharm Des, 2013, 19(30): 5443-5448.
MELDAL M, SCHOFFELEN S. Recent advances in covalent,
site-specific protein immobilization [J]. Food Res, 2016, 5: 1-11.
DIGAMBAR SM, BALASAHEB NS. Surface modification chemistries of
materials used in diagnostic platforms with biomolecules [J]. J Chem,
2016,2016: 1-19.

JE HH, NOH S, HONG SG, et al. Cellulose nanofibers for
magnetically-separable and highly loaded enzyme immobilization [J].

Chem Eng J, 2017, 323(1): 425-433.

[69]

SU F, LI G FAN YL, et al. Enhanced performance of lipase via
microcapsulation and its application in biodiesel preparation [J]. Sci Rep,
2016, 6: 1-12.

QU Y, HUANG R, QI W, et al. Interfacial polymerization of dopamine in
a pickering emulsion: Synthesis of cross-linkable colloidosomes and
enzyme immobilization at oil/water interfaces [J]. ACS Appl Mater Inter,

2015, 7(27): 14954-14964.
(T1EHRE: THY)

((E=TER

X, FEMRAEMALBES =Y
aBEIRE.
E-mail: 13121376636@163.com

BIEL, B, B, TEMRAEA
EMEY R

E-mail: tspaulzhao@tsnu.edu.cn

RY ARY HY AKY ARy Y Y ARY ARY HY AY A Y oY Y Y HRY HRY AY Y Y Y oY oY ARY AY A HY Y oY oY R AR ARY AY AY Y Y oY oY Y HRY HRY Y oY) Y Y )

“RmRESIER” FRIERESE

BEE LT ACH Iz P =, AR FURA TR ER. i, (REEERG)™ 2 M T8 dhrn
TR S R AT PR AR A 0T R LA L A A A R 9 2 A O H BT A E A

ST, AT T B MRS SR, i B EAE BER AL T g, EEESE
ORH . WE, K™=, BRHSFEREHTE, B8R QBGEMBTRER, EHEN; QRMEY

AR ] 05 S WA BRI e, THRI7E 2021 4F 6 H i,

YT IBAEZ SR B, AT 340 E R P, Rk T AR R KWk B BESIR FBiEEN
AL R E R, DA R TR S B AR RREF )). 2id . SCRE . AF5Eiescdyn], 37E 2021
44 H 19 HEjE o Wb eE E-mail $6R6. FA PR AN BRI e & 2 .

A 2 5 SR
BRI NAENIL): B MR e 5
%5 : www.chinafoodj.com

E-mail: jfoodsq@126.com

(B bREm FIR) %K



